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ABSTRACT 

This study represents a continuation of the historical trend in 

the analysis of the relationships between climate and vegetation. The 

focus of the work is on an examination of the association of 

functioning plants and climatic processes and on the interaction of 

structured vegetation communities with their environment. 

Satellite observations and remote sensing technology provide 

new opportunities for studying the geo-biosphere at high temporal 

frequencies and for large geographic areas. Integration of spectral 

vegetation indices and thermal measurements from space is the 

prime methodology used in this study. The integration of thermal 

information with vegetation indices has the potential to result in an 

important contribution to ecological remote sensing. 

This study has investigated the triangular distribution pattern 

which has been repetitively observed in spectral domains defined by 

thermal measurements and vegetation indices. Results show that the 

triangular shape of an A VHRR data cluster can be consistently 

observed on different continents and at different times of the year. 

The triangular data pattern has also been observed using a 

seasonally averaged data set, representing the mean thermal and 

biomass conditions of a growing season. The triangular shape of the 

data spread in feature space clearly suggests an ecosystem triangle 

model for simulation of the global ecology. 
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A closer analysis of 15 test sites representing the major biomes 

in the U.S. Southwest study area has shown that each biome has a 

stable territory in the two dimensional space of temperature and 

biomass. If the territory of each test site in the triangle can be 

viewed as a vegetation cell, the ecosystem as a whole may be 

modeled by using this cell structure. 

The ecosystem triangle model and the concept of the cell 

structure have been applied in a vegetation classification exercise. 

The significant improvement achieved in the vegetation classification 

supports the conclusion that the ecosystem triangle model is a 

reflection of surface biomes, and may be used as a tool to study the 

structure, organization, and function of the biosphere. 



CHAPTER 1 

INTRODUCflON 

14 

The global distribution of natural vegetation has been studied 

and documented for nearly two centuries. Early accounts by von 

Humboldt and others emphasized the importance of climate in 

controlling the observed patterns and distribution of vegetation 

(Woodward, 1986). Koppen used temperature and precipitation 

parameters to define climatic boundaries quantitatively, which 

matched well the distribution patterns of natural vegetation 

(Wilcock, 1968). The working hypothesis was that if the distribution 

of the earth's vegetation is to be understood in terms of 

ecophysiology, then the physiological response of plants to climate 

must be known for a given set of climatic observations. The natural 

result of this connection was a search for the mechanism by which 

climate could exert this control. This approach to plant geography 

was to look for a physiological explanation for why a particular 

species was able to survive in a particular area. Holdridge's life zone 

system may be representative of the approach to the understanding 

of the climatic control of plant distribution based upon vegetation 

community structure and plant taxonomy. Holdridge's system 

reflects Koppen's classification both in its vegetation-based 

foundation and its reliance on temperature and rainfall parameters. 
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This study is a continuation of the historical trend of searching 

for a better understanding of the relation between climate and 

vegetation. Focus is placed on the examination of the interaction of 

structured vegetation communities with climate. Integration of 

ecological modeling and remote sensing technology is expected to 

provide new opportunities for monitoring and modeling the 

biosphere at high temporal rates and for large geographic areas. 

The View of Structured Vegetation Communities 

At climatically similar sites on different continents, unrelated 

taxonomic groups of plants converge to similar morphologies and 

community structure. This is one of the key tenets in biogeography. 

This view can be supported by all three dimensions of vegetation: 

structure, dynamics, and taxonomy (Whittaker, 1970). 

Among the three dimensions of vegetation in ecology, the key 

dimension is structure. Over the decades, a wide variety of methods 

for describing and classifying vegetation structure have been 

developed and these will be discussed in the next chapter. 

The simplest approach would be to model vegetation as a 

structureless film of variable thickness across the continents (Sellers, 

1987). Such an approach might satisfactorily predict the distribution 

patterns and other spatial properties of vegetation, but it does not 

incorporate the dynamic characteristics of vegetation that are critical 

to predicting the response of vegetation to climatic fluctuation over 

time. For short-term or averaged conditions, it may be acceptable to 

model vegetation as a structureless green film of varying thickness. 



However, for longer term analyses, as in studies of vegetation 

dynamics and ecosystem responses to climate change, vegetation 

must be viewed as structured communities interacting with each 

other and interacting with climatic and environmental variables. 

The Need to Model Biosphere Functions 

At present there is enormous concern about the changes that 

are occurring on the surface of the earth and in the earth's 

atmosphere. These changes have the potential for deteriorating the 

earth's habitability. The earth system science community strives to 

predict climate and searches for information about the potential 

impacts of global warming. 
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The earth system is extremely heterogeneous. There are many 

subsystems which interact with one another producing feedback to 

the system. Clearly, global change study requires a systematic 

synthesis of the earth system, and should include all major 

subsystems and their interactions and feedbacks. Recent work has 

demonstrated that the interactions between land surface and 

atmosphere are significant and complex (Dickinson, 1987a). Different 

types and scales of surface-atmosphere interactions could have 

significant effects on atmospheric circulation. Terrestrial ecosystems 

play an important role in the exchange of moisture and therefore 

energy between the land surface and overlying atmosphere. Thus, 

predictions of climate must take into consideration the interactive 

nature between climate and vegetation. It is necessary to discard the 

view of plants as passive, damp surfaces transpiring at rates 
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governed solely by atmospheric demand and soil moisture. Rather, 

they are living organisms that regulate the passage of water and gas 

through their systems in an efficient manner in order to maximize 

their prospects of growth and survival. 

A better understanding of the relationship between ecosystems 

and c1imate is important. In particular, research is needed to develop 

better global models which can provide insight into the physiological 

and ecological processes and functions that configure an ecosystem's 

response to climate change. If the goal of a truly interactive 

biosphere-atmosphere model were achieved, simulation studies of 

complex global problems would become feasible. 

Remote Sensing Technology 

Satellites offer the potential of continuously viewing large 

portions of the earth's surface, thus documenting the changes that 

are occurring. The technology is now becoming available to permit 

truly global assessments of the earth's changing structural and 

functional properties. For many years, experimental terrestrial 

ecology has been limited to the space/time domains of human 

experience. Achieving a global understanding is an impossible task 

for the discipline of ecology without both the extensive and intensive 

use of remotely sensed data. Remote sensing provides the only data 

sets that span the temporal and spatial scales of local systems 

aggregated to global systems. The possibility of measuring biosphere 

functions remotely and continuously from satellite imagery must 
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now. be explored in order to meet the challenge of understanding the 

consequences of global change. 

Because remote sensing is the tool that ecologists must work 

with on local to global scales. traditional methods of description and 

classification should be made compatible with the nature of remotely 

sensed data. Significant advances in interpreting remotely sensed 

data have come about by developing and utilizing indices or models 

that can relate the spectral-temporal-spatial behavior of land 

surfaces to such processes as photosynthesis and evapotranspiration. 

A number of vegetation indices have been developed in remote 

sensing research to provide simple and useful indications of 

photosynthetic activities. The Normalized Difference Vegetation 

Index (NDVI) is an effective indicator of green vegetation, and it has 

been shown that NOVI as provided by satellite systems can yield 

near linear estimates of the area-averaged canopy photosynthetic 

capacity (Tucker, 1979). The transformed Soil-Adjusted Vegetation 

Index (TSA VI) is a refined vegetation index, which is less sensitive to 

variations in the soi I background (Baret and Guyot, 1991). 

Remote thermal measurements enable the determination of 

differences in vegetation types, as well as background soil moisture 

and other properties. The goal of prior research using thermal 

measurements was to obtain insight into the physiological condition 

of vegetation in relation to its ecological environment, rather than 

the identification of vegetation distribution (Jackson, 1977). 
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lntegration of vegetation indices and temperature 

measurements at global and regional scales is a research strategy of 

considerable interest. Recent Iy. Goward et al (1991) framed the 

status of integrating thermal measurements by stating that the use 

of A VHRR thermal infrared measurements for land analysis is still in 

an early stage of development and efforts to explore its potential will 

require significant work. The addition of thermal information to 

vegetation indices. which are derived from visible and near-infrared 

channels, could be an important improvement in ecological remote 

sensing. 

Objectives and Organization of The Dissertation 

As mentioned above, this study is a continuation of long term 

attempts to understand and model the interactive relationship 

between vegetation and climate. The central issue of the dissertation 

is to combine ecological principles and remote sensing technology in 

the search for a new methodology for ecosystem analysis at regional 

or global scales. Vegetation indices and surface thermal 

measurements from remote sensing are integrated in spectral space, 

permitting the examination of ecosystem structure, organization, and 

functionality. The possibility of developing an ecosystem model 

based on the consistent pattern displayed by multi-spectral data in 

two dimensional space defined by "surface temperature" and 

"vegetation index" has been investigated. A potential application of 

integrating vegetation indices and surface temperature is presented 

and discussed to demonstrate the usefulness of this integration. 
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The content of the study is organized into seven chapters. This 

first chapter gives an overview of the study areas of vegetation and 

ecology. The following chapters (Chapters 2 and 3) review the vast 

literature in ecosystem modelling and vegetation studies in remote 

sensing. Chapter 4 discusses the initial concept of an ecosystem 

model based on the triangular distribution pattern of raw satellite 

data in spectral space from West Africa. Chapter 5 deals with the 

calibration and correction of the remotely sensed data and provides 

calibrated data sets for further investigation. Chapter 6 tests the 

validity of ecosystem triangles using calibrated data sets from the 

U.S. Southwest. The final chapter of the text summarizes the major 

findings of this project and recommendations for future work. 



CHAPTER 2 

ECOSYSTEM MODELS 

2 1 

[n the context of this dissertation, an ecological model is 

considered a quantitative description of the relationships between 

biological processes and the climatic variables that affect them. The 

purpose of the modeling is to assist our understanding of the 

regulation of these processes and to help to predict the reaction of 

vegetation in response to climatic variation. 

Detailed research efforts can generate subsystem models 

describing the behavior of a single plant and certain aspects of the 

habitat. Overall ecological modeling facilitates the formulation of 

causality in the system of vegetation and climate at a regional or 

global scale. Generalizations, deductions, extrapolations, and logical 

implications resulting from such modeling, are expected to provide 

reliable information about the biosphere. This study focuses on the 

global structure and organization of natural vegetation. 

The Concept of Hydrothermal Equilibrium 

Although the environmental influences on vegetation are often 

too numerous and complicated to be represented in a simple way, 

the evidence of Whittaker's work (1970) is that in some 

environments, a few environmental parameters may summarize 

much of the observed variation in vegetation distributions. 
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Whittaker believed that plant performance (p) can be represented as 

a function of four major environmental factors: 

p = f (n, w, 1. 1) 2 -1 

where n = nutrient, w = water, t = temperature, and I = light. 

The most important environmental factors involved in a 

classification of natural vegetation at a global scale are temperature 

and water relations. Light limits the growth of living organisms in 

some environments such as the floor of a dense forest and in shallow 

water, but at regional and global scales it is less often a limiting 

factor. As an example. at the poles the long polar nights coincide with 

the winter resting period of the plants. Nutrients are necessary for 

plants, but is not often a limiting factor because biomass 

decomposition processes and the transport of materials can enhance 

fertility in a general sense. Therefore, Whittaker's formula, 

representing the behavior of plant communities, can be simplified by 

using only two major variables for overall modeling purpose at a 

regional or global scale: 

p = f (w, t) 2-2 

Vegetation performance is largely determined by two 

environmental factors: temperature and water resources based upon 

the ahove generalization and simplification. The interactive 

relationship between temperature and water on the ground surface, 

may be called hydrothermal balance, and is considered in this study 

as a foundation for modeling the biosphere. This very important 

ecological relationship becomes clear only when the water balance 
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and heat balance on the earth's surface are studied as an integrated 

system, and only when the plant is seen as an active agent 

interacting with its thermal, moisture, and other environmental 

conditions. 

Plant Physiology in Relation to Temperature and Moisture 

The life of all organisms is bound to the living substance, the 

protoplasm. Larcher (1980) asserts that the protoplasm is only in an 

active state if two fundamental requirements are fulfilled: (1) a 

certain degree of warmth, i.e.. certain temperature; and (2) a 

particular level of water activity in the protoplasm, i.e., a certain 

level of hydration. 

An autotrophic plant can, however, only temporarily close itself 

off from the atmosphere. for it must normally take up C02 from the 

ambient air during the day, and this occurs through the stomata. A 

plant loses a relatively large amount of water during this exchange of 

gases, because the water vapor tension in the intercellular spaces in 

the leaves is usually higher than that of the atmosphere. The water 

lost through transpiration is replaced by water uptake through the 

roots from moist soil, and the water is transferred to the leaves 

through conducting vessels. In this way a flow of water is 

established, leading from the soil into the roots, through the 

conducting system to the leaves and finally, through the stomata into 

the atmosphere. The water potential gradient determines the 

intensity and direction of the water flow. 
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In photoenergetic processes, the energy provided by 

absorption of radiation serves to drive metabolic reactions or cause 

chemical transformations in a manner directly dependent on the 

amount of energy absorbed. For a plant, radiation is a source of 

energy and a stimulus regulating development, but it can also cause 

injury. 

When more energy is taken up by the vegetation than is given 

off to the atmosphere or to the soil, leaves can warm up 10 oC, or in 

exceptional cases 15 - 20 oc above the temperature of their 

surroundings (Anderson, 1981). Under strong insolation, the plant is 

enclosed in a superheated envelope of air next to its surface. This can 

be weakened by winds that sweep away the boundary layer to the 

plant surface, thus increasing the rate of heat exchange. 

The cooling effect of evaporation can be calculated from the 

thermal balance equation or by reference to the rate of transpiration. 

As water is given off, the amount of energy lost is the product of the 

rate of evapotranspiration and the latent heat of vaporization of 

water (DeVries and Afgan, 1975). Cooling by evaporation is 

particularly effective when the air temperature is high, the humidity 

is low, and the plants are well supplied with water. If transpiration is 

accelerated by wind, it extracts so much heat that the leaves can 

become several degree cooler than the air. The influence of 

transpiration upon thermal balance can be readily demonstrated by 

preventing the plant from giving off water. Walter (1983) gave 

examples to illustrate how this could happen. He stated that if one 
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cuts through the petiole of a leaf in order to interrupt the supply of 

water, or treats the plant with antitranspirants (substances that 

inhibit transpiration), the leaf temperature rises within a few 

minutes. 

All life processes are restricted to a certain range of 

temperatures and have an optimal operating temperature, on either 

side of which performance declines. Thus for each plant species, and 

for each stage of development, one can determine characteristic 

"cardinal temperatures" (Whittaker, 1970). The annual minimum 

temperature may effecti vely limit plant distribution and perhaps 

vegetation type, by exceeding the lethal threshold for survival. The 

survival limits are the lowest and highest temperatures at which a 

plant can survive. A distinction is made between the activity limit 

and the lethal limit. When the activity limit is exceeded the active 

vital processes are reversibly slowed to a minimal rate and the 

protoplasm enters a state of anabiosis (under excessive heat or cold). 

At the lethal limit permanent injury is sustained and the plant dies. 

In cases of damage from cold, there is a distinction between 

injury to protoplasm by the drop in temperature and injury by the 

process of freezing. Some tropical plants suffer chilling injury even 

when the temperature is several degrees above freezing. Like death 

by heat, death by cold is the consequence of damage to 

biomembranes and the breakdown of metabolism (Walter, 1983). 

Plants may also be damaged by freezing, that is by ice forming in the 

ti ssues. 
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Plant communities are not static but are in a state of dynamic 

ecological equilibrium. Individuals die and are replaced by younger 

plants. In years when extreme conditions prevail, the species 

combination may undergo a marked quantitative and qualitative 

change, but in general, both the community and the ecotype maintain 

a reasonable constancy. Natural vegetation, in a state of equilibrium 

with its environment. provides us with an integrated expression of 

the effect of climatic controls. Small changes in climatic condition can 

bring about a change in the vegetation (Woodward, 1987). 

Holdridge's Life Zone System 

Leslie R. Holdridge (1947) first proposed a structured triangle 

model for classification of worldwide landscapes. The basic premise 

of the Holdridge theory is that each individual species-population has 

evolved, i.e. has become specialized through selective adaptation, to 

successfully survive as a member of the natural community within 

only a limited sector of the earth's broad climatic spectrum. He 

proposed, therefore, that the plants and their structural arrangement 

compose an ecosystem when viewed in broad synthesis. This 

ecosystem precisely reflects the integrated operation of the climatic 

conditions prevailing over the vegetation communities. 

The model, global in scale and triangular in shape, postulates a 

natural division of the earth's climatic range into ecologically

equivalent units. The units are termed plant formations or, 

alternatively, natural life zones. Although each formation is 

restricted to the limits of climatically-determined networks, its more 
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detailed distribution wil1 correspond to local variations in 

topography, soils, ground-water, or unusual atmospheric conditions. 

Figure 2-1 was constructed to differentiate the terrestrial 

vegetation into over a hundred plant formations separated by 

temperature, precipitation, and evaporation lines of equal value. 

Holdridge's primary division of climate is based upon air 

temperature. The earth's climate is first divided into seven 

latitudinal regions. from tropical to polar, as indicated in the left

hand column of the vertical temperature scale on Figure 2-1. A 

sequence of altitude belts, as indicated in the right-hand column 

shows the temperature scale corresponding to the 7 latitudinal zones. 

Annual mean biotemperature values were determined by summation 

of the mean monthly temperature greater than 0 oC divided by 12. 

The precipitation value is the average annual precipitation in 

millimeters plotted logarithmically on the bottom of the chart. The 

temperature and precipitation values for any site determine a point 

which falls within a hexagon representing a plant formation. When 

the point falls within one of the border triangles of a hexagon, the 

vegetation of that area will show a transitional character. The 

evaporation values indicated on the left side of the triangle are 

inserted to represent the number of times the actual precipitation 

could be evaporated in one year (Holdridge, 1967). 

The chart is designed to make broad divisions and to show 

ideal relationships between climatic conditions and vegetation 

formations. Such a concept of bioclimatology follows logically from 
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accepted principles of physical geography, ecology, and 

climatology. Holdridge argued that all other factors of the 

environment, such as topographic, biotic, and edaphic variations, are 

subordinate to the action of climate upon the ecosystem. Therefore, 

these factors produce only secondary, localized physiognomic life

forms (Tosi, 1964). 

Such reasoning led to his deduction that the general 

characteristics of climate in any given locality might be determined 

objectively from comparative observations of quantified parameters 

in the natural plant communities. Conversely, weather station data 

might be employed to determine what the climax vegetation had 

been or might be in a given region (Ballard, 1973). 

Holdridge's system of life zones thus differs from other 

classification schemes, in that it is neither a classification of climate 

nor a classification of vegetation but is, rather, a classification of the 

relationship which exists between them. The classification was 

derived empirically from comparative observations of natural 

vegetation as related to climatic factors over a very wide range of 

landscapes. 

Dansereau's World Climate Triangles 

Dansereau (1957) believed that an effective system of 

classifying the vegetation of the world might be to group the smallest 

units into ever-larger ones: plants into communities, communities 

into formations, and formations into biomes. A formation-class is a 

geographic unit of vegetation which shows characteristic response to 
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particular climatic trend and intensity. It exhibits a structure which 

tends to override habitat differences and to generalize the regional 

patterns which are climatically determined. Dansereau (1957, p. 82) 

states that "Similar climate in different parts of the world will elicit a 

similar structural response, i.e., will carve, an identical structural 

block out of dissimilar floristic stocks". 

Figure 2-2, as presented by Dansereau, illustrates the grouping 

of the formation classes that are most nearly alike in the major 

features of their structure. The principal attributes of the formation 

classes are listed below. 

(1) Tropical rainforest occupies regions of high and constant 

temperature and humidity. Its flora are very rich, and the leaves are 

broad and evergreen. 

(2) Subtropical rainforest is found in humid subtropical areas. 

\ GRASSLANDS 
DESERTS 

Figure 2-2. Dansereau's World Climatic Triangles (from 
Dansereau. 1957). 

FORESTS 
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The seasonal drop 10 temperature reduces the number of flowering 

species. 

(3) Monsoon forest is in large part deciduous in response to a 

prolonged drier and colder period. 

(4) Temperate rainforest has trees with coriaceous leaves, few 

deciduous species. 

(5) Summergreen deciduous forest occupies regions with high 

rainfall and very marked winter. The tree leaves are broad and 

deciduous. 

(6) Neeedie-leaf forest is located in cold regions with long 

winters and high rainfall. Generally the leaves are very small and 

scale- or needle-1ike. 

(7) Evergreen hardwood forest is found in Mediterranean 

climate (dry summer and wet winter). The trees are small and the 

leaves of medium or small size, quite coriaceous. 

(8) Savanna woodland appears in subtropical and even 

temperate areas. Unreliable precipitation supports scattered trees 

and a dense grass or shrub layer. 

(9) Thorn forest and scrub depends on rare rainfalls. The trees, 

usually low and often thorny, are deciduous. 

(10) Savanna is a seasonal grass layer. The dry period is quite 

long. 

(11a) Semi-desert is often herbaceous, the predominant 

vegetation is shrubby. largely deciduous and very scattered. 
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(1Ib) Steppe prevails in temperate and even warm-temperate 

regions. The vegetation is low, herbaceous, and discontinuous. 

(lIc) Prairie is found mostly in temperate regions with 

seasonal precipitation. 

(l2) Heath is in regions of high latitudes that permit ericoid 

formations. 

(13a) Tropical desert is found in areas of almost no rainfall and 

extremely high temperatures. Vegetation is low and scattered. 

(13b) Subtropical desert is in areas of high seasonal 

temperatures coincident with the absence of rainfall. Woody 

vegetation is small-leaved. exhibiting a great variety of xerophytic 

species. 

(14a) Cold woodland is well spaced, with reduced rainfall and 

temperature. 

(14b) Grassy tundra is found in high latitudes where summer 

days are extremely long and winter snow lasts eight months and 

more. The plants are low and mostly herbaceous. 

(14c) Arctic fell-field is an area of very low rainfall and 

constantly low temperature. Vegetation is very sparse and low, 

mostly lichens and mosses. 

(15) Cold desert is bound at the edge of icecaps, glaciers, and 

permanent snowfields. Widely spaced herbaceous vegetation 

sometimes very active during a short period. 

The relative positions of the formation classes are indicated in 

the climatic triangles as shown in Fig. 2-2. It can be seen from the 
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model that desert vegetation is located around the upper left corner, 

rainforest and other dense vegetation show up on the upper right 

corner, and arctic areas occupy the lower tip of the triangles. All 

formation classes are associated with each other within the 

Dansereau's triangles. The temperature increases from arctic cold 

deserts to subtropical hot desert (from bottom corner to upper left). 

The biomass increases from both of the cold and hot deserts to the 

forest corner (from upper left and bottom corners to upper right 

corner). The relative positions of vegetation classes may move 

around within the triangle model as indicated in Figure 2-2 B, if the 

change in climatic condition exerts external forcing over the 

vegetation. The movements are largely due to drying processes 

(moving left) and cooling processes (moving down). The three 

corners of the triangle could be named the desert corner, the forest 

corner, and the tundra corner respectively. It is important to note 

that Dansereau's triangles have no physical values associated with 

their axes. What can be understood from the relations displayed is 

that the energy level increases from the bottom to top of the 

triangles and moisture availability increases from the left to the 

right. 

Lieth's Productivity Model 

In a practical sense, it is impossible to measure the 

productivity of vegetation directly at regional or global scales. Under 

such circumstances, scientists in various fields are inclined to look for 

indirect ways to estimate the productive capacity of any given 
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region. Helmut Lieth (1971) believed that the most feasible approach 

to the task is the elaboration of models that predict productivity 

from climatic parameters that have been measured in a reasonably 

dense network over the world. He believed that the primary 

productivity is dependent on a number of variables, and the first 

among these are temperature and available water. Lieth 

demonstrated the relationships among precipitation, temperature, 

and vegetation types by drawing a graphic model as shown in Figure 

2-3. 

He used selected productivity data paired with average annual 

temperature and precipitation data from nearby meteorologic 

stations. Major vegetation types show different relationships with 

climatic variables. Some vegetation types overlap with regard to 

annual precipitation and temperature as seen in Figure 2-3. Lieth 

explained that other factors (nutrients and soil characteristics, fire, 

seasonality, continentality, floristic history) may also affect 

productivity. 

Whittaker's Model 

R.H. Whittaker made many contributions to ecology. One of the 

earliest was the concept of vegetation association expressed in terms 

of environmental gradients. The idea of analyzing vegetation and 

species patterns graphically in relation to explicit environmental 

gradients is essentially simple and provides an organizational 

framework for interpretation of vegetation distribution. 
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Whittaker () 970) noticed that along a gradient from a 

favorable environment to an extreme environment there is normally 

a decrease in the productivity and biomass of plant communities. The 

decrease in the amount of organic matter per unit area is expressed 

as a decrease of height of the dominant plants and percentage of the 

ground surface covered. Toward increasingly unfavorable 

environments there is a stepping down of community structure and a 

reduction of strata) differentiation, with generally smaller numbers 

of growth-forms arranged in fewer and lower strata. Each growth

form has its characteristic place of maximum importance according to 

environmental factors, mainly the thermal and moisture conditions. 

Whittaker's observation implies that physiognomically similar 

vegetation may be dominant in similar environments in widely 

separated parts of the word. Because of this fact, similar 

environments on different continents tend to have communities of 

similar physiognomy. This adaptive convergence at the level of 

community is one of the major generalizations about the geography 

of living organisms. 

Whittaker expressed this observation as a pattern of biome

types in relation to climate. The pattern of Figure 2-4 is a 

considerable simplification, and yet it demonstrates some of the 

broad relations of natural communities to world climates. 

As shown in Figure 2-4. Whittaker's model is organized using 

two environmental gradients: annual mean air temperature and 

annual rainfall. Differences in vegetation cover types are associated 
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with the variability of the two controlling climatic gradients. 

The tropical rainforest of large, evergreen, broad-leaved trees 

IS located at the hot and humid corner of the model. It grades into a 

tropical seasonal forest of semi-evergreen trees in drier climates 

where the rainfall is deficient during part of the year. Toward drier 

climates the proportion of evergreen trees decreases while that of 

deciduous trees increases. A long the same moisture gradient the 

trees become smaller and the canopy more open, until the seasonal 

forests become woodlands. These in turn become thornwoods, 

usually of more open structure with grassy undergrowth, and from 

these the sizes of trees decrease into denser, lower thorn scrub with 

spinose shrubs and cacti. The thorn scrub opens to become 
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Figure 2-4. Whittaker's Model (from Whittaker, 1970). 
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semidesert scrub, and toward still drier climates coverage decreases 

until the scrub becomes true desert. 

Poleward in temperature gradient, the tropical rainforest 

changes through less rich subtropical forest and transitional semi

deciduous forests to temperate broad-leaved forest. Warm

temperate forests of a continental climate are usually dominated by 

broad-leaved deciduous trees. Further poleward down the 

temperature gradient. these gIve way to other temperate deciduous 

forests less rich in species, and these to forests of deciduous trees 

mixed with needle-leaved evergreen trees. Still farther poleward in 

the northern hemisphere evergreen trees are dominant in boreal 

forests similar to the subalpine forest zone. In the far north this 

gives way to the arctic plain or tundra which extends northward to 

the lands bordering the Arctic Ocean. 

Walter's Scheme 

Walter (1979) joined the effort of modeling the global structure 

of vegetation, using annual soil temperature and precipitation. His 

modeL as illustrated in Figure 2-5, shows schematically the 

difference in vegetation with decreasing soil temperature and 

increasing rainfal1 associated with increasing elevation. 

Budyko's Geobotanical Zonality 

Budyko discussed a periodic law of geographical zonality in his 

work Global Ecology (Budyko, 1978) in order to study the influences 

of climate on geographical zones. He constructed a map of the 
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Figure 2-5. Walter's Schematic Representation of Change in 
Vegetation in Relation to Temperature and Rainfall (from 
Walter, 1979). 

dryness index R/Lr, where R is radiation balance on the surface, L is 

the latent heat constant, and T is rainfall. A comparison of the map of 

the radiation dryness index with geobotanical and soil maps shows 

that the position of isolines of the index of dryness conforms well to 

the distribmion of major geographical zones in Soviet Union. The 

radiation index of dryness, determined by the interaction and 

association of water and heat, provides an indication of moisture 

availability. The energy level can be represented by the radiation 

balance R since solar radiation is the unique energy source 



supporting all physical, chemical, and biological processes on the 

earth's surface. 
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The relation of geobotanical conditions with R/Lr and R was 

presented by Budyko (1977) as a graph shown in Figure 2-6. As can 

be seen from Fig. 2-6, the lowest values of the index of dryness (less 

than ] /3) correspond to tundras, values between 1/3 and 1 to the 

various types of forest, from ] to 2 to the steppe zone, 2-3 to semi

desert. and more than 3 to desert. As radiation balance R increases 

along the vertical axes in the forest zones, coniferous forest is 

replaced by broad-leaf forest, and that by subtropical forest, and 

finally by tropical forest. 
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Figure 2-6. Budyko's Geobotanical Zones (from Budyko, 1977). 

Summary 

The main features of the physical environment are largely 

determined by energy and material availability at the earth surface. 
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The performance of natural vegetation is a function of the energy 

level and local material resources. This important relationship could 

be written as 

Ecosystem = f (Energy, Matter) 2-3 

Energy arrives at the surface of the Earth In many forms, 

including solar energy, chemical energy, atomic energy, forest fire, 

and fossil and geothermal sources. Direct beam solar radiation is the 

most prominent energy input into earth ecosystems. A variety of 

other forms of energy can be derived from the transformation of 

direct solar radiation. but these are of less importance. As stated by 

Budyko (1974, p. I): "The radiation coming from the sun to the earth 

is the only form of incoming radiation energy that determines the 

heat balance and the thermal regime of the earth". 

[n the material world. water, carbon, carbon dioxide, oxygen, 

nitrogen, sulfur, phosphorus, and methane play particularly 

important roles in the photosynthetic process. The material list could 

be shortened if we assume that carbon, carbon dioxide, oxygen, and 

mineral nutrients are generally available on the surface of the earth. 

Thus, water becomes the single most important parameter in the list. 

Equation 2-3 could be simplified as: 

Ecosystem = f (Temperature, Water) 2-4 

Thus, an ecosystem may be characterized by its thermal and 

moisture conditions. The interactive relationship between 

temperature and water on the surface of the Earth, termed the 

hydrothermal equilibrium, is the key factor controlling the 



vegetation structure and distribution patterns. The hydrothermal 

equilibrium is the theoretical basis of this study and serves as a 

fundamental relationship in ecological studies and biosphere 

modeling. 

Common features observed from the six ecological models 

discussed in this chapter include: 

(1) Global in scale. 

(2) General1y triangular in shape. 
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(3) Use thermal and moisture parameters as the environmental 

controls for analyzi ng vegetation ~tructure. 

(4) Project biomes from geographic space into an 

environmental gradient defined by thermal and moisture 

parameters. 

Graphic illumination of complex ecological problems achieved 

by these models made the interpretation of global systems possible. 

Simple graphical analysis can address some of the issues, provided a 

"global" data set is available. These graphical approaches allow the 

complex distribution patterns of vegetation to be described in a way 

which provides insight into worldwide ecology. 
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CHAPTER 3 

VEGETATION INDICES IN REMOTE SENSING 

Introduction 

A number of authors have reviewed the various wavelengths 

in the visible and near-infrared (NIR) region with respect to their 

sensitivity for monitoring vegetation (Colwell, 1974; Tucker, 1978; 

and Wiegand and Richardson, 1982). They considered the visible and 

near-infrared region of the spectrum (0.4 - 2.5 J.Lm) and discussed 

various spectral intervals which express information about vegetated 

surfaces. The wavelength interval between 0.62-0.70 J.Lm (red) is 

called the chlorophyll absorption band. Within this band, soil 

radiance is usually high and vegetation radiance is at a minimum due 

to the absorption of energy by chlorophyll in the plant. This indicates 

that a band within the red portion of the visible spectrum is a 

sensitive indicator of green vegetation. The plant reflectance 

spectrum is almost double the soil reflectance spectrum within the 

range of about 0.74-1.1 J.Lm (NIR). The high reflectance of vegetation 

in the NIR band is due to the structure of the leaves. Clearly, the 

direct result of red and NIR remote sensing observations will be 

some indication of the chlorophyll content and the turgidity (a 

function of water content) of the leaves. Since these quantities are 

related to the rate at which the plant-cover can fix carbon dioxide 
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and water into carbohydrates, these observations should yield 

information about the photosynthetic capacity of the vegetated 

surfaces. More detailed descriptions can be found in Tucker's works 

(1978 and 1979). 

Another wavelength region frequently used for detecting and 

characterizing vegetation is the thermal-infrared (TIR) band (8-14 

~m). The TIR region can be used to measure the temperature of 

vegetated surfaces, and to infer the water content of the plants and 

soils from canopy temperature measurements. 

For an object at a constant temperature the radiant peak of 

exittance refers to the wavelength at which the maximum amount of 

energy is radiated, which is expressed as Amax in micrometers. The 

relationship between the object's temperature and Amax is described 

by Wien' s displacement law, which states 

Amax = 2,898 (~m-K) / T 3 - 1 

where T is radiant temperature in degree K, and 2,898 is a physical 

constant (Slater, 1980). The average surface temperature of the Earth 

is approximately 290 K. The energy radiated from the earth's surface 

at this temperature is distributed as a broad curve in the infrared 

band with a peak concentration at 2898/290 ... 10 ~m. Thus, the TIR 

band around 10 ~m is the best wavelength region to provide 

optimum energy for remote sensing. In addition, it is an atmospheric 

window with high energy transmittance. 

According to Wiegand's definition used by Jackson (1980), a 

spectral vegetation index is a quantity obtained by ratioing, 
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differencing, or otherwise transforming spectral data to represent 

plant canopy characteristics such as leaf area index, biomass, green 

weight, dry weight, percent cover, and so on. Numerous spectral 

indices have been developed to detect and quantify green vegetation. 

The most common of these indices utilize red and NIR canopy 

reflectances or radiances in the form of a ratio or other linear 

combination. Its purpose is to differentiate vegetation from the soil 

background, and to provide a numerical value that can be related to 

the various plant parameters. According to the wavelengths used, all 

vegetation indices may be classified into two broad categories: visible 

indices and thermal indices. The indices in the first category, using 

visible and NIR measurements, can be further classified into two 

groups based on how the spectral measurements are structured: 

orthogonal transformations and ratio transformations. This chapter is 

organized to discuss the three types of vegetation indices: (1) 

orthogonal indices; (2) ratio indices; and (3) thermal indices. 

Orthogonal vegetation Indices 

The basic assumptions underlying orthogonal vegetation 

indices are that the soil and vegetation are independent features in 

spectral space, and the spectral response of different channels are 

correlated in the multi-band data set. It is a common modeling 

strategy to project correlated variables to a orthogonal space to 

extract the independent features contained in the data. The 

orthogonal transformation indices include the two-dimensional 

Perpendicular Vegetation Index (PVI) of Richardson and Wiegand 
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(1977), the Greenness index of the four-dimensional MSS Tasseled 

Cap Model of Kauth and Thomas (1976), and the second principal 

component (PC2) of principal component analysis (PCA) used for 

visible and NIR multi-band TM data (Crist, 1983) 

Soil Line Concept and PVI Index 

Richardson and Wiegand (1977) showed that a plot of Landsat 

digital data from bare soil fields using MSS7 (NIR) versus MSS5 (red) 

yielded a straight line. Richardson and Wiegand commented that the 

soil line appeared constant from one overpass date to another and 

that the intercept was not significantly different from zero. This 

comment suggested that the soil line may be constant for various 

soils and that dark and bright soils, and wet and dry soils would fall 

on the same line. When vegetation covers part of the soil, 

reflectances in the red band will decrease and that in the NIR will 

increase. As a result, the vegetation points on the plot of MSS7 

versus MSS5 will migrate away from the soil line. The higher the 

vegetation densities, the farther the vegetated points shift away 

from the soil line. Thus, distances from the soil line become an 

indicator of green vegetation cover. The Perpendicular Vegetation 

Index (PVI) is the perpendicular distance from the soil line to the 

vegetated point in question. 

If the soil line is written as: 

AX+BY+C=O 3-2 



where X and Y are the red and NIR reflectance or radiance 

measurements and A, B, and C are coefficients for the soil line 

equation. 

The PVI for a vegetated point (Xv, Yv) is: 

PVI = (AXv + BYv + C)/SQR(A2 + B2) 
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3-3 

The PVI has proved to be a measure of green vegetation in a 

number of studies (Richardson and Wiegand, 1977; Jackson, 1980). 

The results of these studies show that the PVI is a reliable index for 

low vegetation densities when the vegetated points are close to the 

soil line. The development of the soil line concept and PVI index 

followed many of the same arguments used by Kauth and Thomas 

(1976) to develop the Tasseled Cap Model. 

MSS Tasseled Cap Model and Greenness Index 

Although PVI and other vegetation indices can provide good 

recognition of vegetation that has mature and healthy canopies at the 

time of data collection, it has difficulty classifying senescent 

vegetation (Crist, 1983). Tasseled Cap Models have been developed in 

order to enhance the spectral vegetation signals while removing or 

minimizing background noise and the effects of senescent vegetation. 

Kauth and Thomas (1976) proposed a transformation that used 

the four Landsat MSS bands in linear combinations to produce four 

indices called Brightness (BR), Greenness (GN), Yellowness (YE), and 

Nonsuch (NS). Their transformed indices of the Tasseled Cap Model 

can be expressed 

3-4 



GN = a2IBI + a22B2 + a3IB3 + ~IB4 

YE = a3IBI + a32B2 + a33B3 + a34B4 

NS = ~IBI + ~2B2 + a43B3 + ~4B4 
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3-5 

3-6 

3-7 

where aij are coefficients determined by using the Gram-Schmidt 

process (Jackson, 1983), which is a mathematical procedure used to 

insure the orthographic relationship between the resulting indices. Bi 

are the gray levels in the MSS four spectral bands. 

The MSS Tasseled Cap Transformation of Kauth and Thomas is 

based on the same principles as the 2-dimensional PVI of Richardson 

and Wiegand. Both of them applied the soil line concept and the 

orthogonal transformation methodology. Brightness is an index 

indicating bare soil spectral variations, which are sensitive to both 

soil types and moisture conditions. Greenness is the orthogonal 

distance from the Brightness vector to a vegetation point. The third 

dimension (Yellowness) is orthogonal to both Greenness and 

Brightness, and the fourth dimension (called N on such because no 

features were evident) is orthogonal to the first three. The 

coefficients of Brightness, Greenness, etc., are vectors that indicate 

directions and magnitudes. 

As illustrated in Figure 3-1, when vegetation starts growing its 

spectral signature is on the plane of soils (or soil line in two 

dimensional NIR-red space). As it grows the signature progresses 

upward, roughly normal to the plane of soils, on a curving trajectory 

towards the region of green stuff. Next the trajectories fold over and 

converge on the region of yellow material. Finally the crop 
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progresses back to the soil plane by any of several routes, depending 

on the crops, the harvesting practices, and background soils. 

Brightness and Greenness have proved useful for evaluating soil 

moisture and vegetation features in Landsat data, and the Yellowness 

is a measure of vegetation senescence (Dave, 1981). 

GREENESS Yellow Stuff 

Tassel 

Plane of Soils 

BRIGHTNESS 

Figure 3-1. MSS tasseled cap model. 
(based on the concept of Kauth and Thomas, 1976) 

TM Tasselled Cap Model and PCA 

Crist (1983) presented a preliminary version of the Tasseled 

Cap Transformation derived from TM data. The data transformation 

was based on a multi-dimensional rotation of the principal 

component analysis method (PCA). The new components were 

derived from the covariance matrix associated with the six reflective 
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TM bands (excluding the thennal band). Utilization of the multi

variate analysis technique PCA was necessitated by the 

dimensionality of the TM data. This transformation was carried out 

in such a way that the orthogonality of the feature components was 

preserved. 

Principal component transformation is a statistical technique 

for removing or reducing spectral redundancy normally contained in 

multi-band data set. The resulting components are independent (or 

orthogonal), and are ordered by decreasing variance. The result is 

removal of the correlation that was present between the spectral 

bands of the original data, with a simultaneous compression of image 

variance into fewer dimensions (Schowengerdt, 1983). 

The basic relationships of vegetation and soil in the six

dimensional TM data space are much the same as in the four 

dimensional MSS Tasseled Cap Transformation. In the TM Tasseled 

Cap space, a distinct "plane of soils" can be identified and defined to 

respond to soil physical properties, particularly to soil moisture 

status (Crist, 1983). The "plane of vegetation" is occupied primarily 

by samples of vegetation pixels. The zone between the two planes is 

occupied by samples of partially vegetative pixels, where both plant 

materials and soil background are visible to the sensor. Crop 

development is a distinctly multi-dimensional event in the TM 

Tasseled Cap space. Vegetation beginning to grow in a field occupies 

a position somewhere on the plane of soils depending on soil type 

and conditions, migrates toward the plane of vegetation as vegetation 
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begins to occupy a greater proportion of the field of view of the 

sensor, reaches the plane of vegetation around the time of full 

canopy closure, moves downward in the plane of vegetation with the 

onset of senescence, and finally returns to a point on or near the 

plane of soils. The TM Greenness is virtually identical to the MSS 

Greenness, while Brightness features are slightly different, since soil 

moisture and possibly other information have been abstracted from 

the TM middle-infrared bands (Crist and Cicone, 1984). 

Ratio Vegetation Indices 

The ratio of radiance or reflectance values from two or more 

bands is a simple and useful vegetation index, if the bands are 

properly chosen. The primary consideration in sensor wavelength 

selection is that a strong spectral difference must exist between 

green vegetation and background material. Without a strong spectral 

contrast, vegetation canopy information is degraded or confused with 

non-vegetation information. The spectral response of vegetation 

contrasts sharply in the visible red and NIR wavelengths. The 

ratioing or differencing of these bands yield measures that are highly 

sensitive to variations in green vegetation density and vigor. The 

ratio indices are distinct from the orthogonal indices in that lines of 

equal greenness do not remain parallel to a predefined, principal axis 

of soil spectral variation - the soil line. The greenness vectors of a 

ratio index converge at the origin of the red-NIR coordinate system 

(Elvidge and Lyon, 1985). 
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The NIR to red ratio (RVI), is the most common of the ratio 

transformations used as vegetation measures (Tucker, 1979). 

Deering's (1976) Normalized Difference Vegetation Index (NDVI) is 

an improved version of the NIRlRed ratio. SA VI is a Soil-Adjusted 

Vegetation Index designed to minimize the soil brightness influences 

under partial canopies (Huete, 1988). transformed SA VI (TSA VI) is a 

refined version of SA VI (Baret and Guyot, 1991). The most widely 

used RVI and NDVI, and the relatively new SAVI and TSAVI indices 

are discussed in this section. 

NIR to Red Ratio Vegetation Index (RVI) 

The use of a NIRlRed ratio was first reported by Jordan (1969) 

who used the ratio of 0.800/0.675 Jlm bands to derive the leaf area 

index for forest canopies. 

RVI = NIR 1 Red 3-8 

This vegetation index can (1) maximize the spectral contrasts 

between vegetation and background soils, and (2) remove or 

suppress spatially-varying radiance variations arising from 

topography and view and illumination geometry. 

Topographic slope and aspect, look and sun angles often 

produce a spatially varying gain factor for a pixel. A gain factor 

which is the same in two bands can be removed by simply dividing 

each pixel in one band by the corresponding pixel in the other. 

RVI = DNnir/DNred = apnir/apred = Pnir/Pred 3 - 9 

where DNnir and DNred are raw digital numbers of a particular pixel 

in the NIR and red bands respectively, Pnir and Pred are reflectance 
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of the pixel in the two bands, and a is the gain factor. The ratio image 

thus depends only on the scene reflectance p in the two bands, if 

atmospheric effects are not considered. Schowengerdt (1983) 

demonstrated that severe topographic shading in a Landsat MSS 

image of the Grand Canyon, Arizona is almost completely removed in 

the ratio image. 

The Normalized Difference Vegetation Index (NDVI) 

Colwell (1974) found that the RVI was unreliable in grass 

canopies with low green covers «30%), partially because soil 

background and atmospheric noises confused weak vegetation 

signals. Although a simple ratio of NIR to red could be used as a 

measurement of relative greenness, it may introduce a large error 

component since the ratio index could generate a data range from 

zero to infinity in extreme cases. In order to minimize soil and 

atmosphere influences and to reduce error, Deering (1975) used the 

Landsat NIR and red channels to form the Normalized Difference 

Vegetation Index (NDVI). 

NDVI = (NIR - Red) / (NIR + Red) 3-10 

The NDVI is a ratio of the difference between values for NIR 

and red bands and the sum of the values for the two bands. The 

differencing between the two bands was believed to remove a part 

of the effects of atmospheric scattering. As well documented by 

Slater (1980), atmospheric scattering can be expressed as a bias 

factor, which could be removed by computing differences between 

two bands, taken in pairs: 
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DN nir - DNred = (Pnir + b) - (Pred + b) = Pnir - Pred 3 -11 

where the b is the additive component of the atmospheric scattering. 

Usually, Rayleigh scattering is greater in the red band than in NIR, 

and differencing can only help to remove a part of the scattering 

effect. Dave (1981) reported that the scattering level is not the same 

in different spectral bands and this method would provide only a low 

level atmospheric correction. 

It is apparent that the NDVI is able to minimize the gain and 

bias factors to a certain extent. Considering the gain and bias factors, 

the NDVI index can be written as: 

NDVI = [(apnir + b) - (apred + b)] / [(apnir + b) + (apred + b)] 

= (Pnir - Pred) / (Pnir + Pred + 2b/a) 3 -12 

Compared with the RVI index: 

RVI = (aPnir + b)/(aPred + b) 

= (2Pnir + 2b/a)/(2Pred + 2b/a) 3-13 

It can be seen that the atmospheric scattering (bias b) has a 

greater influence on the denominator of RVI than on that of NDVI, 

since 2pred is usually less than Pnir + Pred, for more or less vegetated 

surface, assuming Pnir = Pred at the soil line (bare surface). 

Furthermore, the atmosphere condition changes the numerator 

values of RVI, whereas the numerator of NOVI is gain and bias free. 

Generally, the NOVI index is more independent than RVI from the 

atmospheric influence if the gain holds the same in both NIR and red 

bands. In addition, the NOVI values are normalized into a range from 



-1 to + 1, so that the possible error will be confined into a much 

smaller range. 

Soil-Adjusted Vegetation Index (SA VI) 

As shown in Figures 3-2 and 3-3, a line, representing a 
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constant amount of vegetation is considered a "vegetation isoline". 

Vegetation isolines as predicted by the ratio and orthogonal indices 

in the red-NIR space have been used by Huete (1988) to analyze the 

behaviors of the two kinds of vegetation indices. The ratio indices are 

graphically displayed by vegetation isolines of increasing slope 

diverging out from the origin while orthogonal-index isolines remain 

parallel to the soil line. He argued that if the soil under a partial 

canopy were to become wet, the vegetated pixels would have to shift 

directly toward the origin following an isoline of constant RVI or 

NDVI value. The orthogonal indices such as PVI, however, would 

require the pixel to shift along an isoline parallel to the soil line so 

that both the wet- and dry-soil vegetation pixels maintain a constant 

PVI value. The explanation offered by the two types of indices are 

contradictory in describing soil-vegetation spectral behavior (see 

Figure 3-2). 

Huete et al. (1985) used ground measured data collected over 

cotton and range grass canopies to evaluate vegetation isolines in NIR 

-red spectral space. The vegetation isoline with the least slope and 

closest to the main diagonal is the bare soil line characterizing the 

spectral behavior of non-vegetated points. With increasing amounts 

of vegetation, the vegetation isolines behave in the following manner 
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Figure 3-2. Vegetation isolines as predicted by RVI, NDVI, and PVI. 
(from Huete, 1988) 
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as summarized by Huete (1988): (1) shift toward the positive NIR 

and negative red directions, (2) decrease in vector length, and (3) 

increase in slope. Of primary concern in Figure 3-3 is the soil 

brightness effect seen at vegetation densities over 40% green cover. 

Wet or dark soil backgrounds produced lower greenness values than 

dry or bright soils under identical amounts of vegetation cover. This 

effect becomes stronger at vegetation densities higher than 60%. 

Huete found that the individual cotton and grass spectral isolines 

followed a pattern of increasing slopes and NIR intercepts with 

higher vegetation densities. The isolines neither converged at the 

origin nor maintained slopes identical with the soil line. The slopes of 

the observed vegetation isolines stay in between those of the ratio

and orthogonal-based isolines. Neither the ratio nor the orthogonal 

indices can adequately describe partial canopy spectral behavior 

based on these results. 

Vegetation isoline behavior may be graphically modeled by 

shifting the NIR-red space origin toward an approximate isoline 

convergence point. This would describe a situation whereby the 

isolines increase in slope and intercept with increasing vegetation 

density. Vegetation isolines do not actually converge to one common 

point as convergence is partly a function of vegetation density. The 

optimal adjustment was found to vary with vegetation density in a 

predictable manner. As the vegetation density became greater, the 

adjustment factor became lower. The position of the convergency 

shifts when the percent cover of vegetation varies, and the ideal 
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correction terms are variables corresponding to the density of 

vegetation and could be modelled by using a function of vegetation 

index. However, a first-order approximation may be obtained by 

shifting the origin to a point where intermediate densities of 

vegetation converge with the soil line. 

Huete (1988) suggested an practical approach to graphically 

model the vegetation isoline behavior by shifting the origin to a point 

where intermediate densities of vegetation converge with the bare 

soil line for general application. Shifting the origin to negative values 

is equivalent to adding the constants L} and L2 to the entire NIR and 

red data set (See Figure 3-2). Utilizing the NDVI format, a soil

adjusted version of NOVI is derived by Huete (1988) as follows: 

SAVI = [(NIR+L2) - (red+L})] / [(NIR+L2) + (red+L})] 3 -15 

which can be simplified using L} = L2 = 0.25 for intermediate canopy 

densities to: 

SA VI = (NIR - red) / (NIR + red + 0.5) 3 -16 

In an attempt to maintain the bounded condition of the NOVI, 

Eq. 3-16 is multiplied by 1.5 to obtain the approximate range of 

NDVI. Finally, it becomes 

SAVI = [(NIR - red) / (NIR + red + 0.5] 1.5 3 -17 

Results of simulation studies show that the soil brightness 

influences were effectively minimized, and SA VI is less sensitive to 

soil background variation than NOVI and other vegetation indices 

(Major et aI., 1990; Baret et aI, 1989). 
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Transformed SAVI (TSAVI) 

SA VI is an exact solution for vegetation with intermediate 

density only when the soil line parameters are a = 1 (soil line slope) 

and b = 0 (soil line intercept). Baret et al (1989) commented that this 

is not generally the case. The soil line slope is usually close to 1 for a 

"global data set", but the intercept b is a variable, depending on the 

surface vegetation density. The b value can vary greatly from zero, 

and the assumption (b = 0) will definitely cause significant error. 

As an ideal vegetation index does not exist, Baret et al proposed a 

transformed SA VI (TSA VI) index based on similar principles as those 

stated by Huete. TSA VI was defined as a measure of the angle 

between the soil line and the line which joins the vegetation point 

and the intercept of the soil line. 

Baret and Guyot (1991) published a modified version of TSAVI, 

i.e., 

TSA VI = a(nir-a(red)-b)/[anir+red-ab+X(1 +a2)] 3 -18 

where nir and red are spectral measurements of near-infrared and 

red bands; a and b are the slope and intercept of the soil line; and X = 

0.08. TSA VI has an output range of 0 to 1. 

Baret and Guyot selected four vegetation indices, NDVI, PVI, 

SAVI, and TSA VI, for a sensitivity analysis. Results showed that 

NDVI and PVI are strongly affected by the variation of soil optical 

properties. In contrast, SA VI and TSA VI perform better than NDVI 

and PVI. TSAVI is the vegetation indicator least sensitive to soil 

influence. 
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These results are summarized in Figure 3-4. In Figure 3-4, the 

dashed lines represent canopies with different soil backgrounds and 

the same Leaf Area Index (LAI). The line, for which LAI = 0, is the 

soil liue. The open circles are simulated canopy reflectance. The solid 

lines are isolines along which the different vegetation indices are 
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Figure 3-4. Comparison of different vegetation indices. 
(from Baret and Guyot, 1991) 
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constant. It can be seen that TSA VI produces the best results which 

most closely follow the simulated canopy behavior in NIR-red 

spectral space. 

Thermal Vegetation Indices 

Thermal infrared measurements enable the identification of 

small differences in soil moisture and other physical properties. 

Marsh and Lyon (1976) evaluated four thermal models and various 

surface thermal parameters for surface temperature estimation. 

They concluded that thermal infrared observations can be potentially 

useful on a regional scale, and that thermal modeling of surface 

temperature can be used to differentiate land covers. 

Healthy plants are in energy eqUilibrium with their 

environment. Their temperature and water status are adjusted 

constantly in a way best adapted to environmental changes. Plant 

moisture condition has a pronounced influence on leaf temperature. 

Gates (1964) reported on the difference in temperature 

measured between conifers and broad-leafed deciduous plants. 

Conifers are cooler than broad-leafed plants during day time and 

warmer during night time under similar conditions. The reason is 

that the fine needle structure of conifers increases convection 

efficiency and couples the conifers tightly to the air temperature. At 

night, deciduous leaves will cool down to several degrees below air 

temperature through radiant cooling. 

The difference between bare soils and plants is pronounced in 

terms of diurnal changes in temperature. In general, plants are 
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cooler than soil during day time, and warmer during night time. A 

strong difference between plant and soil temperature occurs around 

solar noon on a clear day (Ehrler, 1978). In the daytime, due to 

atmosphere and soil moisture variability, the canopy temperature 

largely depends on the level of evapotranspiration. 

The purpose of developing thermal models and indices is to 

obtain insight into the physiological condition of vegetation in 

relation to its environment, rather than the identification of 

vegetation. Four indices, based on infrared temperature 

measurements, are discussed in this section: (1) the canopy 

temperature variability (CTV); (2) the temperature-stress-day (TSO); 

(3) the canopy air temperature difference (Tc - Ta); and (4) the 

stress-degree-day (SOD). 

Canopy Temperature Variability Index (CTV). 

Inherent variability in soil properties and rainfall or irrigation 

distribution leads to variation in soil water content. Because of such 

inhomogeneity, Clawson and Blad (1982) suggested that the 

variability in crop temperature measured at several locations within 

the same field may indicate the onset of water stress. 

The canopy temperature variability (CTV) was defined by 

Clawson and Blad as the range (maximum minus minimum) of all 

infrared thermometer (IRT) sensed canopy temperatures within a 

plot during a particular measurement period. The range in 

temperatures measured with an IR T in a well irrigated plot was less 

than 0.7 oC. As the temperature difference between a water-stressed 
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plot and the well irrigated plot increased CTV values increase in 

response until a critical stress level was reached beyond which CTV 

values stabilized. Clawson and Blad suggested that the onset of water 

stress can, therefore, be signaled when CTV values exceed 0.7 °C. 

Gardner et al. (1981) tested the deviation of mid-day canopy 

temperature as to its usefulness as an irrigation scheduling tool. They 

found standard deviations of 0.3 oC in fully irrigated plots of com. In 

non-irrigated plots, the standard deviation was as great as 4.2 °C. 

They concluded that a standard deviation of temperature in a plot 

exceeding 0.3 °C signals that some plants are experiencing water 

stress. This value may indicate the need for irrigation. 

These indices (maximum minus minimum and standard 

deviation) are derived from localized experiments for particular 

types of crops and are valid only when canopy cover is nearly 

complete. 

Temperature Stressed Day Index (TSD) 

Gardener et al. (1981) suggested that the onset of plant water 

stress could be detected by comparing the increase in canopy 

temperature of a stressed plot above that of a well-watered 

reference plot. On the other hand, they theorized that a field might 

serve as its own internal temperature reference. Use of the well

watered plot as a reference compensates for environmental effects 

such as air temperature and vapor pressure deficit. The difference in 

temperature of full canopy between a stressed plot and a well

watered plot was called the Temperature Stressed Day Index (TSD) 
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by Gardener et al. They found that the average mid-day TSD was as 

large as 7.0 °C based on their experiments conducted at Tryon, 

Nebraska. 

Canopy and Air Temperature Difference Index (T c - T a). 

A number of authors (ldso, et al., 1976b, Jackson et aI., 1977, 

and Ehrler, 1978) have contributed discussions about the (Tc - Ta) 

index. They believed that the difference between the temperature of 

the plant canopy and the temperature of the air above the canopy 

may be an indicator of the evaporation intensity and the water 

status of vegetation, since water stress causes partial stomatal 

closure, thus reducing transpiration and allowing sunlit leaves to 

warm above ambient air temperature. 

The energy balance of a canopy can be expressed as 

Rn - G - LET - S = 0 3 -1 9 

where Rn is the net radiation on the canopy, G is the soil heat flux, 

LET is the latent heat consumed in conversion from liquid water to 

vapor (the product of the latent heat coefficient L and the 

evapotranspiration rate ET), and S is the sensible heat flux to the 

atmosphere. For steady state condition, the vertical flux of sensible 

heat may be given by 

S = CdK(aT/aZ) = CdK(~T/L1Z) = CdK(Tc - Ta) 3 -20 

where C is the heat capacity of air, d is the density of air, K is the 

conductivity of the air, T is air temperature, and Z is vertical 

distance. The vertical temperature gradient can be replaced by 

canopy temperature minus air temperature for implementation. 



Substituting the equation for sensible heat flux into the canopy 

surface energy balance equation yields: 

Rn - G - LET - CdK(T c - T a) = 0 
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3 -21 

Rn may be measured by using a hemispherical net radiometer, 

and the soil flux can be set to zero for a 24-hour period. Then, a 

linear relationship between evapotranspiration and the index (T c -

T a) becomes apparent 

ET = Rn/L - CdK(Tc - Ta)/L 3 -22 

In the linear equation, - CdK/L is the slope and Rn/L is the intercept. 

Because the slope is negative, the evapotranspiration is inversely 

related to the (T c - T a) index. With all other factors equal, the cooler 

the crop the greater the transpiration, when the transpiration rate 

decreases, the canopy becomes warmer than the air temperature and 

the canopy becomes stressed. Stone and Horton (1974) have 

demonstrated that the equation is a reliable predictor of crop 

evapotranspiration using the measured thermal parameters as input 

to the equation. 

Stress Degree Day Index (SDD) 

Idso et al. (1976b) put forward the concept of the Stress Degree 

Day (SDD), the SDD index being defined as 

SDD = L(Tc - Ta)i (i = 1, 2, ... n) 3-23 

which is the plant canopy temperature T c minus the air temperature 

T a at a certain distance (normally 1 to 1.5 m) above the canopy, 

summed over n days beginning at day i = 1. They begin their 

summation at the day on which different irrigation treatments were 



started. In general, if a plant has adequate water, (Tc - Ta) will be 

near zero. If it is water stressed, (Tc - Ta) will be positive. 
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Conversely, the temperature of a rice canopy is consistently less than 

the air temperature, and the SOD becomes negative. Jackson et al. 

(1977) proposed a positive SOD of 10 as an indicator for the time to 

irrigate, recognizing that it may be soil and crop specific, and that it 

may be different under other climatic condition. 

Summary 

Advantages of using a NIR/Red ratio index have been 

addressed. Actually, ratios can be calculated for any two bands. 

Colwell (1974) and Tucker (1978) reviewed the various wavelength 

regions with respect to their sensitivity for monitoring vegetation. 

The band between 0.62 and 0.7 J.Lm known as the chlorophyll 

absorption band, and the band between 0.74 to 1.1 J.Lm known as the 

near infrared band are strongly recommended by their studies. A 

well designed ratio index is a simple and useful indication of green 

biomass distribution. 

The NOVI index is an improved version of the RVI. It has been 

shown that the NDVI provided by a satellite system should yield 

near linear estimates of area-averaged canopy photosynthetic 

capacity. It has been used to map large-scale vegetation distribution 

over continents encompassing both cropland and natural vegetation 

(Townshed and Justice, 1986). 

The SA VI index is designed to integrate the properties of both 

orthogonal and ratio indices because of discrepancies revealed by 
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detailed analysis of the behavior of greenness isolines. TSA VI, the 

newest vegetation index, is a refinement of SA VI and produces the 

best results in a simulation among NDVI, PVI, SA VI. 

Previous research has revealed the importance of the soil line 

concept in vegetation studies using remotely sensed data. The 

concept is widely adapted, and has become a theoretical basis for 

developing and evaluating the various vegetation indices, both ratio 

and orthogonal indices. The plane of soils in the Tasseled Cap Model 

is simply a logical extension of soil line concept advancing from the 

red-NIR space to higher dimensions. 

The Tasseled Cap Models have been discussed as a way of 

analyzing the multi-band spectral data structure of a Landsat scene. 

The purpose of developing the model is to illustrate the usefulness of 

obtaining insight and understanding of the overall data structure in a 

multi-band data set. Two unique features of the Tasseled Cap 

Transformation have been identified: information selection and 

concentration. Ta.sseled Cap Transformation works as a intelligent 

librarian to sort all kinds of information collected by a sensor. There 

is significantly more information in some of the transformed 

channels than in others, whereas each of the original channels 

generally contain similar levels of information. 

The purpose of developing thermal vegetation indices is to 

obtain insight into the physiological condition of vegetation in 

relation to its environment, rather than the identification of 

distribution patterns of green vegetation. Thermal measurements 



enable the examination of physiological condition of plants, and 

provide information regarding to the functionality of earth 

ecosystems. 
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The development of the various orthogonal, ratio, and thermal 

vegetation indices discussed in this Chapter build a foundation from 

which future research on vegetation characterization and biosphere 

modeling can proceed. 
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CHAPTER 4 

THE INITIAL CONCEPT OF AN ECOSYSTEM lRIANGLE MODEL 

Technological advances in remote sensing have given us new 

tools to study the Earth from space. We can now study the regional 

and global dynamics of the earth's surface, and gain comprehensive 

knowledge about the interrelation and interaction between earth 

surface systems. This study proposes a ecosystem model based on 

the characteristic structure of multi-spectral data. The model is 

designed to synthesize surface components and correlate vegetation 

and climate dynamics. The development of the model is an attempt 

to examine vegetation in relation to its ecological environment, and 

better understand the surface of the Earth as an integrated system. 

The formulation of the model is a direct result of the integration of 

spectral vegetation indices and thermal measurements acquired from 

multi-channel satellite observations. 

A unique triangular data distribution pattern was first 

observed from Advanced Very High Resolution Radiometer (AVHRR) 

data in West Africa. The development of the triangle model is a by

product of a research project at the Arizona Remote Sensing Center 

as a part of the Earth Observing System (Eos) program sponsored by 

the National Aeronautics and Space Administration (NASA). The aim 

of this project was to evaluate agricultural information in West 
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Africa using multiresolution and multi temporal remotely sensed 

data. The research objectives and findings are summarized by Marsh 

(1992). 

This chapter is designed to present the concept of an ecosystem 

triangle model based on observations from AVHRR data in West 

Africa. Since A VHRR data will be used throughout this study, a brief 

introduction to the NOAA satellites and A VHRR instruments is given 

below. 

Data 

The present series of National Oceanographic and Atmospheric 

Administration (NOAA) earth orbiting satellites became operational 

in October of 1978 with the successful launch of the TIROS-N 

spacecraft. TIROS-N, a research and development spacecraft, served 

as a prototype for the operational follow-on series NOAA-A through -

H spacecrafts. After being launched, NOAA-A through -H were 

renamed as NOAA-6 through -11, respectively. The NOAA series of 

satellites has been modified to add payload capacity and refine the 

instruments without changing the basic environmental mission of the 

series. The development of the TIROS-N/NOAA satellite series is 

summarized in Table 4-1. 

The TIROS-N series of satellites were designed to operate in a 

near-polar, sun-synchronous orbit at a nominal height of 833 km. 

The orbital period is about 102 minutes which produces 14.1 orbits 

per day. Because the number of orbits per day is not an integer, the 

sub-orbital tracks do not repeat on a daily basis, although the local 
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solar time of the satellite's passage is essentially unchanged for any 

latitude. Table 4-1 gives the approximate times of the ascending 

node (northbound Equator crossing) and the descending node 

(southbound Equator crossing) in Local Solar Time (LST) for the 

TIROS-N series. Specifically, NOAA-9 and NOAA-II are daylight 

ascending and nighttime descending whereas NOAA-I0 and NOAA-

12 are daylight descending and nighttime ascending (Kidwell, 1988). 

Table 4-1. NOAA Satellite Series 

Satellite 

TIROS-N 
NOAA-6/A 
NOAA-7/C 
NOAA-8/E 
NOAA-9/F 
NOAA-lO/G 
NOAA-ll/H 
NOAA-I2/I 

Launch 

10/13/78 
6/27/79 
6/23/81 
3/28/83 
12/12/84 
9/17/86 
9/24/88 
5/14/91 

Date Range 

10/19/78-1/30/80 
6/2 7/79-3/5/83 
8/19/81-6/7/86 
6/20/83-6/12/84 
2/25/85-11/7/88 
11/17/86-present 
11/8/88-present 
5/14/91-present 

# of Bands ASC 

4 
4 
5 
4 
5 
4 
5 
5 

15:00 
19:30 
14:30 
19:30 
14:20 
19:30 
13:40 
19:30 

ASC: Ascending Local Solar Time; DES: Descending Local Solar Time. 

DE) 

3:00 
7:00 
2:30 
7:30 
2:20 
7:30 
1:40 
7:30 

(Based in part on information from Kidwell, 1988) 

The prime sensor on board the NOAA earth orbiting satellites is 

the Advanced Very High Resolution Radiometer (AVHRR). The 

A VHRR is a scanning radiometer that measures visible, near-

infrared, and thermal infrared radiation to permit multispectral 

analyses for definition of meteorological, hydrological, and biological 

parameters. A 10 bit quantization of the analog signals gives AVHRR 

the highest radiometric precision among all sensor systems currently 

in operation. The instantaneous field of view (IFOV) of each sensor is 

approximately 1.4 milliradians leading to a spatial resolution at the 
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satellite subpoint of 1.1 km at the nominal altitude of 833 km. A 

total of 2048 samples are obtained per channel per earth scan, which 

will span an angle of ±55.4 degrees from the nadir. The scanning 

rate of the A VHRR is 360 scans per minute, or 6 scans per second. 

The design goals for the visible channels provided for an signal to 

noise (SIN) ratio of 3: 1 or higher at 0.5 albedo, and for the IR 

channels an NEaT (Noise Equivalent Differential Temperature) of 

0.12 K or better at 300 K (Koczor, 1985). 

The A VHRR data are provided in either full resolution form 

(1.1 km) called Local Area Coverage (LAC) or in a degraded 

resolution (4 km) called Global Area Coverage (GAC). Over 400 

receiving sites around the world routinely acquire A VHRR data and 

imagery on a daily basis. 

Information about the spectral channels of A VHRR is tabulated 

below. 

Table 4-2. AVHRR Channels (NOAA -7, -9, and -11) 

Band 

1 
2 
3 
4 
5 

Band Width(mm) IFOV(milliradians) 

0.58-0.68 
0.72-1.10 
3.55-3.93 
10.3-11.3 
11.5-12.5 

1.39 
1.41 
1.51 
1.41 
1.30 

A Region 

red 
NIR 
TIR 
TIR 
TIR 

(based on Kidwell, 1988) 

A VHRR thermal channels normally have negative calibration 

slope coefficients that convert the thermal DNs to temperature values 
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(so that clouds appear bright). The negative slope coefficients mean 

that the higher the thermal DN, the lower the real surface 

temperature. (Therefore, the temperature increases towards the left 

in Figures 4-2 ihrough 4-6). A detailed calibration procedure for 

AVHRR thermal data is given in Chapter 5. 

Data from the red and NIR channels of the A VHRR are 

conventionally used to generate vegetation indices for agricultural 

and natural resources monitoring as discussed in Chapter 2. Data 

from scanners sensing in the 10.3 - 12.5 mm range can be used to 

determine surface thermal parameters (Marsh and Lyon, 1976). Five 

NOAA-9 LAC AVHRR scenes of West Africa, acquired on January 3 

and 23, February 11 and 22, and March 23, 1989, were used in this 

preliminary study. 

Study Area 

The West African images, consisting of more than three million 

pixels, cover a large portion of the West Africa and the Atlantic 

Ocean, and includes deep ocean, inland lakes, rivers, desert, and 

various types of vegetation and soils. A study area of about a quarter 

million pixels (about 550 x 550 km) was extracted from the original 

image to reduce the extensive portion of the Atlantic Ocean and the 

Sahara Desert. The subset image covers only a part of the full scene, 

but it is representative of the original image in the sense that the 

same range of features present in the full scene have been included 

in the subscene. A location map of the subscene used as the study 

area in this Chapter is shown in Figure 4-1. 
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The study area lies between 12 oN and 17 oN latitude and 

between 13 OE and 18 OE longitude, covering the nations of Senegal 

and Gambia and a part of Mauritania on the north, Mali on the east, 

and Guinea and Guinea Bissau on the south. Because annual rainfall 

decreases from south to north in this area, vegetation zones tend to 

be narrow belts extending from east to west across the region, 

ranging from dense cover in the south to only scattered trees and 

scrub in the northern. 

OCEAN 

SENEGAL 

site2 Water 
II 

site3 Soil -
,....... 

SENEGAL 
RIVER 

site4 Dry Grasslan 
III 

WEST 
AFRICA 

., . ...-.. - .. --\ .. ~ .. - .. ..-' : . "-"-,.,..,,,.-.. o 75 
'----' 
Miles < 

Figure 4-1. Location map of the study area. 

The southern most portion of the study area, extending across 

the Casamance Region, Guinea Bissau, and Gambia, has heavy rainfall 

and a high water table, which supports a dense vegetation cover 

similar to other humid areas nearer the Equator. There is a transition 
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from heavy forest in the west to more open woodland in the east. A 

belt of grassy savanna interspersed with trees and shrubs stretches 

across central Senegal between the sub-arid northern savanna, or 

Sahelian zone, and Gambia. The vegetation zone consists of a mixture 

of trees and grasslands. The trees are relatively tall, and tall grasses 

are common in uncultivated areas. Most of the trees lose their leaves 

for at least a short time. Savanna vegetation covers much of the 

northern part of the study area. This is an area of scrub and sparse 

grasses. Woody species are not numerous, rarely occur in groves, and 

do not grow to great heights. 

Methods 

Digital Numbers (DN) stored on computer compatible tape (CCT) 

were read into the PC-based image processing package ERDAS and a 

Macintosh-based graphics software package. A scatter plot was 

produced using data from Channels 2 and 4 of the A VHRR LAC scene 

of January 3, 1989. The scattergraph is a "global view" of a good part 

of West Africa in NIR and TIR space. It was found that the data 

spread appears as a triangle. This triangular data distribution was 

also observed when the entire scene was reduced by 50 percent, but 

still contained the same variety of West Africa landscapes. The same 

phenomena was also observed in the January 23, February 11 and 

22, and March 23 data sets despite different cloud and atmospheric 

conditions which change the shape of the triangles. 

A subset image of 501 x 519 pixels was extracted from the 

January 3 scene to reduce the extensive portion of the Atlantic Ocean 
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in the scene and to avoid heavy clouds. The subset area as shown in 

Figure 4-1, representing the full scene in terms of global features 

even though it is much smaller in size, is expected to produce a 

similar triangular data pattern as found in full data set. To reduce 

data processing, a skip factor of 10 was used to subsample the subset 

in horizontal and vertical directions. Consequently, the amount of 

data was reduced to 1 % of the original subset (about 2600 pixels). 

The resulting data are plotted in NIR-TIR space to obtain the 

triangular distribution (Figure 4-2). The data triangle using A VHRR 

bands 2 and 4 is shown in Figure 4-2(a), and a similar triangle was 

also observed using A VHRR bands 2 and 5, since bands 4 and 5 are 

both thermal channels in the adjoining spectral ranges of 10.3 - 11.3 

/lm and 11.5 - 12.5 /lm respectively (Figure 4-2(b». 

To determine the effect of heavy clouds on the triangular data 

distribution, the February 22 (a cloudy day) data set was 

geometrically registered to the January 3 image. The same subset of 

509 x 519 pixels was extracted from the scene, and normalized to the 

January 3 data set using a linear regression equation and the darkest 

and brightest objects in the subsets. 

The normalization technique is used to account for atmospheric 

differences that occur between the different dates of the images. The 

image of January 3 was chosen as the standard or base image 

because it was less affected by atmosphere, and the February 22 

data were normalized to "match" the first data set using a linear 

regression equation which was established using the relationship 
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between the dark and light targets between the two images. 

Scatter plots using the processed February 22 data are included 

as Figure 4-3. The data triangles in spectral space on February 22, 

strongly influenced by extensive clouds, still keep approximately the 

same size and locality. 

Four small sites (deep ocean, bare soil and sparse vegetation, 

dry grassland on the edge of the Sahara Desert, and dense vegetation 

in a forested area close to river networks) were selected based on 

visual interpretation of the image and background information about 

the area as described earlier in this Chapter. The four test sites were 

extracted from the subset, and plotted separately in various spectral 

planes to determine their positions in relation to the global triangles. 

The locations of the four sites relative to the triangles are depicted in 

Figures 4-2(a), 4-4(a), 4-5(a), and 4-6(a). These test sites cover small 

areas between 100 to 500 pixels, and were selected to be as 

homogeneous as possible. 

A NIR/red ratio was also substituted for the NIR channel DN 

based on the assumption that RVI may provide more accurate 

information about vegetation distribution and ecosystem structure 

than the NIR measurement alone. The resulting scattergraph is 

shown in Figure 4-4. 

NDVI is a widely used vegetation index, and exhibits a positive 

correlation with vegetation content on a continental scale (Townshed 

and Justice, 1986). Scatter plots of the subset relating NDVI and 

Channels 4 and 5 were generated as illustrated in Figure 4-5. The 



78 

plots still appear as triangles, but changes in the shape and 

orientation become apparent. Finally, the perpendicular vegetation 

index, PVI, also reproduced the triangular data pattern (Figure 4-6). 

Results and Discussion 

In the NIR-TIR spectral space as illustrated in Figure 4-2, soil 

pixels occur at the bottom left corner of the triangle where minimum 

vegetation and high temperature are common. The vegetation 

clusters (sites 1 and 4) lay at the top of the triangle where the pixels 

are characterized by greater vegetation cover and relative low 

temperature. Water pixels are at the bottom right corner of the 

triangle where temperature is low and vegetation is absent. Every 

pixel of the subset image is associated with a certain position within 

the triangular framework according to its thermal and NIR 

measurements. As discussed in Chapter 3, the NIR is very sensitive 

to the presence of green plants, and the A VHRR TIR bands 4 and 5 

were designed such that the recorded DN is related to the thermal 

exittance. Thus, the dimensions of the NIR and TIR data are, in fact, a 

vegetation-temperature space, relating the photosynthetic activities 

on the surface with the thermal environment. 

A closer evaluation of test sites 1 and 4 revealed that their 

relative positions associated with the NIR-TIR triangle are not logical 

based the discussions about the modeling principles in global ecology 

(see Chapter 2). The dense forest (site 1) should be located on the top 

of the ecosystem triangle, and the dry savanna (site 4) should show 

up somewhere between the arid desert corner and full vegetation 
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corner. They should appear at opposite positions (see Figure 4-2(a». 

The misplacement of sites 1 and 4 suggests that the NIR-TIR spectral 

space may not be the optimum way to represent a biosphere model. 

To better represent the biosphere organization, the triangle model 

may be formulated using parameters other than NIR. The most 

obvious alternatives are the various spectral vegetation indices (see 

Chapter 3 for details) which might be substituted for NIR data to 

achieve a better representation of surface biomass. 

The global triangle is rotated clockwise in all three 

scattergraphs using vegetation indices and TIR data as shown in 

Figures 4-4, 4-5, and 4-6. The vegetation corner is tilted towards the 

lower temperature region, which may be explained by the cooling 

effect of healthy green plants. The desert corner is lifted just a little 

above the water comer, and the ocean pixels (site 2) stay in 

approximately the same position. It is interesting to note that the 

dense forest site (site 1) is relocated to the very top of the ecosystem 

triangle where it is expected to be, and that the dry grassland site 

(site 4) moved to an intermediate position between desert and full 

vegetation as suggested by the ecological principles discussed in 

Chapter 2. It also can be seen in Figure 4-4, 4-5, and 4-6 that the 

effect of clouds is minimized by the vegetation indices-TIR models 

because ratioing helps to remove a part of the cloud influence as 

noted in Chapter 3. The basic relationship of the triangular 

structure stays the same, and the thermal and vegetation index 

models look more reasonable than the triangles observed in the NIR 
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and, TIR space. This improvement is an indication that the various 

vegetation indices are better vegetation indicators than the NIR 

channel alone. It becomes evident that the vegetation index and 

temperature feature space should provide an improved foundation 

for biosphere modeling. The repetitively observed triangular 

structure in this study seems to reflect an ecological organization of 

the biosphere in spectral space. If this is valid, the triangular 

structure could be used to model the earth's ecosystems. 

In these Figures, temperature increases from right to left on 

the horizontal axis with a range of temperatures from cool ocean to 

hot desert. Vegetation density increases from bottom to top on the 

vertical axis with a range from bare ground to full green cover. 

Understanding the right leg of the triangle requires additional study. 

It is possibly related to the moisture content and/or thermal 

properties of the ground surface. As illustrated in Figure 4-7, the 

model has three corners, arid desert, full vegetation, and deep ocean, 

as defined in a feature space by surface temperature and biomass. 

The zero vegetation line (similar to the soil line concept as discussed 

in Chapter 3) could be a divider above which is the terrestrial 

ecosystem and below is the aquatic and oceanic ecosystems. A 

vertical line, close to the optimum surface temperature for 

vegetation through the top vertex of the triangle, may also be drawn 

as shown in Figure 4-7 to divide the terrestrial ecosystem into two 

subsystems: arid regions and humid regions. More discussion about 

the internal organization of the triangle can be found in Chapter 6. 
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Surface temperature varies most widely in non-vegetated 
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areas (along the bottom line of the triangle), the lowest temperature 

is normally found in water bodies during day time (if there is no 

cloud and snow cover), the highest in desert area, the temperatures 

of wet and dry soils, rocks, and other bare grounds lay somewhere in 

between. In vegetated areas, plants absorb soil moisture through 

their roots, transport it to leaves, where it transpires. 

Evapotranspiration has a cooling effect, which keeps canopy 

temperature as constant as possible (Idso, 1976a). This could explain 

why temperature varies the most at the bottom of the model where 

vegetation is at a minimum, and why temperature varies little at the 

top, where vegetation is high. It can be seen that the length of the 

bottom leg of the triangle is the range of temperatures on the surface 



of the study area in West Africa on January 3, 1989. The 

temperature variability decreases as vegetation increases, and 

becomes zero at the point of full vegetation. The amount of 
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vegetation on the surface as defined by the spectral vegetation index 

seems inversely related to the surface temperature variability. The 

position of the top vertex of the ecosystem triangle seems to indicate 

an optimum temperature for plants from the point of view of global 

ecology. 

The hump on the right side of the triangle is due to the effect 

of clouds (Figure 4-2). Cool clouds shift the shaded land and water 

pixels toward lower temperatures in the scattergraph. If there were 

no cloud cover on the day the data were acquired, the hump would 

not exist and the pixels on the hump would be found inside the 

triangle. It seems that on a clear and hot day all earth surfaces 

should fall inside a global triangular framework in spectral space. 

It can be seen from Figure 4-3 that high clouds move the data 

scattergraph towards colder regions, and it increases the NIR band 

response dramatically. The coordinates of the three corners in 

Figures 4-2 and 4-3 may be extracted to identify their relative 

positions and changes between January 3 and February 22. Careful 

examination of the scatter graph reveals that all terrestrial data 

points (not covered by clouds) lie within two triangular fields which 

have similar size and location. It can be seen that the global triangle 

exists on both clear and cloudy days. Although clouds may strongly 

influence the NIR and TIR measurements, the general shape and 
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position of the triangular pattern remains approximately stationary. 

Summary 

This initial work has investigated the repetitive observation of 

a biosphere triangle in two dimensional spectral space. Three 

conditions are required to identify this triangle: (1) a thermal 

channel and a "vegetation" channel used to produce the scattergraph; 

(2) an image large enough to include "global features", i.e. surface 

variations from land to ocean and from forest to desert; and (3) 

sensors that are radiometrically calibrated to a range corresponding 

to the level of exittance of earth surface materials such as plants, 

soils, and waters. 

The biosphere triangle is nothing more than a projection of the 

earth surface system into spectral space. The transformation from 

spatial to feature space is the key of the model formulation for 

ecosystem studies at a global scale. This is the technique successfully 

used by Holdridge, Whittaker, Budyko, and other authors. Their 

works have been discussed in Chapter 2. Every pixel of a multi

spectral image corresponds to a certain position within the triangle 

according to its temperature and amount of vegetation. All earth data 

fall in a triangular framework without exception. Even on cloudy 

days, the earth surface areas not covered by clouds still can 

demonstrate the triangular distribution in spectral space. 

The triangular structure bears some analogy with the Tasseled 

Cap Model in visible and near-infrared space proposed by Kauth and 

Thomas (1976). Kauth and Thomas identified a Tasseled Cap shaped 
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data structure in red-NIR spectral space. The Tasseled Cap shape as 

demonstrated by the authors does not look very different from a 

triangle. Both models use multispectral image data; both share a 

common strategy to handle the data: spectral projection; both present 

a similar data distribution pattern: triangle; and both are developed 

for the same application: vegetation modeling. The fundamental 

difference between the two is the feature space used for the data 

transformation: Tasseled Cap Model was developed using data in 

visible and NIR bands, whereas the triangle model uses vegetation 

index-temperature space. The profound importance of temperature 

on the biosphere indicates the significance of the ecosystem triangle 

model, and it is proven that the vegetation indices are better 

indictors of the plant distribution than the NIR band alone. 

Recalled from the extensive discussions in Chapter 2, 

Holdridge's and the various ecosystem models and the biosphere 

triangle model derived from remotely sensed data have many factors 

in common. All of these models project the spatial data into feature 

space; demonstrate a triangular structure of biotic communities; and 

intend to study the global organization of the biosphere. An apparent 

difference is that ecology models use temperature and rainfall to 

define the feature space, whereas the remote sensing model uses 

surface temperature and vegetation indices to define the feature 

space, simply because rainfall data is not directly available from 

satellite observations. The NDVI values have been successfully 

related to rainfall (Hielkema, 1986; Malo and Nicholson, 1990). If the 
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vegetation index and precipitation are closely related as reported, 

the various ecology triangle models and the remote sensing triangle 

model, in fact, attempt to model the same phenomena: the 

relationship of vegetation and climate, or the ecological organization 

of the biosphere, but from different points of view. 

The model could be used to help to understand how a basic 

ecosystem is organized and operates. The triangular relationship 

could also be used for broad vegetation class discrimination. 

Temporal comparison of the triangle models at the same location 

may provide a means for change detection. 

The ecosystem triangle model initiated in this Chapter was 

based on studies using raw DN values of NOAA A VHRR. The next 

step, therefore, is to calibrate a multi temporal data set of A VHRR to 

demonstrate that the triangular data distribution is a reproducible 

and physical phenomena. 
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DATA CALm RATION 
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The objective of calibration is to obtain a functional 

relationship between the radiance received at the entrance pupil of 

the sensor and the instrument's output. This functional relationship 

is usually expressed as a set of mathematical equations which are 

used to convert an instrument output to the radiant quantity of 

interest. In this text, calibration refers to the determination of the 

relationship between an integer number on a CCT tape from the 

NOAA-9 AVHRR sensor and the radiance received at the satellite 

instruments. After calibration and atmospheric correction, A VHRR 

thermal data (Channels 3, 4, and 5) may be converted to surface 

temperature values; and A VHRR visible digital counts (Channels 1 

and 2) may be converted to spectral reflectance or radiance. 

The Satellite Data Services Division (SDSD) of the National 

Climatic Data Center, under the auspices of the National 

Environmental Satellite, Data, and Information Service (NESDIS) 

compiled a users guide (Kidwell, 1988) to assist the users of the 

digital archive of data collected from NOAA Polar Orbiting Satellites. 

This document describes the characteristics of the TIROS-N series 

instruments, orbits, and data. 
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NOAA Technical Memorandum NESS 107 has been published 

(Planet, 1988) to provide the basic information necessary to extract 

data from the telemetry streams and to calibrate these data. 

These two documents are referenced for data calibration and 

information retrieval in this study, and are cited from time to time in 

this Chapter. The calibration procedures for the reflective Channels 

(1 and 2) and thermal Channels (4 and 5 ) are discussed with 

emphasis on retrieving surface temperatures of vegetation canopies 

and generating vegetation indices for intercomparison of vegetative 

covers in different seasons. 

Calibration of Reflective Channels 

For numerical evaluation of vegetation indices from satellite 

data, calibration coefficients are required to convert digital numbers 

(DN) of Channels 1 and 2 to reflectance or spectral radiance. The 

calibration coefficients provided by NOAA can be used to convert 

raw DNs to "equivalent albedo", but these coefficients are based on 

pre-launch tests. Calibration coefficients to convert the raw data of 

the reflective channels of A VHRR to spectral radiance are used in this 

study, because the coefficients from the pre-launch and in-flight 

tests are both available. 

The user of AVHRR data is cautioned by NESDIS (Planet, 1988) 

that there is strong evidence that the values of the instrument gain 

for A VHRR had decreased significantly since launch. Several users of 

the data have reported evidence consistent with reductions in gain 

(Price, 1987; Teillet et aI., 1990; and Holben et aI., 1990). There is 



substantial evidence available on the dependence of the gain on 

time-in-orbit, and the calibration of the reflective channels should 

start with consideration of instrument degradation. 

Correction for Sensor Degradation 
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NOAA-9 AVHRR instruments were tested and calibrated pre

launch to determine their operating characteristics, such as their 

signal-to-noise ratios, stability, linearity of response, and sensitivity. 

However, we cannot expect those characteristics to be the same in 

orbit as they were before launch. One reason is that the thermal 

environment varies with position in the orbit, causing sensitivities to 

vary orbitally. Also, instrument components age in the several years 

that usually elapse between the time of the prelaunch tests and 

launch, and the aging process continues during the years the 

instrument operates in orbit (NOAA-9 AVHRR was calibrated in 

1980, launched in December, 1984, and operated till November, 

1988). Therefore, the TIROS/NOAA radiometers have been designed 

to view cold space and an internal warm blackbody as part of their 

normal scan sequences in orbit. This provides data in the thermal 

channels for determining radiometric calibration slopes and 

intercepts, as will be described in the following sections. 

Unfortunately, there is no proper on-board capability for assessing 

post-launch changes in absolute calibration for the reflective 

channels 1 and 2, so that the user must either rely on pre-launch 

calibration information, or rely on the results of ground-based 

experimental techniques for deriving calibration equations. 
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A number of methods have been investigated with a view to 

provide in-orbit calibration. Teillet et al. (1990) used three methods 

to calibrate the reflective channels of NOAA-9 AVHRR sensors in 

flight. He concluded that the sensor's responsivity has degraded 

significantly with time, with slightly greater change occurring in 

Channel 2. His absolute calibration coefficients for the visible and 

near infrared channels are listed in Table 5-1 and portrayed as a 

function of time in Figure 5-1. 

Table 5-1. Gain Coefficients in CountslRadiance for NOAA-9. 

Date 

Prelaunch 
August 28, 1985 
October 14, 1986 
May 4, 1987 
February 9, 1988 

Channel 1 

1.907 
1.83 
1.37 
1.49 
1.38 

Channel 2 

3.043 
2.57 
2.06 
2.25 
2.15 

(from Teillet et al., 1990) 

The degradation process of gains could be represented 

mathematically by using a quadratic polynomial function with 

correlation coefficients of 0.94 for Channel 1 and 0.98 for Channel 2. 

GAIN} = 1.9812 - 0.0313X + 0.0004238X2 

GAIN2 = 3.0942 - 0.0676X + 0.0012X2 

5 -1 

5-2 

where X is the number of months after launch. GAIN} and GAIN2 are 

gains in flight of Channels 1 and 2. 

Teillet et al. (1990) used existing data to illustrate the relative 

stability of the offset values for NOAA-9 AVHRR. The space response 
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Figure 5-1. NOAA-9 AVHRR gains as a function of time in orbit. 

data extracted from the header of the High Resolution Picture 

Transmission (HRPT) minor frame (word position 53-102) are 

tabulated in Table 5-2. If the deep space radiance can be treated as 

zero, these space response values from A VHRR Channels 1 and 2 

correspond to the additive instrument system noise (instrument 

offset). His results show that unlike the radiance gain coefficients, the 

offset counts have generally not changed much since launch. 

Specifically, channel 1 had no apparent trend, and Channel 2 had a 

very little decline in offset. The deep space values of reflective 

Channels 1 and 2 for all 6 data sets in 1987 used in this study are all 

the same value of 37 as shown in Table 5-2. 

In Table 5-2, gain values are given by Eqs. 5-1 and 5-2, and 

offset values are extracted from the deep space viewing data 

recorded in the header of HRPT minor frame of A VHRR. The data 
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structure of the HRPT header will be described in full detail later in 

this Chapter. 

Table 5-2. Gains and Offsets Used in This Study. 

Date 

4/17/87 
5/04/87 
5/31/87 
7/08/87 
8/15/87 
11/24/87 

1.437 
1.430 
1.430 
1.418 
1.414 
1.405 

Channel 1 

37 
37 
37 
37 
37 
37 

Radiometric Calibration 

2.142 
2.143 
2.143 
2.151 
2.159 
2.198 

Channel 2 

37 
37 
37 
37 
37 
37 

The radiometric calibration is based on a linear regression of 

A VHRR sensor output as a function of incident radiance. The radiance 

values correspond to a multiplicative coefficient <Xi and an additive 

coefficient 13i for each channel. 

5-3 

where Ri is the spectral radiance values in band i, DNi is the integer 

counts on a CCT tape for the band, and (Xi (Count!Wm-2sr-1Ilm -1) and 

13i (Count) are the instrument gains and offsets. 

Radiance level can be determined by 

5-4 

Equation 5-4 has been implemented using the ERDAS image 

processing system for Channels 1 and 2. The retrieved radiance 
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values of Channels 1 and 2 can then be used to generate vegetation 

indices. 

Atmospheric Correction 

The atmosphere degrades images by scattering, absorbing, and 

refracting light. The most dominant of these is usually scattering 

(Slater and Jackson, 1982). 

Various methods to correct or to remove the atmospheric 

influences have been developed. Among them, Chavez's (1988) 

improved dark-object subtraction technique is efficient in removing 

the effects of scattering, which is normally an additive component. 

The technique is easy to implement because it requires no ground 

measurements. 

There are often some shadows due to topography or water 

bodies in the image where the pixels should be completely dark and 

zero radiance values are expected. However, because of atmospheric 

scattering, the imaging system records a non-zero value for these 

"black" pixel levels. This represents the radiance levels that must be 

subtracted from the particular spectral band to remove the 

scattering component. 

In the method suggested by Chavez (1988), the user selects a 

starting band dark-object subtraction haze value using the histogram 

of one of the spectral bands. The user then selects a relative 

scattering model that he/she feels best represents the atmospheric 

conditions at the time of data acquisition (See Table 5-3). The 



selected relative scattering model is then used to predict the haze 

values for the other spectral bands from the starting haze value. 
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Rayleigh scattering is inversely proportional to the fourth 

power of the wavelength, and the Mie scattering is a complex 

function inversely proportional to wavelength. Complete scattering 

(non-selective), e.g., 100% cloud sky, exhibits an independent relation 

with wavelength. Interpolating to very clear and very hazy 

atmospheres, Chavez proposed a set of relative scattering models: 

Table 5-3. Scattering Models for Different Atmosphere. 

Atmospheric Condition Scattering Model Scattering Type 

Very Clear A-4 Rayleigh 
Clear A-2 

Moderate A-I Mie 
Hazy A -0.7 

Very Hazy A-0.5 

100% Cloud AO Non-Selective 

A: Wavelength in J.1m. (from Chavez, 1988) 

The histogram method is used to identify the initial or starting 

haze value for one band, and then a relative scattering model, the 

power law from the above table, is used to predict the haze values 

for the other spectral bands. These values are then used to perform 

dark-object correction. 

The values of the power law functions used to represent the 

relative scattering model for the first two channels of NOAA-9 
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AVHRR are given in the Table 5-4. The effective central wavelength 

values, in J,lm units, of the spectral channels were used to produce 

the table. It can be seen that the ratio of the A -4 values between the 

two reflective channels is 6.150/2.077 = 3. 

Table 5-4. Rayleigh Scattering Models. 

AVHRR A (J.l.m) 

Channel 1 0.58-0.68 
Channel 2 0.725-1.1 

Effective Central A 

0.635 
0.833 

A-4 

6.150 
2.077 

After radiometric calibration, major water bodies on five 

images used in this study show a near constant radiance value of 13 

for the channel 1 and 5 for the channel 2. As illustrated in Table 5-5, 

the ratio between radiance levels of Channels 1 and 2 for all major 

water bodies (Gulf of 'California, Lake Mead etc.) is close to a constant 

of 3, which is the expected value between these two bands at a 

theoretical pure Rayleigh scattering atmosphere. This suggests that 

the atmospheric influence were predominantly Rayleigh scattering. 

All data sets used in this study were selected based on Arizona 

weather records with an aim to obtain data on the clearest days. It is 

not surprising to see that the dominant atmosphere influences are all 

Rayleigh scattering on these days. The two major water bodies in the 

study area, the Gulf of California and Lake Mead, are located at 

approximately the same longitude, but about 500 km apart on a 

north-south direction. 
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A subtraction term of 12 was deducted from channell, 4 from 

channel 2, to remove path radiance. These subtraction terms are also 

included in the Table 5-5. 

Chavez's method is a modification and improvement of 

standard dark-object subtraction technique. It ensures the spectral 

relationship between bands by employing a relative scattering 

model. The spectral relation between the red and NIR Channels is one 

of the most critical issues in numerical evaluation of the vegetation 

indices since various vegetation indices are formulated using ratio 

structures. In case the reflectance or radiance data of red and NIR 

bands have certain level of errors because of inaccuracies in 

calibration, computation of the vegetation indices will also tend to 

minimize the error, provided the spectral relationship between the 

two channels can be maintained. 

Table 5-5. Image Radiance Values at Major Water Bodies. 

RADIANCE IN IMAGES SUBIRACfION TERMS 
Gulf of California Lake Mead (across image) 

Date CH 1 CH2 CH 1 CH2 CH 1 CH2 
----------------------------._--------------------------------------------------
4/17/87 13 5 13 5 12 4 
5/04/87 13 5 13 5 12 4 
5/31/87 13 5 17 5 13 4 
7/08/87 13 5 13 5 12 4 
8/15/87 13 5 13 5 12 4 

Viewing Angle Consideration 

The look angle varies in proportion to the A VHRR scan angle, 

ranging from 0 at the nadir to ±55.4° for extreme off-nadir viewing. 
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Changes in view direction make interpretation of the radiance data 

difficult, the difficulty can be further complicated by a variable 

atmosphere, the earth's curvature, non-Iambertian surface 

properties, and other factors. 

An analysis of the variability of observed NDVI over three 

successive satellite passes covering an extensive range of satellite 

viewing angles is given here to facilitate a better understanding of 

the problem. 

Three NOAA-9 A VHRR images acquired on April 5, 6, and 7, 

1985 were calibrated following the procedures just discussed, and 

each was rectified with a registration error of approximately 1 pixel. 

NDVI images were then generated using the calibrated data. A scan 

line of 800 pixels from the same area, ranging from coastal California, 

Lake Luguna Muquotn, extensive agricultural areas along the lower 

Colorado River, the Sonora desert, the San Carlos Reservoir, and the 

southwest side of Arizona's White Mountains, were extracted from 

each scene. Changes in satellite view angles of the three scan lines 

are depicted in Figure 5-2. 

The comparisons of NDVI values between the three scan lines 

are included in Figures 5-4 and 5-5. The April 5 image is a near

nadir viewing data set, April 6 data were acquired at significant off

nadir positions, and April 7 from extreme off-nadir viewing 

directions. The viewing angle parameters for the three data sets used 

to test the effect of view angle variation and the six data sets used in 

this study for model verification are collectively listed in Table 5-6. 
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The viewing angle variation of the 6 data sets is illustrated in Figure 

5-3. 

The changes in NDVI values of the 800-pixel-Iong profile on 

the successive three days are primarily due to the effect of viewing 

angle variation, since atmosphere, soil, vegetation, and illumination 

are about the same during the three day period. 

In Figure 5-4, the NDVI scan line of April 5 coincides with the 

NDVI measurements of April 6 until a pixel position around 700, 

which corresponds to a off-nadir viewing angle of -30 degree. No 

apparent NDVI variation can be observed in most of the scan line. In 

Figure 5-5, the NDVI scan line of April 7 exhibits a earlier minor 

departure from the NDVI scan line of April 5 at a pixel position 

around 400, which corresponds to an off-nadir angle of -30 degree, 

and then a big departure at the pixel position of 750. About half of 

the scan line of the April 7 data has experienced a increase in NDVI. 

The above comparisons suggest that the effect of the off-nadir 

viewing is insignificant when the off-nadir viewing angles are less 

than 30 degree. 

All the six data sets of 1987 of the U.S. Southwest study area 

have low or intermediate viewing angles. Only two data sets, 

5/31/87 and 5/04/87, need to be considered for viewing angle 

correction. The 5/31/87 data set has the biggest off-nadir viewing 

angle among all six, but its viewing condition is still better than that 

of the data set of 4/07/85. The satellite viewing conditions for all 

data sets used in this study are shown in Table 5-6. Some minor 
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deviation of NDVI values in data sets 5/31/87 and 5/04/87 will 

probably occur over small portions of the images. Based on the above 

analysis of three scan lines acquired on three consecutive days, no 

significant NDVI variation due to changes in viewing directions is 

expected for the rest of the data sets . 

No view angle correction was applied to the data sets because 

(1) all 6 data sets are located near the center of the AVHRR complete 

scan line (see Fig. 5-3); (2) there is little need for view angle 

correction when viewing angles are less than 30 degree based on the 

above analysis; (3) potential error levels are acceptable for a regional 

study where vegetation index values of contrasting landscapes, or 

biome types are compared; and (4) uncertainties associated with 

existing techniques for view angle correction. 

Table 5-6. Viewing Angles for All Data Sets. 

Date 

4/05/85 
4/06/85 
4/07/85 

4/17/87 
5/04/87 
5/31/87 
7/08/87 
8/15/87 
11/24/87 

First Column 

-29.4 
-37.5 
-42.9 

-10.5 
-33.8 
-38.1 
-27.8 
-11.0 
-21.9 

Central Column Last Column 

-7.8 
-19.4 
-29.2 

+7.9 
-17.0 
-22.2 
-10.1 

+7.3 
-4.8 

+13.8 
-2.5 

-16.7 

+26.3 
-0.2 
-6.3 
+7.4 

+25.6 
+12.3 

+ and - signs stand for back-scattering and forward-scattering. 
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Solar Zenith Angle Correction 

Another environmental effect on vegetation indices that should 

be considered is the seasonal variation of illumination conditions, 

that is, changes in solar elevation. 

A simulation study has been carried out by Singh (1988a and 

1988b) to model the effect of solar elevation on NDVI. Singh reported 

that the simulated NDVI values were found to remain constant for 

solar zenith angles smaller than approximately 300 • As the solar 

zenith angle increased beyond this value, the NDVI decreased. The 

simulation study revealed that the following relation holds for all 

vegetation densities and to a good degree of accuracy for solar zenith 

angles up to 750 • 

and 

y = O. 739(L\cpz) 1.602 

NDVI = NDVI(cpz)/(l-y) 

5-6 

5-7 

where NDVI(cpz) is the NDVI value corresponding to solar zenith angle 

cpz in radiance and L\cpz = (cpz - rc/6). Eq. 5-7 has been applied to all 6 

data sets for 1987, and the corrections are listed below. 

Table 5-7. Solar Zenith Angle Correction Results. 

Date 

4/17/87 
5/04/87 
5/31/87 
7/08/87 
8/15/87 
11/24/87 

roy 

107 
124 
151 
189 
227 
328 

DOY: Day of the Year. 

36.01 
32.79 
29.14 
27.29 
32.32 
62.76 

lI(l-y) 

1.038 
1.006 
1.000 
1.000 
1.006 
1.690 
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From Table 5-7, it is seen that the solar zenith angles for the 5 

summer data sets (except 11/24/87) are near 30 degrees, and the 

multiplicative correction terms are very close to 1. In contrast, the 

solar zenith angle of the winter data is far from 30 degree, and the 

resulting correction is too high to be realistic. When this correction 

(1.69) is applied across the image, the NDVI values are exaggerated 

and are much higher than that of the summer images. It seems that 

Singh's model can not produce reasonable results when used for data 

with high solar zenith angles. 

Thermal Channel Calibration 

Kidwell (1988) and Planet (1988) give a detailed procedure for 

calibration of A VHRR thermal channels. A summary of their 

calibration procedure is given as background for the present 

analysis. 

Calibration is normally based on a linear fit between two 

measurements of radiance taken above and below the temperature 

range of interest. For the NOAA-9 AVHRR these two observations are 

of an internal target at about 288 K and cold space at an extremely 

low temperature close to 0 K (Brown, et al. 1985). The temperature 

of the internal warm blackbody is usually lower than the land 

surface during the day time. In extreme cases, it could be lower than 

the sea surface temperature, and 30 K or more lower than hot desert. 

It should be noted that the linear calibration derived from the two 

point measurements of internal target and deep space can not cover 



108 

the global variability of surface temperature, and it may produce 

large errors in areas on the Earth that are at extreme temperatures. 

A VHRR data acquisition is accomplished, as in space, by 

rotating the mirror in a cross-track scanning mode at six revolutions 

per second. During a scan the detectors view a window open to cold 

space, a warm internal target, and the earth's surface. Such an 

arrangement provides the above two calibration points. The internal 

target is monitored by four platinum resistance thermocouples 

(PRTs), which are used to estimate its temperature in the AVHRR 

wavelengths. 

The internal target was designed to be a warm blackbody. 

Unfortunately, it is not warm enough as discussed earlier, and it is 

not an absolute black body. Brown et al. (1985) reported that the 

emissivity of the internal target is 0.995 according to the 

manufacturer, International Telecommunication & Technology (ITT). 

Extraction of Calibration Information 

The information required for producing A VHRR IR channel 

calibration coefficients is located in the first 102 words of the HRPT 

minor frame header. A detailed layout of the first 102 words is given 

in Figure 5-6. 

Header words 18, 19, and 20 each contain a five-point 

subcommutation of the outputs of the four PRT's that monitor the 

temperature of the internal blackbody. A subcommutation is a cell 

structure consisting of 5 pixels across 5 successive scans, including 1 

reference and 4 PRT measurements. Figure 5-7 illustrates the 
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behavior of the header word 18 across 50 scan lines. The zero values 

are the reference pixels, and the next 4 pixel values (along the 

vertical direction in Figure 5-6) across scan lines are the temperature 

measurements from the 4 PRTs, respectively. Words 18, 19, and 20 

are often the same. Anyone of these words, when extracted from the 

subcommutation, produces a reference value and one sample of each 

of the four PRT's. The reference value is easily identified as it is the 

only output having a count value of less than 10 (normally 1, or 0), it 

can be seen as the dark tone pixels in the five-pixel subcommutation 

in Figure 5-6. 

Time 

7 18-20 

Headers of the HRPT Minor Frame 

Internal Target Data 
10 for CH 3, 4, & 5 

23-52 

Deep Space Data 
10 for all 5 CH 

53-102 

(NOAA-9, over Tucson, AZ, April 7, 1985) 

Figure 5-6. The first 102 words of the HRPT header. 
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The header words 23-52 are 30 words of internal blackbody 

target data sensed by A VHRR, 10 samples each for IR channels 3, 4, 

and 5. The following 50 words (header words 53-102) are the deep 

space data viewed by all five AVHRR channels, again, 10 samples for 

each channel. NESDIS averages 10 samples of space and internal 

target radiometric data per channel to produce mean count values 

which will be used to determine the calibration slopes and intercepts 

for thermal channels. 

Internal Target Temperature 

Following Planet (1988), I converted the internal PRT mean 

counts to temperature using the following algorithm: 
4 

Ti = :E aij Xij 

j=O 

5-8 

where Xi is the mean count for the ith PRT and aij are calibration 

coefficients for each thermocouple. The aij values can be found in 

Appendix B of the NOAA Technical Memorandum NESS 107. The 

instrument manufacturer, ITT, supplied a quadratic calibration for 

NOAA-9 AVHRR, i.e., j ranges from 0 to 2. These aij values are 

derived using National Bureau of Standards (NBS) traceable 

standards and represent the only on-board link to such a standard. 

Figure 5-8 shows the internal target and deep space data along 

a single scan line. It can be seen from Figures 5-7 and 5-8 that the 

PRT measurements and the outputs from AVHRR 5 channels are 

highly consistent. The performance of NOAA-9 A VHRR was quite 
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stable during the period of this study in 1985 and 1987. 

Equation 5-8 may be written separately for each PRT, using 

coefficients provided by NOAA (Planet, 1988). 

Tl = 277.018 + 0.05128XI 5 - 9 

T2 = 276.750 + 0.05128X2 5 -10 

T3 = 276.862 + 0.05128X3 

T4 = 276.546 + 0.05128~ 

The mean temperature of the internal blackbody target is 

computed by 
4 4 

T mean = l: biTi = 0.25 l: Ti 
i=l i=l 

5 -11 

5 -12 

5-13 

where bi is the weighting factor of each PRT. As supplied by ITT for 

NOAA-9, the four bi's are all equal (bl = b2 = b3 = b4 = 0.25). So, the 

average of T}, T2, T3, and T4 is used as the internal target 

temperature. 

Internal Target Radiance 

The radiance R sensed in a particular channel from a blackbody 

at temperature T is the weighted mean of the Planck function over 

the spectral response function for the channel; i.e., 

R(T) = rfB(v,T)f(v)dv]!rir(v)dv] 5 -14 

where v is wavenumber (cm- l), and f is the spectral response 

function. The Planck function B(v,T) is given by 

B(v,T) = Clv3/(exp(C2vrr) - 1) 5 -15 



where Cl and Cz are the constants (Cl = 1.191066 X 10-5 

milliwatts/mz steradians cm-4 and Cz = 1.438833 cm K). 
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Several different methods exist for numerical solution of the 

equation. Many users prefer the simplicity of calculating radiances in 

A VHRR thermal channels with equation 

R(T) == B(v,T) == B(vc,T) 5 -16 

where Vc is the central wavenumber chosen to optimize the accuracy 

of this approximation. NESDIS has promoted a modification to 

improve the accuracy by replacing the vc, the centroid wavenumber, 

with a new value v* chosen to force Eq. 5-16 to reproduce the same 

radiance from Eq. 5-14. The value of v* varies with the blackbody 

temperature. The modified central wavenumbers are tabulated in 

Appendix B in NOAA document NESS 107 (Planet, 1988) for four 

temperature intervals. They were derived by forcing equality 

between the two equations at the midpoints of the temperature 

intervals. 

Finally, the Planck blackbody function is simplified as follow 

for implementation of image processing. 

R(T) == B(vc,T) == Cl(v*)3[exp(Czv*/T) - 1] 5-17 

Calibration Slopes and Intercepts 

Assume for the time being that the output (DN) of each A VHRR 

infrared channel count is a linear function of the input radiance (R), 

i.e., 

R =M(DN) + I 5-18 
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where M is the slope, and I the intercept for that channel. The space 

and internal target radiances Rsp and Rt for a scan can be used to 

derive a calibration slope and intercept if one assumes that sensor 

response is approximately linear. Specifically, 

M = (Rt - Rsp)/(DNt - DNsp) 5 -1 9 

where DNt and DNsp are the mean digital counts averaged over 10 

samples of space and the interval target, respectively. The procedure 

for calculating Rt is discussed in the last section, and Rsp can be found 

in Appendix B (NOAA-F/9 Coefficients) of NOAA Technical 

Memorandum NESS 107 (Planet, 1988). 

Once the calibration slopes have been found, the intercepts can 

be found by 

I = Rsp - M(DNsp) 5-20 

Retrieval of Brightness Temperature 

The energy measured by the sensor is computed as a linear 

function of the input data values as follows: 

E=M(DN)+I 5-21 

Where E is the energy value in milliwatts/m2 steradians cm- I , DN is 

the instrument output value (ranging from 0 to 1023), and M and I 

are respectively the slope and intercept values. The conversion to 

brightness temperature from energy is performed using the inverse 

of Planck's radiation equation: 

T(E) = C2v3 I In (1 + (Clv/E» 5 -22 

where T is the temperature in K for the energy value E, v is the 

central wave number of the channel filter (cm- l). 
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The present calibrations assume that the internal and external 

target emissivities are 1 (ITT supplied values are 0.995 and 

0.999327, respectively). Emissivity effects on land surface 

temperature are discussed later in this Chapter. 

Non-Linearity Correction 

NOAA A VHRR instruments are designed as radiometers with 

linear responsivity. It is assumed that the sensor output signal is 

linearly related to input flux. A linear system may appear to be 

nonlinear if vignetting, spectral leakage, or offset errors occur 

(Wyatt, 1978). For Channel 3, which uses an InSb detector, the 

calibration is highly linear. However, as Channels 4 and 5 use HgCdTe 

detectors, their calibrations are slightly nonlinear. It is necessary to 

"linearize" the data for systems that exhibit some degree of 

nonlinearity. 

To characterize the calibration when the A VHRR is in orbit, the 

only data available are those acquired when the A VHRR views space 

and the internal blackbody. This gives two points on the calibration 

curve, sufficient to determine only a straight-line approximation to 

the calibration curve. The linear approximation is what is applied to 

determine scene brightness temperature. 

To calibrate the sensors for nonlinearities, NESDIS provides 

corrections in Appendix B of the NOAA Technical Memorandum NESS 

107 (Planet, 1988). The non-linearity correction is accounted for 

through the addition of a correction term to the brightness 

temperature of the scene. The appropriate correction term is 
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determined by interpolation in the table of correction terms versus. 

scene brightness temperatures specified at 10 degree intervals up to 

320 K. The corrections are tabulated against scene temperature for 

each channel and each baseplate temperature as shown in Table 5-8. 

The correction terms were calculated for three temperatures of 

the internal blackbody, 10, 15, and 20 °C. To determine the 

appropriate correction, the user must interpolate in the table for the 

actual blackbody temperature in orbit. All summer data sets in 

Arizona used in this study exhibit high internal target temperatures, 

which were higher than 20 oC. For these data sets, non-linearity 

correction terms in the 20 oC category are used to process the 

images. 

Table 5-8. Non-Linearity Correction Table. 

Target T 
(K) 

320 
315 
310 
305 
295 
285 
275 
265 
255 
245 

+2.3 
+1.8 

+1.3 
+0.7 
+0.0 
-0.5 
-0.8 
-1.0 
-1.1 

Channel 4 

+2.3 +2.3 
+1.9 +1.8 
+1.4 +1.3 
+1.0 +0.9 
+0.4 +0.2 

-0.5 
-0.7 -0.9 
-0.7 -0.9 
-1.3 -1.6 
-1.3 -1.7 

Channel 5 

+0.8 +1.0 
+0.6 +0.9 

+0.7 
+1.1 +0.4 
+0.4 +0.2 
+0.0 
-0.3 -0.3 
-0.5 -0.6 
-0.7 -0.8 
-0.8 -0.8 

+1.2 
+0.9 
+0.7 
+0.5 
+0.1 
-0.2 
-0.5 
-0.7 
-1.0 
-1.2 

(from Planet, 1988) 
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Atmospheric Correction 

The thermal channel digital readings represent the detected 

radiant exittance at the satellite altitude. In order to convert this 

observation to the actual surface temperature, the effects of the 

atmosphere must be taken into account. These include the absorption 

and emission by water vapor and atmospheric gases. 

A method of avoiding these problems by a split window 

approach has been proposed by Anding and Kauth (1970). They have 

obtained improved estimates of water surface temperature by means 

of simultaneous radiometric measurements in two thermal infrared 

spectral regions. 

McMillin (1975), Deschamps and Phulpin (1980) and Price 

(1984) provided theoretical reasons for the results obtained by 

Anding and Kauth. The formulation presented here follows that of 

these authors 

The equation of radiative transfer for the measured radiance IA 

from space can be written: 

IA = loA 'tA(O, p) - J BA(T p) d'tA(O, p) 5-23 

where lOA = B A(T 0) is the surface emitted radiance; To is the surface 

temperature to be retrieved; BA(T) is the Planck function; 'tA is the 

atmospheric transmittance between the pressure levels 0 and p; and 

T p is the air temperature at pressure level p. 

The first term on the right side of the equation is the thermal 

radiance emmitted from the surface, and the second term is the 
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radiance absorbed by atmospheric gases, specifically by water vapor 

on clear days. 

The difference between radiances measured by the satellite 

and actually emitted from the surface may be written as: 

LHA= BA(To) - h 

= -J[BA(To) - BA(Tp)] dtA(O, p) 5 -24 

where ~h represents the radiance error introduced by atmospheric 

absorption. This error may also be expressed as the temperature 

difference, ~ TA, between the measured radiometric temperature, TA, 

at wavelength A, and the exact surface temperature, To: 

~TA=To-TA 

TA is defined as : 

BA(TA)=IA 

and for small values, ~ TA can be related to AlA by: 

~hJ~TA = (dBVdTho 

5-25 

5-26 

5-27 

The following approximations have been adapted by 

Deschamps and Phulpin in order to describe the principle of the split 

window method: (1) Absorption by atmospheric gases is low enough 

to allow: 

5-28 

where kA is the absorption coefficient; and U is the content of the 

absorbing gas integrated between pressure levels 0 and p. This is a 

valid assumption only for clear days. (2) BA(T p) can be expanded 

about the surface temperature To by using the first-order Taylor 

approximation: 
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5-29 

This is a valid assumption only for Channels 4 and 5 of the A VHRR, 

because Channel 3 receives a mixture of reflected energy and 

emitted energy and the second and higher order terms in a Taylor 

series are not negligible. Equations (5-25) and (5-28) then yield the 

following simple expression for II T).,: 

5-30 

Substituting Eq. 5-30 for B).,(Tp) in Eq. 5-31: 

llT)., = J[B)"(To) - B).,(Tp)]dt).,(O, p)/(aBAlaTho 

= f[B)"(To) - B).,(To) - (aBAlaTho(Tp - To)]k).,dU/(aBAlaTho 

= J(Tp - To)k).,dU 

= kJ(Tp - To)dU 5 -31 

In this expression, the temperature deviation produced by 

atmospheric emission is strictly proportional to the absorption 

coefficient k).,. The second term J(Tp - To)dU in Equation 5-31 is 

independent of wavelength and depends only upon atmospheric 

variables. From Eq. 5-25 and 5-31, 

llT).,= To- T).,= kJ(Tp - To)dU 5-32 

To may be solved: 

To = kJ(Tp - To)dU + T)., 

= ak)., + T)., 5 -3 3 

As discussed earlier, J(Tp - To)dU is not variable in respect to 

wavelength, and may be expressed as a constant "a" in relation to 

wavelength for clarity. For a two channel system of A VHRR (Channels 

4 and 5): 



To = akt + T 4 = akS + T 5 

a = (T4 - Ts)/(ks - ~) 

To = akt + T4 = ~(T4 - Ts)/(ks -~) + T4 

= T4+ k(T4- Ts) 

where k = k.t(T 4 - Ts)/(ks - ~). 
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5-34 

5-35 

5-36 

The exact surface temperature, To, can thus be obtained from 

measurements of radiometric temperatures, Ti, at different 

wavelength bands, by means of this linear relationship. A two

channel system should theoretically permit the exact retrieval of 

surface temperature if the approximations used in Eqs. 5-28 and 5-

29 remain valid. 

kA generally presents a dependence on temperature and 

atmosphere pressure, which is a variable with wavelength. This is 

particularly true at 11 J.lm where most of the absorption is due to the 

water vapor continuum for which the absorption coefficient depends 

on the water vapor partial pressure, an effect which does not prevail 

around 3.7 J.lm. 

McClain et al. (1983) used a large seasonally and geographically 

diverse set of vertical profiles of temperature and humidity as input 

to atmospheric transmittance models in order to calculate the 3.7, 11, 

and 12 J.lm brightness temperatures. The relationships between the 

atmospheric correction and the various combinations of brightness 

temperature differences proved to be linear with exceptionally small 

scatter, and were consequently used to develop the initial equations 

for sea surface temperature retrieval. The method to validate such 
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derived equation is to compare them with coincident fixed buoy 

measurements. Samples of satellite/fixed buoy measurements 

matched to within 25 km and 24 hour were used to calibrate the 

simulation equations. McClain's daytime equation using Channels 4 

and 5 of A VHRR is: 

To = 1.035T4 + 3.046(T4 - Ts) - 283.93 5-36 

Strong and McClain (1983) modified Eq 5-36 incorporating 

drifting buoy measurements in places where the fixed buoy data are 

not available. Statistics show improved agreement with satellite 

retrievals. The lesser accuracy found with the fixed buoy match ups 

probably resulted from the higher horizontal temperature gradiants 

in the coastal areas where these platforms were typically anchored. 

The modified equation is: 

To = 1.0346T4 + 2.58(T4 - Ts) - 283.21 5-37 

This equation is the final atmospheric correction formula 

implemented using ERDAS for the image sets used in this study. 

Emissivity Correction 

The model (Eq. 5-37) was statistically derived using in situ sea

surface temperatures and, therefore, is applicable for sea-surface 

temperatures or surfaces whose emissivity is equivalent to that of 

the sea surface (0.99 in the 10-12 J.lm). The emissivity of the land 

surface is generally different from unity and spectrally and spatially 

variable (Gates et al., 1965). For surfaces having emissivities 

different from that of sea surface, the following correction algorithm 



was developed by Vukovich et al (1987) using approximations 

similar to that applied by Price (1984); i.e., 

T g = Tc (es/eg)l/n 
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5 -38 

where T g is the ground temperature, T c is the atmospherically 

corrected temperature derived using Strong and McClain's empirical 

model, eg is the emissivity of the particular ground surface at 11 Jl.m, 

es is the emissivity of sea surface at 11 Jl.m, and n = 4.5 according to 

Slater (1980). 

The emissivities of different plants given by Gates et al. (1965) 

range from 0.95 to 0.98. The emissivities of various desert plants in 

the Tucson, Arizona have measured by personal at the Arizona 

Remote Sensing Center, using the methodology of Fuchs and Tanner 

(1966). The measured emissivities of local vegetation ranged from 

0.94 to 0.98. For this study, an effective emissivity of 0.96 (i.e., eg = 

0.96) was used to estimate canopy surface temperature. So eq. 5-38 

becomes: 

Tg = 0.993Tc 5-39 

Calibration Results 

Calibrated data from the reflective channels were used to 

generate NDVI and TSA VI. The NDVI and TSA VI images of May 4, 

1987 are given in Figure 5-9 and 5-10 as a demonstration of the 

final products of solar channel calibration, and NDVI and TSA VI 

images of the remaining dates can be found in Appendix A. The 

calibrated surface temperature image of May 4, 1987 is included in 

Figure 5-11 as the thermal calibration result, and the remaining 5 
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surface temperature images are included in Appendix A. 

All image illustrations included in this text have been 

individually enhanced for improved visual interpretation. The 

spectral relationships are no longer preserved, and the dire'ctly 

visual intercomparison between images of different dates may be 

misleading. 

Summary 
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A detailed discussion of the calibration procedures for the 

NOAA-9 A VHRR with an aim to retrieve canopy temperature and to 

calculate vegetation indices with satisfactory accuracy has been 

given in this Chapter. The calibration goal is to determine a 

functional relationship between the target source flux and the 

instrument output. Unfortunately, the complexity of the physical 

conditions of the instrument, environment, and target parameters 

existing at the time of the measurement make this ideal calibration 

somewhat difficult to obtain. This Chapter attempts to use the best 

available theory and techniques for minimal calibration error. Where 

state-of-the-art methods are not available, empirical treatments 

have been adapted based on various assumptions for the best 

possible result. 

The sensitivity of the solar channels of A VHRR have degraded 

substantially with time since the prelaunch calibration (Teillet et aI., 

1990). Sensor calibration would not present a problem for NDVI and 

other vegetation indices if the two solar 
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channels degraded proportionally. However, the rate of change is 

different for each channel, and research indicated a gradual increase 

in NDVI due to a faster decrease in Channel 1 reflectance than in 

Channel 2 (Holben et aI., 1990). Ground-base calibration results from 

Teillet et aI. have been used in this study to interpolate gain values 

for the two visible channels of A VHRR. The offset values have been 

extracted from deep space viewing data recorded in the header of 

the HRPT minor frame. 

Because solar reflection by the atmosphere and ground is non

Lambertian, the directional reflectances are individual and different 

functions of solar zenith angle (cpz), instrument viewing angle (CPv), and 

azimuth angle (CPa). Vegetation indices vary with those angles and 

cannot accurately be compared from one satellite pass to another 

without applying appropriate correction. 

Singh (1988) has suggested a correction for solar zenith angle 

variation to NDVI to improve our interpretation of seasonal canopy 

variability. However, his simulation of the solar zenith effect is valid 

only for nadir-looking measurements, that is, it may be applicable 

only to the subsatellite pixels. Moreover, Singh's results suggest that 

NDVI decreases when solar zenith angle increases. This is opposite to 

the results of observations by Deering and Eck (1987), who showed 

that during clear days the NDVI values at the ground increase with 

an increase in the solar zenith angle as a result of reduction in the 

shadowing effect. Fortunately, 5 of the 6 data sets in this calibration 

exercise have low solar zenith angles (approximately 30 degree). 
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In the northern hemisphere the sensor scans approximately in 

the principal plane of solar illumination. A small variation in the 

azimuth angle of less than 100 from the principal plane of the sun is 

observed for the summer solstice at a latitude of 300 (Holben and 

Fraser, 1984). In these circumstances it is possible to ignore the 

azimuthal variation at the cost of a small error in the calculation 

which is much less than that due to the uncertainty in the effects of 

viewing angle and atmospheric variation. 

An A VHRR scan line is approximately 2700 km in length, and 

represents a change in atmosphere path from 1.0 at the nadir to 2.2 

at the extreme viewing angles. The path length is of crucial 

importance with the minimum atmospheric effect at nadir and the 

maximum at the extreme angles. A slight asymmetry is caused by 

the sensor viewing direction with respect to the sun. The variation in 

view angle, the level of atmospheric influence, and the solar 

illumination condition are all interacting. The quantitative 

significance of surface and atmospheric reflectance anisotropy on 

A VHRR measurements is still quite uncertain. The combined effect of 

the atmospheric optical depths, the satellite viewing geometry, and 

the sun illumination should be comprehensively investigated. 

A VHRR linear calibration procedures have a systematic error 

that has been reported by Brown et al. (1985). Non-linear error 

tends to be proportional to both internal operating and external 

environmental temperatures. Results for radiometer calibration show 

similar forms for a non-linear departure from a two-point linear 
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calibration for higher temperatures. Use of the baseline temperature 

dependent calibration is necessary for temperature retrieval at the 

0.2 K level. A linear transform for nonlinearity calibration has been 

provided by NOAA (Planet, 1988) for temperature values ranging 

between 205 and 320 K. Final corrections for Channels 4 and 5 were 

added to the brightness temperature. 

In this study, the only atmospheric correction attempted 

compensates for the constituent water vapor, which is the case for 

cloud-free zones. Atmospherically corrected ground temperature was 

obtained by first applying the dual-channel model described by 

Strong and McClain (1984). This empirically derived model corrects 

the IR temperature from the channel 4 observations for atmospheric 

absorption using the difference between the channel 4 and channel 5 

temperatures. The differential wavelength approach is effective 

because the AVHRR's two thermal bands are sensitive to differences 

in spectral responses due to atmospheric attenuation. 

Uncertainty factors include instrument precision, radiometric 

calibration, atmospheric correction, pixel location error, and surface 

emissivity variation. A VHRR precision is calculated by ITT from the 

noise equivalent change in temperature to be ±O.l °C. A VHRR 

calibration uncertainty is estimated by the same company to be ±O. 2 

oe. Emissivity, as previously mentioned, was assumed to be 0.96 for 

the vegetated surface; however, the A VHRR views both soil and 

vegetation surfaces, thereby increasing emissivity uncertainty. The 

resulting A VHRR temperature uncertainty associated with emissivity 
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is assumed to be ±1.0 oC (Cooper and Asrar, 1989). Atmospheric 

correction uncertainty was estimated from Strong and McClain 

(1984) as 0.2 °C over sea surfaces. Cooper and Asrar obtained 

thermal data of A VHRR and ground measurements over a tall grass 

prairie area in the Flint Hills of Kansas. They found that the NOAA 

split-window model and the emissivity treatment as discussed 

consistently adjusted the AVHRR surface temperature within ±3.0 oC 

of the in situ measurements. Similarly, Vukovich et al. (1987) 

suggested that the overall error in the surface temperature due to 

application of the Strong and McClain model for atmospheric 

attenuation and due to the uncertainty in the ground emissivity is 

approximately ± 2.0 K. 



CHAPTER 6 

MODEL CONFIRMATION 
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The concept of an ecosystem triangle model based on the 

spectral relationship of raw A VHRR data for a region in West Africa 

was first demonstrated in Chapter 4. The purpose of this Chapter is 

to test if the triangular structure observed in spectral/thermal space 

can be consistently reformed by using calibrated data in a different 

environment, and to determine if we can utilize the triangular data 

distribution pattern to improve the accuracy of vegetation 

classification. If a viable unsupervised classification can be achieved 

by employing the triangular structure, the level of confidence in the 

model will be increased. The calibrated data used in this chapter are 

the six images acquired in 1987 on which extensive processing 

involving calibration and correction was performed as described in 

Chapter 5. 

Study Area 

An understanding of the biotic communities in Arizona and 

surrounding areas is facilitated by an understanding of the physical 

factors which ultimately control them. A brief description of the 

location, climate, vegetation, and other controlling environmental 

factors in the Southwest is presented below as background for 

further analysis. 



132 

Location 

The study area is located in the US Southwest and 

northwestern Mexico, including most of Arizona, the southern tip of 

Nevada (including Las Vegas), a large portion of southern California 

(exclusive of the coastal areas), and the Sonoran Desert around the 

northern part of the Gulf of California in Mexico. The approximate 

boundaries are 1100 and 1160 30' W longitudes and 320 and 360 30' 

N latitudes. An area of 550 km x 800 km was selected as the study 

area with an aim to include a wide range of ecosystems (i.e. to 

include the surface variations from ocean to land, and from desert to 

forest). The typical clear skies of the subtropical Southwest provides 

a dependable source of cloud-free data. In addition, the local 

conditions of topography, climate, and vegetation are well 

documented, and the information is generally accessible. A location 

map of the study area is included below. 

Figure 6-1. Location map of the Southwest study area. 
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Climate 

The study area as shown in Figure 6-1 possesses a bi-seasonal 

rainfall regime characterized by winter precipitation, spring drought, 

summer monsoon, and fall drought (Sykes, 1931). The two driest 

months (May and June) are usually rainless. This early summer 

drought is associated with very high temperatures and is the more 

severe of the two drought periods. Clouds come primarily from the 

north in the winter and from the south in the summer. Summer 

precipitation is derived from moist tropical air which moves into the 

U.S. Southwest from the Gulf of Mexico and Pacific Ocean and passes 

over strongly heated mountainous terrain which causes it to rise, 

cool, and then condense. The summer monsoon begins in early July, 

breaking the early summer drought and hot weather of June-July 

(Sellers, 1960). 

Vegetation 

Desert scrub, grassland, chaparral, woodland, forest, and tundra 

landscapes are found on various continents throughout the world. 

These are major types of ecological groups and are representative of 

the principal biotic communities of the world. They are occasionally 

called "biomes", or "biome-types". Six world ecological biomes are all 

found in Arizona (Lowe, 1964). 

Desertscrub: In arid and hot deserts with scarce rainfall, 

vegetation cover is normally well-spaced, or open. The leaf is often 

thorny. 
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Grassland: In semi-arid to semi-humid, warm to cold 

environments, desert-grassland and steppe predominant, and 

occasionally savanna grassland with scattered trees and shrubs. At 

higher elevations mountain meadow with short grasses are common. 

Chaparral: In semi-arid, warm to cool areas, plants are 

generally tough-leaved evergreen scrub and small trees, interspaced 

with other perennial vegetation. 

Woodland: In semi-arid and semi-humid, warm to cold places, 

Communities are dominated by trees with a mean height under 5 

meters, the canopy of which is usually open or interrupted and 

singularly layered. 

Forest: In semi-humid (occasionally semi-arid) to wet, and 

cold to warm environments, plants comprised principally of trees 

over 5 m in height, and frequently characterized by closed and 

multilayered canopies. 

Tundra: On the top of mountains, alpine tundra vegetation 

occurs above timberline at the cold and treeless summit. 

The study area contains extensive desert areas in the central 

valley between the Mogollon Plateau and the California coastal 

mountains, belts of grassland and chaparral around the mountains, 

woodland and forests occur up to timberline elevations plus small 

areas of alpine tundra on the summit of the Mt. San Francisco and 

other mountains. Cultivated agriculture in the desert areas is 

generally supported by irrigation. This great environmental diversity 

offers an good region for ecological studies. 
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Desert Systems 

The study area includes portions of four desert systems, each 

with its own characteristics and weather patterns. The Sonoran 

Desert, which extends into Mexico, receives rainfall in both summer 

and winter, while the Mohave Desert, primarily in Nevada and 

California, seldom gets summer rain. The Great Basin, which extends 

northward into Utah, gets rain both summer and winter and is at a 

higher elevation than the other deserts. The Chihuahuan Desert, 

which extends into Mexico, seldom receives winter rain. 

The Sonoran Desert is the largest and most arid desert in the 

study area, and can be further classified into Lower Colorado River 

Subdivision and Arizona Upland Subdivision (Lowe and Brown, 

1982). The major difference between these two subdivisions is that 

in the Arizona uplands higher rainfall and lower temperatures 

prevail. The Lower Colorado River Subdivision borders the Mohave 

Desert north of the Salton Basin, and the border extends 

northeasterly along the Colorado River. This Mohave Desert-Sonoran 

Desert transition appears to be determined by a temperature 

difference. 

Vertical Zonation 

The vertically arranged zones of biotic communities that occur 

in Arizona have been studied since the last century (Lowe, 1964). 

These vertical zones, ranging between near sea level and about 3500 

m, are observable ecologic distributions of plants and were mapped 
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on the basis of vegetation. Figure 6-2 outlines the vertical variation 

of vegetation communities as it occurs in Arizona. 
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Figure 6-2. Vertical zonation of biotic communities in Arizona. 
(from Lowe and Brown, 1982) 

The Lower Sonoran Zone represents typical desert, the Upper 

Sonoran Zone includes woodland, chaparral, grassland, and Great 

Basin desertscrub, the Transition Zone is largely pine forest, and the 

Canadian Zone is typically fir forest at higher elevations. All of the 

life-zones extend to higher elevations on south-facing slopes than on 

north-facing slopes as illustrated in Figure 6-2. 

Methods 

NOAA-9 A VHRR data were received from the Scripps satellite 

oceanography facility at San Diego, California. The characteristics of 
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the A VHRR instruments and data were discussed in Chapter 4. Five 

images, spaning the period from middle April to middle August in 

1987, were used for regenerating the triangular data distribution in 

the spectral space defined by surface temperature and vegetation 

indices. Another winter scene of the same year was also included in 

the data set in order to monitor the vegetation behavior at 

dormancy. All six images used for testing the hypothetical triangle 

model were co-registered using nearest-neighbor resampling to help 

retain original pixel values. The Root Mean Square error (RMS) 

rectifying all six images was 0.8. The registration uncertainty was 

therefore just under 1 Ian in size. A subscene of 700 x 500 pixels 

covering the study area was extracted for each date. For each 

subscene three data channels were generated: surface temperature, 

NDVI, and TSA VI. 

A lengthy discussion about spectral vegetation indices in 

remote sensing was given in Chapter 3. The NDVI and TSA VI index 

images were produced using formula 3-10 and 3-18, respectively. 

The NDVI data were plotted against the surface temperature channel 

to generate the expected triangular data pattern. Scattergraphs 

between TSA VI and surface temperature were also generated to 

double check the results. 

Fifteen test sites in the study area were selected for detailed 

analysis. A priori knowledge of the nature of the surface-cover 

types of the test sites was based on information from: 
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(1) 1:250,000 topographic maps compiled from USGS 1:100,000 

scale maps dated 1980-1981; 

(2) 1:250,000 land use and land cover maps produced by the 

USGS, the land use and land cover information compiled from source 

materials dated 1972-1983; 

(3) 1:250,000 maps showing vegetation types in the Phoenix 

and Tucson areas, Arizona prepared by R.M. Turner (1974). The base 

information was compiled from USGS topographic maps, and the 

vegetation data were obtained from maps generated by the Arizona 

Game and Fish Department, U.S. National Park Service, and U.S. Forest 

Service; 

(4) 1:125,000 maps of Vegetative Types of California surveyed 

by the California Forest Experiment Station of the U.S. Forest Service 

in 1934; 

(5) 1 :500,000 topographic maps printed in Mexico in 1957; 

(6) 1:500,000 map of The Natural Vegetative Communities of 

Arizona by D.E. Brown (1973); 

(7) map of Biotic Communities of the Southwest by D.E. Brown 

and C.H. Lowe (1977); 

(8) 1: 1 ,000,000 vegetation and forest maps of Baja California 

by Secretaria De Programacion Y Presupuesto (SPP), Republica 

Mexicana (1982); and 

(9) 1:24,000 orthography maps by USGS and National 

Aeronautics and Space Administration high-altitude aerial 

photographs. 



139 

Most of the ground information is derived from the maps with 

intermediate scales between 1: 125,000 and 1 :250,000. The accuracy 

of these maps may not be sufficient for detailed studies with data 

from high spatial resolution sensors such as the SPOT or Landsat TM, 

but they are appropriate for a regional study using A VHRR data if 

large homogeneous areas can be selected as the test sites. Therefore, 

test site homogeneity became a critical issue in this study. 

For each test site, the location, elevation, and slope information 

was collected from the topographic maps. The land cover and 

vegetation information were taken from the land use maps, and 

verified by other sources such as the vegetation maps. Orthophoto 

maps were also used to ensure the accuracy of site characterization. 

Some test sites were inspected by personal visits. Details about the 

surface-cover types and topography for these test sites are noted 

below. 

The locations of the 15 test sites are given in Figure 6-3. The 

background image in Figure 6-3 is an NDVI vegetation index image 

from May 31, 1987. The vegetation types of each site were obtained 

from various vegetation maps. These information sources are listed 

in Appendix B for reference. 

Site 1: 35 0 21' 45"N, 1140 8' 37"W, located in the central 

Cerbat Mountains south of Lake Mead and west of the Colorado River. 

The site is a hilly area with moderate slopes at an elevation of 1500 

meter above sea level. Vegetation type was classified as Evergreen 

Forest. 
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Site 2: 320 21' 13"N, 1100 42' 50"W, located north of the road 

to Mt. Lemmon between Bear Canyon and Molino Canyon in the 

Catalina Mountain area. The site is a mountainous area with steep 

slopes at an elevation of 1600 m. Vegetation was classified as 

Evergreen Woodland. 

Figure 6-3. Location map of the 15 test sites. 

Site 3: 320 25' 8"N, 1100 48' 15"W, located in the Lemmon 

Canyon area south of Mt. Lemmon, top of the Catalina Mountains. The 

site is a mountainous, high relief area with steep slopes at an 

elevation of 2700 m. Vegetation is Evergreen Conifer Forest. 
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Site 4: 330 33' 48"N, 1110 8' 4T'W, located south of Pinyon 

Mountain, southeast of Apache Lake and south of Theodore Roosevalt 

Lake. The site is a gently rolling area with moderate slopes at an 

elevation of 900 m. Vegetation is dominantly Chaparral. 

Site 5: 350 51' 54"N, 1120 43' 20"W, located between Sand 

Creek and Tank Wash on the Coconino Plateau. The site is a flat area 

with gentle slopes at an elevation of 1700 m. The surface is classified 

as highland desert grassland. 

Site 6: 320 12' 50"N, 1110 52' 6"W, located approximately 70 

kilometers west of Tucson, north of the Comobabi Mountains and 

west of the Sil Nakya Hills. The site is flat with gentle slopes at an 

elevation of 900 m. Land cover is Sonoran Desertscrub. 

Site 7: 320 54' 27"N, 1140 25' O"W, located about 30 km 

northeast of the City of Yuma, 3 kilometers northeast of the Imperial 

Dam. The site is flat at an elevation of 280 m. Vegetation is Sonoran 

Desertscrub, more specifically, lower Colorado Subdivision. 

Site 8: 350 36' 33"N, 1110 16' 40"W, located east of the Little 

Colorado River in the Painted Desert. The site is a flat area with 

gentle slopes at an elevation of 1400 m. The surface is classified as 

Basin Desertscrub. 

Site 9: 330 36' 5"N, 1120 11' 13"W, located north of Glendale 

between Highways 17 and 93. The site is flat at an elevation of 350 

m. The landscape is an urban area, 70-80 % residential and 20-30 % 

commercial land uses. 
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Site 10: 31 0 48' 39"N, 1130 20' 43"W, located in the desert 

area north of the Gulf of California, Mexico. The site is flat at an 

elevation of 250 m. The land surface is classified the same as site 7. 

Site 11: 31 0 28' 39"N, 1150 57' 27"W, located on the Baja 

California peninsula, Mexico. The site is hilly with moderate slopes. 

Vegetation is California Coastal Chaparral. 

Site 12: 31 0 27' 34"N, 1130 48' 30"W, the sea surface of the 

Gulf of California, northwest of Punta Penasco, Mexico. 

Site 13: 330 19' 44"N, 1160 53' 49"W, located at Palomar 

Mountain between the Salton Sea and Oceanside City, California. The 

site is a mountainous area with steep slopes at an elevation of 1350 

m. Vegetation is dense Deciduous Forest. 

Site 14: 350 31' 37"N, 1150 35' O"W, located at the top of Clark 

Mountain in San Bernardino County. California. The site is 

mountainous with moderate slopes at an elevation of 2400 m. 

Vegetation cover is Mixed Forest. 

Site 15: 340 56' 22"N, 111 0 28' 9"W, located on the water 

surface of Mormon Lake on the Mogollon Plateau. Site elevation is 

2300 m. 

Initially, 20 test sites, evenly distributed in the study area and 

representative of all six major biomes, were selected for pixel value 

extraction. However, a number of difficulties prevented 

implementing the original plan. There is a high frequency of cloud 

cover over the higher elevation areas. When clouds covered a 

particular site for two or more dates, the site was rejected from the 
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list. For example, the only tundra site in the study area at the top of 

San Francisco Mt. was reluctantly eliminated because the peak area 

was covered by clouds, on all five summer dates and snow on the 

winter data set. It may be noticed that the data of site 3 is missing 

(see Figure 6-9 and Table 6-1) on May 4th because the clouds 

prevented data extraction on that day. To characterize the vegetation 

type of each site it had to be verified by two or more separate 

information sources. When a disagreement occurs for a particular 

site, the site is rejected because of the uncertainty of vegetation 

cover. 

It was important that the selected test sites fell well within a 

homogeneous area of a single dominate biome type. This was the key 

to success in this study because (1) the spatial resolution of AVHRR 

pixels is quite coarse (the detected signals are averages of the 

spectral responses from a 1.21 km2 area); (2) the scale of the 

available vegetation maps for the study areas is relatively small; and 

(3) there is inevitable misregistration between scenes due to viewing 

angle variation and difficulty in picking ground control points at a 

1.1 km pixel resolution. 

Since the image coregistration accuracy was of the order of one 

pixel, it was necessary to take an average of pixel values over a 3x3 

or larger pixel areas. The 16 values of a 4x4 pixel array were 

extracted from each test site for each date. After rejecting some 

pixels based on criteria described in the following section, 4x4, 4x3, 

or 3x3 pixels were retained and used to calculate the means of the 



pixel values for each site. This enables one to calculate a standard 

deviation for each data matrix of 9 to 16 pixels, and the standard 

deviation could be used as an indicator of site homogeneity. 
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The A VHRR pixel size is about 1.21 km2 at nadir and increases 

for off-nadir views. It is likely that such large pixels may be 

contaminated, either partially or fully, by clouds, especially at higher 

elevations. The NDVI value for cloudy pixels are negative or slightly 

positive and TSA VI is zero or slightly positive. The cloudy pixels 

yield lower values for the vegetation indices compared to the NDVI 

and TSA VI values for clear pixels. Thus, the calculated standard 

deviation provides an indication of pixel contamination. If the 

standard deviation was much larger than that for the cloud-free case, 

then the vegetation index values for the test site were inspected. In 

this way the suspicious pixels were rejected. 

It may be noticed that more than one test site were selected 

for the same biome categories. The reason for selecting multiple test 

sites which have similar vegetation cover types is to see if similar 

seasonal dynamics of vegetation can be obtained for these similar 

surface cover types from different areas. 

The surface temperature T, NOVI, and TSAVI values were 

extracted from the six images for each site. The average of site 

values for the five dates during the growing season were used to 

represent the seasonal mean of the site. Coefficients of variation (Cv) 

were calculated by ratioing the mean and standard deviation of each 

site, and these values are listed in Table 6-1. 



145 

Table 6-1. T, NDVI, and TSAVI Data for Each Site. 

Site Channel Oi.lt~ Avg Std Cv 
# 4117 5104 5/31 7/08 8115 

--------------------------------------------------------------------------------------
T 299 303 304 307 302 303 2.61 0.0086 

1 NOVI 758 709 684 684 728 713 28.1 0.0394 
TSAVI 437 366 314 307 401 365 49.9 0.1367 

T 294 293 290 306 294 295 5.50 0.0186 
2 NOVI 845 764 769 801 850 806 36.4 0.0451 

TSAVI 611 501 519 551 646 566 54.9 0.0971 

T 290 292 297 289 292 3.34 0.0115 
3 NOVI 875 788 832 896 848 41.5 0.0490 

TSAVI 670 529 615 740 639 77.2 0.1209 

T 303 304 309 310 307 307 2.73 0.0089 
4 NOVI 777 729 684 706 741 727 31.6 0.0434 

TSAVI 476 405 313 355 429 396 56.8 0.1436 

T 302 310 309 313 303 307 4.22 0.0137 
5 NOVI 631 603 594 590 638 611 19.6 0.0321 

TSAVI 182 151 127 107 217 156 39.1 0.2496 

T 318 315 321 321 313 318 3.2 0.0101 
6 NOVI 625 607 589 586 631 608 18.2 0.0300 

TSAVI 168 159 112 100 204 149 38.1 0.2563 

T 319 320 322 323 325 322 2.14 0.0066 
7 NOVI 578 567 554 549 559 562 10.5 0.0188 

TSAVI 76 76 40 18 53 52 22.1 0.4220 

T 307 306 310 318 308 310 4.31 0.0139 
8 NOV I 589 573 566 561 566 571 9.78 0.0171 

TSAVI 94 88 66 46 71 73 16.9 0.2317 

T 310 314 318 322 316 316 4.00 0.0127 
9 NOVI 647 616 601 601 617 616 16.8 0.0273 

TSAVI 212 178 139 132 173 167 28.9 0.1736 

T 322 320 320 317 322 320 1.83 0.0057 
10 NOVI 586 570 562 567 569 571 8.08 0.0142 

TSAVI 89 84 56 55 74 72 13.9 0.1952 

T 294 306 306 305 305 303 4.62 0.0152 
11 NOVI 727 739 745 723 799 747 27.4 0.0367 

TSAVI 377 425 440 390 545 435 59.4 0.1363 
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T 290 294 292 294 302 294 4.08 0.0139 
12 NDVI 06 344 472 351 433 421 64.5 0.1531 

TSAVI 1 1 1 1 1 1 0 0 

T 289 294 296 297 290 293 3.18 0.0109 
13 NDVI 900 886 845 882 929 888 27.2 0.0307 

TSAVI 717 718 644 716 805 720 51.0 0.0709 

T 294 296 302 307 299 300 4.59 0.0153 
14 NDVI 692 658 631 637 695 663 26.8 0.0404 

TSAVI 307 263 202 206 334 262 52.8 0.2013 

T 279 286 286 290 286 285 3.56 0.0125 
15 NDVI 358 418 354 318 458 381 50.0 0.1313 

TSAVI 1 1 1 1 1 1 0 0 

T Surface temperature (K). 
NDVI Normalized Difference Vegetation Index (x 1000). 
TSAVI Transformed Soil-Adjusted Vegetation Index (x 1000). 
Avg Average. 
Std Standard deviation. 
Cv Coefficient of variation (Stdl A vg). 

The T, NDVI, and TSAVI data for each date were inserted into 

the scattergrams of NDVI-T and TSAVI-T. The positions of each test 

site for each date in these scattergrams are illustrated in Figures 6-8 

through 6-13. The relative positions of the 15 test sites may be used 

to understand the ecological structure and organization of ecosystems 

in the Southwest. 

The five summer images were also averaged to generate a 

mean surface temperature and vegetation condition for the 1987 

season. The averaged images were named T mean and TSA Vlmean , 

respectively. 

The image T mean was recoded into five classes to attempt to 

parallel the known biome distribution of the area (largely based on 

the map of Brown and Lowe (1977». The level sliced map of surface 

temperature classes is included as Figure 6-4, in which class 1 covers 
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most water bodies and forested areas where temperatures were low; 

class 2 corresponds well to various woodlands; class 3 corresponds to 

dry grasslands and agricultural areas; class 4 desert; and class 5 

extremely hot desert. The temperature ranges for each class are also 

included. 

The averaged summer TSA VI image was level sliced into six 

classes in a similar way as the T mean image was recoded. The ranges 

of TSAVImean values used to recode (level slice) the image and the 

classification map are shown in Figure 6-5. Class 1 is water bodies 

where the vegetation index is very low; class 2 covers central desert 

areas, including Sonoran and Mohave Deserts where vegetation is 

desert type; class 3 includes grasslands, upland desertscrub, and 

desert chaparral; class 4 chaparral, mountain meadow, and some 

agriculture areas; class 5 woodland and agriculture; and class 6 

alpine forest and some areas of low-land intensive agriculture. 

Some drawbacks can be observed in the level sliced 

classification map of vegetation index as illustrated in Figure 6-5. 

Apparently TSA V1mean can not distinguish the difference between 

the Mohave Desert and Sonoran Desert, producing the same value in 

these two different 

areas. Agricultural areas irrigated by the Colorado and Gila rivers, 

are confused with woodlands on the Mogollon Plateau and the 

California coastal mountains. About the same amount of biomass was 

detected by the satellite in these two areas, but the environment in 

which the woods and crops are growing may be quite different. 
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Arizona upland desertscrub and grassland become one group in the 

vegetation index classification because they have a similar degree of 

greenness on the surface, although the plants and their distribution 

and taxonomy can be significantly different. 

Some problems identified in the classification map (Figure 6-4) 

of surface temperature include: (1) water bodies and forest were 

misclassified in one class; and (2) major agricultural areas, 

grasslands, and basin and upland vegetation fell into one class. 

It seems that neither the vegetation index nor the surface 

temperature can alone be used to easily classify the landscapes. The 

next logical step is to combine the vegetation index with the thermal 

information to try to achieve a integrated methodology for 

classification of biomes. The combined data set is expected to provide 

a better vegetation classification by correcting misclassification 

caused by using vegetation indices alone and breaking the broad 

vegetation index classes into finer categories. 

It should be noted that recoding the images of T and TSA VI 

into five or six classes is a subjective procedure. Someone may 

recode these images into a different number of classes, or may use 

different range of pixel values to define classes. The critical aspect of 

the procedure is that the level sliced maps must show a distribution 

pattern which accords well with the true vegetation distribution of 

the study area. 

The level sliced images of T mean and TSA VImean were 

transferred into a PC-ARC/INFO geographic information system (GIS) 
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for spatial analysis. Satellite image data in raster format first needed 

to be converted to vector format, and this was done by using the 

data conversion functions of PC-ARCIINFO. A limitation of the PC 

version of ARCIINFO is that the number of arcs for a polygon can not 

exceed 5,000. In order to comply with this software limitation, a 3x3 

MAJORITY filter had to be applied twice across the classification 

images of T mean and TSA VImean before the conversion. ARC/INFO 

command GRID POLY was then used to vectorize the images, and to 

build the coverage topology. 

With the topology database prepared, the spatial operations to 

combine or overlay the polygon features of input maps can begin. A 

spatial join of geographic features from two data layers may be 

implemented by using the UNION command. The joining of attributes 

from the two input data layers establishes a connection between 

attributes in the two databases of input layers. The tabular structure 

of the joined database allows for logical record selection and 

attribute manipulation. Thus, ARCIINFO provides the technical ability 

to perform spatial and attribute manipulation operations to integrate 

surface temperature measurements and vegetation indices. 

Once the polygon overlay operation is completed, arithmetic 

and logical operations can be performed on the tabular attributes. 

ARCIINFO command RESELECT may be used to extract a set of map 

features from a map coverage when their attributes match user

specified spatial or logical criteria. For example, only those areas in 

which surface temperature is lower than 300 K and the vegetation 
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index (TSA VI) is lower than 0.003 might be preserved for an study 

of water bodies in the study area. 

After the UNION operation the global triangle is divided 

potentially into 30 subdivisions, which are systematically numbered 

and shown in Figure 6-6. There are no data points distributed in cells 

5-5, 4-6, and 5-6, so the Southwest study area is actually divided 

into 27 classes, or subdivisions, by the GIS overlay operation. The 

resulting map, accordingly containing 27 classes, is still too busy to 

be displayed in a single graph, and is divided into four portions, a 

water corner, desert corner, forest corner, and middle part for 

analysis purposes. The division of the 4 sections of the triangle is 

shown in Figure 6-7. 

For comparison, a classification map was generated using the 

standard unsupervised classifier in the ERDAS image processing 

package. Twenty seven classes were requested for clustering the 

two-channel image of T and TSA VI. The resulting map of 27 classes 

were combined manually into 8 classes which were believed best to 

match the vegetation map of Brown and Lowe (1977). A 3x3 

MAJORITY filter was used twice to smooth the classification, and then 

transferred into the ARCflNFO system for viewing and printing. 

Results and Discussion 

The results of this study using calibrated A VHRR data from 

multi-dates across a growing season in U.S. Southwest are presented 

here under three subheadings: confirmation of the triangular data 
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distribution, a cell structure of the ecosystem triangle model, and the 

improved accuracy of vegetation classification. 

Confirmation of the Ecosystem Triangle 

Vegetation indices NDVI and TSAVI are plotted against surface 

temperature for all data sets respectively, and the results are 

arranged by date shown in Figures from 6-8 through 6-13. 

In Figures 6-8 through 6-12, the scattergraphs present a 

triangular pattern in both NDVI-T and TSAVI-T planes. The 

characteristics of the position, size, shape, and orientation of these 

triangles are very similar to that of the triangles discussed in Chapter 

4 except the horizontal axis (temperature) increases to the right. The 

reproducible nature of the triangular data spread as demonstrated 

by using calibrated and corrected data gives strong support to the 

concept of the ecosystem triangle model. The repetitive and 

consistent appearance of the triangular data pattern has proved that 

the formation of the triangular structure is not occasional and not 

casual. It must be the result of some physical mechanism functioning 

between plants and climate on the surface of the Earth. 

Figures 6-6 and 6-7 were generated using the seasonally 

averaged T mean and TSA VImean pixel values. The averaged values of 

the five images are used in order to represent the mean thermal and 

vegetation conditions of the study area during the 1987 spring and 

summer. The data points spread like a triangle which depicts the 

ecological structure in a seasonal mean condition in the Southwest for 

1987. 
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It is interesting to see the data cluster on July 8, 1987 as 

shown in Figure 6-11. All pixels of the image are shifted to the right 

side of the triangle, and the right half of the model is the arid and 

semi-arid regions as illustrated in Figure 4-7. Figure 6-11 is 

probably a picture of the arid Southwest experiencing pre-summer 

drought. The local weather was described by Brazel (1987) as: 

"Typical pre-monsoon weather settled over the state from June 28th 

through July 13th (1987). Dry westerly and south westerly winds 

aloft produced hot, sunny days with low humidities ... ". Brazel's brief 

weather summary helps validate the satellite observations as shown 

in Figure 6-11. 

Based on the analyses in Chapter 4 and results in this chapter, 

a number of observations can be made and include: (1) if a NIRIred 

ratio, PVI, or other vegetation· index is used in place of the NDVI and 

TSA VI, similar triangles appear in the corresponding spectral space; 

(2) if a data set for an area other than West Africa or the U.S. 

Southwest, where plants are interacting actively with climate, is used 

to plot the scattergraph, a similar triangular pattern is also expected 

to be present; and (3) the triangular data pattern is a reflection of 

the earth surface, specifically biome characteristics interfacing with 

external energy and moisture conditions. 

The triangular pattern, revealed from analysis in Chapter 4 and 

confirmed by using calibrated data in this chapter, is likely a 

projection of the operational organization of the biosphere. As long as 

plants on the earth's surface are growing, i.e., actively interacting 
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Figure 6-8. The ecosystem triangles on April 17, 1987. 
(Frequency: @ extreme high; # very high; >Ie high; + medium 
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Figure 6-9. The ecosystem triangles on May 4, 1987. 
(Frequency: @ extreme high; # very high; * high; + medium 

> low; I very low; . extreme low.) 
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Figure 6-10. The ecosystem triangles on May 31, 1987. 
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with solar energy, soil moisture, and other elements pertinent to 

plant's physiology, the triangular pattern should be observable. 

161 

In the NDVI-T models, non-vegetated pixels spread along a 

horizontal line between NDVI values of -0.26 and 0.16. Above this 

line all land pixels form the terrestrial ecosystem triangle, and below 

this line, NDVI varies for different aquatic environments. In the 

TSA VI-T models, non-vegetated pixels occur at the bottom of the 

triangle data clusters, close to TSA VI values of zero. TSA VI is 

invariant in all water bodies, giving extremely low values of 0 to 

0.002. The TSA VI-T models provide higher spectral resolution (about 

2 times higher) than that of NDVI-T models for characterizing the 

terrestrial ecosystem at the expense of losing information about the 

aquatic environments. 

It also can be seen that no triangular pattern was identified in 

the winter data set shown in Figure 6-13. In the winter scattergrams, 

all data points spread like a rectangle, defined by the upper and 

lower limit of temperatures, and the highest and lowest vegetation 

characteristics of the surface. The temperature range in both plots 

are low, moisture variations are minimal, the interactions between 

plants and their physiological environment is so weak: that the 

ecosystem, in a general sense, is not fully operational. 

As the seasons progress towards summer, the intensity of solar 

radiation is increasing, the hydrological cycle is accelerated 

(increased evapotranspiration from canopy, infiltration between 

boundaries, absorption by plants, photosynthetic activities, etc.), the 
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plants are active, and the biosphere, as an integrated system, is 

functioning effectively. In addition, the increased solar energy heats 

the earth's surface. The effect of the increased solar heating on the 

triangular data distribution effectively move all the pixels towards 

higher temperatures (towards the right in Figures 6-6 to 6-13) in the 

spectral domain defined by the surface temperatures and vegetation 

indices. On the another hand, the surface resists solar heating at a 

rate controlled by two major physical mechanisms: the thermal 

inertia of the surface materials and the evapotranspiration process. 

The thermal inertia is a measure of the thermal response of a 

material to temperature changes. Materials with higher thermal 

inertia have more uniform surface temperatures day and night than 

materials with a lower thermal inertia. In non-vegetated areas, the 

thermal inertia of the surface materials is the body property 

controlling the afternoon surface temperatures though surface slope 

and aspect have an important external impact. Water bodies may 

have the lowest temperature and sandy deserts the highest on a hot 

day. In vegetated areas, plants resist the solar heating by giving up 

water. Vaporization of 1 gram of pure water at 0 oC absorbs about 

600 calorie of heat energy which is called the latent heat. A dense 

and healthy canopy normally will have the ability to control its 

temperature best for photosynthetic activities. From mid April to 

mid August in 1987, the canopy temperatures at the top vegetation 

corner of the triangle models shown in Figures from 6-8 through 6-

12 changed little. The position of the top corner of the triangles was 



163 

quite stable, varying within a small range of 290 - 295 K, which is an 

indication of the optimal temperature for plants in the region. 

The interactive relationship between the solar heating and the 

differential surface resistances may be the physical basis of the 

ecosystem triangle formation. The driving force is solar energy, 

determining the variability of the surface temperature and the 

horizontal width of the triangles. Plants make every effort to 

regulate solar heating by using the available water, altering their leaf 

stomata to control the moisture flow, and changing their structure to 

accelerate aerodynamic circulation. The evapotranspiration is the 

link between the atmosphere and the biosphere, acting as an 

intermediary agent between the two conflicting parties. 

A Cell Structure of the Ecosystem Triangle Model 

The site values, averages of 9 to 16 pixels for each site for the 

five dates, as listed in Table 6-1, are used to represent the seasonal 

variation and vegetation dynamics of each site. 

The NDVI values of the winter scene have been exaggerated by 

applying a solar zenith correction as discussed in Chapter 5. The 

values of a large number of pixels reach saturation level as shown in 

Figure 6-13(a). The uncertainty due to inappropriate use of the 

technique for solar zenith angle correction prohibited the detailed 

site analysis using the winter NDVI data. 

Data listed in table 6-1 were plotted in NDVI-T and TSAVI-T 

spaces as shown in Figures 6-14 and 6-15. Data points of 15 test 

sites, associated accordingly in the defined spectral planes, show the 



similar distribution patterns as observed in Africa and America, 

using either raw DN values or calibrated physical quantities 

(reflectance and temperature). 
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The Figures 6-14 and 6-15 summarize Figures from 6-8 to 6-

12, showing the seasonal footsteps of the 15 test sites for the spring 

and summer of 1987. The seasonal variations of each site were 

circled by an ellipse which outlines the dynamic range of a particular 

type of vegetation. The ellipses for the various biomes have their 

own fixed position inside the triangle framework. This observation is 

fully compatible with the community concept in ecology. 

The community concept is one of the most important principles 

in ecology because it emphasizes the fact that diverse plants live 

together in an orderly manner. A biotic community is an assemblage 

of vegetation living in a certain area, the area is the place where the 

vegetation usually lives, or the place where one would go to find it. 

By analogy, it may be said that it is the plant's "home address". 

Communities may be sharply defined and separated from each other. 

However, communities may also blend into one another so that there 

are no sharply defined boundaries. This in no way negates the biotic 

community theory (Whittaker, 1970; and Woodward, 1986). 

Based on the ecological principles and the structure observed in 

Figures 6-14 and 6-15, it is justifiable to comment that the relative 

independence of the seasonal dynamics of the 15 test sites favors a 

cell structure to model the ecological organization in the study area. 

In other words, the ecosystem triangles may be subdivided into a 



0.96 

0.56 

0.16 

-0.26 

-0.66 -+---..--.--..-----.--_.__-....-__._-....----.--.--...-___. 

270 280 290 300 310 

Surface Temperature (K) 

D SITE1 Forest 
• SITE2 Woodland 
II SITE3 Evergreen Forest 
¢. SITE4 Chaparral 
lIIII SITES Grassland 
o SITE6 Sonoran Desertscrub- Upland 

SITE7 Sonoran Desertscrub 
A SITE8 Basin Scrub 
• SITE9 Urban 
+ SITE10 Desert 
!II SITE11 Coastal Chaparral 
x SITE12 Water at Gulf 
H SITE13 Deciduous Forest 

SITE14 Woodland 
• SITE1S Water at Lake Mormon 

320 330 

165 

Figure 6-14. Seasonal dynamics of the 15 test sites in NDVI-T plane. 
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Figure 6-15. Seasonal dynamics of the 15 test sites in TSAVI-T plane. 
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number of cells, each corresponding to a particular type of biotic 

community. The cell structure may be potentially useful to develop a 

new methodology for vegetation classification which will be 

discussed in next section. 

Although most of the test sites shows high regularity in their 

distribution pattern in the temperature-vegetation planes, two of 

them (sites 2 and 11) demonstrated a different behavior pattern. The 

irregularities observed in sites 2 and 11 may be described as: (1) 

displaying larger variations in seasonal canopy temperatures; (2) the 

ellipses are not parallel to the right side slope of the ecosystem 

triangles; (3) data points of four dates stay in a close neighborhood 

and only one point is distant from the others; and (4) intermediate 

positions in the triangles correspond to the partial canopies between 

closed forest and more open desert vegetation. 

For test site 2, the 4 data points of April 17, May 4 and 31, and 

August 15 stay close to the upper and central locations in the 

triangles (see Figure 6-14 and 6-15). Only one data point, July 8 

shifted to a hotter environment. As mentioned earlier in this chapter, 

the July 8 data set showed extreme aridity as a result of the 

prolonged hot and dry weather in June and a complete rainless week 

in early July. The outlier, July 8 data point, likely suffered from the 

extreme weather conditions. 

For test site 11, 4 data points for May 4 and 31, July 8, and 

August 15 stick together in the vegetation-temperature plane, close 

to the position of ellipse 4 which is interior chaparral vegetation. One 
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point, April 17, stays away from its group, shifting to an extreme low 

temperature position. It is assumed that the isolated point was 

probably caused by extreme low temperature or extreme wet 

conditions. 

Test sites 2 and 11 are both intermediate canopies, and are 

mixtures of vegetation and soils which are surfaces with quite 

different patterns of surface temperature variation. These 

intermediate canopies exhibit greater temperature variabilities in 

response to the variations of climatic conditions. Rainfall and soil 

moisture also have greater effects on the surface temperature of 

these partial canopies. Misregistration may contribute to the 

increased variation in surface temperature of the two sites, but it 

would not be a major factor because (1) no significant variation in 

vegetation index values can be observed (assume that the deviation 

of surface temperatures and vegetation indices may increase at the 

same time due to the spatial misregistration); and (2) the July 8 data 

set produced the highest surface temperatures for almost all sites 

(except sites 7 and 10), the consistent trend of higher temperatures 

in the widely spread test sites helps to rule out the possibility of any 

major influence of misregistration on canopy temperatures 

(assuming that the spatial misregistration has no noticeable effect on 

the surface temperatures in the areas of continuous uniform 

canopies, such as closed forest and desert). 
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An Improved Vegetation Classification 

The results of the GIS spatial analysis may be presented in 

four separate graphics because the UNION operation created a large 

number of new polygons which are too numerous to show in a single 

frame. Three graphics were drawn to show the polygon classes 

around the water, desert, and plant corners, and another for the 

middle section of the ecosystem triangle, respectively. The class 

labels and the corresponding vegetation types are listed in Table 6-2. 

The four graphics for the four sections of the global triangle in 

TSAVI-T plane are given in Figures from 6-16 to 6-19. 

Table 6-2. Subdivisions of the Southwest Ecosystems. 

Subdivision # 

Water Corner 
1-1, 2-1, 3-1, 4-1, 
5-1, 1-2, 1-3, & 1-4 
2-2 
2-3 
3-2 

Desert Corner 
4-2 
5-2 
5-3 

Forest Corner 
1-5, & 1-6 
2-6 
3-5, 4-5, & 3-6 
2-5 

Middle 
2-4 
3-4 
4-3 
3-3, 4-4, & 5-4 

Corresponding Land & Vegetation Covers 

Water Bodies, including Gulf of California, and 
inland lakes 

Soils along water course and on mountains 
Basin and mountain scrublands 
Basin and mountain desertscrubs 

Mohave Desert 
Sonoran Desert-Lower Colorado Subdivision 
Sonoran Desert-Arizona Upland Subdivision 

Forest 
Subalpine Forest 
Agriculture Crops and Vegetables 
Woodlands 

Mountain Meadow and Subalpine Grassland 
Chaparral, Grassland, and Agriculture 
Semi-Desert Scrublands 
Semi-Desert Grasslands 
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In Figure 6-16, water bodies, big and small, have been 

distinguished from other land surfaces. In contrast, the vegetation 

index (TSA VI) alone did a poor job of identifying water bodies of 

small size, and even misclassified most of Lake Mead as the desert 

class. Vegetation indices produce low values in both desert areas and 

water bodies, this is why these two contrary surfaces are sometimes 

confused in vegetation index classification. The remarkable 

difference of the two surfaces in temperature may be used to avoid 

this misclassification, if the surface temperature and vegetation 

index measurements can be combined into an integrated system. 

The Great Basin Desert at the northeast corner of the study 

area was classified into different classes as shown in Figure 6-16, 

whereas vegetation index classification map (Figure 6-5) show no 

differences between the Great Basin Desert and the central desert 

areas (Sonoran and Mohave). Vegetation indices give similar values 

to both of the desert areas, but surface temperature differences 

helped to separate the different desert systems into appropriate 

categories. This important improvement can also be observed in 

Figure 6-17. 

It is noticeable in Figure 6-17 that the Mohave Desert is clearly 

separated from the Sonoran Desert and other desert systems in the 

Southwest. Also, the Arizona Upland Subdivision, shown as a vertical 

strip pattern, can be separated from the Lower Colorado River 

Subdivision. The spatial integration of the thermal information and 

vegetation indices, implemented by using a GIS, permits the 
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Figure 6-16. Subdivisions around the water corner. 

Figure 6-17. Subdivisions around the desert corner. 

• 

.... 

.. , .. 
-

8 

~. 

00 ., 

'n 

171 

T=1-5, & 
TSAVI=l; 
T=l,& 
TSAVI=2-4 

~ 
o 50 
L.--...J 

Kilometers 

~ 
T=4,& 
TSAVI=2 -T=5,& 
TSAVI=3 -T=5,& 
TSAVI=2 

~ 
0 50 
L.--...J 

Kilometers 



172 

breakout of the central desert area into different subdivisions, which 

was not possible by using vegetation indices alone. 

It is seen in Figure 6-18 that agricultural crops growing in the 

lower Colorado region and woodlands in higher elevations are 

divided into separate classes. The areas with a regular grid pattern 

are agricultural fields, and the areas with the vertical strip pattern 

are woodlands. For comparison purpose, refer to Figure 6-5 in which 

the vegetation index TSA VI gave the same value for crop areas and 

woodlands. The addition of thermal information served to correct 

this misclassification. 

The forest areas shown as a horizontal strip pattern in Figure 

6-18 are reasonably compatible with the various vegetation maps. 

Subalpine forest class shown in black was separated from alpine 

forest areas because of its warmer temperatures. The geographic 

occurrence of the subalpine forest areas looks rational, they are 

largely distributed in places above the woodlands and below the 

alpine forests. The subalpine forest was not shown in the map of 

vegetation index map (Figure 6-5). 

It becomes evident that the integration of surface temperature 

observations and vegetation indices can help to correct 

misclassification caused by using vegetation indices alone, and break 

the broad vegetation index classes into finer and more specific land 

surface and canopy covers. Adding thermal information to the 

vegetation indices results in significant improvements for regional 

vegetation and land cover classification. 



Figure 6-18. Subdivisions around the plant corner. 
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Figure 6-19. Subdivisions of the middle section. 
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The classification map resulting from the standard 

unsupervised classification technique is also included in Figure 6-20 

for comparison. The unsupervised classification uses the minimum 

distance decision rule to cluster the input image, and each pixel of 

the image was evaluated based on its spectral distance and assigned 

to the closed cluster. All water bodies were classified into class 1. 

Classes 2 and 3 cover large areas of desert. It should be noticed that 

no distinction was made between the central valley desert and the 

Great Basin Desert, and that it was not possible to separate the 

-CLASS 1 

D 
CLASS 2 

~ 
CLASS 3 -CLASS 4 --CLASS 5 -CLASS 6 -CLASS 7 

me 
CLASS 8 

o 50 Kilometers 
1....--....1 

Figure 6-20. Unsupervised classification map. 
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Mohave Desert and the Sonoran Desert. Classes 4, 5, and 6 are related 

to the Upper Sonoran Zone in the vertical scale as illustrated in 

Figure 6-2, including scrubland, grassland, and chaparral vegetation. 

Class 7 is a mixture of woodland in high lands and irrigated 

agriculture in the valley. The woodland and cultivated areas, which 

are totally different landscapes in the study area, are mixed together 

in the standard classifier. Finally, class 8 corresponds to forested 

areas. Although the standard classifier gives a general distribution 

pattern of natural vegetation in the Southwest, its inability to 

separate woodland and agriculture into separate classes and to 

breakout the desert areas into subsystems makes the conventional 

classification method less useful. In contrast, the GIS overlay 

demonstrated great potential for vegetation studies in the Southwest. 

Summary 

The concept of the ecosystem triangle model was initiated in 

Chapter 4 based on the raw A VHRR data structure for a region in 

West Africa. The first goal of this chapter was to test if the triangular 

pattern or data distribution could be consistently observed by using 

calibrated data on another continent. The method is a repeat of that 

in Chapter 4, and some methodological differences between Chapter 

4 and this Chapter are listed in Table 6-3. 

Results from this chapter show that the triangular shape of the 

data cluster can be repetitively observed on different continents and 

at different times of a year. The triangular data distribution pattern 

is also observed using a seasonally averaged data set, representing 



mean thermal and biomass conditions for the growing season (see 

Figures 6-6 and 6-7). This distribution pattern potentially gives 

information that leads to an improved understanding of the 

operational mechanism of functioning biosphere, and the global 

structure and organization of the earth's ecosystem. 

Table 6-3. Methodological Differences between Chapters 4 and 6. 

Chapter 4 Chapter 6 

Study Area West Africa U.S. Southwest 
Test Site 4 15 
Data Set Single date 6 dates 
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Data Precision RawDN Calibrated physical quantity 
Data Channels TIR; NOVI; PVI; Ratio T; NOV!; TSA VI 
Purpose Concept formulation Model Testing 

The interactive relationship between the solar heating and the 

vegetated surface resistance may be the physical basis of the 

formation of the ecosystem triangles. 

The second goal of this chapter was to explore the structured 

organization of the ecosystem triangle model in feature space. A 

closer analysis of 15 test sites of the major biomes in the study area 

show that each type of biome has its finely stable territory in the 

spectral spaces, and that the seasonal dynamics of the biome outlines 

the boundary of its territory. This represents its favorable ecological 

nitch, or "home address". The relative independence of the seasonal 

dynamics of the 15 test sites suggests a cell structure to model the 

ecological organization. The ecosystem triangles may be subdivided 
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into a number of cells, each corresponding to a particular type of 

biotic community. This cell structure may be utilized to classify the 

various landscapes and vegetation communities for more physical 

and meaningful results. 

Finally, a GIS was used to integrate the thermal and vegetation 

measurements for vegetation and landscape classification. Spatial 

overlay of polygon features of T and TSA VI creates new polygon 

systems which provided an improved accuracy of classification. The 

successful results of the classification exercise were quite supportive 

of the vegetation community theory, and the cell structure of the 

ecosystem triangle model. 

The triangular structure of the ecosystem triangle model were 

first surmised based on a literature review in community ecology, 

bio-geography, and climatology. This led to an initial attempt to 

observe the ecological triangle using raw A VHRR data in West Africa, 

and then the triangular pattern was repetitively and consistently 

confirmed by using calibrated multi-date A VHRR data sets from 

North America. The preliminary results of application of this model 

in vegetation classification also support the concept of the triangular 

ecology structure and the methodology of integrating surface 

temperature measurements and vegetation indices. 



CHAPTER 7 

CONQUSION 
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This study has investigated the repetitive observations of the 

triangular data structure in two dimensional spectral space defined 

by surface temperature and vegetation indices. The central focus of 

this study was to examine the possibility of integrating remote 

sensing vegetation indices and thermal measurements for ecosystem 

modeling and analysis. The major findings are summarized in this 

Chapter. 

Review of Models in Global Ecology 

The physical characteristics of natural landscapes are largely 

determined by the availability of energy and resources on the 

ground surface. The distribution of natural vegetation is a function of 

the energy level and local material resources. The unique energy 

resource available to the biological, chemical, and physical processes 

on the surface of the Earth is the solar radiation, and the most 

important material to plants is water. Nutrients and other materials 

are necessary to life, but usually secondary in importance compared 

with the significance of water to the geographic distribution of 

natural vegetation. Generally, a biome-type may be characterized by 

the amount of energy and moisture resources available to it. The 

interactive relationship between energy and water and its prevailing 
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effect on vegetation communities may be termed hydrothermal 

equilibrium which is the theoretical base in this study for ecological 

modeling and analysis. It has to be remembered that a number of 

environmental variables are ignored by this generalization. But those 

variables only produce second order variations to the biosphere. 

Leslie R. Holdridge first proposed a structured triangle model 

for classification of various landscapes worldwide. The basic premise 

of the Holdridge model is that each individual plant has become 

specialized in certain environments through long-term selective 

adaptation. He proposed, therefore, that the plants and their 

structural arrangement composing an ecosystem when viewed in 

broad synthesis, should precisely reflect the integrated operation of 

the climatic conditions which determine the spatial distribution and 

physiological performance of natural vegetation. 

P. Dansereau believed that an effective system of classifying 

the vegetation of the world might be to group the plants into 

communities, and communities into broad formations. A formation is 

a geographic unit of vegetation which shows characteristic response 

to a particular climatic trend at a particular intensity. 

Robert H. Whittaker noticed that each life-form has its 

characteristic place of maximum importance according to the climatic 

and hydrologic factors, mainly thermal and moisture conditions. 

Whittaker's observation implies that the same vegetation may be 

dominant in similar environments in widely different parts of the 

word. Because of this fact, similar environments on different 
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continents tend to have communities of similar physiognomy. This 

adaptive convergence at the level of the community is one of the 

major generalizations in the fields of community ecology and bio

geography. 

H. Walter joined the effort of modeling the global distribution 

of vegetation, using annual soil temperature and precipitation. His 

model illustrated schematically the changes in vegetation in 

responses to the changes in soil temperature and rainfall. 

M.1. Budyko discussed a periodic law of geographical zonality in 

his work Global Ecology. 

Common features observed from the six ecological models 

discussed in Chapter 2 include: 

(1) global in scale; 

(2) triangular in shape; 

(3) use thermal and moisture parameters as the environmental 

controls for modeling and analyzing vegetation distribution and 

ecosystem organization; and 

(4) projection from geographic space into an environmental 

gradient defined by thermal and moisture variables. 

Graphic illustration of complex ecological problems achieved by 

these models made the interpretation of global systems possible. 

Simple graphical analysis can address some of the issues, provided a 

global data set is available. These graphical approaches allow the 

complex distribution patterns of both individual species and 

vegetation parameters, such as species richness and productivity, to 
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be delineated and described in a way which has provided important 

ecological insight. 

Development of An Ecosystem Triangle Model 

An interesting triangle was observed each time data from a 

vegetation index channel was plotted against a thermal band (for 

example, AVHRR Band 4). An AVHRR image for January 3, 1989 was 

analyzed and which consisted of more than two million pixels, 

covering a large portion of the West African continent. The image 

included deep ocean, inland lakes, rivers, mountains, and various 

types of vegetation and crop covers. NDVI and thermal data (Band 4) 

from the AVHRR scene were used to produce a two dimensional 

scattergraph. The resulting scattergraph is a "global view" of West 

Africa in spectral space. The view observed looks like a huge triangle 

containing plants, soils, and land surface covers (global features). 

This triangular distribution pattern of data points was observed in 

five data sets acquired from early January to late March of 1989. The 

basic relationships and distribution of the triangular structure stayed 

the same in the five data sets. The triangular pattern was also 

observed using NDVI and A VHRR Channel 5 in a similar fashion, 

since bands 4 and 5 are both thermal channels performing at 

adjoining spectral ranges of 10.5 - 11.5 J.Lm, and 11.5 - 12.5 J.Lm 

respectively. 

The data clusters of the various landscapes fall in certain 

positions within the triangle framework. Soils occur at the bottom 

and high temperature corner where minimum vegetation and hot 
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barren ground are usually found. Water points lay on the bottom and 

cold corner where no vegetation and minimum temperature are 

usually the case. The full vegetation site lies at the top of the triangle 

where the pixels are characterized by high vegetation and moderate 

or cool temperatures. 

Surface temperatures change most widely in non-vegetated 

areas, the lowest temperature is normally found in water bodies 

during the day time, the highest in deserts, the temperatures of wet 

and dry soils, rocks, and urban areas lay somewhere in between. In 

vegetated areas, evapotranspiration keeps canopy temperature as 

constant as possible. This could explain why the temperature varies 

the most on the bottom of the triangles where vegetation is at a 

minimum, and the temperature varies little at the top where 

vegetation is high. 

The above observations suggest that all land cover types are 

associated in the natural environment and can form a global triangle 

in the two dimensional space of temperature and vegetation. 

Studies show that a triangular shape of data distribution can be 

observed in the two dimensional spectral spaces defined in this 

study as long as three conditions are met: (1) data from a 

"temperature" channel and a "vegetation" channel are used to plot 

the scattergraph, (2) the image is large enough to include global 

features, i.e. various land covers and vegetation types, and (3) the 

sensors are designed to generate an output range corresponding to 

the radiance level of the global surface features of the Earth. 
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The concept of the ecosystem triangle model has been proposed 

in Chapter 4 based on preliminary results using raw A VHRR data in 

West Africa. Chapter 6 used calibrated A VHRR data to test if the 

triangular data pattern can be reformed in the U.S. Southwest. 

Results from Chapter 6 show that the triangular shape of the 

data cluster can be repetitively observed on different continents and 

at different times of a year. This distribution pattern potentially 

provides an additional understanding of the operational mechanism 

of the functioning biosphere. 

A closer analysis of 15 test sites representing the major biomes 

in the Southwest study area show that each type of biome has a 

stable territory in the spectral space of temperature and biomass, 

and that the seasonal dynamics of a biome outlines the boundary of 

its characteristic territory. Here is its favorable ecological 

environment, or its "home address". If the territory of each test site 

in the triangles can be viewed as a vegetation cell, the ecosystem as a 

whole may be modeled by using a cell structure which is a reflection 

of the association of the numerous vegetation communities and 

different land surfaces configuring the ecosystem. 

The seasonal variation of a test site defines the dynamic range 

of a particular vegetation cell, all these vegetation cells lie at 

prescribed addresses in the global triangle model. These cells 

sometimes overlap each other, but in general, various types of 

vegetation have their own relatively fixed positions inside the global 
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triangles. This observation is fully compatible with the community 

concept in ecology. 

Based on the ecological principles and our observations, we 

may conclude that the relative independence of the seasonal 

dynamics of the 15 test sites helps to reveal the ecological 

organization in the arid and semi-arid study area, and suggest a cell 

structure to analyze the internal organization of the triangle model. 

Data points for 15 test sites, associated accordingly in the 

defined spectral planes, show similar distribution patterns as 

observed from time to time in Africa and America, using DN values 

and calibrated physical quantities (radiance, reflectance, and 

temperature). The ecosystem triangle model was first surmised 

based on preliminary results of raw data in West Africa, and then 

supported by calibrated data in North America. 

It also can be seen that no triangular pattern was identified in 

the winter data set shown in Figure 6-13. In the winter scattergrams, 

all data points spread like a rectangle, defined by upper and lower 

limit of temperatures, and highest and lowest vegetation cover on 

the surface. The temperature range in both plots are low, moisture 

variation is minimal, the interactions between plants and their 

physiological environment is so weak that the ecosystem, in a 

general sense, is not fully operational. 

As the season progresses towards summer, the intensity of 

solar insolation is increasing. The increased solar energy heats up the 

ground surface. The effect of the solar heating on the triangular data 
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distribution tends to move all the pixels towards higher 

temperatures in the spectral domain defined by the surface 

temperature and vegetation indices. The surface resists the solar 

heating at a rate controlled by two major physical mechanisms: the 

thermal inertia of the surface materials and the evapotranspiration 

process. In non-vegetated areas, the thermal inertia of the surface 

materials is the major factor controlling the afternoon surface 

temperatures. In vegetated areas, plants resist the solar heating by 

giving out water. Dense and healthy canopies normally have the 

ability to keep its temperature optimized for photosynthetic activity. 

From mid April to mid August in 1987, the canopy temperatures at 

the top vegetation corner of the triangle models shown in Figures 6-8 

through 6-12 changed little. The position of the top corner of the 

triangles was quite stable, varying within a small range of 290 - 295 

K, which may be the optimal temperature for plants in this area. 

There is usually limited moisture available in desert areas, therefore 

the desert areas have limited capability to adjust their surface 

temperatures, and may be heated up more than any place else. This 

is why the desert pixels of the multi-spectral images are always 

observed around the desert corner positions in the ecosystem 

triangle models. 

The interactive relationship between the solar heating and the 

differential surface resistance may be the physical basis of the 

ecosystem triangle formation. The driving force is solar energy, 

determining the variability of the surface temperature and the 
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horizontal size of the triangles. Plants make every effort to negotiate 

with solar heating by using the available moisture resources, altering 

their leaf surface stomata to control the moisture and gas flow, or 

changing their surface structure to improve the aerodynamic 

circulation. The evapotranspiration is the link between the 

atmosphere and the biosphere, acting as an intermediary agent 

between the two. 

As discussed early, the triangle pattern has been observed in 

more than one winter data sets in West Africa. A very natural 

question may be why the ecosystem triangle can be seen in winter 

times in West Africa, but not in the U.S. Southwest. A possible 

answer is that the two study areas have a latitude difference of 20 

degrees. In tropical Africa, the solar radiation is strong enough even 

in winter to heat up the ground surface and provide the necessary 

energy for biological activities. As long as the biosphere is 

functioning, the ecosystem triangles will appear in spectral space m 

response to the interactions between climate and vegetation. The 

disappearence of the ecosystem triangles in the winter data set 

delivered an important signal which is equally supportive of the 

triangle model concept and could be utilized to explain the timing, 

intensity, and annual and diurnal variation of the triangular 

structure. 

The ecosystem triangle is nothing more than a projection of the 

earth's surface system into spectral space. The transformation from 

spatial space to feature space is the key to model formulation for 



187 

ecosystem studies at global and regional scales. This is the technique 

successfully used by Holdridge, Whittaker, and other authors. Every 

pixel of a multi-spectral image corresponds to a certain location 

within the triangle according to its temperature, and biomass 

conditions. All earth data normally fall in the model framework on 

clear days, even on cloudy days the earth surface pixels not covered 

by clouds still demonstrate the triangular distribution. 

It bears some analogy with the Tasseled Cap Model in visible 

and near-infrared space proposed by Kauth and Thomas (1976). 

Kauth and Thomas identified a Tasseled Cap shaped data structure in 

red-NIR spectral space of Landsat data. The Tasseled Cap shape as 

demonstrated by the authors is not very different from a triangle. 

Both models use the same data source: multi-spectral images, share a 

common strategy to handle data: spectral projection, present a 

similar data distribution pattern: triangular, and were developed for 

the same application: vegetation studies. The fundamental difference 

between the two is the spectral space used for the data 

transformation: Tasseled Cap Model used red-NIR space whereas the 

triangle model used biomass-temperature space. The profound 

importance of temperature to the biosphere demonstrates the 

triangle model's potential. An added advantage of the triangle model 

is that the biomass-temperature feature space is much closer to the 

real world situation than the red-NIR spectral space because biomass 

and temperature both are physical quantities, indicating the 

environmental conditions on the earth's surface. 
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The Holdridge and other ecosystem models, as discussed in 

Chapter 2, and the ecosystem triangle model derived from remotely 

sensed data have many features in common. All of these models 

project the spatial data into feature space; demonstrate a triangular 

structure of biotic communities; and intend to study the global 

organization of the biosphere. An apparent difference is that 

ecological models use temperature and rainfall to define the feature 

space, whereas the remote sensing model uses surface temperature 

and vegetation indices to define the feature space simply because 

rainfall data is not directly available from satellite observations, 

though NDVI values have been successfully related to rainfall 

(Hielkema, 1986). If the vegetation index and precipitation are 

closely related as reported, the various ecology triangle models and 

the remote sensing triangle model, in fact, attempt to model the same 

phenomena: the relationship of vegetation and climate, or the 

ecological organization of the biosphere. 

Improved Vegetation Classification 

A GIS was used to integrate the thermal and vegetation 

measurements for landscape and vegetation classification. Spatial 

overlay of polygon features of T and TSA VI creates new polygon 

systems which provided an improved classification scheme. The 

results of the classification analysis strongly support the vegetation 

community theory, and the cell structure of the ecosystem triangle 

model. 
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Classification results as presented in maps in Chapter 6 show 

that the water bodies have been distinguished from other land 

surfaces. In contrast, the vegetation index (TSA VI) could not identify 

water bodies of small size, and even misclassified a part of Lake 

Mead into the desert class. The improved results can also be 

observed in desert system classification. The Mohave Desert is 

clearly separated from Sonoran Desert and other desert systems in 

the Southwest, whereas vegetation indices produce the same value in 

these two different geographic regions. The agricultural crops 

growing in the lower Colorado region and woodlands in higher 

elevations are nicely divided into separate classes. In contrast, these 

two types of vegetation fall into one class in a vegetation index 

classification map. 

It becomes evident that the integration of surface temperature 

observations and vegetation indices can help to correct 

misclassification caused by using vegetation indices alone, and break 

the broad vegetation index classes into finer and more specific land 

and canopy covers. Adding thermal information to the vegetation 

indices results in significant improvements for vegetation and land 

cover classification. 

Future Research 

The method used to integrate the thermal and vegetation 

measurements in this study may not be the optimum way to perform 

vegetation classification since the community structure of the study 

area may not be best represented by a grid system. A diagonal grid 
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system, or a hexagon system as proposed by Holdridge may be an 

alternative to model the ecological organization of the real world. The 

limits of different biomes or vegetation types, dividing the global 

triangle into 30 subdivisions, may not necessarily be straight lines, 

they may be curves, or ellipses. Which method is the best way to 

subdivide the global triangle for modeling the vegetation community 

structure and classifying the vegetated and land surfaces? 

This study was restricted to arid West Africa and the arid U.S. 

Southwest. These arid environments were precisely reflected in the 

ecosystem triangle models as illustrated in Chapters 4 and 6. What 

shape data distribution in the biomass-temperature domain might be 

found in a humid region? 

Standard classifiers available in various image processing and 

statistic packages are conventionally used to classify the vegetation 

types and their distribution, however, problems remain. How could 

these supervised or unsupervised classifiers be modified by utilizing 

the triangular structure of vegetation communities for better 

accuracy? 

To answer these questions, a comprehensive investigation is 

needed to analyze the various methods. In future research studies, a 

larger number of test sites is recommended to provide detailed 

information for more specific vegetation types and communities. 

Finer temporal resolution of satellite observations is required to 

monitor the seasonal development of vegetation in relation to 

changes in the triangular data structure. More than one study area 
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may be used to compare the model behavior in arid, semi-arid, semi

humid, and humid regions. New software may be developed using 

the recommended classification method resulting from this study. 

This research should yield a practical and improved classification 

procedure for land cover and vegetation studies at regional or global 

scales. 
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Figure A-5. NDVI vegetation index image (May 31, 1987). 
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Figure A-7. Surface temperature (K) image (July 8, 1987). 
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Figure A-IO. Surface temperature (K) image (August 15, 1987). 
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Figure A -13. Surface temperature (K) image (November 24, 1987). 
@ 



206 

.". 

..... 

I-< 
Q) 
.0 e 

Q) 

> 
0 z 
'--' 

Q) 
CJ) 
C'd e .... 
>< 
Q) 

"0 
I:: .... 
I:: 
0 .... ..... 
C'd ..... 
Q) 
CJ) 
Q) 

> -> 
0 z 
~ ..... 
<t: 
Q.) .... 
::s 
CJ) .... 
~ 



~';),j;;:,. ::'" . 
lfII71J@rcp@ln. 

"'\Sf' 0 J#@ 

4 

.": .. 'il,;it~~ &®.I~J! 
.. ~ 

, "ISI(§>~ 
~ .. :l· 

,. 

...... :. 

: .. ~<> 

... ~1~ 

Figure A-I 5. TSA VI vegetation index image (November 24, 1987). 
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Table B-1. Vegetation Types of the 15 Test Sites and the 
Information Sources. 

Site Brown Brown USGS US Forest Turner 
& Lowe Service 

(1973) (1977) (1983) (1934) (1974) 
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SPP 

(1982) 
----------------------------------------------------------
1 

2 

3 

4 

5 

6 

7 

8 

Montane 
Conifer 
Forest 

Encinal & 
Mexican 
Oak-Pine 
Woodland 

Montane 
Conifer 
Forest 

Chaparral 
-Interior 
Chaparral 

Plains & 
Desert 
Grassland 

Sonoran 
Desertscrub 
-Arizona 
Upland 
Subdivision 

Desertscrub 
-Lower -
Colorado 
Subdivision 

Great 
Basin 
Desertscrub 

Petran 
Subalpine 
Conifer 
Forest 

Madrean 
Evergreen 
Woodland 

Petran 
Montane 
Conifer 
Forest 

Interior 
Chaparral 

Evergreen 
Forestland 

Evergreen 
Forestland 

Evergreen 
Forestland 

Shrub 
Brush 
Rangeland 

Semidesert Shrub & 
Grassland Brush 

Sonoran 
Desertscrub 
-Arizona 
Upland 
Subdivision 

Desertscrub 
Lower 
Colorado 
Subdivision 

Great 
Basin 
Desertscrub 

Rangeland 

Shrub & 
Brush 
Rangeland 

Shrub & 
Brush 
Rangeland 

Mixed 
Rangeland 

9 (Phoenix Urban Area) 

Evergreen 
Woodland 

Evergreen 
Conifer 
Forest 

Chaparral 



10 

11 

12 

13 

14 

15 

Water 

Water 

Sonoran 
Desertscrub 
-Lower 
Colorado 
River 
Subdivision 

California 
Coastal 
Chaparral 

Water 

Sinaloan 
Deciduous 
Forest 

Petran 
Subalpine 
Conifer 
Forest 

Water 

Mixed 
Forestland 

Water 

Oak 
Forest 

Juniper 
-pinyon 
Woodland 
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Desert 
Scrub 

Chaparral 

Water 

Water 
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