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ABSTRACT 

In order to reduce the problems of clouds, atmospheric variations, view angle effects, and 

the soil background variations in the high temporal frequency A VHRR data, a compositing 

technique is usually employed. Current compositing techniques use a single pixel selection 

criterion of outputting the input pixel of maximum value NDVI. Problems, however, exist due to 

the use of the NDVI classifier and to the imperfection of the pixel selection criteria of the 

algorithm itself. The NDVI was found not to have the maximum value under an ideal observation 

condition, while the single pixel selection criterion favors the large off-nadir sensor view angles. 

Consequently, the composited data still consist of substantial noise. To further reduce the noise, 

several data sets were obtained to study these external factor effects on the NDVI classifier and 

other vegetation indices. On the basis of the studies of these external factors, a new classifier was 

developed to further reduce the soil noise. Then, a new set of pixel selection criteria was proposed 

for compositing. The new compositing algorithm with the new classifier was used to composite 

two A VHRR data sets. The alternative approach showed that the high frequency noises were 

greatly reduced, while more valuable data were retained. The proposed alternative compositing 

algorithm not only further reduced the external factor related noises, but also retained more 

valuable data. In this dissertation, studies of external factor effects on remote sensing data and 

derived vegetation indices are presented in the first four chapters. Then the development of the 

new classifier and the alternative compositing algorithm were described. Perspectives and 

limitations of the proposed algorithms are also discussed. 
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CHAPTER 1 

INTRODUCTION 

With the increasing interest in global change studies, especially in the estimation of global 

vegetation covers of the Earth system, space (satellite) remote sensing becomes an indispensable 

tool in providing timely measurements at global scales. There are two categories of satellites in 

space: polar and geosynchronous. The polar satellite category can have large or small 

instantaneous field of view (lFOV). Large IFOV satellites provide high temporal frequency 

measurements but poor spatial resolution, while small IFOV satellites result in fine spatial 

resolution but low temporal frequency measurements. 

For land applications at small spatial scale, there are two major series of satellites: namely 

Landsat and the French Systeme Probatoire d'Observation de la Terre (SPOT). These two sateH ite 

series have high spatial resolution sensors specifically designed for land applications. Both of them 

have high spatial resolution, multispectral, sensors, which have produced many images of much 

of the Earth's surface. For global change studies, the resultant data sets are often inappropriate 

because of their relatively low temporal frequency, which has obstructed their use in providing 

timely global data set. Because of their high spatial resolution, they have tended to result in 

unmanageably high volumes of data for even quite modestly sized areas. Consequently, the low 

temporal frequency of these two high spatial resolution satellites limits their use for global change 

studies. 

To monitor vegetation at global and continental scales, scientists have found that the data 

from meteorological (high temporal frequency but poor spatial resolution) satellites and in 

particular the data from the U.S. National Oceanic and Atmospheric Administration's (NOAA) 
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Advanced Very High Resolution Radiometer (A VHRR) are more suitable for their purposes. This 

sensor has a spatial resolution as measured by its IFOV at nadir of 1.1 x 1.1 km. Its wide total 

field-of-view (± 55.411), which results in a swath width of 2700 km, can sense most parts of the 

globe on a daily basis or three times a day in some regions. 

Although originally designed for meteorological purposes, the A VHRR sensor with red 

(580-680 run) and near-infrared (725 -1100 run) spectral bands give useful information on 

vegetation. The red spectral measurements are sensitive to the chlorophyll content of vegetation 

and the near-infrared (NIR) to the mesophyll structure of leaves. The normalized difference 

vegetation index (NDV!) derived from the difference between the two spectral bands was shown 

to have a strong relationship with the photosynthetic capacity of specific vegetation types (Asrar 

et al., 1984; Sellers, 1985; Cihlar et al., 1991). This vegetation index has been used for 

vegetation and land cover mapping and characterizations (Malingreau et al., 1989; Justice et aI., 

1991). 

There are two major problems with the A VHRR data: generic and external. The generic 

problem is the radiometric calibration, especially for the red and NIR spectral bands because of 

the absence of on-board calibration. Radiometric calibration is essential because of the drift of the 

instruments and differences between A VHRR sensors (Halpert et al., 1990). There is an increasing 

concern about the pre-launch calibration coefficients (Holben et al., 1990; Brest and Rossow, 

1992; Kaufman et al., 1992). Effort has been made using relatively stable ground targets such as 

ocean surface or desert reflection (Kaufman et al., 1992) to calibrate the first two channels of the 

A VHRR sensor. 

The external problems are related to factors such as clouds, atmosphere, sensor viewing 

geometries, and soil background variations. Presence of clouds, as shown in Fig. 1.1 as an 

example, greatly attenuates earth reflected short wave radiation reaching satellite sensors. As a 
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result, little information of the earth surface can be obtained from space when clouds mask. 

Clouds cause severe problems in areas such as tropical regions where they appear frequently. 

Therefore, the problem associated with the clouds has to be solved in order to use high temporal 

frequency satellite data. 

Figure 1.1 Demonstration of the problems of clouds. This is an A VHRR image 
(channell) over Niger (0 - slE, 11 - 16'N). The white areas are the 
clouds. 
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A second problem with a large spatial coverage sensing system (A VHRR) is the view 

angle variations as demonstrated in Fig. 1.2. As the satellite passes over the target, the observing 

angle at a given target varies from day to day due to its orbital shift. The variation in sensor view 

angles consequently affects the measurement results, because of the non-Lambertian properties of 

natural land surfaces and atmosphere (Cierniewski, 1989; Deering et al., 1989; Holben and 

Kimes, 1986; Jackson et al., 1990; Kimes et al., 1985; Roujean et al., 1992). Bidirectional 

models are available (paltridge and Mitchell, 1990 for example), but most of them require some 

prior knowledge about vegetation. Therefore, they may not be practical for large scale studies. 
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Demonstration of the view and solar angle variations of the A VHRR 
satellite. The dotted line is the view angle variations while the solid line 
is the solar zenith angle variations. The simulated orbit corresponded to 
Niger, Africa. 



20 

A third problem, which is common to both high and low spatial resolution sensing 

systems, is the wetting and drying processes as well as color variation of the soil backgrounds 

(Huete et al., 1985; Huete 1989). The soil background effect is demonstrated in Fig. 1.3. Dark 

and wet soils resulted in low reflectances in both red and NIR regions, while bright and dry soils 

had high reflectances. The influences of the soil background is dependent on the vegetation cover. 

As a result, the NDVI was also found to be strongly dependent on the soil background conditions 

(Huete, 1989). 
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Soil background effects on red and NIR reflectances. The dots represent 
the cotton % cover at which measurements were made for different soil 
backgrounds. The shaded areas indicate the soil-induced differences in 
red and NIR. The solid lines are the cotton reflectances of different soil 
background, with the bright soils resUlting higher reflectances, while dark 
soils have lower reflectances. The middle line is the result from an 
intermediate soil brightness. 
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Lastly, the temporal fluctuation (Fig. 1.4), in atmospheric constituents, especially in those 

very variable components such as aerosols and water vapor contents, also affect remote sensing 

measurements (Slater and Jackson, 1982; Kaufman, 1989; Tanre et aI., 1992). Several 

atmospheric models exist (Kaufman, 1989; Tanre et aI., 1992), but require some atmospheric 

parameters usually not available from the satellite. All of these pertubating factors, clouds, 

atmosphere, sensor viewing geometry, and soil backgrounds, result in very noisy temporal profiles 

of the satellite measurements, and consequently affect the monitoring of the earth system. 
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Demonstration of the atmospheric effects on surface reflectances. Ground 
reflectances of 0.1 for red and 0.35 for NIR were applied to an 
atmospheric model, SMAC from Rahman and Dedieu (1993). The red 
was raised while the NIR was depressed. The simulation was done by 
randomly varying the water vapor content and aerosol content of the 
atmosphere. 
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One solution to these problems, especially to the problem of the clouds, is to filter out 

those 'poor' quality data through compositingtechniques. Compositingtechniques involve merging 

two or more images of an area and selecting the best date of acquisition for each pixel. The 

selected pixels are supposed to be free of clouds, least atmosphere-contaminated, and having near

nadir view angles. Since it is presently not possible to specifically identify all cloud-contaminated 

pixels, an indirect method selecting the least contaminated pixel among all available images, has 

been employed. Different compositing algorithms employ different specifications on the classifier 

NDVI. After the critical pixel selection processes, the composited products ought to contain little 

noise of those external factors. 

Current Compositing Algorithms 

There are essentia]]y five techniques in compositing multitemporal remote sensing data. 

They are the maximum value compositing (MVC); temperature threshold (IT); minimum channel 

l(Min ChI) or maximum channel 4 (Max Ch4) of the AVHRR data, and best index slope 

extraction (BISE). Each of them utilizes one or more restrictions on the NDVI classifier. Although 

the algorithms vary, all of these compositing techniques use a unique characteristic of the NDVI 

classifier: the presence of clouds, or any atmosphere contaminations, or larger sensor viewing 

angles, would depress the NDVI value. Consequently, all compositing algorithms specify the 

maximum NDVI value as their primary pixel selection criterion. Further specifications on pixel 

selection criteria for each algorithm will be given in the fo]]owing sections. 
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Maximum Value Compositing (MVC) 

The maximum value compositing (MVC) technique (Holben, 1986) is currently the most 

popular one, relying on the characteristics of the NDVI. The MVC algorithm first assumes that 

the NOVI does not change significantly within each compositing period (say, 10 days), but varies 

from compositing period to period. Then it further assumes that the maximum NOVI classifier 

corresponds to the most desirable measurement conditions. For Lambertian land surfaces, the 

reflectances observed at the top of the atmosphere ('fOA) is mainly a function of the atmospheric 

path length and the sensor viewing geometry. At nadir view condition, the atmosphere has a 

minimal atmospheric path length, and results in minimal attenuation of the ground reflected 

radiation. The same is true for solar zenith angles. Small solar zenith angles correspond to a short 

atmosphere path length, and therefore, result in less signal attenuation. Under these conditions, 

the NOVI tends to have the maximum values at nadir view. Also, appearance of clouds, large off

nadir view angles, and poor atmospheric conditions would depress the NOVI value. On the basis 

of these assumptions, the MVC algorithm selects the pixel of highest NOVI values within each 

compositing period. For a ten-day compositing period, for example, the algorithm examines each 

pixel of the ten images (Fig. 1.5), and selects the maximum NOVI value for each geometric 

location. The selection is continued throughout the whole image. By choosing the highest NOVI 

values, the MVC technique would theoretically eliminate the cloud-affected, atmosphere

contamin~ted, and large off-nadir view angle pixels. 

Temperature Threshold(TT) 

Another way to screen out clouds from multitemporal measurements is to use the 

temperature as a threshold (D'Iorio et al., 1990; Halpert et al., 1990; Goward et aI., 1990). 
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A diagram to show a general flow of compositing procedures. Images of 
size N x N, and total of n images were filtered with the maximum value 
compositing(MVC) technique. It examines each pixel for n images at each 
geometric location, and the best one with maximum NDVI will be 
selected. 

When clouds are present in a pixel of terrestrial surface, tQe temperature of that pixel is usually 

much lower than cloud-free pixels. By setting a threshold of temperature, the cloudy pixels will 

be sufficiently eliminated. As the temperature of terrestrial surfaces is generally much higher than 

that of clouds, this algorithm would eliminate those fully cloud-covered pixels and retain cloud-

free or partially cloud-covered pixels, depending on the threshold value. The current procedures 
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use two different temperature values (one for the warm season and a lower threshold for the cold 

season). Specifically in regions from 200N to 200s of the globe, a temperature of 10°C is used as 

a threshold throughout the entire year. Between 2ff and 35° in either hemisphere, a temperature 

of l00C is used during the warmest 6 months of the year, and a value of - SOC is used during rest 

of the year. Between 3SO and 500, the warm season value is used during the warmest 5 months 

of the year. In north of 5ff and south of 500, a temperature of -5°C is used as the threshold 

throughout the whole year (Halpert et al., 1990). 

The IT algorithm can not differentiate the pixels of partially cloud-cove!ed higher 

temperature surfaces from those of cloud-free surfaces having low temperatures due to wetting and 

drying processes of the soil background. In addition, the algorithm does not take into account 

other sources of uncertainties induced by sensor viewing geometry and soil background variations. 

Consequently, it will not be discussed further in this dissertation. 

Minimum Channel 1 (Min Ch 1) 

From the MVC algorithm, additional pixel selection criteria using the minimum channel 

1 of the AVHRR data can be used to further eliminate clouds (D'Iorio et aI., 1990 and 1991). 

This algorithm first retains a range of NDVI values (down to 10% of the maximum, for example) 

and selects the one that has the minimum value in channell. Clouds have higher reflections in 

channel 1 than other terrestrial surfaces. By selecting the pixels of minimum channell, the 

chances of choosing cloudy pixels would be greatly reduced. However, the remaining problem 

is the shadowing due to clouds. The use of minimum channell as an additional criterion would 

preferentially choose those shaded pixels since these pixels tend to have low values in channell. 
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Maximum Channel 4 (Max Ch4) 

Besides using minimum channel 1 of the A VHRR as secondary pixel selection criteria, 

the thermal channel (channel 4) can also be used (D'Iorio et al., 1990 and 1991). This algorithm 

is similar to Min ChI. It also retains a range of pixels (down to 10% of the maximum NOVI, for 

example), and selects the pixel with maximum channel 4 value. The physical basis is that clouds 

or cloud-created shadows have low thermal values of the A VHRR data. By selecting the pixels 

of maximum thermal channel within a range of the NOVI, the clouds and their shadow-affected 

pixels would not be selected when better choices are available. 

Best Index Slope Extraction (BISE) 

Recently, Viovy et al. (1992) developed a best index slope extraction (BISE) algorithm, 

which uses additional information about vegetation growth. The technique combines the biological 

evolutionary characteristics of vegetation and MVC strategy together in pixel selections within a 

compositing period (Fig. 1.6). In a time series, it searches forward and accepts the pixel of the 

following day if the NOVI is larger than that of the previous day. A sudden decrease in NOVI 

will be accepted, however, only if there is no pixel, within a pre-defined period, having a NOVI 

larger than 20% of the difference between previous high and previous low values. If such a pixel 

exists, then the previous low value will be ignored; otherwise, the low value will be retained. The 

rational behind this is that the compositing classifier NOVI should follow the vegetation pattern 

(steadily growing and then becoming senescence). This technique utilizes the physiological 

evolution of the vegetation as a second criterion. Under normal conditions, the vegetation profile 

should be a smooth function of time unless anomalies occur. If any anomaly occurs (such as fire, 

destruction, and flooding), vegetation can only recover slowly. Therefore, any sudden decrease 

in the NOVI classifier would be regarded as due to external effects rather 
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A schematic diagram to show a general flow of compositing procedures 
of best index slope extraction (BlSE). The algorithm checks every pixel 
and if the NDVI of that pixel matches vegetation growth pattern, BISE 
will accept it, otherwise, BlSE rejects that pixel. 

than to the vegetation unless there is a gradual increase in the next few days. The BISE has 

advantages over the simple MVC in that it retains more valuable data sets while not ignoring the 

sudden changes due to anomalies. The disadvantages, however, are that the algorithm may most 

likely select severely cloud-contaminated data when clouds occurred suddenly but slowly 

disappeared. This is especially a problem in areas of the globe with persistent cloud occurrence 

such as the humid tropics, the Arctic, and mid-latitude west coast regions. There may not be a 

single day free of clouds within a compositing period in these regions. Nevertheless, this 

algorithm represents a new approach towards multitemporal data compositing by utilizing 
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additional vegetation evolution information rather than solely relying on the NOVI classifier. As 

a consequence, it reduces the chances of selecting artifacts due to the sensor viewing angle and 

solar angle variations, and retains actual changes due to anomalies. 

Shortcomings 

The above compositing algorithms use different techniques to composite multitemporal 

remote sensing measurements. Although varying in technique, they all rely on NOVI as the 

classifier. There are several problems associated with NDVI. This classifier is very sensitive to 

soil background variations (Huete, 1989, for example). When the soil background has undergone 

a wetting and drying process, the wetting would result in a higher NOVI value. The higher NOVI 

values due to wetting, however, may be counter balanced by presence of clouds or by poor 

atmospheric conditions. In this case, the algorithm may not choose the 'right' pixels. Another 

source of NDVI inconsistencies arises from the view angle geometry associated with different scan 

angles. Small view angles may not always result in high NOVI values. It was shown to be true 

with Dave's atmospheric model simulations (Holben, 1986) for a Lambertian ground surface. 

However, in practice, most natural land surfaces are non-Lambertian. Even for bare soils or 

dense vegetation canopies, they usually demonstrate strong bidirectional properties (Deering, 1989; 

Jackson et al., 1990). The NOVI of natural land surfaces, therefore, is also a function of sensor 

viewing geometry and the solar illumination conditions. In practice, the maximum NOVI values 

tend to favor off-nadir view in the forward direction,i.e.,the direction opposite the illumination 

source about the nadir (Huete et al., 1992; Tarpley, 1990; O'Iorio et al., 1990 and 1991). 

Another problem associated with NOVI results from the atmospheric constituent 

fluctuations (Kaufman, 1989; Soufflet et al., 1991), in particular the variations of the water vapor 

content and aerosols. The atmosphere tends to decrease the NIR signal, but may increase or 
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decrease the red signal, depending on the ground red surface reflectance values. Consequently, 

the NDVI is very vulnerable to the atmospheric conditions. Furthermore, the atmosphere interacts 

with sensor viewing angles and results in a complicated NDVI pattern. Due to the various 

problems of the NDVI as mentioned, there is a need to develop an alternative classifier in 

compositing so as to keep the external noise minimal. 

Shortcomings also exist in the compositing algorithms themselves. The MVC may ignore 

actual vegetation changes due to anomalies, while the BISE may select very cloudy pixels in some 

conditions. Consequently, specifications of pixel selection criteria would certainly affect composite 

data products. 

To improve the quality of composite products from multitemporal data, two parallel 

fundamental efforts have been made. The first one was to improve the classifier(NDVI) so that 

the pixel selection would be less dependent on external factors. Examples were the developments 

of the soil adjusted vegetation index (SA VI) (Huete, 1988) and the atmospherically resistant 

vegetation index (ARVI) (Kaufman and Tanre, 1992). The SA VI was designed to account for the 

influence of soil variations while the ARVI was developed specifically to account for atmospheric 

effects on signal. Shortcomings exist for these two vegetation indices due to the coupled effect 

of the soil and atmosphere. 

The second effort was to improve the MVC algorithm by adding secondary criteria to the 

pixel selections. These secondary criteria include the use of the minimum channell, or maximum 

channel 4 of the A VHRR (D'Iorio et al., 1991), or information about vegetation evolution (Viovy 

et al., 1992). These techniques involve two-step pixel selections. The first round pixel selection 

is carried out with the maximum value of the NDVI to retain a range of maximum NDVI values 

within each composite period. Then, a second round pixel selection is performed with either 
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minimum A VHRR channell, or maximum A VHRR channel 4 (thermal), or vegetation evolution 

pattern. 

All of these efforts suggest that the quality of composite products can be further improved 

by either refining the current classifier (NDVI) or specifying a more sophisticated criterion in 

pixel selections. The refinement of the NDVI classifier would reduce the dependency on external 

factors in pixel selections of the current compositing algorithms, while a more sophisticated 

criterion would enable the specification of a compositing algorithm that will produce multitemporal 

data set with acceptable accuracy. The objectives of this dissertation were to (1) further study 

these coupled effects to better understand the interaction mechanisms, (2) develop a less external 

dependent alternative classifier, and (3) specify a more sophisticated criterion in pixel selection. 

The ultimate goal of this work is to improve the current compositing algorithms so as to ensure 

a quality product from compositing techniques. 

Research Topics 

The research presented herein is an attempt to develop a better classifier and more 

sophisticated specifications of pixel selection criteria in compositing multitemporal remote sensing 

measurements. In particular, the focus is on the study of the roles of external influencing factors 

(soil background, atmosphere, and view angle), and the development of an alternative compositing 

classifier (MSA VI). The ultimate goal is to refine the classifier and the pixel selection criteria used 

in compositing techniques to ensure the quality of compositect data. The first step was to study the 

soil background and its interactions with sensor viewing angles (Chapter 3) to gain a better 

understanding of the soils' roles and their interactions with other parameters in vegetation index 

development. The second step was to determine the uncertainty in compositing due to atmosphere 
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fluctuations (Chapter 4). The third step was to study the bidirectional properties and possible 

utilization of high spectral resolution measurements (Chapter 5) in compositing. In Chapter 6, an 

alternative classifier (or a vegetation index) was developed for compositing by modeling, step by 

step, the soil background and the sensor viewing angles. In Chapter 7, the possibility of utilizing 

microwave measurements for optical remote sensing compositing is investigated, and a synergistic 

relation between the two was established. The ultimate goal of the research was to composite 

multitemporal remote sensing data. In Chapter 8, a more sophisticated set of pixel selection 

criteria was proposed, together with the use of the alternative classifier to composite two AVHRR 

data sets. The results were compared with those obtained with NDVI classifier. The data used in 

this dissertation consisted of ground, aircraft, and satellite based measurements. TIle study sites 

included the University of Arizona Maricopa Agricultural Center near Phoenix, Arizona, Walnut 

Gulch experimental watershed near Tombstone, Arizona, a 6fP degree transect across the Africa 

continent, and selected different types of biome in the USA. Detailed descriptions of each data 

set are presented in Chapter 2 and will be briefly mentioned wherever used. 

Influences of Soils and View Angles 

Soils, the substrate of vegetation, vary in many aspects: structure, texture, color, organic 

composition, and moisture content. All of these properties affect remotely sensed spectral 

signatures (Huete et al., 1985) and vegetation indices (Huete, 1989; Jackson and Huete, 1991). 

Studies (see Huete, 1989) showed that dark or wet soil background results in lower reflectances, 

but higher NDVI values for a ground based and nadir viewing measurements. However, the soil 

background effect on satellite measurements, and its interactions with viewing angles are not well 

understood. The effects and interactions of these two factors from a space point of view were 

examined, with an emphasis on wetting and drying events of soil backgrounds (other soil variables 
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do not change as rapidly as the soil moisture and therefore were considered to be constant). The 

study site was the University of Arizona Maricopa Agricultural Center, near Phoenix, Arizona, 

and the data used were multitemporal SPOT and aircraft spectral measurements in the summer of 

1989 (see Chapter 2 for details). 

Atmospheric Roles in Compositing 

The atmosphere is the medium through which the earth reflected radiation has to pass 

before reaching space sensors. Any fluctuations, therefore, in the atmosphere compositions such 

as the water vapor and aerosol contents, would affect the satellite measurements (Kaufman, 1989; 

Tanre et al., 1992). On site optical depth measurement is possible and radiative transfer codes are 

available to correct the atmospheric effects. However, operational use of these codes have been 

prohibited by the computation abilities and time consuming. Recently, a fast computer code 

(Rahman and Dedieu, 1993) is available for atmospheric correction at reasonable accuracy. In 

addition, the on site optical measurements are location specific and, therefore, can not be used for 

the entire data set (image) because of the large spatial and temporal atmospheric variations. This 

is especially true for large spatial coverage satellite measurements where not only the sensor 

viewing angles but also the atmospheric spatial variations vary substantially from pixel to pixel 

and from day to day. Furthermore, the atmosphere modifies the sensor view angle and soil 

background effects. The modification is dependent on the atmospheric conditions. All of these 

consequently affect composite products. In this section, a constant Lambertian land surface was 

first assumed, and then natural bidirectional spectral measurements were used in the atmosphere 

simulations. The simplified method for atmospheric correction (Rahman and Dedieu, 1993) and 

5S (Tanre et al., 1986 and 1990) codes were used. 
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Bidirectional Effects 

Terrestrial surfaces are non-Lambertian and, therefore, their bidirectional reflectance 

factors are sensor view angle dependent. As the viewing position of the sensing system, such as 

A VHRR, changes from time to time, the view angle may vary up to ± 55.40 for the AVHRR 

sensor. It is necessary, therefore, to account for the bidirectional properties in compositing. 

Models for bidirectional corrections exist (Suits, 1972; Franklin and Turner, 1992; Li and 

Strahlar, 1992; Pinly and Verstraete, 1992; Pinly et al., 1989 and 1990), but most of them require 

information about vegetation (vegetation height, for example), which are usually not available 

from remote sensing measurements. Furthermore, the bidirectional properties of the earth surface 

are also vegetation dependent and, therefore, are more difficult to account for in the compositing. 

In addition, the view angle effect is a key factor in optimizing composite period. The inherent 

repeat cycle of the A VHRR sensor is usually 9 days. The use of any number of days rather than 

9 results in a complex view angle distributions from composite period to period. The study of 

view angle roles would help optimize composite period. 

High spectral resolution measurements may provide additional information on bidirectional 

corrections. However, the bidirectional properties of high spectral resolution data were not well 

understood. Ground and aircraft based high spectral resolution bidirectional measurements over 

a semi-arid watershed were analyzed to investigate the possible utilization of high spectral 

resolution data for viewing angle corrections in the compositing. A derivative index (Demetriades

Shah et al., 1990; Malthus et al., 1991) was derived and used for this study. It was found to be 

better than the current compositing classifier NDVI. 
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An Alternative Classifier in Compositing 

In multitemporal satellite data compositing techniques (MVC, TI, BISE), the NOVI was 

used as the classifier. Consequently, the quality of the composited products relies on the NOVI. 

As mentioned before, the NOVI was sensitive to external factors, and did not behave as it was 

expected. The compo sited multitemporal data subsequently contained noises. 

There are two ways to improve the current compositing products. One is to develop a 

new algorithm by adding more criteria rather than solely relying on NOVI in pixel selection. This 

approach involves exploration on utilizing additional information. An example of this approach 

is the BISE (Viovy et a1., 1992), which uses both largest-NOVI and vegetation evolution as its 

secondary criterion. Another example is the Max Ch4 algorithm (D'Iorio et a1., 1990 and 1991), 

which applies a temperature threshold to the thermal channel as a secondary criterion. Other 

possibilities include restrictions on view angles, minimum channell, or combinations of these 

criteria. However, the success of this approach is still limited by the use of NOVI due to its 

generic problems. 

The second approach is to develop a better classifier (less sensitive to other external 

factors but sensitive to vegetation). This involves the development of new vegetation 

indices(c1assifiers) that account for major external factors. In multitemporal data compositing, the 

most influential external factors are the atmosphere, soil background, and sensor view geometries. 

Others include consistency in radiometric calibrations, optimization of compositing period, and 

geometric registrations. A modified soil adjusted vegetation index (MSA VI) was developed as 

a new compositing classifier. The new classifier was tested for vegetation sensitivity and soil 

effects. The data set used included ground based cotton data (Huete et a1., 1985) and aircraft 

spectral measurements over Maricopa Agricultural Center near Phoenix in Arizona (see Chapter 
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2) for soil sensitivity investigation. The results were compared with other vegetation indices and 

were shown to be promising and, therefore, the new index could be used as a new classifier in 

multitemporal data compositing. 

Microwave Utilization 

Regardless of which classifier one uses in compositing optical remote sensing 

measurements, the problem of clouds always remains. Clouds block short wave radiant flux 

between the earth's surface and remote sensing sensors. This may seem obvious, but when a 

coarse resolution sensor such as A VHRR is used for terrestrial research it may not be so obvious 

because clouds may partially fill the pixel. The compositing is a means to overcome cloud 

contamination by discarding those cloud-contaminated pixels. In areas of the globe such as the 

humid tropics, the Arctic, and mid-latitude west coast regions, there may not be a single cloud

free day within several compositing periods (may be more than a month). In this situation, 

compositing may discard all pixels~ and optical remote sensing is no longer possible. Microwave 

remote sensing can penetrate the clouds and therefore is capable of sensing ground surface 

irrespective to clouds. Studies showed that both optical based NDVI and microwave based MPTD 

(microwave polarization temperature difference) were sensitive to vegetation evolutions (Becker 

and Choudhury, 1988; Choudhury, 1989; Justice et al., 1989). Thus there is a physical linkage 

between the optical and microwave measurements. A synergistic relation between the two was 

established to investigate the possibility of filling out the missing optical data with microwave 

measurements. The scanning multichannel microwave radiometer (SMMR) and the A VHRR data, 

along a transect over Africa from 300N to the 300S, were used in the synergistic studies. The 

established relation was indirectly validated by estimating the soil moisture. The suitability of 

microwave utilization in optical remote sensing compositing was discussed. 
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Compositing Multitemporal Data 

The ultimate goal of this dissertation was to composite multitemporal remote sensing data. 

A new set of pixel selection criteria was proposed based on the BISE and the MVC concepts. The 

new set of pixel selection criteria was used with the alternative classifier (MSA VI) developed in 

Chapter 6. Other techniques including MVC, Min ChI, Max Ch4, and BISE were also used. A 

ten-day compositing period was chosen in the compositing. The data sets included A VHRR data 

of five selected sites of different biome in the United States from 1990 to 1991, and a three-month 

A VHRR data set over Niamey in Niger in 1991. The results were compared with those of NDVI. 

Limitations, perspectives with respect to the data availability, view angle distribution, and the 

vegetation sensitivities were discussed further. 

Dissertation Organization 

This dissertation contains distinct topics, and each topic is presented in one or two 

chapters. Chapter 1 serves as introduction to the problems of compositing and classifiers 

(vegetation indices). Chapter 2 describes the experimental procedures and data processing. In 

Chapters 3, 4, and 5, the soil background, atmosphere, and sensor viewing angle are discussed. 

Following these discussions, an alternative classifier (MSA VI) was developed and validated in 

Chapter 6. In Chapter 7, possibility of using microwave remote sensing data was investigated. 

Finally, in Chapter 8, an alternative composing algorithm was proposed and combined with the 

new classifier (MSA VI) developed in Chapter 6 to composite two sets of multitemporal A VHRR 

data of different types of biome. In Chapter 9, perspectives and future work were given as a 

conclusion of the whole dissertation. 
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In the processes of writing, efforts were made to make each chapter distinct for easy 

reading. Consequently, there are some redundancies, especially concerning the experiments and 

data collections, although efforts were made to avoid duplications. 



38 

CHAPTER 2 

DATA SETS DESCRIPTION 

Introduction 

In this dissertation, several data sets were used in different chapters. Therefore, it is 

necessary to briefly describe the experimental procedures, especially the data collection in a 

separate chapter so that the reader could have a general idea of what data sets were used. This 

also makes it easy for other chapters where only a brief data description is needed. In the 

following sections, each data set will be described and the data will be given in appendices, 

except those data sets such as satellite images which are too large in data volume to be included 

in the dissertation. The sequences of the data descriptions will be ground aircraft, and satellite 

platforms. 

Ground Cotton Data 

The cotton data set used in this dissertation were basically part of a data set presented by 

Huete et al. (1985). Here only a brief description of the data used in this dissertation is given. The 

cotton data consisted of spectral measurements over a young cotton canopy. The radiometer used 

was a multimodular radiometer (MMR), which contained a red (630 - 690nm) and near-infrared 

(NJR) (760-900nm) spectral wavelength intervals. The soils used in the experiment varied both 

in color and brightness, as well as in soil moisture. The soils varied in brightness from very dark 

to very bright, while the soil moisture varied from wet to dry. During the measurements, 

different soil types in removable trays were inserted underneath the cotton canopy of varying 
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density (from 0% to 100%) to provide different soil backgrounds. Radiometric measurements were 

made over the cotton canopy under varying soil backgrounds. Parts of the data used in this 

dissertation are given in Appendix A. 

Bidirectional Data Sets 

The bidirectional data set used in Chapter 3 and Chapter 4 was obtained during the 1990, 

MONSOON'90 experiment (Kustas et al., 1991), conducted at the Walnut Gulch Experimental 

Watershed at Tombstone, Arizona, USA. Optical measurements were made throughout the 

growing season over a range of pixel resolutions from ground to aircraft sensing systems of 

different viewing configurations. Two specific sites were selected within the watershed as a 

representative of semi-desert grassland (Kendall) and semi-desert shrubland (Lucky Hills). The 

Kendall site consisted of gramma grasses (Bouteloua spp.) over varying slopes of less than 5%. 

The Lucky Hills site was dominated with mixed desert shrub vegetation with slight varying 

topography. The soils at Kendall site belonged to Bernardino-Hathaway series (fine, mixed, 

thermic, Ustollic Haplargids), while the soils at Lucky Hills site belonged to Rillito-Laveen series 

(coarse-loamy, mixed, thermic, Typic Calciorthids) (Frederick and Gelderman, 1970). 

More descriptions and experimental procedures can be found in Huete et al. (1992) and Hua 

(1992). 

Bidirectional reflectance factors were measured with an SE590 spectroradiometer. The 

spectral range of the spectroradiometer was from 380nm to ll00nm, with center wavelengths of 

- 5nm apart and an effective bandwidth of lOnm. Aircraft based measurements were made for 

dry (June 5) and wet (Aug. 4 and 8) seasons over the two selected sites, while ground based 

measurements were made only at the Kendall site for the three dates under clear sky conditions. 
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The aircraft data collections were made on 'clear' days. The spectroradiometer was flown 

at -150 meters above the ground over both sites at different solar zenith angles (fable 2.1) with 

a nadir, 15° field of view (40 m pixel). Both pre-and post-flight measurements were made over 

a barium sulphate (BaS04) standard reference panel (calibrated for sun angle), with a time lag of 

about 10 minutes between panel and target measurements. The time lag between the two panel 

readings, duration of the measurements, was about an hour. Surface reflectance factors were 

obtained by ratioing the target readings against the time interpolated panel readings. As the 

aircraft was flown only 150 meters above the ground, no attempt was made for atmosphere 

corrections. Approximately 10 readings of aircraft spectroradiometer data were averaged to 

represent the spectral signatures of the semi-desert grassland and desert shrub sites. The high 

resolution spectra were reduced to 52, 100m channels (400om to 900 om) in order to obtain 

smooth spectra. The wavelength above 9000m was discarded due to excessive noise and some 

calibration problems. 

Ground based measurements were carried out at different solar and view angles (fable 

2.1) using a BRDF apparatus (Fig. 2.1) designed at the USDA Water Conservation Lab at 

Phoenix, Arizona (Jackson et al., 1990). The BRDF apparatus (Figure 2.1) consisted of a base 

and a rotatable arm, on which a sensor can be mounted. The rotatable arm allowed the sensor 

to scan the target at varying view zenith angles (OvJ from -45° to +45°, in 5° increments. A 

second SE590 spectroradiometer was mounted on the BRDF apparatus 2 meters above the ground 

with a 15° field of view. The azimuth angles, Ova, of the scanning plane were either lOa' or 280° 

from true north. The measurements were made at varying viewing zenith angles with increments 

of 100, starting from the view zenith of -400 in the view azimuth of 100° direction 
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DOY 

156 

156 

156 

156 

156 

156 

156 

156 

156 

216 

216 

216 

216 

220 

220 

220 

220 

220 

220 
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Sun-view geometric configurations of the data collections. 017. is solar zenith angle, 
0.,. is solar azimuth angle (relative to north), Oyz is view zenith angle and Ova is the 
view azimuth angle (relative to north). The 'Level' indicates the measurement 
carried out on (G)round or (A)ircraft. 

Ou.(degree) O.,.(degree) Oyz(degree) O",(degree) Level 

9 179 -40 to 40 100/280 G 

16 121 -40 to 40 100/280 G 

20 112 -40 to 40 100/280 G 

30 100 0 A 

32 98 0 A 

43 90 -40 to 40 100/280 G 

46 89 0 A 

48 87 0 A 

50 86 -40 to 40 1001280 G 

15 165 0 A 

16 155 0 A 

30 111 0 A 

33 108 0 A 

15 176 -40 to 40 100/280 G 

23 129 -40 to 40 100/280 G 

24 125 -40 to 40 100/280 G 

43 100 -40 to 40 100/280 G 

55 91 -40 to 40 100/280 G 

65 86 -40 to 40 100/280 G 
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or 2800 from true north. The measurements were made at varying viewing zenith angles with 

increments of 100, starting from the view zenith of -400 in the view azimuth of 1000 direction 

(viewing toward the west), to +400 in the view azimuth of 2800 (viewing toward the east). This 

sequence was immediately repeated in the reverse order (+400 view zenith and 28(f view azimuth 

angles to -400 of view zenith and 1O(f view azimuth angles) and the duplicate readings were 

averaged. Each sequence was proceeded and followed by a 'calibrated' reference plate reading 

(Halon), and reflectance factors were obtained by ratioing the averaged view zenith readings by 

the corresponding plate reading. 

Figure 2.1 

Sensor 

:.~ ...... . 
:: . . . : . . : 

~ 
North 

A BRDF apparatus diagram used in bidirectional data collections. The 
1000 view azimuth angle is the backscattering direction while 2800 is 
forward scattering. The apparatus can scan the target in both directions 
at different view zenith angles. 
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Maricopa Agricultural Center Cotton Data 

The experiment was conducted at Maricopa Agricultural Center (MAC), Maricopa, 

Arizona, during the summer of 1989. A multitemporal sequence of SPOT satellite data and 

coincident low-level aircraft data were acquired and are summarized in Table 2.2. Airborne 

Exotech radiometers fitted with SPOT filters were flown at approximately 150 meters above 

ground level with a 15° field-of-view, resulting in 40 meter-diameter pixel sizes. This 

configuration provided a consistent nadir-view data set, with negligible atmospheric effects, from 

which one could assess actual ground surface dynamics over the growing season. 

The data used in this dissertation only include cotton fields 28 and 29 (Gossypium 

hirsutum var. DPL) and field 30 (bare soil), the sites of extensive ground reconnaissance (Fig. 

2.2). The cotton was oriented in north-south rows, spaced 1 meter apart. Table 2.3 lists the leaf 

area index (LAI) values for the two cotton fields. These three fields included two soil series; 1) 

the Trix soil, a fine loamy, mixed (calcareous), hyperthermic Typic Torrifluvent and 2) the Casa 

Grande, a fine-loamy, mixed, hyperthermic Typic Natrargid. The Casa Grande has a brown to 

reddish-brown sandy loam surface on an old alluvium, while the Trix has a dark brown, clay loam 

surface of recently deposited alluvium (post et al., 1988). 

Field 28 was subdivided into two sites (east and west ends) for more detailed investigation 

of the dynamics of the irrigation schemes (Fig. 2.2). There were three irrigation events of interest 

to this study on April 10, June 6, and July 18, which corresponded to the day of year (DOY) of 

100, 157, and 199. The first irrigation was at the beginning of the growing season (April 10, 

DOY 100) in field 28. The second irrigation also occurred in field 28 before the middle of the 

growing season (June 6, DOY 157), and the third occurred at about the time of maximum 



44 

vegetation density (July 18, DOY 199) in field 29. This data set provided us with a comparison 

of soil related and view direction/angle related influences on cotton canopy spectra and vegetation 

indices at different stages of growth: - 5% cover (April 10, DOY 100), - 20% cover (June 6, 

DaY 157), and -90% cover (July 18, DOY 199). 

Table 2.2. SPOT-1 Overpass Specifications. DOY refers to day of calendar year. Time is 
local overpass time and (Jvz and (Ju. are instrument view and solar zenith angles (in 
degrees). Designations ofHRVl and HRV2 refer to the SPOT-1 HRV sensor that 
acquired the data. 

DATE DOY TIME (Jvz (Ju. XS 

09-Apr-89 99 11:25 11.4 -29.70 HRV2 

1O-Apr-89 100 11:06 -22.3 -31.80 HRV2 

30-Apr-89 120 11:21 5.3 -23.40 HRVI 

1O-May-89 130 11:29 18.6 -19.90 HRV2 

26-May-89 146 11:21 4.6 -18.40 HRV1 

06-Jun-89 157 11:10 -15.8 -19.60 HRVI 

16-Jun-89 167 11:17 - 3.7 -18.30 HRVI 

21-Jun-89 172 11:21 4.6 -17.60 HRVI 

02-Jul-89 183 11:10 -15.8 -20.30 HRVI 

18-Jul-89 199 11:02 -28.3 -23.40 HRVI 

01-Aug-89 213 11:33 24.4 -20.23 HRV1 

22-Aug-89 234 11:30 18.2 -41.91 HRVI 

28-Sep-89 271 11:18 - 2.0 -37.70 HRVI 

13-0ct-89 286 11:30 18.0 -41.90 HRVI 

23-0ct-89 296 11:38 30.0 -44.97 HRVI 



Figure 2.2 
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A SPOT image (XS1) over Maricopa Agricultural Center (MAC) on 
April 10, 1989. The study sites were labeled as site 1 and site 2. The 
spatial transect was made from west to east in the field 28. 



Table 2.3. Average Leaf Area Index in fields 28 and 29 
at Maricopa Agricultural Center, 1989. 

DATE DOY Field 29 Field 28 

10-May-89 130 0.08 0.02 

23-May-89 143 0.22 0.06 

31-May-89 151 0.37 0.11 

'06-Jun-89 157 0.79 0.31 

21-Jun-89 172 2.29 1.25 

26-Jun-89 177 3.95 3.40 

07-Aug-89 219 4.73 4.06 

16-Aug-89 228 5.01 4.65 
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The SPOT HRV digital data were converted into apparent reflectance factors. First the 

at-satellite radiances were derived from satellite digital counts (DC) by use of appropriate sensor 

calibration coefficients, and then apparent reflectances were calculated based on the following 

equation: 

(2.1) 

where Pu is apparent reflectance, d is normalized earth/sun distance, L, is at-satellite radiance 

subscript u indicates that there is no atmospheric consideration in the calculation. When the 

atmospheric optical depth measurements were available (April 9 and 10, DOY 99 and 100), a 

radiative transfer model was used to compute the atmospheric effects. This radiative transfer 
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model was used by Holm et al. (1989) to calculate surface reflectance factors from TM data for 

several vegetated fields and bare soil in the visible and NIR spectral bands. 

Aircraft-based spectral reflectance factors were calculated using reflectance panel 

measurements recorded by ground-based instruments during each flight. The procedure was 

described in detail by Moran et al. (1990). Both the aircraft spectral reflectance factors and SPOT 

apparent reflectance factors used in this dissertation are listed in Appendix B and C. 

1990 and 1991 A VHRR Data Sets 

In compositing (Chapter 8) of multitemporal remote sensing data, two sets of the 

(A VHRR) data were used. The first data set consisted of all channels of A VHRR apparent 

reflectances geometrically registered at the EROS Data Center, Sioux Falls, South Dakota (Hood, 

1992). Total of five different biome types in the US continent were selected during a two-year 

period from 1990 to 1991. At each study site, a window (1 x 1) of the 1.1km AVHRR was 

extracted for temporal analysis. These sites encompassed five different biome types (fable 2.4) 

in the US. The second data set of A VHRR data were radiometrically and geometrically corrected 

at LERTS, Toulouse, France. This data set consisted of A VHRR data over three Africa study sites 

during 1991. A total of three windows (3 x 3) of the 1.1km AVHRR were extracted at three 

locations: (15°N, 2.5o.E), (13.50N,2.5o.E), and (11.8°N,2.5o.E), which were termed in the text as 

North, Center, and South windows. The North window was arid lands, the Center was semi-arid, 

while the South window was subtropical forest. Detailed biomass are not available at this time. 

The major purpose of choosing these three windows is to study the temporal profile and the 

composite products of different algorithms at varying terrestrial surfaces. 
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Table 2.4. Biomass descriptions of eight selected sites for compositing studies. 

Study Site Biomass Location 

07 Western Conifer US 

16 Grassland US 

37 Southern pine US 

41 Desert Shrubs US 

57 Northern Hardwoods US 

North Window Arid Lands Niger 

Center Window Semi-arid Lands Niger 

South Window Sub-tropical forest Niger 

All of the data were pre-processed and geometrically registered. These two data sets 

would allowed me to examine the characteristics of each classifier in compositing and also enable 

me to testify the alternative compositing algorithms developed in Chapter 8. However, due to data 

transmission and other problems, I did not have a continuous data set. Instead, the data showed 

temporal discontinuity, which greatly limited a thorough investigation of each compositing 

algorithm. Nevertheless, with these data sets, both compositing classifier and compositing 

techniques could be tested. 

1986 AVHRR and SMMR Data 

The last data set used in Chapter 7 consisted of composited A VHRR and SMMR 

(Scanning Multichannel Microwave Radiometer) measurements over a transect from 300N to 300S 

along 200E in Africa continent in 1986. Both A VHRR and SMMR data were provided by 

LERTS, Toulouse, France and were geometrically registered. The microwave data used in this 
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dissertation were lOGHz and 7GHz, and other frequency data were not used. The composited 

NDVI data along the transect were spatially extrapolated to match the SMMR data due to the 

difference in spatial resolution of the two sensors. In the extraction of the SMMR data, three 

pixels in the horizontal directions were examined. If the pixel on the 200E line was missing, the 

one next to it was selected. The transect covered different types of biomass, allowing me to 

investigate the synergistic correlation between the A VHRR and SMMR data. 



50 

CHAPTER 3 

INFLUENCES OF SOILS AND VIEW ANGLES 

In Chapter 1, it was shown that in order to ensure a high quality product of multitemporal 

remote sensing data, one of the key steps was to refine the decision-making classifier (NDVI or 

other vegetation indices). To develop a less external factor dependent vegetation index relies on 

understanding the roles, and their interactions of these external effects. In this chapter, the soil 

background, together with the atmosphere and sensor viewing angles will be discussed in detail, 

using a multitemporal SPOT satellite data set obtained over an agricultural area. Both reflectance 

factors and vegetation indices are examined to gain a better understanding of the soil background 

and viewing angle roles in the satellite observations. Most parts of this chapter is from Qi et al. 

(1993a). 

Introduction 

Quantitative assessments of vegetation activity, density, and condition are key appl ications 

of satellite imagery obtained over agricultural areas. Vegetation monitoring is usually 

accomplished by computing "vegetation indices", which are generally ratios or linear combinations 

of red and near-infrared (NIR) spectral bands. Vegetation indices are more sensitive than 

individual bands to vegetation parameters such as biomass and percentage vegetation cover, thus 

facilitating the classification and monitoring of agricultural crops (Asrar et al., 1984). This is 

especially useful when satellite data are available at high temporal frequencies, with fine spatial 

resolutions, and with atmosphere correction of the data. 
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The French Systeme Probatoire d'Observation de la Terre (SPOT) satellite provides data 

sets with fairly high temporal resolutions due to a pointable high resolution visible (HRV) sensor, 

with a 20m spatial resolution in visible and near infrared spectral bands. Its high temporal 

frequency measurements may provide timely and useful information to agricultural managements. 

Effective use of temporal SPOT data, however, requires an understanding of the effects caused 

by off-nadir viewing (Kirchner et al, 1982; Kimes, 1983) on image interpretation, and the 

interaction of sensor view angle with atmospheric, plant canopy, and soil background 

considerations . 

The atmosphere influence includes the atmosphere-scattered "path radiance" and the 

optical thickness or extinction properties (Slater, 1980; Slater and Jackson, 1982). The path 

radiance increases in magnitude at shorter wavelengths and is most significant over low-reflecting 

ground targets, whereas the magnitude of atmospheric attenuation becomes strong with "brighter" 

ground targets (Fraser and Kaufman, 1985). Off-nadir viewing enhances these effects by increasing 

the atmospheric path length from the surface to the sensor (Deering and Eck, 1987). Sensor view 

angle also distorts the geometric shape of the pixels, affecting the spatial resolution and the 

integrated energy reflected from the surface. This is further compounded by the non-Lamberti an 

surface reflectance properties which are often encountered in agricultural areas. For rough and 

vegetated surfaces, bidirectional reflectances tend to be higher with the sensor looking towards 

the west and lower towards the east direction, where shadowing is most prevalent (Young and 

Kaufman, 1986). 

For agricultural areas, bidirectional reflectances are strongly dependent upon the solar 

illumination conditions and sensor viewing geometries (Ranson et al., 1985a,b). View angle and 

directional effects become more complicated when one considers surface targets composed of soil

plant mixtures, with spatially and temporally variable soils, and with crop row structures of 
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different azimuthal orientations (Ranson et al., 1986). The relative percentage of sunlit and 

shaded soil and plant components as well as exposed soil background is highly dependent upon 

the sensor viewing position. Soil effects on reflectance over partially vegetated canopies have been 

studied by Huete et al. (1985) and Huete (1988, 1989). They found NDVI, defined as; 

NDVI = PNIR - Pred 
PNIR + PIed 

(3.1) 

to be very sensitive to soil background conditions. A soil-adjustable vegetation index (SA VI) was 

later developed (Huete, 1988) to account for first order soil background scattering effects; 

SAVI = PNIR - Pre<! (1 + L) , 
PNIR + PIed + L 

(3.2) 

where L is the soil correction term. An L value of 0.5 was found to significantly reduce soil 

brightness effects in low to highly vegetated canopies. Huete and Warrick (1990) found the SAVI 

to minimize soil moisture-brightness effects in near-nadir SPOT imagery over cotton canopies. 

This index, however, has not been tested in satellite data involving multiple view angles and 

varying atmosphere conditions. 

In this chapter, I studied spatial and temporal SPOT HRV and aircraft data collected over 

bare soil and cotton canopies with varying view angle, atmosphere, and soil background 

conditions. The main objective was to investigate the relative sensitivity and magnitude of 

atmosphere, view angle, and soil effects on both red and near-infrared reflectances and vegetation 

indices (NOVI and SA VI). 
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Experimental Descriptions 

In order to investigate and implement potential applications of remote sensing technology 

to agriculture, an experiment was conducted at Maricopa Agricultural Center (MAC), Maricopa, 

Arizona, during the summer of 1989 (see Chapter 2 for detailed descriptions on the procedures 

and data processing information). The multitemporal SPOT and aircraft data in Fields 28, 29, 

and 30 were used to study the spatial variation of vegetation indices, while two selected sites in 

Field 28 were used to study the temporal dynamics. 

Spectral Reflectance and Vegetation Indices 

Spatial Dynamics 

Coincident aircraft and satellite spatial transects of red reflectance factors for two 

consecutive days (DOY 99 and DOY 100) are shown in Fig. 3.1 over field 28. The first 

irrigation event can be seen in the eastern portion of field 28 on DOY 100 (see also Fig. 2.2). 

Canopy spectra were dominated by soil optical properties at this time as the cotton cover was less 

than 5%. Thus the bright sandy loam soil at about 600 meters from the west edge of the field, 

the wet soil (DOY 100) in the eastern part of field 28 (1050m - 15OOm), and the remaining dry 

loam soil were all readily apparent (Fig. 3.1). 

Besides the influence of soil, canopy reflectances also differed as a result of differences 

in sensor view direction and angles. The DOY 100 SPOT overpass had a view angle of (-22°) 

from the east, resulting in the highest red reflectance response (Fig. 3.1). The lowest response 

occurred when the SPOT had a view angle of + 11° from the west on DOY 99, while the nadir

view aircraft data fell in-between the two SPOT data sets except in the eastern portion of the field 
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where the darkening effect of the wet soil on DOY 100 exceeded the expected increase in SPOT 

reflectance from the east viewing direction. In comparison with the aircraft data, which showed 

sharp spatial and temporal contrasts between dry and wet parts of the field, the SPOT satellite data 

showed no temporal contrasts of significance since the view angle difference offset the temporal 

soil moisture change between DOY 99 and DOY 100. 
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Comparison of aircraft and SPOT red reflectance data over field 28 on 
day of year (DOy) 99 and DOY 100. 
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The atmosphere influence on the SPOT data for the two days was relatively minor in 

comparison to the view angle effect (Fig. 3.2). Atmosphere correction slightly lowered apparent 

red reflectance on DOY 99, and raised it slightly on DOY 100, thus improving the temporal 

contrast between the two SPOT overpasses, except for the wetted portion of the field. 

The next irrigation event seen in SPOT imagery occurred on DOY 157 in the west part 

of field 28 (20% cover) (Fig. 3.3). On the previous SPOT overpass (DOY 146, +5° sensor 

view), the cotton field was below 10% cover with a uniform dry soil background. Except for the 

brighter sandy loam substrate at 600 meters, red and NIR reflectances on DOY 146 were fairly 

uniform throughout the field. On DOY 157, the SPOT view of -160 from the east resulted in 

higher red and NIR apparent reflectances, except for the wet part of the field which appeared to 

have changed only slightly. The view angle and wet soil influences were similar in magnitude, 
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Atmospheric comparison of two consecutive SPOT data on DOY 99 
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but opposite in direction for these two dates. The increased vegetative cover from DOY 146 to 

DOY 157 resulted in a larger NIR shift than can be attributed to view angle alone and the 

expected decrease in red reflectance from DOY 146 to DOY 157 as a result of canopy growth was 

not seen due to the dominating influence of view direction. 

The red and NIR aircraft data matched the SPOT data fairly well (Fig. 3.4), with nadir-

view aircraft reflectances higher than SPOT (+5°) apparent reflectances on DOY 146; while on 

DOY 157, the aircraft data was lower than SPOT (-16°) apparent reflectances. The differences 

were attributable to the change in view angle of the SPOT sensor, with the view from east 

direction appearing 'brighter' than the nadir view aircraft. 
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Figure 3.4 Comparison of SPOT apparent reflectance factors with aircraft reflectance 
factors over field 28 on a) DOY 146, view angle of +s>, and b) DOY 
157, view angle of -16°. 

The corresponding influences of view angle/direction and soil moisture on the NDVI for 

DOY 146, and 157 are shown in Figure 3.5. On DOY 146, aircraft and SPOT NDVI values 

were very similar since the whole field was dry and the SPOT satellite viewed close to nadir 

(+5°). The only difference between the two transects was the atmosphere influence present in 
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the SPOT data; however, this influence had little effect on the NDVI. From DOY 146 to DOY 

157, SPOT and aircraft NDVI values increased over the wet part of field 28, while only aircraft 

NDVI values rose in the remaining dry part of the field (Fig. 3.5). Thus, over the dry part of 

the field, SPOT NDVI values remained the same for DOY 146 and DOY 157, despite the increase 

in vegetation (from 10 to 20 % cover; and 0.1 to 0.3 LAI). The viewing direction from the east 

of SPOT on DOY 157 lowered the NDVI response, offsetting the expected increase due to the 

higher vegetation cover. The higher NDVI response over the wet part of field 28 on DOY 157 

was due to the darker soil background and was unrelated to any vegetation properties. The wet 

soil background effect on the NDVI was particularly strong with the atmosphere-free nadir view 

aircraft data, and was less pronounced with the SPOT data due to the combined offset effects of 

atmosphere and view direction from the east (Fig. 3.5). 
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SPOT- and aircraft- derived NDVI values along field 28 on DOY 146 
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The SA VI, by contrast, was minimally affected by the wet soil and view angle (Fig. 3.6). 

The SA VI response over the wet and dry parts of the field was relatively constant on both days 

in the SPOT and aircraft data. A distinct increase in both SPOT and aircraft SA VI values 

occurred between DOY 146 and DOY 157 due to the greater vegetation density (Fig. 3.6). Thus, 

the SPOT viewing from the east did not mask the higher vegetation density as was the case with 

the SPOT NDVI (Figs. 3.5 and 3.6). The difference between SPOT and aircraft SAVI values on 

DOY 157 was most likely due to the influence of the atmosphere and view angles. Atmosphere 

influences were minimal on DOY 146 since SPOT and aircraft results were relatively similar for 

both vegetation indices. 
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SPOT- and aircraft- derived SAVI values along field 28 on DOY 146 and 
DOY 157. 



60 

Soil influences and spatial heterogeneity decreased with the higher cotton densities. One 

final irrigation event, at the time of coincident SPOT and aircraft overpasses occurred on DaY 

199 in field 29, when the canopy cover was about 90%. Irrigation was proceeding from east to 

west, with standing water in the furrows at about 200 meters from the west (Fig. 3.7). Thus, the 

surface was progressively drier east from the standing water. Comparison of red and NIR spatial 

variations across field 29 for DaY 199 and the next overpass (DaY 213), shows that view angle 

influences were dominant while soil moisture variations,including standing water, were not 

observable (Figs. 3.7a and 3.7b). Both red and NIR SPOT apparent reflectances were 

significantly higher on DaY 199 despite the wet soil on this day and, in the case of the NIR, the 

greater vegetation density on DOY 213. This was due to the viewing direction on this day (-28°) 

from the east, and the view angle (+24~ on DaY 213 from the west. The aircraft data showed 

red reflectance to be invariant over this period at approximate 3 % while NIR reflectances 

continued to increase (Figs. 3.7c and 3.7d). Thus, even at high vegetation covers, view 

direction/angle effects stiII significantly influenced the measurements of cotton canopy reflectance. 

The aircraft derived vegetation indices for these two days (Fig. 3.8a) showed an increase 

in SA VI values accompanying the increase in canopy growth, but very little change in NDVI, 

which appeared to be saturated. The SPOT data (Fig. 3.8b), on the other hand, showed a 

significant increase in the NDVI from DaY 199 to DaY 213, which was most likely a result of 

the view angle change from an east viewing direction (-28~ to a west viewing direction (+24~. 

This represented a situation where both the view angle and vegetation growth influenced the NDVI 

positively, making it difficult to interpret actual surface dynamics. 

The interpretation of the slight increase in SA VI values between these two days was also 

difficult, although the SA VI was previously shown to be less sensitive to view angle effects (Fig. 

3.6). The atmosphere most likely dampened the actual SAVI changes seen in the aircraft results. 
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Figure 3.7 SPOT red (a) and NIR (b) apparent reflectance factors and aircraft red (c) 
and NIR (d) reflectance factors over field 29 ( -90% cotton cover) on 
DOY 199 (view angle of -2SO) and DOY 213 (view angle of +24~. 
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Figure 3.8 NDVI and SAVI derived from aircraft (a) and SPOT (b) data on DOY 
199 (view angle of -28') and DOY 213 (view angle of +24') over field 
29. 
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Temporal Profiles 

The importance of view angle is readily apparent when comparing the entire temporal set 

of SPOT and aircraft data over field 30, a bare soil site (Fig. 3.9). The aircraft reflectance data, 

which are most representative of actual surface dynamics, were temporally stable throughout the 

experimental period, relative to the SPOT temporal reflectance sequence. The SPOT data had a 

temporal response pattern with a structure modified by atmosphere and view angle conditions. 
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The viewing angles from the east (negative) resulted in higher apparent reflectances, larger 

in magnitude than the aircraft data. The apparent reflectances of the SPOT viewing from the 

west direction were generally lower than the aircraft responses. The view angle effects were 

modified by the atmospheric conditions since the view angle effects were not consistent throughout 

the entire year. 

In the next set of graphs (Fig. 3.10), the temporal surface dynamics of the cotton canopy 

in field 28 was investigated using SPOT and aircraft - derived 
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Figure 3.10 Temporal red (a and c) and NIR (b and d) reflectance factors at study 
sites 1 and 2, where irrigation events were captured by both aircraft and 
SPOT. The numbers are the view angles of the SPOT. 
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reflectance factors. The west (site 1, see Figs. 3.10a and 3.10b) and east (site 2, see Figs. 3.10c 

and 3.10d) ends of the fields were analyzed separately in order to observe the influence of wet 

and dry soil moisture conditions. As expected, the aircraft and SPOT -derived red reflectances 

decreased, while the NIR reflectances increased throughout the growing season (Fig. 3.10). The 

aircraft and SPOT temporal profiles, however, differed in structural detail. The irrigation events 

could be clearly seen in the aircraft data (DOY 157, Figs. 3.lOa and 3.10b; DOY 100, Figs. 

3.lOc and 3.lOd), but were not observable in the SPOT data. The SPOT data, instead, had 

distinct peaks and structural details unrelated to the dynamics of the surface, but related to the 

external viewing conditions. 

The SPOT view angles were + 11° and -22° on DOY 99 and DOY 100, respectively. The 

change in viewing direction from + 11 ° to -22° increased the reflectance at site 1, while the 

aircraft data showed no surface change (Figs. 3.10a and 3.10b). At site 2, the SPOT view angle 

change between DOY 99 and DOY 100 counteracted the pronounced darkening seen in the aircraft 

data, caused by the irrigation event (Figs. 3.lOc and 3.lOd). The masking of irrigation events by 

SPOT view angle changes was also observed at site 1 on DOY 157 (Figs. 3. lOa and 3. lOb). The 

SPOT view angle differences (+5° to -16°) counteracted the expected decrease due to soil wetting. 

In fact, the view-induced reflectance peak can be seen over the dry part of the field ( site 2, Fig. 

3.10c) at DOY 157. This explains why SPOT data showed no apparent change among DOY 146, 

157, and 167 (Fig. 3.10a). 

Although saturation of aircraft red spectral data occurred on DOY 199, it was delayed in 

the SPOT temporal profile until DOY 213 due to the east viewing direction of the SPOT on DOY 

183 and DOY 199 (Fig. 3.10a and 3.lOc). The higher red reflectances observed in the SPOT data 

were due to atmosphere path radiance contributions. SPOT and aircraft NIR reflectances were 

more or less similar until DOY 200, at which time aircraft reflectances became higher than that 



66 

of the SPOT data (Figs. 3.10b and 3.lOd). The lower SPOT data was a result of atmosphere 

extinction effects over the bright, NIR reflecting targets, especially water vapor extinction at the 

peak of the growing season(monsoon conditions). A drop in SPOT NIR reflectance occurred at 

DOY 213 for both sites, while NIR reflectances continued to increase in the aircraft data. Once 

again, this was due to view angle differences (-28° and +240.> at this late stage of canopy closure. 

For this reason, SPOT NIR data appeared to peak earlier than the aircraft data, even though 

vegetation density continued to increase, following canopy closure. 

The temporal red and NIR plots primarily showed view angle differences but also included 

changes due to the atmosphere. Although it is difficult to distinguish these two effects without 

atmospheric correction, a crossplot of aircraft reflectances versus SPOT apparent reflectances for 

the entire growing season (Fig. 3.11), helps in discriminating the two influences. The east and 

west viewing directions of the SPOT separate out, forming two distinct lines, which were parallel 

for red reflectances and convergent for the NIR reflectances. For a particular red or NIR aircraft 

reflectance value, the east view direction always resulted in higher reflectance responses than the 

corresponding data in the west view direction. The path radiance influence in the red was most 

dominant in the darker range of values, however, the increasing magnitude of extinction effects 

over brighter aircraft reflectances counteracted the path effect and resulted in 'critical 

reflectances', or values at which there appeared to be no change in reflectance from the aircraft 

to the spaced-based sensor. As seen in Fig. 3.11a, this value differed markedly with sensor view 

direction. It is approximately 0.35 for east viewing direction and 0.15 for the west viewing 

directions in the red waveband. View direction effects were also significant in the NIR crossplots 

(Fig. 3.11b). As surface reflectances became brighter, the difference between east and 
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Figure 3.11 Crossplot of SPOT apparent reflectance factors and aircraft reflectance 
factors at different view angles. 
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west viewing directions in SPOT data intensified. This may be due to bidirectional properties of 

the atmosphere. Thus, as vegetation density and NIR reflectances increase, view directional 

effects become more important. 

Figure 3.12a shows the NDV! temporal behavior for the two sites and two platforms 

(SPOT and aircraft). The NDVI has reduced most of the variations seen with the individual 

bands, particularly the structural peaks associated with view angle differences. The shaded 

portion of the curves is the difference in NDVI between site 1 and site 2, and depicts soil 

brightness (moisture) effects during the early part of the growing season. The main difference 

between SPOT and aircraft NDVI values is attributable to the atmosphere following DOY 172, 

which reduced NDVI values by 0.20 units. Soil effects were minimal after DOY 157, partly due 

to canopy closure and partly a result of uniform soil background conditions with no further 

irrigation events captured by the satellite until DOY 199. 

The corresponding SA VI temporal profiles for the aircraft and SPOT temporal data are 

shown in Fig. 3.12b. In comparison, the shaded areas under the SA VI temporal profiles were 

smaller than those of the NDVI, indicating that the SA VI minimized the influences associated with 

soil background variations caused by irrigation events during the early growing season. In 

addition, the temporal shapes of NDVI and SA VI were different. The NDVI temporal profiles 

increased little after DOY 199, despite increasing vegetation densities. The NDVI did not 

decrease as quickly as the SA VI in response to the maturity of cotton canopies. Therefore, the 

NDVI appeared to saturate after DOY 200. The SA VI, on the other hand, did not saturate and 

mimics the behavior of the NIR temporal profiles shown in Fig. 3.10. However, both NDVI and 

SA VI were subject to atmospheric modifications, resulting in lower vegetation index values for 

satellite data, especially when the vegetation density was high. 
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Discussion and Conclusions 

The use of high temporal frequency SPOT data for monitoring vegetation is dependent 

upon the extent to which the interactive atmosphere, view angle, and soil influences are 

understood and de-coupled. All three influences (view angle, atmosphere, and soil) were observed 

in the spatial-temporal SPOT data set presented in this study. These influences were found to 

affect and confuse the spatial and temporal interpretation of red and NIR reflectance data and 

vegetation indices and, therefore, would consequently affect compositing results of multitemporal 

observations. The relative magnitude among the three influences was highly dependent on surface 

condition and varied with plant canopy density. The overall temporal profile shapes of NOVI and 

SA VI showed that the SA VI peaked later in the growing season, a consequence of view angle

atmosphere effects. 

With red and NIR reflectances, view direction and view angle were the dominant external 

factors influencing apparent canopy reflectance in SPOT data, particularly when the ground 

surface was partially vegetated and thus most anisotropic in behavior. View directional effects 

exceeded those due to actual view angles and the highest red and NIR reflectance response was 

consistently found at east viewing direction of the SPOT, a result of both ground surface 

reflectance anisotropy and atmospheric backscattering. These variations, however, became 

secondary with the use of the NDVI and SA VI. Both indices minimized view angle differences 

relative to the variations encountered with the individual bands. View directional effects, 

however, were still prevalent in the NDVI at all stages of canopy growth with maximum NOVI 

values occurring in the west viewing direction. The SA VI minimized temporal and spatial soil 

variations due to wetting, and was less affected by view angle differences, as seen in OOY 

146,157,199, and 213. 
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Soil moisture and view angle variations on the NDVI were especially important in partially 

vegetated canopies while atmospheric influences affected both the NDVI and SA VI and appeared 

most pronounced in the fully vegetated canopies. Soil moisture influences were of the same 

magnitude as view angle influences in the NDVI. This made it difficult to ascertain whether day 

to day NDVI spatial variations were surface related (soil or vegetation changes) or due to external 

directional factors. As seen in this study, soil and view angle effects canceled, amplified, or 

reversed the expected view directional effect on individual bands and vegetation indices. 

The resulting temporal vegetation index (NDVI and SAVI) profiles were mainly 

atmosphere sensitive at high vegetation densities. The magnitude of atmosphere attenuation in 

both vegetation indices increased with the vegetation index value. High vegetation index values 

were subject to strong attenuation while low vegetation index values were minimally affected. 

View angle effects and surface anisotropy, however, had more influence on satellite response than 

did the atmosphere. The results of this study showed that maximum vegetation index values did 

not occur at the near-nadir view angles, an assumption that is made in current multi-temporal 

compositing of satellite derived vegetation index imagery (Holben, 1986). A more accurate 

determination of atmosphere effects requires optical depth measurements at the time of the satellite 

overpass so that comparisons of view angle effects can be made with and without atmospheric 

corrections of the data. Another option would be to acquire low level, off-nadir airplane data with 

a negligible atmosphere component. 

In conclusion, atmosphere, view, and soil background influences on vegetation indices and 

reflectances were complex, intricately coupled, and were dependent on surface characteristics. 

There was no single component that consistently dominated the variations encountered. One 

component may be the major factor in reflectance variations, but may have the least effect on 

vegetation indices. For effective use of indices for vegetation monitoring purposes, the complex 
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interplay of all three influences must be simultaneously considered and accounted for. Since the 

SA VI minimized temporal and spatial soil variations, this index has the advantage of requiring 

only view-atmosphere corrections. It becomes important that the vegetation index respond only 

to subtle changes in the plant cover and not external viewing/illuminating and atmosphere 

conditions. 
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CHAPTER 4 

ATMOSPHERIC ROLES IN COMPOSmNG 

Atmosphere is also a key variable that affects multitemporal remote sensing measurements. 

Consequently. the quality of a composite product of remote sensing measurements directly depends 

on the extent to which atmosphere is understood. In this chapter, the focus is on how the 

atmospheric conditions affect the compositing classifier. rather than on the physical interactions 

of the atmosphere with the earth reflected radiations. The approach is similar to that reported by 

Huete et al. (1991). 

Introduction 

The atmosphere is the medium through which the earth reflected radiation has to pass 

before reaching satellite sensing systems. Remotely sensed signals from satellite systems are the 

upwelling electromagnetic radiation (EMR) from earth surfaces emerging out of the atmosphere 

and from the atmosphere contributions. The observed signals are a function of the physical and 

chemical states of the surface and the atmosphere. Therefore. in principal. it should be possible 

to recover the land surface and atmosphere information by analysis of the upwelling EMR 

radiation (Chahine. 1983). However, the problem in information extraction with remote sensing 

data lies in finding the ways to uncouple the interactions of the atmosphere and earth surface 

radiation in order to retrieve the true values of each unknown parameter separately. 

As the earth reflected EMR passes through the atmosphere. it interacts with the 

atmosphere in two ways: the energy can either be scattered or absorbed and then emitted. When 

the EMR (or photon) is scattered by the atmosphere, the energy of the photon is conserved, but 
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the moving direction is changed. If the photon is absorbed, the absorbed energy is either reemitted 

photons of different energy, or it increases the internal energy of the atmosphere. By scattering 

and absorption, the atmosphere attenuates the reflected EMR from the earth surface. On the other 

hand, the atmosphere also emits radiation itself, and therefore, adds EMR to reflected energy 

received by remote sensors. The scattering and absorption processes are photon frequency 

(wavelength) dependent, varying with the constituents of the atmosphere. Water vapor and carbon 

dioxide in the atmosphere are mainly responsible for absorptions in the infrared spectral region, 

while other molecules (examples are O2, N2, and COJ are major scattering particles. Therefore, 

the spectral EMR perceived by satellite sensing systems contain information about the atmosphere. 

Consequently, remotely sensed data consist of both surface and atmosphere information, which 

needs to be uncoupled. 

The atmospheric gases (principally water vapor content and aerosols) are variable in both 

spatial and temporal domains. Because of the atmospheric variations, visible and near-infrared 

radiations reaching satellite sensors would then be subject to alterations unrelated to the earth 

surface physical parameter variations. Studies of the atmospheric effect on remote sensing data 

(Kaufman, 1989; Tanre et al., 1992) have been carried out, and significant variations of the 

satellite observed radiations were reported due to atmospheric variations, especially due to the 

water vapor content and aerosols. 

In addition, the atmospheric effects were sensor view angle dependent(Holben and Kimes, 

1986; Paltridge and Mitchell, 1990; Roujean et al., 1992). At larger view angles, the reflected 

solar radiation has to go through a longer atmospheric path before reaching the sensor than at 

smaller sensor view angles. The interaction between the two is also a function of the solar 

illumination conditions (solar zenith angle). These factors modify each other and result in a 

complicated spectral signature measurement. Moreover, the atmosphere induces even more 



75 

complex process as the ground surface is not Lambertian ( Lee and Kaufman, 1986). 

Consequently, the uncertainty caused by the atmosphere and other external factors is a major 

concern in applications of remote sensing measurements to monitor land vegetation evolutions. 

On site optical depth measurement is possible and radiative transfer codes are available 

to correct the atmospheric effects (Holm et al., 1989; Moran, 1990; Tanre et al., 1992). 

However, operational use of these codes are prohibited by the computation abilities and are time 

consuming. Recently, a simplified atmospheric simulation code is available (Rahman and Dedieu, 

1993) with acceptable computing speed and reasonable accuracy. However, the on site optical 

measurements are location specific and, therefore, can not be used for the entire data set (image) 

because of the large spatial and temporal atmospheric variations. This is especially true for large 

spatial coverage satellite measurements where not only the sensor viewing angle distributions, but 

also the atmospheric spatial variations must be considered. 

The questions of the extent atmosphere interacts with the bidirectional properties of 

terrestrial surfaces, and how this interaction would affect composited multitemporal remote sensing 

measurements, still remain to be understood. The objectives of this chapter were to examine the 

effects of the atmospheric conditions and its interaction with bidirectional properties of earth 

surfaces, so as to better understand the atmospheric role in the compositing. 

Approach 

A Lambertian surface of constant reflectance was assumed first, and then atmosphere was 

applied. The atmospheric condition was varied randomly throughout a year period while the 

ground reflectance was kept constant. The variables in the atmospheric simulation were water 

vapor content and aerosols. The second data simulation was made by varying the atmospheric 
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visibility for natural land surface studies. Ground bidirectional measurements were used to 

simulate what would have been observed from satellite systems under varying atmospheric 

conditions. The atmospheric conditions were varied by the visibility, ranging from 5km to 100km 

in studying the atmosphere and its interaction with the bidirectional properties of non-Lambertian 

natural terrestrial surfaces. This would allow one to study these coupled effects, and their 

influences on compositing results of multitemporal remote sensing measurements 

Two atmospheric models were used in this study. For constant land surface simulations, 

the simplified method for atmospheric simulation (SMAC) by Rahman and Dedieu (1993) was 

used by randomly varying water vapor content and aerosols. For controlled atmospheric visibility 

studies, the 5S (Tanre et al., 1986) was used. 

In the atmospheric simulation for Lambertian studies, ground surface reflectances of 0.1 

and 0.3 in the red and NIR respectively were applied to SMAC. The simulation was carried out 

by randomly varying atmospheric water vapor content and aerosols within a year period. The 

sensors simulated were the advanced very high resolution radiometer(A VHRR). This simulation 

corresponded to a situation where the A VHRR sensed a constant Lambertian target, allowing the 

study of the effect of atmospheric fluctuation in water vapor content and aerosols. 

To study the interactions of the atmosphere with sensor view and solar zenith angles for 

natural land surfaces, ground bidirectional measurements made over a semi-arid grassland at the 

Walnut Gulch Experimental Watershed (see Chapter 2 for data description) were used and 

atmospheric simulations were made with 5S model. Data collected in the dry season on day of 

year (DOY) 156 and in the wet season on DOY 220 of 1990 were used in the atmospheric 

simulations. Figure 4.1 shows the red and near-infrared (NIR) bidirectional reflectance factors 

measured on DOY 156 and DOY 220 over a typical semi-arid grassland. The soil background 

in the measurement at 15° of solar zenith angle on DOY 220 was slightly damp, resulting in lower 
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reflectance factors than at 24°. On DOY 156, there was barely any green vegetation at this dry 

season, while on the wet season (DOY 220), the grass became greener (less than 40%). On both 

dry and wet seasons (DOY 156 and 220), the bidirectional reflectance factors were strongly 

dependent on the viewing zenith angles, as weII as on the solar positions, which suggests that non-

Lambertian properties should be taken into account in multitemporal data compositing. The 

atmospheric simulation was made by varying the visibilities of the atmosphere (5km, tOkm, 20km, 

and l00km). 
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Figure 4.1 Bidirectional reflectance factors over a semi-arid grassland at Walnut 
Gulch Watershed on June 5 and August 8, 1990 at different view and 
solar zenith angles. 
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Influences of the Atmosphere over Lambertian Surfaces 

The effect of the atmospheric water vapor content and aerosols on satellite observed red 

and near-infrared (NIR) is shown in Fig. 4.2. The ground red and near-infrared (NIR) reflectances 

were constant, but the observed reflectances at the top of the atmosphere (TOA) varied 
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o 

Figure 4.2 

100 200 

Day of Year 
300 

Atmospheric effect on constant ground surface reflectances (a) and NDVI 
values(b). Atmospheric simulation was made with SMAC (Rahman and 
Dedieu, 1993) for a ground red (0.1) and NIR (0.35) values by 
randomly varying the water vapor content and aerosols. 
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substantially due to atmospheric variations in the water vapor and aerosol contents (Fig. 4.2a). 

The ground NIR reflectance (0.35) was reduced by about 20 %, while the ground red (0.1) was 

increased by almost 50% on an average by the atmosphere. The ground red and NIR reflectances 

stayed constant throughout the whole year, while the those at the top of the atmosphere varied 

substantially due to the variation in the atmospheric water vapor content and aerosols. The induced 

fluctuation in red and NIR consequently resulted in NDVI variations (Fig. 4.2b). The NDVI was 

reduced by about 50% compared with the ground NDVI of 0.56. In this case, the maximum 

values of TOA NDVI would be close to the ground values. Therefore, by selecting the maximum 

NDVI values in a compositing period (e.g. 10 days), a set of NDVI values closer to the ground 

values would be obtained for Lambertian ground surfaces. 

The atmospheric effect on the reflectance factors of constant ground surface (assumed to 

be Lambertian) is also demonstrated in Fig. 4.3, as a function of sensor viewing zenith angles and 

solar zenith angles. The lines on the right of all figures (Figs. 4.3a, 4.3b, 4.3c, and 4.3d) were 

the ground surface reflectance (assumed to be Lambertian) factors of nadir view at different solar 

zenith angles. The rest of the spectral curves corresponded to the same Lambertian surface, but 

observed at satellite sensors under various atmospheric conditions (from left to right: 5km, 1Okm, 

20km, and 100km visibility). 

The atmosphere changed the bidirectional properties of the red reflectance factors (Figs. 

4.3a and 4.3c). On the ground (lines on the right), the red reflectance factors were constant with 

view angles, but became concave or convex when atmosphere was applied. The bidirectional 

properties became strong as the visibilities decreased (from right to left). The atmospheric effect 
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Figure 4.3 Simulated atmospheric effects on red (a and c) and NIR (b and d) 
reflectance factors of a natural grassland surface as a function of view 
angle, solar zenith angle (Sz), and atmospheric visibility. The simulation 
was made with 5S (fanre et al., 1986) using only nadir-view 
measurements of the natural grassland surface (Lamberti an assumption). 

was also solar zenith angle dependent. At solar zenith angle larger than 16', the atmosphere 

resulted in a group of concave curves. This suggests that the atmosphere had large influences on 

off-nadir views. This is due to the fact that large off-nadir view angles result in longer path 

length and longer path length results in more attenuation and scattering of the earth reflected 

radiations. At small solar zenith angles, convex curves resulted. As the atmospheric visibility 

decreased, the red reflectance factors tended to be more symmetric about the nadir, especially at 



81 

large solar zenith angles. This was due to the fact that as the atmospheric visibility becomes 

lower, the atmospheric contribution to the sensor becomes a major component. In addition, the 

atmospheric effect was dependent on the ground reflectance factor values. The red reflectance 

factor could be reduced by 0.09 (the case of solar zenith (Sz) =9 on DOY 156) or increased by 

0.07 (Sz=50 on DOY 220). 

The NIR reflectance factors, however, were decreased for all atmospheric conditions 

(Figs. 4.3b and 4.3d). There were two classes for both dry and wet seasons data. Those of solar 

zenith angle greater than 24° had concave shapes with viewing directions, while those of smaller 

solar zenith angles were convex. In any situation, the lower visibility atmosphere attenuated more 

NIR radiations. The change in shapes from concave to convex suggests that there is a critical solar 

zenith angle, at which the NIR reflectance factors were independent on the sensor viewing angles. 

In other words, at such solar zenith angle, the sensor viewing angle would have minimal effects 

on the NIR observations. If this were true, the NIR itself would be a better classifier in 

compositing (see Chapter 6) with respect to atmospheric variations. However, this is shown to 

be true for Lambertian surfaces only. The non-Lamberti an surfaces have more complicated 

patterns as shown below. 

Interactions with Bidirectional Properties 

Fig. 4.4 shows the atmospheric interactions with sensor viewing and solar zenith angles 

of the non-Lambertian case. In comparison with the Lambertian surface (Fig. 4.3), the natural 

land surfaces (Fig. 4.4) demonstrated strong bidirectional properties. In general, at larger solar 

zenith angles, the backscattering direction (the same direction as the illumination source) tended 

to have higher reflectance factors than the forward direction, especially in the dry season for both 
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red and NIR (Figs. 4.4a and 4.4b). The lower visibility of the atmosphere increased the red 

(Figs. 4.4a and 4.4c) reflectance factors, but reduced the NIR (Figs. 4.4b and 4.4d). For both dry 

and wet seasons, the smaller solar zenith angles were less affected than larger solar zenith angles 

by viewing angles. The poor atmospheric conditions reduced the directional effect of the view 

angles, while clear atmosphere enhanced bidirectional effects. This indicates that the compositing 

prior to the atmospheric correction may be better than that of post atmospheric corrections as the 

atmospheric corrections may worsen the view angle effects. Under poor atmospheric conditions, 

the maximum NOVI values tended to occur at close to nadir while under clear atmospheric 

conditions, the maximum NOVI move towards larger off-nadir view angles. The attenuation of 

the NIR by the atmosphere was surface reflectance dependent: higher reflectance factors were 

reduced more than lower reflectance factors. 

The current compositing classifier, NDVI, was shown to be viewing directional dependent 

(Fig. 4.5) even for Larnbertian surfaces. The NOVI minimized the viewing directional effects at 

small solar zenith angles under clear atmospheric conditions (visibility> 20km). When the 

atmospheric visibility was reduced to 5km, all solar zenith angles were affected, reaching their 

maximum values in the forward direction, instead of being at nadir view. The maximum NDVI 

values shifted toward larger view zenith angles in the forward direction as the atmosphere became 

clearer (high visibility). Therefore, if the maximum value NOVI is used as the pixel selection 

criteria, the MVC compositing technique would select either larger view angle of clear 

atmospheric conditions, or the nadir view of poor atmospheric conditions. Therefore, the selection 

of maximum NOVI would be biased towards either larger view zenith angles under clear 

atmospheric conditions or smaller view zenith angles under poor atmospheric conditions. This may 

again suggest that atmospheric correction be done after compositing, since correction of 

atmosphere tends to worsen the NOVI bidirectional behavior. 
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Figure 4.5 Atmospheric effect on NDVI derived from the simulated data used in 
Figure 4.3 (Lambertian surface simulation). 

For non-Lamberti an natural land surfaces (Fig. 4.6), the atmosphere and view zenith angle 

interactions have greater impacts on the observed signals. In the dry season (DOY 156), the 

maximum NDVI values occurred under clear atmospheric conditions, but at larger view zenith 

angles. Or they occur near the nadir view zenith but under poor atmospheric conditions. For the 

wet season (DOY 220), however, the maximum NDVI values all occurred at larger view zenith 

angles in the forward direction. There was only one chance where the maximum NDVI occurred 

at nadir: large solar zenith angle of poor atmospheric condition(visibility = 5km and lOkm) on 
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DOY 156. For all other cases, the NDVI reached its maximum values at larger view zenith angles 

in the forward direction. Therefore, it seems that the bidirectional effects becomes more 

pronounced as the atmosphere becomes clear. In MVC compositing, the pixel selection would 

be in favor of small view zenith angles under poor atmospheric conditions and be in favor of 

large off-nadir view angles under clear atmospheric conditions. Since the atmosphere generally 

decreases the NDVI, the MVC would select pixels of clear atmosphere, but with large view 

angles in the forward direction. However, the view angle induced increases in NDVI could 

counterbalance the NDVI decreases due to atmosphere. In either cases, pixels of large view 

angles would be selected by the MVC. 
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Concluding Remarks 

Complicated interactions between the atmosphere and view zenith angles were 

demonstrated under various solar illumination conditions. The spectral reflectance factors could 

be attenuated or increased by the atmosphere, depending on the surface reflectance factor values 

and the solar zenith angles. In general, it appeared that the clear atmospheric conditions worsen 

the viewing angle effects, while the poor atmosphere tended to minimize the directional effect. 

Poor atmospheric conditions contributed more path radiance to the sensing systems and attenuated 

more surface reflected radiations. Consequently, poor atmospheric conditions masked the surface 

bidirectional effects. 

Under both Lambertian and non-Lambertian conditions, the NDVI tended to reach its 

maximum values at larger view zenith angles in the forward direction under clear atmospheric 

conditions. The only situation where the NDVI reached its maximum value at (or close to) nadir 

was the large solar zenith angle of poor atmospheric conditions. Therefore, in any cases, the MVC 

technique would bias either towards larger view zenith angles or poor atmospheric conditions. 

This is especially the case for the non-Lamberti an natural land surfaces, where bidirectional effect 

was manifest. There was a trade off on compositing sequences. Compositing prior to atmospheric 

correction favors near-nadir view angles but poor atmospheric conditions, while post atmospheric 

correction compositing would favor pixels of large view angles. 
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View angle effects on remote sensing measurements are a very important factor in 

compositing the Advanced Very High Resolution Radiometer(A VHRR) data. Current accepted 

compositing algorithms assume that the maximum value of the normalized difference vegetation 

index (NDVI) occurs at near nadir view. This is true for Lambertian surfaces (Chapter 4). 

However, for natural non-Lambertian land surfaces, this assumption are not be valid. Studies in 

Chapter 4 of this dissertation showed strong bidirectional properties of natural land surface 

spectral signatures. Therefore, the chances of selecting off-nadir versus nadir pixels in the 

compositing technique becomes a major concern. In this chapter, I further investigated the 

bidirectional properties of natural land surfaces (see Chapter 4), and the possibility of modeling 

the bidirectional effect with high spectral resolution measurements. 

Introduction 

Near-nadir view remote sensing systems (such as MSS and TM) have provided an 

enormous amount of data available for inferring vegetation characteristics (Richardson and 

Wiegand, 1977) and for environmental change monitoring (Henricksen and Durkin, 1986). These 

systems generally provide high spatial resolution data with minimal view angle distortions for 

detailed studies of surface characteristics. However, these platforms are limited by their inability 

to provide high temporal frequency and large area coverage, which are often needed for global-

based environmental studies. 
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New sensor systems such as MODIS-N (Moderate-Resolution Imaging Spectrometer-

Nadir) (Salomonson et al., 1989) and MISR ( Multiangle Imaging Spectral Radiometer) (Diner 

et al., 1989) are to be launched on the Earth Observing System (EOS) platforms. A large amount 

of off-nadir view data will be added to the data currently acquired by sensors such as SPOT High 

Resolution Visible (HRV) and the Advanced Very High Resolution Radiometer (AVHRR) on 

board the NOAA satellite series (Moran et al., 1988; Justice, 1986). Therefore, more data of high 

temporal frequency and large spatial coverage would become available for global change stud ies. 

The usefulness of these off-nadir data, however, requires a thorough understanding of view angl e 

influences over natural, non-Lambertian surfaces and their interactions with solar zenith angles 

at various spatial scales (Jackson et al., 1979; Pinter et al., 1990; Ranson et al., 1983; Shibayama 

and Wiegand, 1985; Qi et al., 1993a). 

Natural land surfaces exhibit strong anisotropic bidirectional properties (Kimes, 1983; 

Kimes et al., 1985; Deering et al., 1989). Jackson et al. (1990) and Deering et al. (1989) showed 

bidirectional reflectance factor variations with soil type and roughness at various solar zenith 

angles. The structural characteristics of vegetation canopies further complicate surface anisotropy 

patterns. Shibayama and Wiegand (1985) investigated the view and sun angle effects on a row 

structured wheat canopy and observed a consistent increase in relative reflectance in both red and 

near-infrared (NIR) regions at larger view zenith angles. Kirchner et al. (1982) studied the 

directional reflectance distributions over alfalfa and found stronger responses in the backscattering 

directions. Kimes et al. (1985) compared view and solar zenith angle influences on bidirectional 

reflectance factors for different land surface types and concluded that view angle variation effects 

on reflectance response were solar zenith and vegetation type dependent. 

While all of the above studies were ground based, Holben and Kimes (1986) studied the 

directional response of different surface cover types using A VHRR data and noticed decreases in 
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both visible and NIR bands when the view direction changed from backscattering to forward 

scattering directions. Pinter et al. (1990) compared directional reflectances over agricultural areas 

at satellite, aircraft, and ground based spatial scales and found substantial view angle related 

differences. Surface anisotropic properties exerted different effects on the measurements made at 

different spatial scales. Surface microscopic structures, which are largely responsible for the 

bidirectional properties at fine spatial scales, may become secondary at larger spatial scales as the 

microscopic structures are averaged out and the anisotropic effects of the atmosphere come into 

dominance. The extent to which scale influences remotely sensed bidirectional reflectances and 

how it is coupled with solar zenith and view angles remains uncertain. Lastly, it is of interest to 

investigate the spectral dependency of these influences and interactions. The purpose of this study 

is to analyze view and solar angle effects, and their interactions with scale on high spectral 

resolution-bidirectional reflectance factors of a semi-arid watershed. The feasibility of uncoupling 

these effects with high spectral resolution measurements are also investigated. 

Materials 

The data set used in this study was the bidirectional measurements described in Chapter 

2. This data set consisted of bidirectional measurements over semi-arid shrublands (Lucky Hills) 

and semi-arid grassland (Kendall). Two levels of measurements were carried out; one at ground 

level and one from aircraft. The aircraft measurements were made at nadir view while the ground

based measurements were made at varying view zenith angles. The ground-based measurements 

enabled me to study the bidirectional properties of different vegetation types while the aircraft

measurements could be compared with the ground-measurements to study the spatial scale effects 

on remote sensing. Detailed procedures of the measurements were described in Chapter 2. 
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Results and Discussions 

Spectral Signatures 

Figure 5.1 shows the ground-based bidirectional reflectance spectra of the Kendall site 

during the dry season (DOY=156) at solar zenith angles of 16' (Figure 5.1a) and 50° (Figure 

5.1b). The negative numbers indicate the view azimuth angle of 1000, while the positive numbers 

indicate a view azimuth angle of 280". The bidirectional reflectance factors resembled the behavior 

of bare soil spectra for all view zenith angles in both view azimuth directions. The reflectance 

factors gradually increased with wavelength and were generally similar in shape, with the Ow of 

1000 direction resulting in the higher reflectance factors. The -20" view zenith angle (Figure 5.1a) 

had the highest response at the solar zenith of 16° while the -400 view zenith angle resulted in the 

highest reflectance factors when the solar zenith angle increased to 50" (Figure 5.1b). This was 

most likely due to the fact that the -2(1 was the closest view zenith to the solar zenith (161), where 

the 'hot spot' would have occurred if the view and solar azimuth angles were the same. This also 

resulted in an overall greater range of view zenith angle responses at larger solar zenith angles, 

particularly in the 1000 view azimuth direction. By comparison, smaller view zenith angle 

response variations occurred at the smaller solar zenith angle. In either cases, due to view angle 

differences, the uncertainty (defined as the difference between off-nadir and nadir values divided 

by the nadir value) was up to 90% and 45% at 50" and 16° solar zenith angles respectively in the 

NIR region, and was about 60% and 15% in red region. This indicates that off-nadir view induced 

uncertainties could be reduced by taking measurements at smaller solar zenith angles. 
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Figure 5.1 Bidirectional reflectance factors of different view and solar zenith angles 
in the early of vegetation growing season (DOY 156, 1990). Negative 
numbers indicate sensor viewing the targets from east. 

The contrast between the visible and NIR regions increased for the wet season data (DOY 

220) due to a greener grass cover (Figure 5.2). As was the case with the dry season data, canopy 

spectra variations due to view zenith angle were greatest at the larger solar zenith angle, 
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particularly with the 1000 view azimuth direction. The -40" view zenith angle was about 50% 

higher in reflectance factors in both red and NIR regions than at nadir view. At the smaller solar 

zenith angle, only the negative (view azimuth of 100') view zenith angles were differentiable while 

at the larger solar zenith angle, all view zenith angle reflectance factors were separable, especially 

in the NIR (Figure 5.2). Both red and NIR reflectance factors at -40" were only 10% 
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Figure 5.2 Bidirectional reflectance factors of different view and solar zenith angles 
in the peak of vegetation growing season (DOY 220, 1990). Negative 
numbers indicate the sensor viewing from the eastt. 



93 

and 20% higher than at nadir view. The 1000 view azimuth direction resulted in the highest 

reflectance factors, but the NIR response in the 2800 direction also had high reflectance factors 

which increased with larger view zenith angles. Thus, at the larger solar zenith angle, the 

magnitude of the view zenith angle appeared more important than view azimuth direction in 

determining NIR response. In the visible region, view azimuth direction rather than view zenith 

angle was a dominant factor in controlling spectral responses. 

Utilization of High Spectral Resolution Data 

The structural characteristics of the wet season response curves (Figure 5.2) included a 

small peak in the green region and a sharp increase over the "red edge". Solar and view zenith 

angle variations, however, changed both the magnitudes and the shapes of these curves. The 

structure of these spectral signatures may further be studied with use of the first and second 

derivatives (Malthus et al., 1991; Demetriades-Shah et al., 1990). Figure 5.3 shows the first 

derivatives (nm· l
) with wavelength at different viewing zenith angles for the dry and wet season 

data. One can see that for the dry season (Figure 5.3a), the first derivative was flat and nearly 

independent of view zenith angle throughout the whole spectral region, while the wet season 

curves (Figure 5.3b) showed a sharp peak at about 720nm, corresponding to the red edge of the 

original spectra and a smaller "green" peak at 550nm. The 720nm peak indicated the presence 

of green vegetation and varied in magnitude due to view zenith angle difference, regardless of 

view azimuth direction. Larger view zenith angles (±4(1l) had higher peaks as there was more 

green vegetation projected onto the sensor field of view. By use of the first derivatives, view 

azimuth directional effects were nearly eliminated, and only view zenith angles were of the 

concern at large solar zenith angles. 
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Figure 5.3 First derivatives of the spectral measurements of DOY 156 (a) and DOY 
220 (b) at two large solar zenith angles. 

The second derivative of the spectral signatures was also markedly different between dry 

and wet season dates (Figure 5.4). The second derivative for the dry season (Figure 5.4a) was 

flat and close to zero throughout the spectral region while that for the wet season (Figure 5.4b) 

had one sharp peak at 720nm and one sharp valley at 760nm. The peak corresponded to the left 

edge of the first derivative and the valley corresponded to the right edge. In contrast to the first 
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derivative, the magnitude of the second derivative peaks and valleys varied less with view zenith 

angle differences, but were still controlled by view zenith angle magnitude rather than azimuthal 

direction. The advantage of the second derivative was that it further increased the contrast 

between the dry and wet season spectral signatures and reduced variations due to view zenith 

angle differences. This enables easier separation of vegetation from soils, which is especially 

important in arid and semi-arid regions where vegetation is sparse and barely reaches 50% cover. 
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The maximum or the minimum of the first or second derivatives themselves have been 

used as vegetation indices, termed candidate vegetation indices (CVI) (Malthus et al., 1991), 

which have been related to vegetation cover and used to characterize vegetation. In Figures 5.5, 

the maxima of the first and second derivatives were plotted against view zenith angles for both 

Figure 5.5 Maximum values of the first (a) and second (b) derivatives obtained from 
Figures 5.3 and 5.4. 
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dry and wet season data. The curves for DOY 220 were obtained with the data at 65°,55°, 43°, 

24°, and 15° solar zenith angles, while those on DOY 156 were obtained at 50',43°,30°, and 9°. 

The maximum values of the first derivative (Figure 5. Sa), termed here as first derivative 

candidate vegetation index (FCVI), for DOY 220 were clearly separable from those on DOY 156. 

The FCVI values were, however, solar and view zenith angle dependent during the wet 

season. Large solar zenith angles resulted in higher FCVI values and at any given solar angle, 

large view zenith angles always produced higher FCVI values. The shape of the FCVI curves for 

each solar zenith angle was concave with the minimum at nadir and the maximum at 40° view 

zenith angle in either the 1()(f or 2800 view azimuth directions. The symmetric behavior of the 

FCVI about nadir suggests that the FCVI was insensitive to the viewing azimuth direction, despite 

the strong anisotropic spectral reflectance factor responses of the canopy. This is advantageous 

in correcting for view zenith angle in order to normalize multidirectional data sets. These 

symmetric curves were similar to the soil-adjusted vegetation index (SA VI) (Huete, 1988) behavior 

reported by Huete et al. (1992). Huete et al. (1992) also showed the strong view-related (azimuth 

and zenith) anisotropy exhibited by the NDVI. The maxima of the second derivative values 

(Figure 5.5b), termed here as second derivative candidate vegetation index (SCVI), exhibited a 

similar pattern to that of the FCVI, except that the SCVI values for the DOY 156 were almost 

reduced to zero and the dynamic range of the wet season values was reduced. 

Interactions between Solar Zenith and View Angles 

Because of the importance in the computation of vegetation indices, red (640 om - 680 

om) and NIR (850 om - 880 om) reflectance factors were obtained by averaging the spectral data 

within the corresponding spectral regions. They were analyzed together with NDVI, FCVI and 

SCVI indices, to investigate view and solar zenith angle interactions. The red and NIR wavebands 
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chosen here correspond to the red and NIR fLlters proposed for the MODIS-N sensor (Salomonson 

et al., 1989). In the following analysis, ground based data at the Kendall site with varying solar 

and view zenith angles are examined. 

Figure 5.6 depicts the red reflectance factors at different view zenith angles as a function 

of solar zenith angle for dry and wet seasons. In the lW view azimuth direction, the red 

reflectance factors varied with both view and solar zenith angles in a complicated manner, while 

in the 2800 view azimuth direction, they decreased consistently as the solar zenith angle 
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increased. In the 28<1' view azimuth direction, smaller view zenith angles resulted in higher 

reflectance factors at any given solar zenith angle while in the 10<1' view azimuth direction, the 

opposite manner was found, smaller view zenith angles resulting in lower reflectance factors. Part 

of the complexity in solar zenith angle variations found in the 1000 view azimuth direction was 

attributed to the fact that when solar and view zenith angles were closer, the sensors see more 

sunlit facets than if the two zenith angles were far apart. This is similar to the 'hot spot' effect, 

where the reflectance factors reach their maxima when the solar and view zenith angles are equal 

if viewed in the principal plane. Red reflectance factors at a given view zenith angle tended to 

reach its maximum value at a solar zenith angle close to the view zenith angle. As a result, each 

curve crossed another one, and peaked at different solar zenith angles. Due to the sensor viewing 

geometry, the red reflectance factors could have as much as 0.14 and 0.10 differences in 

magnitude for dry and wet seasons respectively. 

The crossover in solar-view zenith angle response close to the zenith was also observed 

with the dry season NIR data (Figure 5.7a), but not with the wet season data (Figure 5.7b). For 

the dry season, the NIR reflectance factors had similar solar-view zenith patterns as found in red 

reflectance factors. For the wet season, however, the NIR responses were quite different from the 

red. The NIR response increased with both increasing view and solar zenith angles. Thus, NIR 

sensitivity to view zenith angle was greatest at larger solar zenith angles and the sensitivity to solar 

zenith angle was highest at the larger view zenith angles. The 28<1' and 1000 view azimuth 

viewing directions were somewhat symmetric about the nadir zenith. This suggests that 

measurements ought to be made at as smaller solar zenith angle as possible to reduce the 

uncertainty due to view and solar zenith angles. The worst case in this study was found at 65° 

solar zenith angle, where about 44% uncertainty was found between -40° and nadir viewing 

angles. 
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The FCVI and SCVI varied little with solar and view zenith angles during the dry season 

(0.35 - 0.58 thousandths) (Figure 5.8) while on DOY 220, the behavior of the FCVI was similar 

to that of the NIR (Figure 5.7b) in that all curves increased with solar zenith angle and view 

zenith angle irrespective of the view azimuth direction (2.8 - 6.8 thousandths). As with the NIR, 

view zenith angle variations were greater at larger solar zenith angles and solar zenith angle 
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variations were highest at the larger view zenith angles. The least variation consequently occurred 

at the smaller view and solar zenith angles where FCVI values converged toward a minimum 

value as the solar zenith angle approached zero. The second derivative candidate vegetation index 

(Figure 5.8b) behaved similarly to FCVI (Fig. 5.8a) with solar and view zenith angle variations 

during the wet season. For DOY 220, both the FCVI and SCVI were symmetric about the nadir. 
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The view and solar zenith angle anisotropy found with the NOVI is depicted in Figure 

5.9. Variations in NOV! with view and solar zenith angles were relatively small in the dry season 

with values ranging from 0.12 to 0.16. Solar zenith angle influences appeared slightly more 

significant than view zenith angle in influencing dry season NOV! response. In the wet season 

curves, view zenith angle variations in the 100> azimuth viewing direction were significant for all 

solar zenith angles with the NOV! increasing with larger view zenith angles as weB as larger solar 

zenith angles. The NOV! appeared to be slightly more sensitive to solar zenith angle than to view 

zenith angle in the 1000 azimuth direction, however, only solar zenith angle variations were 

significant on NDVI response in the 2800 azimuth direction. In this grass canopy, minimum 

NDV! values occurred, not at nadir but at 20' solar zenith angle in the 28C1' view azimuth 

direction. 
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Role of Spatial Scaling 

Ground based data were compared with aircraft data for both dry (DOY 156) and wet 

(DOY 220) seasons in order to investigate scaling effects on bidirectional reflectance factors over 

the semi-arid watershed. Since the coincident aircraft and ground based data were not available 

at the Lucky Hills site, only the data over the grassland, Kendall site was analyzed. Figure 5.lOa 

compares the ground based bidirectional reflectance responses with that obtained from coincident 

nadir-view aircraft data on DOY 156. The two spectral signatures of the aircraft and ground were 

in general agreement except for slight differences at both spectral ends. In the wet season, the 

ground spectra on DOY 220 was compared with the aircraft data on DOY 216 (Figure 5. lOb) 

since there was no coincident aircraft data on DOY 220 nor coincident ground data on DOY 216. 

These two spectra also matched fairly well, throughout the whole spectral region, given the 

slightly different solar zenith angles. 

The ground data measurement differed from that of the aircraft in several ways. First, 

the ground data collection was site specific encompassing only a point measurement within the 

grassland while the aircraft data were averaged over the entire grass site. The spatial resolution 

of the individual aircraft measurements (-40 meter) was coarser than that of the ground (0.5 

meter). The bidirectional reflectance factors at these two spatial scales demonstrated no significant 

differences, allowing direct comparison for temporal and site studies using the aircraft and ground 

based measurements. Apparently the spatial variability of the grassland canopy was not significant 

and randomly distributed to allow for direct comparisons of remote sensing data at the two 

different spatial scales. 
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Figure 5.10 Comparison of ground and aircraft measured spectral reflectance factors 
for four days (indicated by the numbers). The numbers in parentheses 
indicate solar zenith angles. 

Concluding Remarks 

Bidirectional reflectance distribution factors of the semi-arid grassland and desert shrubs 

showed significant dependence on the view and solar zenith angles. The roles of view and solar 

zenith angles were also vegetation cover and species dependent and were sensitive to vegetation 

seasonal variations. When vegetation cover was dry (DOY 156), view azimuth directional effects 

were more important than view zenith angle magnitude in determining canopy response for all 
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solar zenith angles. However, as the vegetation cover became greener (DOY 220), the view 

zenith angle magnitude became the primary determinant of canopy response over the range of 

solar zenith angles considered (240 to 65~. Apparently, vegetation status and solar position 

together modified the view zenith angle effect. The solar and view zenith angles not only changed 

the magnitude of these spectral curves, but also altered their shapes. This could be seen in the 

first and second derivative spectra. High spectral resolution data derived candidate vegetation 

indices demonstrated great potential to normalize view zenith angle effects due to their more 

symmetric behavior about the view azimuth directions. However, solar and view zenith angle 

interactions modified these indices. Thus, corrections of these coupled solar-view effects are 

needed in order to understand the vegetation dynamics of semi-arid regions with temporal-based 

remote sensing techniques. It is apparent that both view and solar zenith angles should be 

corrected for together in multitemporal remote sensing compositing. 



106 

CHAPTER 6 

AN ALTERNATIVE CLASSIFIER IN COMPOSmNG 

In the previous chapters, it was shown that the MVC compositing classifier NDVI was 

dependent on the atmospheric conditions, sensor viewing geometries, solar positions, as well as 

the soil background variations. These effects are intrinsically coupled and difficult to remove or 

minimize. Consequently, composited products using NDVI as classifier would be affected and, 

therefore, contain substantial noises. As mentioned in Chapter 1, to obtain good quality remote 

sensing data sets, it is necessary to define a better classifier that is minimally affected by these 

external factors. In other words, the classifier ought to account for soil backgrounds, atmosphere, 

and sensor viewing angle effects before being used in compositing. In this Chapter I describe an 

alternative classifier (MSA VI) to minimize the soil background variation. The results of the 

proposed alternative are then presented and followed by a discussion on vegetation index 

evaluation criteria as well as view angle considerations. The first part of this chapter is from Qi 

et al. (1993b). 

Introduction 

There is currently an increasing interest in vegetation characterizations with remote 

sensing techniques. Since information contained in a single spectral band is usually insufficient 

to characterize vegetation status, vegetation indices are usually developed by combining two or 

more spectral bands. There are currently several vegetation developed to characterize vegetation, 

but are found to be dependent on other external factors (see Chapters, 3, 4, and 5). There are 

two general categories of vegetation indices: slope-based and distance-based vegetation indices 
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(Jackson and Huete, 1991). Two of the most commonly used vegetation indices (VI) of these two 

categories are the normalized difference vegetation index (NDVI): 

NDVI = PNiR - Pred 

PNIR + Pred 

and perpendicular vegetation index (PVI): 

PVI = «PNIR - P Pred , 

(6.1) 

(6.2) 

where p is reflectances in near-infrared (NIR) or red band. The Ci and {3 are soil line parameters. 

The concept of these two indices is depicted in Figs. 6.1a and 6.1b, where the NDVI isolines are 

shown to converge at the origin while those of the PVI are parallel. These vegetation indices are 

primarily related to vegetation biophysical parameters (Asrar et al., 1984; Wiegand et al., 1991). 

Problems exist, however, because of external factor effects, among which soil background 

variations (Huete et al., 1985; Huete, 1989), atmospheric conditions (Kaufman, 1989), and sensor 

viewangles(Deering, 1989) are the major concerns. 

Soil background variations exert great influences on vegetation indices (Huete, 1989). To 

reduce the soil background effect, Huete (1988) proposed using a soil-adjustment factor, L, to 

account for first order soil background variations and obtained a soil adjusted vegetation index 

(SA VI): 

SAVI = PNIR - Pred (1 +L), 
PNIR + Pred + L· 

(6.3) 

where L is a soil adjustment factor (Fig. 6.1c). Although Huete (1988) found the optimal 
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Soli line 

adjustment factor to vary with vegetation density, he used a constant L = O.S, since this reduced 

soil noise considerably throughout a wide range of vegetation amounts. Furthermore, optimization 

of the L factor would require prior knowledge of vegetation amounts unless one developed an 

iterative function. Also, the use of a constant L = 0.5 results in a loss in the vegetation dynamic 

responses, since the L of 0.5 is usually larger than red reflectance values and, therefore, would 

buffer reflectance variations. 

The atmosphere is also a key variable in space remote sensing that one has to deal with. 

It absorbs and scatters (see also Chapter 4) earth reflected electromagnetic radiation (EMR). In 
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general, it attenuates the EMR in the near-infrared region and adds to the blue and red regions. 

The atmospheric processes are mainly a function of the atmospheric constituents, such as water 

vapor and aerosol contents, as well as larger molecular such as 0:J and Nz• Therefore, a temporal 

fluctuation in these components, especially the water vapor content, would modulate the 

attenuation and scattering processes. Consequently, the space based remote sensing observations 

would be affected, and as would the derived vegetation indices. 

Soils are one of the major impacts on vegetation indices. In this study, I develop a 

functional 'L' factor, requiring no prior knowledge of vegetation amounts, to replace the constant 

L = 0.5, in the SAVI equation to account for soil effects. The objective of this chapter is to 

develop a vegetation index impassive to soil background, but sensitive to vegetation. The result 

would be an improved, modified SA VI (MSA VI) of higher "vegetation signal" to " soil noise" 

ratio, with a less atmospheric sensitivity. 

Methods 

In order to study the characteristics of the soil adjustment factor L, two data sets were 

obtained. The first data set consisted of ground-based spectral measurements of a young cotton 

canopy for a full season (0 - 100% green cover) under varying soil background conditions. At 

each cotton density, the soil background was varied by inserting different soils underneath the 

cotton canopy. The soil color ranged from very dark to very bright, and the soil moisture varied 

from wet to dry. Detailed procedures were described in Chapter 2 and in Huete et al. (1985). This 

data set enabled us to study the soil background effects on vegetation indices. The second data 

set was collected also over a cotton field at Maricopa Agricultural Center (MAC), Maricopa, 

Arizona, USA. The reflectance factors were obtained with a radiometer equipped with SPOT 
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filters and mounted on an aircraft. The SPOT spectral wavelength intervals were 61O-690nm for 

the red band and 790-890nm for the NIR band. The aircraft was flown at 150 meters above 

ground along a transect in a 400 by 1600 meters rectangular cotton field during the growing 

season of 1989 (see Fig. 2.2). The spatial transect made on April 10, 1989, contained a 5-10% 

cotton cover over spatially variable soil backgrounds which included (1) a dry sandy clay loam 

region (0-480 m), (2) a dry sandy loam (480 - 650 m), (3) a dry sandy clay loam (650 - 1000 m), 

and (4) a wet sandy clay loam (1000- 1600 m). Throughout the rest of the year, the soil changed 

only in wetness due to irrigation and rainfall events. This data set allowed one to examine both 

dynamic responses of vegetation indices to cotton growth and the soil background effects. 

Theory 

Background on Vegetation Indices 

Different vegetation indices (VIs) have been developed to enhance vegetation signals from 

remote sensing measurements. The NDVI (Eq. 6.1 and Fig. 6.1a) is a ratio based VI while the 

PVI (Eq. 6.2 and Fig. 6.1b) is a representative of the linear combination category. The PVI is 

functionally equivalent to the weighted difference vegetation index cwnVI) (Richardson and 

Wiegand, 1977; Clevers,1988) since one is readily derived from the other: 

WDVI = PNIR - S P,ed ' (6.4) 

where s is the slope of the soil line. These three VIs were developed on the basis that all 

vegetation isolines (same vegetation density with different soil backgrounds) converge either at 

the origin (Fig. 6.1 a) or at infinity (Fig. 6.1 b). 

The cotton ground data (Fig. 6.2a) showed the isolines to have no common converging 

point. As a first approximation, Huete (1988) assumed that the converging point was a distance 
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(OE) from the origin, and developed the SA VI (Eq. 6.3 and Fig. 6.1c). By adding a constant soil 

adjustment factor L = 11 + 12, the SA VI models the first order of soil-vegetation interactions, and 

significantly reduces soil background effects across a wide range of vegetation conditions (Huete, 

1988; Qi et aI., 1993a). In contrast to other VI's, the SA VI isolines neither converge at the origin 

as assumed by the NDVI, nor are they parallel to the soil line as assumed by the PVI or WDVI. 

The (1 + L) term in SA VI equation (6.3) is meant to restore the loss in 'dynamic range' of the 

SA VI resulting from the addition of the 'L' factor to the denominator as well as to bound the 

SA VI within the range of ± 1. 

Baret et aI. (1989) and Baret and Guyot (1991) developed a transformed SAVI (TSAVI) 

by taking into account the soil line slope (s) and intercept (i): 

S (PNlR - S Pred - i) 
7SAVI = ----------

S PNIR + Pred - si + X(I +~) 
(6.5) 

where X is a factor (0.08 in their case) adjusted so as to minimize the soil background effect. 

The concept of the TSAVI is graphically presented in Fig. 6.1d, where the convergence point is 

closer to the origin than that of the SA VI. The improvement of the TSA VI over the SA VI was 

to take the soil line slope (s) and intercept (i) into account, whereas the SA VI assumed them to 

be 1 and 0, respectively. 
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Major et aI. (1990) modeled the vegetation isoline behavior by using the ratio b/a as the 

soil adjustment factor, with 'b' as the intercept and 'a' as slope of each isoIine. They obtained 

a second version of the SA VI, SA VI2: 



PNIR SA Vl2 = -"""'""-~ 
b 

P-~ + -rcu a 
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(6.6) 

The SA VI2 does not have an empirical adjustment factor for each isoline, but it contains 

the LAI parameter in the 'a' and 'b' modeling. Since the LAI is usually the target parameter being 

retrieved in remote sensing studies, the SA VI2 will not be discussed later in this article. The 

TSA VI will not be discussed further here either since it is similar to the SA VI. 

Improvement of the SA VI 

Figure 6.2b depicts the relative dynamic ranges and soil noise influences for the SA VI in 

relation to those of the NDVI and WDVI using the data set presented in Fig. 6.2a. For most of 

the range of percentage green vegetation covers, the NOVI appears more sensitive due to its 

higher, non-linear and convex response. This same response function also saturates the NOVI 

signal at beyond 80% green cover. The WOVI, on the other hand, has a non-linear, slightly 

concave response to green vegetation cover, rendering it relatively insensitive to low amounts of 

vegetation. By contrast, the SA VI has a near-linear response, but overall lower signal than the 

NOVI throughout the range of green covers. The higher vegetation 'signal' of the NOVI, 

however, must be compared with its corresponding sensitivity to soil-induced signal variations. 

In Fig. 6.3, the mean VI response is plotted along with the 'soil noise' defined here as twice the 

standard deviation (0) of VI variations due to differences in soil background using the ground-

based cotton data. The means and standard deviations of these VIs were calculated for each cotton 

density of different soil backgrounds. Therefore, the standard deviations represent the soil induced 

noises at different cotton density. 
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Figure 6.3 Dynamic ranges and soil noise levels of the NOVI (a), WDVI (b), SA VI 
(c), and VI signal to noise ratios (d) as a function of percentage green 
cotton cover. 

The SA VI has a soil noise level of - 0.02 - 0.03; while the WDVI, 0.01 - 0.06; and the 

NOVI, 0.01 - 0.18. Thus at 40 % green cover, the noise level of the NDVI is nearly 10 times 

that of the SA VI and 5 times the WDVI (Fig. 6.3). This corresponds to a vegetation estimate 

uncertainty of ± 23% green cover for the NDVI, ± 7% cover for the WDVI, and ± 2.5% for 

theSAVI. 



115 

In Figure 6.3d, the vegetation signal to soil noise (SIN) ratio is computed for each index 

at each level of vegetation cover, according to the formula (Qi et aI., 1993b): 

(6.7) 

where the bar over VI indicates the mean and (J is the standard deviation with respect to VI of 

different soil backgrounds. This ratio should be a better indicator of VI sensitivity than the simple 

dynamic range criteria. The SA VI has SIN values 4 or 5 times higher than the NDVI and WDVI 

values. The NDVI SIN becomes very high beyond 75 % green cover due to the saturated VI 

signal, and has almost 'zero' soil noise. The sensitivity of the SA VI, as measured by the SIN 

ratio, is considerably greater than can be obtained with the NDVI signal under conditions of 

spatial and temporal (drying and wetting) variations in the soil background. 

In Figure 6.4, the potential errors ( e%) of different vegetation indices, as defined below, 

in the estimation of vegetation amounts are compared: 

VI - VIo 
e % = ---- x 100 , 

VIo 
(6.8) 

where VIo was calculated with optimal L values obtained by regression of each isoline of the 

ground cotton data used in Fig. 6.2. The NDVI consistently overestimated (NDVI > VIo) while 

WDVI consistently underestimated (WDVI < VIo) the vegetation amount. In contrast, the SAVI 

only slightly overestimated the VIo at low vegetation cover and underestimated VIo at higher 

vegetation covers. Therefore, the SA VI is a more representative vegetation indicator than the other 

VI's. 
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Figure 6.4 Potential errors on the 'estimation' of vegetation amount with the use of 
different vegetation indices 

Although the SA VI has higher SIN ratios than other indices, it stilI has some limitations. 

As shown in Fig. 6.4, there exist potential errors on the vegetation estimations, especially at low 

and high vegetation covers. Also, the use of a constant L of 0.5 results in a loss in the vegetation 

dynamic responses, because the L of 0.5 is usually much larger than red reflectances and, 

consequently, buffers reflectance variations. Optimization of the L adjustment factor, therefore, 

could overcome these shortcomings while further increasing the value of the SA VI. 
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L Functions 

The ground-based cotton, plotted in Fig. 6.2a, showed the vegetation isolines converging 

at varying distances somewhere between the origin and infinity, not at a common point as 

indicated in Figs. 6.1c and 6.1d. High vegetation isolines tend to converge close to the origin, 

while low vegetation isolines tend to intersect with the soil line further away from the origin (Fig. 

6.2a). Thus, the optimal 'L' for the soil adjustment varies with the amount of vegetation present. 

At low vegetation amounts, a large 'L' value would best describe soil-vegetation interactions while 

with increasing vegetation amounts, L should become smaller. 

An Empirical L Function: There are many functions for L that would satisfy the above criteria 

ofL decreasing with increasing vegetative cover. A simple approach would be to use (1 - NDVI). 

However, because NDVI is influenced by soil backgrounds, especially by the soil brightness, the 

L would contain soil noise. In Fig. 6.2b, we see that both the NDVI and WDVI vary with the soil 

brightness, but in an opposite manner, i.e., darker (or wet) backgrounds result in higher NDVI 

values, but lower WDVI values than brighter (or dry) backgrounds for identical amounts of 

vegetation. To decrease the sensitivity to soil noise, one approach for an 'L' function is to let the 

L function be the product of the NDVI and WDVI in order to cancel or minimize the soil 

brightness effect. Consequently, we propose the following self-adjustable L: 

L = 1 - 2 . s . NDVI . WDVI , (6.9) 

where s is the primary soil line parameter (set to be 1.06 here), and the factor 2 is to increase the 
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L dynamic range. The resulting modified SA VI (MSA VI) would then be: 

MSAV11 = PNlR - Pred (1 +L), 
PNlR + Pred + L 

(6.10) 

where L is given in equation (6.11), instead of a constant, and the suffix 1 is used to distinguish 

this version of the MSA VI from the inductive MSA VI that wiII be discussed later. The lower 

boundary of this empirical L function (Eq. 6.11) goes to negative when the product of the NDVI 

and WDVI approaches 0.5, which requires a value of 0.7 for both NDVI and WDVI. For arid 

and semi-arid regions, none of these two indices reaches 0.7 value and, therefore, the empirical 

L function usually ranges from 0 to 1. At high vegetation percentage cover, however, a small 

negative L value may be possible, though not seen graphically in Fig. 6.2, because increasing 

vegetation density would result in an increase in the NIR while the red remains invariant. This 

could result in an isoline that is almost parallel to the NIR axis. As a result, the isoline will meet 

the soil line in the first quarter, resulting in a negative L value. 

An Inductive L Function: The proposed empirical L function utilized the advantages of the 

opposite trends of NDVI and WDVI with the soil background variations. However, the soil noise 

was not completely canceled out because of the different degree of soil effects as seen in Fig. 

6.2b. Also, due to the negative low boundary, the resultant MSA VI may reach a value greater 

than one, consequently limiting its use for high vegetation density surfaces. In this section, we 

will employ an induction method to derive L or MSA VI, which will be proved to be satisfactory. 

Using any seed value, Lo ( 0 - + 00 ), would minimize the soil effects in MSAVI: 
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MSAVIo = (6.11) 

Due to the use of 1.0, the MSA VIo would minimize the soil background effect and could be used 

in the search for an L function to further minimize the soil effect. Now, since we have obtained 

a MSA VIo that minimizes the soil effects, we could obtain another L function L j : 

(6.12) 

which would result in a MSA VII that further minimizes the soil effect: 

PNlR - Pred (2 - MSA VIO> • 
PNIR + Pred + 1 - MSAVIo 

(6.13) 

Continuing this process n times, we obtain 

(6.14) 

and 

MSAVI
II 

= PNIR - Pred (2 - MSA VI
n

_
l
) • 

PNlR + Pred + 1 - MSAVIII _ 1 

(6.15) 

With this processing, there exists an iteration time N such that MSA VIN = MSA VIN_I> 

where soil effect cannot be minimized further. Then we have 

(6.16) 

One of the two solutions for equation (6.18) within the range of 0 and 1 is: 



where b = - (2PNIR+ 1) and c = 2(PNIR - PR.J. 

Therefore, with an inductive L function of 

L = 1 - MSA VI2 , 

the resultant MSA VI by induction, MSA VI2, becomes: 

MSAVI2 

Bidirectional Consideration 

= 2PNlR + 1 -J(2PNlR +1)2 -8(PNIR - Pml) 

2 
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(6.17) 

(6.18) 

(6.19) 

Both view and solar zenith angles exert great influences on bidirectional reflectance 

measurements of natural land surfaces. As the terrestrial surfaces are not Lambertian, the 

bidirectional properties must be taken into account in compositing. Due to high spatial coverage, 

high temporal frequency satellite sensing systems, such as the existing A VHRR and proposed 

MODIS, could have dramatic differences in viewing angles over a specific area from day to day. 

Consequently, the view and solar zenith angles are also of a major concern (Chapter 5). In 

muititemporal data compositing, the solar zenith angles, however, are not very important factors 

compared with the view angles, since the solar zenith angle of a specific ground pixel would not 

change much (Fig. 1.2) within a compositing period (weekly or biweekly), while the sensor 

viewing angles can vary substantially. Therefore, the major effort ought to be on the view angle 

corrections. The objective of this section is to normalized or minimize the sensor viewing angle 

effect on vegetation indices (classifier in compositing) so that the pixel selection in multitemporal 

data compositing would be independent on the sensor viewing geometry. 
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There are two ways to correct for sensor viewing angles effects: One is to directly model 

the radiative energy or bidirectional reflectances (Kimes et al., 1987; Pinty et al., 1990; 

Shibayama and Wiegand, 1986), and the second way is to model the vegetation indices (VI) 

derived from radiometric measurements (Huete et al., 1992, for example). In the first method, 

different spectral bands have to be considered separately since the radiative transfer is wavelength 

dependent. In the second method, however, only one variable (vegetation index) needs to be 

modeled. Therefore, as a first step to correcting for the view angle effects, the major effort will 

be given to the view angle corrections on vegetation indices, rather than on individual spectral 

bands. Another reason for correcting vegetation indices is that vegetation indices are the ultimate 

classifier in the multitemporal data compositing. 

To correct the bidirectional effect on VIs, one needs to consider both the viewing zenith 

angle and viewing directions (azimuth angle). If a vegetation index is symmetric about the nadir 

view, only the view zenith angles need to be accounted for. When viewing zenith angles become 

larger, the vegetation index magnitudes will increase. The general shapes of these vegetation 

indices are convex up, meaning that minimum values occurred at or close to nadir view. By a 

geometric configuration, vegetation indices could be corrected for by a factor of cosine: 

(6.20) 

where Oy is the sensor view angle, and A is the amplitude adjustment factor, which is related to 

the physical structures of the surface vegetation. The subscript c stands for corrections. The cosine 

term accounts for VI shapes geometrically, while A term accounts for the degree that these curves 

convex up. For bare soils, vegetation indices usually tend to have flatter shapes with respect to 
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the view angles than those of vegetated surfaces. Therefore, the term A would be expected to 

increase with the amount of vegetation cover. As A has not been modeled yet, it was set to be 1, 

meaning that only a simple geometric correction would be applied. The cosine factor and A factor 

corrections are only a simple geometric consideration of the view angle effects and, therefore, 

they are empirical corrections. 

So far, I have developed MSA VI, accounting for soil effect. This index could be corrected 

for viewing angle effects by a simple cosine function, and, will be used as the classifier in 

compositing. In the next section, the MSA VI and other vegetation indices will be applied to 

different data sets to further study its properties. 

Results 

Vegetation Sensitivity and Soil Noise 

In relation to the SA VI (L=O.5), the dynamic range of the MSA VII was increased (Fig. 

6.5a) for the ground-based cotton data. Soil noise influences are also reduced and the VI response 

to percentage green cover becomes more linear. The vegetation estimate uncertainty is reduced 

from ± 2.5% (SA VI) to ± 1.6% (MSAVIl). In Fig. 6.5b, the vegetation signal to soil noise ratio 

is plotted for the SAVI and MSAVIs as a function of percentage green cover. The variable 'L' 

function improved vegetation sensitivity, particularly at high vegetation densities. However, at 60 

% green cover and above, the SIN ratio (Fig. 6.5b) of the MSAVII dropped below that of the 

SAVI. 
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Figure 6.5 (a) Dynamic ranges and soil noise levels and (b) signal to noise ratio of 
the original SA VI and MSAVIs. 

The results of the MSA VI2 by induction were compared with the previous MSA VII and 

the original SA VI in Fig. 6.5. The dynamic range was also increased (Fig. 6.5a) while the soil 

noise was kept minimal, resulting in a higher SIN ratio over the SA VI and slightly lower ratios 

over the MSA VII at low vegetation cover and slightly higher SIN ratios at high vegetation 

density. Overall, the MSA VII and MSAVI2 were similar in many ways in sensitivity to 

vegetation and normalization of the soil noise. As a result, the MSA VI may be derived as in 

equation (6.10) or equation (6.19). 
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Oemonstrationofthe soil noise reduction by the MSAVI, SAVI, WOVI, 
and NDVI using MAC cotton data collected on April 10, 1989 (DOY 
100) along a transect in field 28, where east part was under irrigation. 

To further examine its vegetation dynamic responses and soil background variations, the 

MSA VI was applied to the aircraft cotton data set. The spatial transect made on April 10 (DOY 

100) of 1989 consisted of a portion of wet and dry soils. The east end was irrigated while the rest 

were dry. In Fig. 6.6, we can see the dramatic impact of wetting the soil surface in raising the 

NOVI values as well as the effect of the brighter sandy loam substrate in decreasing the NOVI 

response. In contrast, the SA VI showed a very slight sensitivity to soil background influences 

while the MSAVI and WDVI nearly eliminated these influences completely. As the cotton 

percentage cover was about 5% throughout the whole transect, the increases of vegetation index 

values in the east portion of the field could be considered as soil noises. The signal to noise ratio 
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(SIN) as defined earlier was 1.32 for NDVI, 4.64 for SAVI, 16.51 for the MSAVI, and 17.00 

for WDVI. Over sparse or incomplete canopy covers, the NDVI produces higher VI values than 

the other indices. This is an artifact of the non-linear 'convex' response pattern of the NOVI to 

green cover. When ratioed by the amount of soil noise, this 'apparent' sensitivity disappears as 

the SIN becomes the lowest of all the indices (Fig. 6.3d and Fig. 6.6). The MSA VI is similar 

to the WOVI on soil noise reduction because the WDVI is actually MSA VI when the L 

approaches infinity. The L in MSA VI approaches the maximum value of 1 only; therefore, 

MSA VI resulted in higher VI values than WDVI. 

The vegetation dynamic ranges of these indices to the cotton cover over the entire growing 

season are shown in Fig. 6.7 and summarized in Table 6.1 along with the ground-based cotton 

experiment results. The MSA VI had the highest dynamic range of 0.87 and 0.94 respectively 

(Table 6.1) for the two data sets, and is almost linearly related to the cotton percentage cover, 

while the SA VI had dynamic ranges of 0.71 and 0.69 respectively. Therefore, the dynamic range 

of the MSA VI was increased by 15% and 30% compared with the SAVI for the two data sets. 

The MSA VI reached almost the maximum value of 1 for the MAC aircraft data, while NOVI, 

SA VI and WDVI reached only 0.9, 0.78 and 0.62 respectively. Once again, in Fig. 6.7, one can 

see an 'apparent' greater sensitivity of the NDVI to green vegetation, similar to that encountered 

in Fig. 6.2b. The saturation of the NDVI at higber amounts of vegetation is also evident at day 

of year (DOY) 200, whereas all other indices continue to rise for at least two more weeks. This 

was also evident in Fig. 6.2b. 
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Figure 6.7 Temporal dynamic responses of the MSA VI (with empirical L function), 
SA VI, WDVI, and NDVI to cotton growth using MAC data. 

Table 6.1. Dynamic ranges of vegetation indices using two cotton data sets. 

Huete et al. (1985) Cotton Data AC (1989) Aircraft Data 

VIs Min. Max. 0* Min. Max. 0 

NDVI 0.13 0.89 0.76 0.10 0.90 0.80 

SAVI 0.06 0.75 0.69 0.07 0.78 0.71 

WDVI 0.03 0.63 0.60 0.03 0.62 0.59 

MSAVI 0.05 0.92 0.87 0.06 0.99 0.94 

*0 = Max. - Min. 
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Sensor Viewing Angle Correction 

Figure. 6.8 demonstrates the simple view angle corrections with the cosine term on 

different vegetation indices. As the NDVI was not symmetric about the nadir view (Fig. 6.8a), 

the cosine correction did not improve the view angle effect. The convex up NDVI was convex 

down after the correction, being over corrected at larger view zenith angles. Therefore, no 

improvement was made with the simple cosine correction over NDVI. Since the cosine term was 

based on the symmetry pattern of MSA VI, it did not improve the NDVI because of asymmetric 

pattern of the NDVI. 

The MSAVI (Fig. 6.8b) was corrected fairly well in that view angles effects were not 

significant. The MSA VI curves were more flat with respect to the view angle variations after the 

corrections. The corrections seemed to be independent of solar zenith angles. At all solar zenith 

angles, large view magnitudes seemed to be slightly over corrected since the corrected MSA VI 

was slightly convex up. However, this is not significant when compared with the previous two 

indices. The maximum of the corrected MSA VI occurred close to the nadir view angles and was 

not much different from off-nadir MSA VI values. 

Bidirectional corrections were easier with vegetation indices. The view angle corrections 

seemed to need more information about the surface vegetation parameters if different vegetation 

density is to be modeled. A simple cosine correction reasonably minimized the view angle effect 

for the vegetation types with the MSA VI, but not with the NDVI. 
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Figure 6.8 Vegetation indices and cosine term corrections for view angle effects: (a) 
NDVI and (b) MSA VI. 

Discussions 

As mentioned in Chapter 1, the current compositing strategy is to employ a single pixel 

selection criterion: the maximum value of NDVI. Since the NDVI was proved to be more 

sensitive to soils, atmosphere, and sensor viewing conditions, a better compositing classifier needs 

to be found. Other vegetation indices discussed above are the potential candidates in the 
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compositing multitemporal remote sensing data to improve the composited data quality and 

increase the data accuracy. The SA VI was specifically meant to reduced noises from soil 

backgrounds. The MSA VI developed in the last section was meant not only to reduce the soil 

background as does the SA VI, but also to restore the loss in vegetation sensitivities by the SA VI. 

Each of these indices has its own advantages in reducing soil noises. The noises from soil 

background and from the sensor viewing geometries co-exist in practice. They are coupled and 

difficult to separate one from another. As a consequence, if any particular vegetation index were 

chosen to serve as a compositing classifier, one source of noise may be reduced at the cost of the 

enlargement of other types of noise. Therefore, to choose a better compositing classifier, all 

external effects have to be taken into account. 

Each vegetation index (NDVI, SA VI, and MSA VI) discussed in the last section of this 

Chapter has its own advantages and disadvantages. For soil noise, the MSA VI and SA VI were 

shown better. They were shown to be more symmetric about the nadir. Therefore, they could be 

used to replace the NDVI in compositing. However, to thoroughly evaluate vegetation indices as 

candidates for compositing classifier, a general role should be established considering as many 

aspects as possible. In the following discussions, effort was made to establish a general criterion, 

considering as many external factors as possible, to evaluate vegetation indices so that the best one 

would be selected for compositing purpose. 

Evaluation of Vegetation Indices 

On evaluation of vegetation indices, several aspects ought to be considered: 

1) Vegetation sensitivity. This criterion has the highest priority. A vegetation index was 

meant to enhance the vegetation signals not found in individual spectral bands. As shown in the 
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previous sections, some vegetation indices are more sensitive to vegetation than others and, 

therefore, have high privileges for a candidate classifier; 

2) Soil background noise. This is especially important in global change studies. In regions 

such as arid and semiarid areas, where vegetation cover is sparse, the soil background is the major 

contributor to the satellite measured signals. Therefore, variation in soils would be the major noise 

source. A vegetation index should reduce the soil noise to as minimal as possible; 

3) Atmosphere. The atmospheric fluctuation in its components would alter the remote 

sensing signals from the earth surface to space platforms, by absorption and scattering. The 

variation in atmospheric conditions is rapid and, therefore, causes severe problems for the high 

temporal frequency measurements. Consequently, a vegetation index should be as insensitive as 

possible to the atmospheric condition variations; 

4) Bidirectional properties. Some vegetation indices result in a symmetric pattern about 

the nadir, while others tend to bias toward the forward directions. To model or correct the sensor 

viewing angle effect with vegetation indices, it is desirable to have a symmetric behavior about 

the nadir, so that only the view magnitude needs to be corrected. Therefore, view angle behaviors, 

rather than the view angle sensitivities of vegetation indices are a major concern in VI evaluations. 

For this reason, the view angle effect will be discussed separately in the next section, not 

considered here. 

All of these aspects should be considered in evaluating vegetation indices. Let vegetation 

signal be v, soil noise be s, atmospheric noise be a, and the total observed signal be Y. 

Therefore, Y is a function of v, s, and a, Le.: 
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Y = f (v, s, Q, X), (6.21) 

where x is related to other external factors such as radiometric calibration, and geometric 

registrations. Any variation in vegetation (v), or soils (s), or atmospheric conditions (a) would 

result in the change in Y, which could be mathematically expressed as: 

ay ay ay ay 
dY = - dv + -tis + -00 + -dx . 

av Os aa ax 
(6.22) 

A 'good' vegetation index, therefore, should result in as maximal oYlov as possible, and as 

minimal OY los and OY loa as possible. Therefore, these three terms should be used in the 

evaluation of a vegetation index. To differentiate a function such as Y, it has to be a continuous 

function. In remote sensing, there are only discrete samplings (measurements) with respect to 

vegetation growth, soil and atmospheric variations. We can only obtain a finite set of 

measurements with respect to each variable. As a first approximation, the differentiation could be 

replaced by discrete statistical variables: 

oYlov ---> evv ; 

oYlos --> ev.; 
oY loa ---> eVa; 

where ev is the coefficient of variation, and the subscripts v, s, and a indicate the ev is with 

respect to vegetation, soil, and atmosphere. With this set of criterion, vegetation indices can be 

evaluated with respect to vegetation, or to soil noise, or to atmosphere. However, as mentioned 

above, these external effects were coupled and can not be evaluated individually in space remote 

sensing unless some corrections are made. A general evaluation of vegetation indices can be made 

based on the following criterion, which is referred to as a Q value: 



evv Q = ----"----
ev" + eVa + ev,x 
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(6.23) 

A vegetation index that is sensitive to vegetation (larger CV v), and insensitive to soil and 

atmosphere (low CV. and CV J, would result in high Q value. Decreases in vegetation sensitivity 

or increases in soil and atmosphere noises would depress the Q value. Therefore, based on the 

absolute Q value, vegetation indices can be compared and evaluated. If any single variable needs 

to be evaluated alone, the Q value can be obtained using the followings: 

CVy : for vegetation alone (no soil and atmosphere variations); 
lICV.: for soil effect only (no atmosphere and constant vegetation); 
l/CVa: for atmosphere only (constant vegetation and soil background); 
l/(CV. + CV J: for soil and atmosphere (constant vegetation); 
CVy /(CV.+CVJ: for vegetation, soil, and atmosphere. 

The above Q value criteria did not consider the sensor viewing angle effects, since off-

nadir viewing does sense more vegetation and, therefore, can not be evaluated based on the view 

angle sensitivity. Instead, the criterion for view angle should be based on the correctability, such 

as symmetry about the nadir. 

With 'enough' data sampling, each variable could be calculated and Q value should 

provide a general evaluation criterion of vegetation indices. However, a few other considerations 

are also needed to be addressed: linear relation with vegetation, saturation, and the normal 

dynamic ranges for soil and full vegetation. The NDVI has high dynamic ranges, but saturates at 

high vegetation density. As a result, the coefficient of variation fails to describe the sensitivity to 

vegetation, soils, and atmosphere sensitivities. The convex shape itself indicates a lower dynamic 
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range since it saturates earlier than linear responding vegetation indices. Also, the normal dynamic 

range for soils and full vegetation cover should be considered carefully when judging a vegetation 

index. When using Q values to evaluate vegetation indices, these indices ought to have the same 

lower and upper boundaries for bare soils and full vegetation cover. 

Although the Q value criteria offer a general means in evaluating vegetation indices, 

specific applications ought to be addressed separately depending on the specific objectives. In 

multitemporal satellite data compositing, soil background usually does not vary much (only wetting 

and drying processes within a composite period), while the sensor view angle and atmosphere can 

vary considerably. In this case, the decision on choosing a classifier in compositing may primarily 

depend on atmospheric noises and vegetation sensitivities. However, the decision should also be 

made depending on the sensor viewing angle behaviors: easy for bidirectional corrections, since 

the view angle within a compositing period can also vary substantially (from about -sSO to + sSO 

for A VHRR sensor). 

Conclusions 

In conclusion, the aircraft and ground-based data sets collected over cotton showed a 

greater dynamic range response by the MSA VI as well as a lowered sensitivity to the soil 

background spatial and temporal variations. By raising the vegetation signal and simultaneously 

lowering soil-induced variations, the MSA VI can be said to be a more sensitive indicator of 

vegetation amount over that of SA VI as well as other indices presented here. Both the dynamic 

range and 'noise' related effects are important to consider in the evaluation and improvement of 

vegetation indices, particularly for large scale (and global) studies that encompass considerable 

soil spatial and temporal variations unrelated to the vegetation signal. 
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The MSA VI is a modified version of the SA VI, which replaces the constant soil 

adjustment factor with a self-adjusting L. When fixing the L at different values, the MSA VI 

reduces to SA VI (L = 0.5), TSA VI (L = 0.08), NDVI (L = 0), and PVI or WOVI (L = 

infinity). Therefore, other vegetation indices can be regarded as special cases of the MSA VI. 

The signal to noise ratio was higher for the MSA VI than that for other vegetation indices 

(including the original version of SA VI). This suggests that the use of the L functions not only 

increased the vegetation dynamic responses, but also further reduced the soil background 

variations. At higher vegetation covers, L approaches 0, and the MSA VI behaved like the NDVI, 

while at low vegetation covers, the L approaches 1, and the MSA VI behaved like PVI or WOVI. 

For intermediate vegetation cover, the MSA VI is similar to the SAVI. 

The use of the product of NDVI and WDVI in the empirical L expression may not be the 

best function and may not work well for other canopy types. At low vegetation covers, the WDVI 

is less affected by soil background, while the NOVI is strongly affected. The product in the L 

function may, therefore, inherit more soil noise than if WOVI were used alone. At high 

vegetation cover, the use of NOVI alone may be better, since the NOVI is much less affected than 

the WDVI at high vegetation density. However, the inherited noise in L (if not canceled out by 

the product) would become secondary when used as an adjustment factor in the MSAVI. 'L' may 

also be derived by induction that works quite well over a wide range of vegetation types and 

conditions. 

The inductive L has boundary conditions of 0 and 1 and the resulting MSA VI is only a 

function of the reflectances. The dynamic range of the inductive MSAVI was slightly lower than 

that of the empirical L function due to the difference in the L boundary conditions. However, both 

versions of the MSA VI proved to be satisfactory with respect to the vegetation sensitivity and soil 

noise reduction. Overall, the inductive MSA VI and empirical MSA VI showed great improvement 
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over the SA VI, and they are very similar in dynamic range and signal to noise ratios with respect 

to the soil background influences. 

In addition, the MSA VI resulted in a symmetric pattern about the nadir view zenith. 

Therefore, it is easier to make view angle corrections with the MSA VI in compositing. Since the 

MSA VI was symmetric about the nadir, then only the view magnitudes need to be corrected for, 

not the viewing direction. The small solar zenith angles resulted in even more symmetric patterns 

of MSA VI. This is optimistic when satellites passes over at close to noon time. 
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CHAPTER 7 

PossmLE MICROWAVE UTILIZATION IN COMPOSmNG 

Introduction 

Optical remote sensing of terrestrial surfaces for global change studies has been shown 

to be promising, but affected by several factors: the presence of the clouds (Holben, 1986 for 

example), atmospheric attenuation and scattering (Slater and Jackson, 1982; Kaufman, 1989; 

Tanre et al., 1992), sensor viewing geometries (Deering, 1989) and soil background variations 

(Huete et al., 1985; Huete, 1989). These influencing factors are intrinsically related and difficult 

to decouple (Qi et al., 1993a). Except the clouds, they all directly affect the measurement quality. 

The atmosphere could alter the ground reflected signals by adding to the blue and reducing in NIR 

bands. Viewing geometry of the sensing system could result in much high reflectances in the anti

solar direction than the forward direction, due to the non-Lambertian properties of land surfaces. 

Wetting and drying, color and texture, as well as the chemical compositions of the soil 

backgrounds produce soil dependent spectral signatures. All of these factors directly affect 

remotely sensed data quality and, therefore, the confidence on interpretation. These effects, 

however, are correctable, with atmosphere measurements or atmospheric modeling, bidirectional 

modeling and the development of less soil sensitive vegetation indices. The clouds, in contrast, 

are un-correctable problems because they directly affect the data availability by preventing ground 

reflected signals from reaching the sensors. Although multitemporal compositing could reduce the 

cloud probabilities, in regions with persistent cloud occurrence, the problem of clouds still remains 

to be understood. In addition, the problems linked with viewing geometry bias with the current 

compositing algorithms (such as the MVC). Consequently, the problems of clouds are of great 
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concern, especially for temporal monitoring of the earth system via remote sensing in regions of 

persistent cloud cover. 

Complementary to the optical remote sensing data, the microwave data have the 

advantages of being insensitive to the atmosphere conditions and capable to penetrate the clouds 

at low frequencies (Kerr and Njoku, 1990). However, the microwave data have been mainly used 

to estimate soil moisture content and temperature mapping (Schmugge et al., 1986). Recent studies 

found that the microwave emission of the land surface was strongly dependent upon the presence 

of vegetation (Jackson and Schmugge, 1991). The microwave polarization temperature difference 

(MPTD) was found to have a similar temporal pattern as that of NDVI (Choudhury, 1989; Becker 

and Choudhury, 1988). Therefore, there may exist a physical linkage between the microwave and 

optical measurements, which would enable one to fill in the gap with microwave remote sensing 

measurements in the multitemporal compositing of optical remote sensing data. The objective of 

this Chapter was to investigate the possibilities of merging the microwave with the optical remote 

sensing measurements so as to utilize the information contained in microwave measurements for 

clouds screening in optical data compositing. 

Physical Linkage 

Optical remote sensing of terrestrial surface vegetation is based on the physiological 

processes within the vegetation. When the solar radiation reaches the vegetation canopy, part of 

the radiation is reflected and part is absorbed, and little is transmitted through the vegetation and 

the soils underneath. In the red region of the solar spectrum, reflection occurs near the canopy 

surface, while in the NIR region, the reflection is volumetric (multiple processes). Consequently, 

the vegetation canopy reflectance in the NIR region is higher than that in the red region. By 
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examining the reflectances or derived vegetation indices,vegetation information can be inferred 

(Sellers, 1985 and 1987; Asrar, 1984; Baret et aI., 1992; Box et aI., 1989; Choudhury, 1987; 

Shibayama and Akiyama, 1989). 

The dynamics of microwave (passive) remote sensing is mainly observing the emissions 

of land surfaces. The observed signals (Fig. 7.1) mainly come from the vegetation-reflected (1) 

emission (neglected generally), emission from vegetation (2), transmitted emission from soils(3), 

a small part from soil reflected and transmitted through vegetation (4), and atmospheric 

contributions (5). The emission from vegetation is not polarized while those from soils are. The 

polarization of soil emission would be reduced when the emission is gone through the vegetation. 

The depolarization by vegetation is a function of vegetation water content. Therefore, whether the 

observed emission from satellite systems is polarized or not depends on the amount of vegetation 

present. By examining the polarization degree of the observed emissions from earth surface, 

vegetation quantities could be inferred. 

Both optical and microwave remote measurements are related to the amount of vegetation 

present. The mechanism of the two measurements, however, are different. The optical remote 

sensing measures the consequences of physiological processes, while the microwave measures the 

structural attenuation by the water molecules within the vegetation. Nevertheless, both are related 

to the vegetation amount and, therefore, it is possible to merge the two sources of information 

together. A synergistic relationship could be derived so as that the missing optical remote sensing 

data can be extrapolated from microwave measurements in the compositing. 
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Sensor 

~ 
cosmic + atmospheric 

5 

Figure 7.1 Schematic diagram of microwave emissions sensed by a microwave 
radiometer. 

A Synergistic Relation 

Consider a randomly distributed vegetation layer over a bare soil as shown in Fig. 7.1. 

The air-vegetation interface is assumed to have a negligible reflectivity. The vegetation and the 

soil are assumed to be in thermal equilibrium, and therefore, the vegetation temperature can be 

assumed to be equal to the soil temperature underneath. In this model, the vegetation absorbs and 
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scatters radiations. The brightness temperature T bp, then, is given by (palos cia and Pampaloni, 

1988; Choudhury, 1989; Kerr and Njoku, 1990): 

where 

Tbp is brightness temperature (K) of the canopy at polarization p, 

T. is soil physical temperature (K), 

Tc is canopy physical temperature (K), 

(7.1) 

R.p is air-soil interface reflectivity at polarization p,related to emissivity e.p by e8p = 1- R.p, 

ex is single scattering albedo, and 

'Y is transmissivity of the vegetation layer over the soil, which is related to the optical thickness 

T at viewing angle of 0 by: 

'Y(O) = exp (-TIlL), 

p. = cos (0). 

If we assume that the R.p'Y ~ 0 (because the emissivity is usually 0.6 - 0.9, and 'Y < 1, 

which results in 0.3 > R.p'Y > 0.08 if'Y = 0.8 ), then equation (1) can be reduced to a form 

similar to those in Paloscia and Pampaloni (1988) and in Choudhury (1989): 

(7.2) 

The above model applies only to the brightness temperature at surface level. For satellite 

radiometric measurements, the atmosphere effect has to be taken into account(Kerr and Njoku, 

1990 and 1991). Therefore, the observed brightness temperature from satellites should be: 
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(7.3) 

where Ta is the atmosphere transmittance and Tatm is the atmospheric contribution, and subscript 

o indicates the ground observations. The third term can be neglected at low frequency. 

Microwave polarization difference ratio (PR) at any frequency is defined as: 

(7.4) 

where the subscripts V and H indicate the vertical and horizontal polarizations. As T. = Te, 

then, the microwave polarization ratio is given: 

(7.5) 

where 

(7.6) 

(7.7) 

(7.8) 

The denominator of equation (7.5) varies from 1 + e,. to e. + ea when 'Y changes from 0 to 1. 

It does not vary much compared with the numerator, and therefore, equation (7.5) can be 

approximated as: 

(7.9) 
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Some simplifications and further assumptions are needed for each variable in order to 

utilize this model. First, the transmissivity of the canopy 'Y is related to vegetation water content 

wby: 

'Y = exp(-bw), 

where b is a factor related to frequency(Jackson and Schmugge, 1991). Since, in many cases, a 

whole pixel (such as SMMR or A VHRR pixels) is not filled with vegetation, we assumed that the 

vegetation water content w is proportional to the vegetation density, which is in turn proportional 

to the fractional cover fc, i.e., 

'Y = exp (-b'fc), 

where b' is an empirical coefficient. 

The emissivity difference between horizontal and vertical polarizations, .t..e. is related to 

soil roughness (Wang and Choudhury, 1981; Njoku, 1992) by a factor of exp(-4k2/fcos20), where 

k is wavenumber and u is the standard deviation of surface height. 

Finally, .t..e. and e. are related to the soil moisture content, e, through the approximation 

of (.t..elO + P 9) and (elO + P' 9) , where .t..elO and elO are two limits of .t..e. and e. when 9 = O. 

These assumptions are valid at low frequency for relatively low soil moisture values. Combining 

these assumptions, the following expression for PR as a function of 9, fc, and u can be written 

as: 

PR(9/c,u) = 
Ile +{3 9 

so e -b'jce -4k'o'cos'O 

e +e +/:1/9 so a ,., 

(7.10) 

This relation says that the microwave measurement quantity PR is a function of soil moisture, 

vegetation, and surface roughness. 
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The vegetation fractional cover, fc, can be estimated from optical remote sensing 

measurements by: 

Ie =:: 
NDVI-NDVIo (7.11) 

where NDVIo and NDVIm are the minimum and maximum values (0.07 and 0.8 respectively in 

this study (Kerr et al., 1992». For simplicity and due to data availability at the time of this work, 

NDVI was used. For detailed studies, the MSA VI developed in Chapter 6 ought to be used. 

When the vegetation fractional cover fc increases, the PR decreases because of the 

increase in the vegetation attenuation. When the vegetation fractional cover fc approaches 0 (bare 

soil condition) for a given 9 and q condition, the PR reaches its maximum value while as the 

fractional cover approaches 1, PR reaches its minimum. The roughness parameter term (q) is 

equally important as the vegetation fractional cover term in equation (7.10). 

Now, we have two unknowns (9 and q ) in equation (7.10), which can not be solved 

alone. However, we can use multi frequency measurements to solve this problem. Assuming that 

we have two measurements of different low frequencies A and B, we can eliminate the surface 

roughness parameter q from equation (7.10) and obtain: 

(7.12) 

where R = (kA/kB)2. The microwave and optical remote sensing measurements are thus related 

to the each other, by equation (7.12), which is also a function of soil moisture content. Therefore, 
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a synergistic relationship between the microwave (PR) and optical (NDVI) remote sensing 

measurements is established. 

Utilization Demonstration 

In order to validate the synergistic relation (7.13), the soil moisture term, e, must be 

known. As there are no simultaneously e data available at this time, we validate the synergistic 

relation indirectly, by assessing the soil moisture with PR and NDVI measurements. If the 

synergistic relation holds, the soil moisture should be estimated reasonably. To do so, the 

Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR) and NOAA Advanced Very 

High Resolution Radiometer (A VHRR) data of 1986 over Africa were applied to the synergistic 

relation. A transect from 300N north to 300s south along 200E was made to cover varieties of 

biomass systems. A transect from north 27°N to lOON and three sites of different biome were 

selected for more detailed studies. The first site(l~N) corresponds to a site of Regs, hamadas, 

and wadis, the second site(14°N) was Sahel Acacia wooded grassland and deciduous bushland, and 

the third site (8°N) was Sudanian woodland with abundant isoberilinia. 

Fig. 7.2 shows the estimated soil moisture of July, September and December of 1986 

together with the vegetation fractional cover from 27°N to lOoN. The soil moisture is less than 

5 percent from 27°N to 15°N for all three months. At lOON, however, the soil moisture was 20% 

in July, increased up to 30% in September, and dropped to 20% in December respectively. This 

temporal variation is what one could expect(rainy season). However, values obtained are high. 

This is linked to the empirical factors used and could be improved by a better tuning with help 
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of relevant ground data. In general, 100N site had a soil moisture about twice as much as those 

at 17°N and 14°N sites. For all three sites, the soil moisture is correlated to the vegetation 

fractional cover since the soil moisture is a major trigger for vegetation growth. 
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Fig. 7.3 depicts temporal variations of the soil moisture (Fig. 7.3a) and vegetation 

fractional cover (Fig. 7.3b) for the three selected sites. The 17°N site was shown to have relative 

stable soil moisture due to the lack of precipitation throughout the year. The 8°N site, however, 

demonstrated a significant temporal pattern. The soil moisture increased from 6% in June to 30% 

in August. Between August and November, there was a drop in soil moisture. This was due to 

the mask effect of vegetation on the 10.7 GHz because of vegetation attenuation. Consequently, 

the estimated soil moisture at this period is questionable. The soil moisture at 
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14°N site showed a decrease from January to June and then a small increase till August, after 

which it dropped down till November. The temporal variation of vegetation fractional cover is 

shown in Fig. 7.3b for the three sites. The two arid sites (17°N and 14°N) showed little temporal 

variation while the 8°N site had a seasonal variation. These temporal variations showed a good 

correlation with those of the soil moisture. 

Fig. 7.4 depicts the annual variations in the soil moisture and vegetation percentage cover. 

Basically there were three zones: north zone ( 300N to lOON); center zone (lOON to 2SOS); and 

south zone (25°S to 300s). In the north and south zones, the soil moisture was correlated to the 

vegetation fractional cover, while in the center zone, there was no correlation between the two. 

The strong correlations in the south and north zones were due to the fact that soil moisture was 

the trigger for vegetation and the major factor for vegetation growth. 
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When soil moisture was available, vegetation started growing and died down when soil 

moisture was in deficit. In the center zone, the soil moisture availability was still the controlling 

factor for vegetation growth, but the soil moisture was not detected by the microwave satellite 

sensor. The microwave polarization difference ratio was masked by the vegetation when the 

vegetation percentage cover reached about 60% or more. As a consequence, the PR approached 

zero. In this case, the soil moisture was estimated to be zero too, since the synergistic relation 

assumed that the soil moisture was the only contributing factor that caused polarizations. The 

masks by vegetation prevented estimations of soil properties with microwave remote sensing 

measurements. The optical remote sensing of vegetation was no longer affected by the soil 

moisture (or very little effect). 

Conclusions 

The synergistic relationship merged the multifrequency microwave measurements and 

optical remote sensing measurements. The indirect validation with soil moisture estimation 

showed the potential use of the synergistic relationship, and its validity. Some discrepancies are 

found with the estimated soil moisture. This was due to the fact that we had some assumptions 

that may not weB apply, andlor the use of empirical factors. The assumption of a linear relation 

between the variations in emissivity and soil moisture content may not be realistic in all cases. 

More importantly, the assumption that the vegetation water content is proportional to the 

vegetation fractional cover does not hold in all cases, especially at high vegetation density like 

tropical forests. Efforts, therefore, are needed to examine and develop these assumed relations, 

which would improve the validity of the established relationship. Another fact that causes these 

discrepancies was the atmosphere variations throughout the year, which would affect the both 
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microwave and optical measurements from satellites. Therefore, the atmospheric effect on 

microwave (Kerr and Njoku, 1991) measurements investigation would also increase the value of 

the relationship. 

There were a threshold vegetation percentage cover(60% in this study), beyond which 

neither optical nor microwave at frequency above 6.6 GHz remote sensing would be able to 

retrieve physical parameters about the soil surfaces. Beyond this threshold, saturation of 

microwave occurred, and resulted in no polarization. The optical remote sensing could still be 

used for vegetation studies, but may not be suitable for soil surface characterizations. 

More work is needed, in conclusion, to further investigate the established relation, 

especially on those assumptions before using one to infer another. Other means to relate the soil 

moisture to the microwave measurements is needed so that the synergistic relation is independent 

on other factors rather than solely on the polarization ratio and vegetation indices. Nevertheless, 

the synergistic relation demonstrated a promising potential in that it combined optical and 

microwave remote sensing measurements together, enabling one to infer optical related 

information to microwave measurements. 

As the synergistic relation consisted of both optical and microwave remote sensing 

measurements and another soil surface parameter (soil moisture in this study), more work is 

needed in order to utilize microwave measurements for optical remote sensing compositing. In 

conclusions, it is promising that there exist a synergistic relation between the two and a potential 

use to estimate one from another, although not in a practical stage yet. 
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CHAPTER 8 

COMPOSmNG MULTITEMPORAL A VHRR DATA 

Introduction 

Since the launch of the Advanced Very High Resolution Radiometer (A VHRR) on board 

the National Oceanic and Atmospheric Administration (NOAA) satellite series, the sensor has been 

continuously providing measurements of the earth on a daily basis, and even three times a day in 

some regions of the globe. These continuous data sets enable scientists to study and monitor the 

earth's vegetation at regional and global scales. However, generic and external problems have 

been imposed to the data sets. The generic problems include the radiometric calibration of the 

sensors, especially the first two spectral channels for which there are no on-board calibration 

available (Goward et al., 1990; TeiIIet 1992). The external problems are associated with cloud 

masking, atmospheric contamination, geometric registration, and sensor viewing angle variations. 

Consequently, the observed A VHRR data contain substantial uncertainties, preventing scientists 

from making a quantitative analysis of the earth vegetation dynamics. 

One solution to the external problems involves compositing techniques to filter out 'poor' 

quality data. These techniques involve choosing a subset from a large data set of cloud-free and 

least atmosphere-contaminated pixels with near-nadir view angles. Several techniques exist for 

compositing. The most often used technique is the maximum value compositing (MVC) method 

proposed by Holben (1986). This algorithm first defines a time window (compositing period) 

within which the classifier NDVI (normalized difference vegetation index) is assumed to change 

little. The NDVI classifier is assumed to vary only from compositing period to period. Within 

each compositing period, the pixel with the maximum value of the NDVI is selected as a 
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representative of the measurement in that period. The rationale behind this is that clouds or poor 

atmospheric conditions, or larger off-nadir view angles will depress the NDVI value. By selecting 

the maximum value of NDVI, therefore, the chances of obtaining cloud-masked, atmosphere

contaminated, and off-nadir viewing angle data are presumably reduced. The resultant subset of 

the multitemporal data would then be least contaminated from those external noises. 

Since this technique employs a single pixel selection criterion of the maximum value of 

NDVI, the quality of the composited data consequently relies on the characteristics of the NDVI. 

Problems, however, remain due to the nature of the NDVI classifier. First, the NOVI is very 

wlnerable to soil background variations (Chapter 3). Dark or wet soils resulted in higher NOVI 

values. The wetting and drying processes of the terrestrial surface would then affect the pixel 

selections. Second, the atmospheric effect on the NOVI depends on the ground NOVI values 

(Chapter 4) and sensor view angles. Therefore, the maximum NDVI may not correspond to the 

clearest atmospheric condition. Third, the NOVI was found to favor the off-nadir viewing angles 

in the forward directions (Chapter 5). Subsequent selection of highest NOVI will, therefore, bias 

towards larger off-nadir view angles. Consequently, solely selecting the highest NOVI may not 

ensure high data quality. 

Two efforts have been devoted to improving the accuracy of composited products. The 

first one was to improve the classifier (NOVI) so that the pixel selection would be less dependent 

on external factors. Examples were the developments of the soil adjusted vegetation index (SAVI) 

(Huete, 1988) and the atmospherically resistant vegetation index (ARVI) (Kaufman and Tanre, 

1992). The SA VI was designed to account for the influence of soil variations while the ARVI was 

developed specifically to account for atmospheric effects on signal. Shortcomings exist for these 

two vegetation indices due to the coupled effect of the soil and atmosphere. Relative to the 

NOVI, the dynamic range of the SA VI corresponding to bare soil and full vegetation cover was 
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reduced. To avoid the loss of vegetation sensitivity and to remain the soil noise minimization, the 

MSA VI was developed (Qi et al., 1993b), by varying the L in the SA VI equation as a function 

of the vegetation density (Chapter 6). 

The second effort, on the other hand, was to improve the MVC algorithms by adding 

secondary criteria to the pixel selections. These secondary criteria include the use of the channel 

1 or channel 4 of the A VHRR sensor, or information about vegetation evolution. These 

techniques involve two-step pixel selections. The first round pixel selection is carried out by 

retaining all pixels within the range of 10% of the maximum value of the NDVI in each composite 

period. This round filtering is mainly for clouds screening. Then, a second round pixel selection 

is performed with either minimum channell, or maximum channel 4 of the AVHRR sensor, or 

vegetation evolution pattern to reduce external factor related noises. 

The minimum channel I (Min ChI) secondary criterion was based on the reflectance 

characteristics of clouds (see Chapter 1 for more details). Clouds have much higher reflections 

in channel 1 than other terrestrial surfaces. To ensure minimal clouds after compositing, second 

round pixel selection is performed. By selecting the pixels of minimum channell, the chances of 

choosing cloudy pixels would be further reduced. However, the remaining problem is the scattered 

clouds and shadows due to clouds. The use of minimum channell as a secondary criterion would 

preferentially choose those shaded pixels. 

The maximum channel 4 (Max Ch4) secondary criterion (see Chapter 1 for more details) 

was based on the thermal properties of clouds. When clouds or cloud-created shadows are present 

in a scene, the thermal channel values of the A VHRR would be lower. Therefore, after the first 

round pixel selection, a second round pixel selection can be performed with maximum thermal 

channel of the A VHRR. By selecting the pixels of maximum thermal channel within a group of 

pixels from the first round selection, the clouds and their shadow affected pixels would not be 
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selected when better choices are available. The second round pixel selection also helps 

normalization of soil background variations due to wetting and drying processes within a 

composite period. Wetting soils (rainfall or irrigation for example) would increase the NDVI 

values, but lower the thermal channel. Therefore, setting maximum channel 4 may avoid selecting 

wetted pixels. 

Instead of using the channel 1 or channel 4 as a secondary pixel selection criterion, the 

best index slope extraction (BISE) (Viovy et a1., 1992) method uses vegetation biological evolution 

as the secondary pixel selection criteria. The BISE examines each pixel and makes decisions 

according to the vegetation growth pattern (See Chapter 1 for more details). The algorithm 

searches forward in a temporal profile of NOVI, and selects those pixels if they match with 

vegetation evolution patterns. If any anomaly occurred, vegetation would gradually re-grow. The 

BISE takes this consideration into account in pixel selections. The advantages of the BISE over 

the simple MVC are that it retains more valuable data sets while not ignoring the sudden changes 

due to anomalies. The disadvantages, however, are that the algorithm may likely select severely 

cloud-contaminated data when clouds occurred suddenly but slowly disappeared, since the BISE 

may treat this situation as real vegetation changes due to anomalies. This is especially a problem 

in areas where clouds persist longer than compositing period. 

Although each of these algorithms could reduce those external factor effects, substantial 

noises still remain, due either to the use of the NDVI classifier or to the lack of an intelligent 

pixel selection criterion. To ensure good quality data sets, not only the current compositing 

algorithms need to be modified (improved), but also the NDVI classifier needs to be refined. The 

objective of this Chapter is: 1) to replace the NDVI with the MSA VI classifier developed in 

Chapter 6, and 2) to propose an alternative set of pixel selection criterion to composite 

multitemporal A VHRR data sets. The overall objective is towards the development of a set of 
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more sophisticated criteria in compositing to produce composite products with acceptable 

accuracy. 

Approaches 

Problems remain in compositing due either to the imperfection of the algorithms 

themselves or to the classifiers employed. Therefore, further refinement of any of them would 

improve the composite products quality. In the following, I propose an alternative set of pixel 

selection criteria to composite two sets of A VHRR data. 

An Alternative Classifier 

The NDVI classifier was found to be sensitive to other external factors such as soil 

background variations. The use of this index as classifier in compositing would consequently affect 

the composite data products. As the MSAVI was developed in Chapter 6 and was shown to be 

more sensitive to vegetation while further reduced the soil noise, it could be used as the classifier 

in compositing. Therefore, the MSAVI could be used to replace the NDVI in the AVHRR 

compositing. 

Alternatives for Compositing 

As mentioned earlier, compositing product quality can be improved by either refinement 

of compositing classifier or modification of the compositing algorithms. Therefore, alternative 

compositing algorithms should be investigated to obtain reliable data products. Here I describe a 

few alternatives similar to the BISE and MVC, by placing more restrictions on pixel selections. 

Average (AVG): This is also a two-step pixel selections. The first round pixel selection is the 

same as in the Min Chi or Max Ch4 to retain the maximum value and other pixels within lO%of 
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it. Then, these remained values from the first round filtering are averaged within each 

compositing period. This algorithm uses a group value of vegetation index (VI) instead of using 

a single maximum value. It is similar to a moving window average in that it uses mathematic 

averages, but differs in that it only averages those pixels whose values are within a certain ranges. 

These remaining pixels from the first round pixel selection were presumably not affected by 

clouds or by poor atmosphere. The 10% difference was assumed to be due to view angle effects. 

The rational behind this was that the chances of large view angle occurrences are equal to those 

of small view angles. The large view angle induced-extremes would be averaged with those pixels 

of small view angles. Consequently, the spikes due to view angle variation will be smoothed out. 

Meanwhile, it should also result in a smooth temporal profile. 

Minimum View AngleCMin View): As has been mentioned, the NDVI tended to favor off-nadir 

in the forward direction for natural terrestrial surfaces (see Chapters 4 and 5). Selecting the 

maximum NDVI, therefore, will bias towards large view angles. In practice, nadir view angles 

are preferable because of least atmospheric and bidirectional effects. Consequently, the view angle 

effect could be minimized by selecting the pixels with view angles nearest to the nadir. To 

implement this goal, the algorithm uses view angle as its secondary pixel selection criteria in the 

second round pixel selections. The first round pixel selection is carried in the same way as in the 

AVG or Min Chi or Max Ch4. From the remaining pixels of the first round filtering, the one 

with the smallest view angle will be chosen. Again, here the assumption was that variations 

among the remaining pixels were due to the view angles rather than due to the clouds or the 

atmospheric conditions. Consequently, cloud-affected pixels will be eliminated in the first round 

pixel selection, while view angle effects would be minimized in the second round selection. 
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Because of the bidirectional effects, this algorithm would,in general, result in a lower vegetation 

index profile than the MVC. 

Slide Window (SW): Instead of using either the BISE or the MVC criteria alone, the SW 

algorithm combines BISE and MVC together in pixel selections. Starting from the first date, the 

SW searches forward along the temporal profile of the data. It accepts the pixel of the following 

day if the NDVI (or MSA VI or any other classifier) is larger than that of the previous day. When 

the classifier suddenly decreases, the algorithm marks both that pixel and the previous one. Then 

it continues to search forward for a maximum of n days (slide window). While searching forward, 

it compares each pixel with the previous marked high pixel value. It will stop searching if there 

is a pixel with a value higher than the previously marked high pixel. Then a new search starts 

from that date again. If there are no pixels with a value higher than the previously marked high 

pixel, the algorithm compares the maximum value within the slide window period, with the 

previously marked low pixel. If the difference between the maximum and the marked low value 

is greater than 20% of the difference between the previously marked high and marked low values, 

the marked low value pixel will be ignored and the maximum will be selected. A new search will 

then be continued from the date of the maximum. Otherwise, the marked low pixel will be 

selected, and new search starts from that date. This strategy may be best represented with a 

logical program 'language': 

BEGIN: 
from first-day to last-day 

if next > previous, then select next 
if next < previous, then 

low = next 
maxI = previous 
search from 0 to n days by increasing counter i, 

if (previous + i) > maxI, select previous+i, 
else max2 = max(O.1.. .n) 

if(max2-low) > 20% (max 1-}ow) then select max2 
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else select low and do new search. 
end 

END. 

The advantage of this algorithm is that it (I) keeps more valuable data sets than the MVC, 

(2) detects anomalies, (3) reduces the chance of selecting cloudy pixels as in BISE, and (4) selects 

the cleanest pixels if clouds persist for more than the length of the slide window period. 

Results and Discussions 

The data sets used in this chapter was the 90 and 91 A VHRR data over five study sites 

in US and three sites in Niger. These study sites represent different types of biomass (fable 2.4), 

and they were named here according to the vegetation types (US sites) or geometric locations 

(Niger sites). Fig. 8.1 shows the NDVI temporal profiles of the eight study sites. The NDVI 

temporal profiles were calculated from the radiance data of the A VHRR and scaled by a factor 

of 400. All profiles have two modes of variations: a low frequency variation (associated with 

vegetation variations) and a high frequency (associated with noises) variations. The compositing 

is to filter out those high frequency variations while retaining the low frequency variations. 
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Figure 8.1 Temporal A VHRR (NOVI) variations for the eight selected study sites: 
(a) Western conifer, (b) Grassland, (c) Southern pine, (d) Desert shrubs, 
(e) Northern hardwoods, (f) North window, (g) Center window, (h) South 
window. 
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Comparison of Different Compositing Algorithms 

As the A VG and Min View algorithms are similar to the MVC, Min Ch 1, and Max Ch4 

in the number of retained pixels (compositing period was set at 10 days), these were compared 

together while the SW was compared with the BISE due to their similarities. 

The A VG and the Min-View composited results were compared with those of the MVC, 

Min ChI, and Max Ch4 algorithms in Fig. 8.2 for all eight study sites. For the US five sites 

(Figs. 8.2a - 8.2e), there was no apparent difference among the results of different compositing 

algorithms in general. In high vegetation seasons (indicated by the high values of the NDVI), there 

was a little difference, but in the other seasons, almost all algorithms selected the same pixel 

within each composite period. This may be due to the data availability in each compositing period 

or due to the range (10% in this study) from the first round pixel selection. In some periods, very 

few choices were available (one or two) and, therefore, the choice was limited regardless of what 

algorithm one uses. For the three sites in Niger (Figs. 8.2f - 8.2h), one can see some differences 

in temporal profiles due to the composite algorithm difference. The Min View algorithm did not 

show a peak as other algorithms did for the arid site (Fig. 8.2t), and the A VG generally resulted 

in a lower profile than others for the semi-arid site (Fig. 8.2g). Again, conclusions can not be 

drawn as to which algorithm is superior to the others. Another reason for not having apparent 

differences among these algorithms was that the external effects were so large that the NOVI 

magnitude was the dominant factor in pixel selections. When the MSA VI was used as the 

classifier in compositing (Fig. 8.3), the difference among these algorithms became even smaller. 

The smaller difference in this algorithms may also be due to the insensitivity of the MSA VI to 

external factors in addition to the reasons mentioned for the NOV!. 



161 

WMI ern conI'er 

200 

OLL __ ~ __ ~ __ L-__ L-~ __ ~ __ -L __ ~ __ ~ __ ~ __ ~~~~ __ ~ 

e 12 16 20 0 5 9 o 4 

Gra •• land 

30 

OLL--~~--~--L-~--~~~~--~~~~~~-= __ ~ 
8 12 18 20 0 3 9 13 o 4 

Figure 8.2 

Composite period 

MVC, Min ChI, Max Ch4, AVG, and Min View composited results for 
the eight selected sites using NDVI as the classifier. (a) Western conifer, 
(b) Grassland, (c) Southern pine, (d) Desert shrubs, (e) Northern 
hardwoods. (t) North window, (g) Center window, (h) South window. 
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MVC, Min ChI, Max Ch4, AVG, and Min View algorithms composited 
results for the eight selected study sites using MSA VI as the classifier. (a) 
Western conifer, (b) Grassland, (c) Southern pine,(d) Desert shrubs, (e) 
Northern hardwoods, (f) North window, (g) Center window, (h) South 
window. 
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The results of the SW algorithm with the NOVI classifier are presented in Fig.8A, along 

with the BISE compo sited results and the original NDV! profiles. The purpose of showing the 

original profiles was to examine how BISE and SW smoothed the high frequency noises. Both SW 

and the BISE reduced the high frequency noises due to external factors in general. The BISE 

composited results were still noisy as it (BISE) not only retained higher values of the NOVI, but 

also retained some of the very low NOV! values. The noise in the BISE sometimes was worse 

than the previously mentioned algorithms because those algorithms never kept the minimum NOVI 

values. The SW, in comparison, greatly reduced the high frequency noises while keeping as much 

valuable data as possible. The temporal profiles of the SW were similar to the MVC, Min Ch 1, 

Max Ch4, and Min View, but contained much more valuable data. 

Similar temporal profiles were found with the use of the MSA VI as the classifier (Fig. 

8.5). However, when MSA V! was used, the difference between the SW and the BISE was 

reduced compared with NOVI as the classifier (Fig. 804 and Fig. 8.5). This was more apparent 

when comparing the SW with the BISE for the three Niger sites (Figs. 8Af and 8.5f, Figs. 8Ag 

and 8.Sg, Figs. 8Ah and 8.Sh) and the grassland site (Figs. 8Ab and 8.5b). The small difference 

between the SW and the BISE was most likely due to the insensitivity of the MSA VI to external 

factors. If the MSAVI profiles matched the vegetation evolution pattern perfectly, the SW and 

BISE should have no difference, as in such case both of them would retain all valuable pixels. 

Due to external factors, the NOVI and MSA V! deviate from the vegetation pattern. As a result, 

the SW discarded those deviated pixels, but the BISE retained some of them. 
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Figure 8.4 Original NDVI, and BISE and SW composite results for the eight selected 
sites using NDVI as the classifier. (a) Western conifer, (b) Grassland, (c) 
Southern pine, (d) Desert shrubs, (e) Northern hardwoods, (t) North 
window, (g) Center window, (h) South window. 
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Figure 8.5 - Continued 
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One unique feature of both SW and BISE temporal profiles was that the deep valleys 

almost always corresponded to a temporal discontinuity. Consequently, the noises (if any) after 

compositing most likely resulted from the lack of data availability. It was because of the 

discontinuity of the data sets that the BISE, as well as the SW had selected lower value pixels. 

This shortcoming of the BISE and SW can be overcome by increasing the sliding window (or 

compositing period). However, increasing the length of the slide window will result in the loss 

of valuable data in the pixel selection process. 

View Angle Distributions 

Finally, the view angle distribution of the different classifiers is presented in Table 8.1. 

The statistics were made for all classifiers of each compositing algorithm. Here for comparison, 

the SA VI was also listed. The statistics were made only with respect to the view directions, not 

to the view angle magnitudes. Consequently, I indicated the two view directions by negative or 

positive numbers, with positive numbers being in the forward direction. As can be seen, the 

NDVI was biased towards the positive view directions (63% versus 37%) while the SAVI and 

MSAVI more evenly selected the two viewing directions (53% versus 47% for the SAVI, and 

49 % versus 51 % for the MSA VI). This indicated that the MSA VI and SA VI were more 

symmetric about the nadir, while the NOVI tended to favor the forward direction, because of the 

preference in the forward direction by the NDVI. 



Table 8.1. 
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MVC 
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Min View 
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View an~le distributions of different classifiers using all data sets of all 
compositmg algorithms. 

NDVI SAVI MSAVI NDVI SAVI MSAVI 

-% -% -% +% +% +% 
39 54 56 61 46 44 

34 45 47 66 55 53 
42 52 55 58 48 45 
37 41 43 63 59 57 

35 44 46 65 56 54 

37 47 49 63 53 51 

Concluding Remarks 

The slide window (SW) algorithm showed a difference from either the BISE or MVC 

algorithms. It retained more valuable data than the MVC, and contained less noisy pixels than 

the BISE. The view angle distribution showed a general bias towards the forward direction and 

large off-nadir view angles by the NDVI, and less so by the MSAVI. This was mainly due to the 

bidirectional properties of the classifiers used. Therefore, the compositing classifiers are key 

factors that control the data product quality. Compositing algorithms can be improved by placing 

more additional criteria in pixel selections. With either the refinement of compositing classifiers 

or the improvement of the pixel selection criteria, or both approaches, composited data quality 

can be improved, but still limited by the data availability. 

In addition, as compositing algorithms are usually applied after radiometric and 

geometrical corrections, the noise contained in the composite products is neither entirely caused 

by the imperfection of the classifiers, nor entirely by the imperfection of pixel selection criteria. 

Some noises may come along with the geometric registrations and the radiometric calibrations, 
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which are crucial to the composite products. The more sensitive a classifier is to vegetation, the 

more crucial it would be to require accurate geometric corrections, since geometric re-sampling 

will change the scene contents. 

In conclusion, the SW showed substantial improvement in compositing multitemporal 

A VHRR data in that it retained more valuable data while minimizing the high frequency noise. 

The new classifier, MSA VI, proved to be less affected by external factors and was more 

symmetric about the nadir view. Consequently, it resulted in smoother temporal profiles when 

used as the classifier in compositing. The new classifier and the SW compositing algorithm proved 

to be promising in improving multitemporal A VHRR data qUality. However, it should be pointed 

out that in this study, no view angle corrections were made since it was shown that view angle 

corrections were vegetation type dependent. View angle corrections will be addressed in my 

future work. 
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CHAPTER 9 

PERSPECTIVES AND LIMITATIONS 

Concluding Remarks of the Dissertation 

In the previous chapters, soils, atmosphere and sensor viewing geometry were studied with 

respect to their influences on vegetation indices and on the composite results. Soils exert great 

influences on remote sensing measurements, but the effect became secondary when vegetation 

indices were used. The sensor view angle variations had very significant effects on both the 

remote sensing spectra and vegetation indices. Clouds and atmospheric variations were the most 

responsible factor to cause the high frequency noises imposed onto seasonal variations of 

vegetation index profiles. The alternative classifier (MSA VI) further reduced these external 

factor-related noises, while the vegetation sensitivity was also increased. The alternative set of 

criterion for pixel selection of the Slide Window(SW) in compositing was promising in that it 

reduced the external related high frequency noises, and maintained more valuable data than the 

BISE. 

Limitations, however, exist on both compositing classifiers and the compositing 

algorithms. The MSA VI was developed to account for soil effects, while increasing the vegetation 

sensitivities. However, it did no take into account of the atmospheric effects. It appeared that the 

soil and the atmosphere were coupled. Reduction in soil noise resulted in an increase in the 

atmosphere noise. In addition, these external effects were dependent on the vegetation type and 

status. Highly vegetated surfaces were less affected while sparse vegetated surfaces were most 

vulnerable to these external influences. This study showed that improvements on both compositing 

classifier and the compositing algorithm were crucial to ensure quality products. 
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Further work is needed, therefore, to refine the current vegetation indices (compositing 

classifier) and compositing algorithms. Modeling L in the MSA VI equation may further increase 

the vegetation sensitivity while keeping the soil background noise minimal. Also, since the 

MSA VI only counted for the soil primary variations, it may be improved by modeling the 

secondary soil variations by utilizing other spectral bands such as a green channel. 

The alternative compositing algorithm proposed in this dissertation can be further 

improved by combining the thermal properties of clouds. Using the channel 1 or 4 of the 

A VHRR may not only reduce the chances of selecting cloudy pixels, but also minimized the 

opportunity of choosing cloud-shaded pixels. It would also help normalization of the soil 

background variations due to wetting and drying processes. Consequently, a further refinement 

of the alternative compositing algorithm will ensure composite data qUality. 

The established synergistic relation between optical and microwave remote sensing 

measurements is promising too. However, more work is needed on the specifications of those 

empirical parameters, and the soil moisture. Due to the spatial resolution differences, this 

relationship may be valid only for studies at regional and global scales. The threshold on the 

vegetation density (60% cover in this study) may limit the practical use of the microwave in 

optical remote sensing compositing. 

Finally, high spectral resolution data (MODIS for example) contain useful information 

about vegetation. Different spectral bands may be combined to infer vegetation parameters while 

reducing bidirectional and other external effects. The derivative vegetation indices should be 

further investigated. 
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Future Directions 

Since the soil effects were studied and accounted for in the compositing classifier 

development (MSA VI), the atmosphere and the sensor view angle were left to be further studied. 

For atmospheric corrections, uses of other spectral bands such as blue (for MODIS data) band 

may be possible even though not available on A VHRR sensor. The use of blue and even green 

bands should be investigated. For the sensor viewing angle effects, bidirectional modeling would 

deserve a high priority in the future work. Vegetation index development for high spectral 

resolution measurements will also be a major direction to characterize the vegetation dynamics at 

regional and global scales. Effort will also be given to the synergistic relationship between the 

microwave and optical remote sensing measurements. 
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APPENDIX A 

COTTON DATA USED FROM HUETE ET AL. (1985) 

% Cover Soils moisture Red NIR LA! 

0 SUPR DRY 0.34 0.38 0 

0 AVON DRY 0.19 0.23 0 

0 AVON MOIST 0.13 0.17 0 

0 AVON WET 0.11 0.14 0 

0 WHTB DRY 0.16 0.21 0 

0 WHTB MOIST 0.13 0.17 0 

0 WHTB WET 0.13 0.16 0 

0 CLOV DRY 0.06 0.09 0 

0 CLOV MOIST 0.04 0.06 0 

0 CLOV WET 0.03 0.05 0 

0 SUPR MOIST 0.25 0.29 0 

0 SUPR WET 0.19 0.21 0 

20 SUPR DRY 0.26 0.42 0.5 

20 AVON DRY 0.17 0.32 0.5 

20 CLOV DRY 0.06 0.19 0.5 

20 CLOV WET 0.04 0.14 0.5 

20 WHTB DRY 0.14 0.28 0.5 

25 SUPR DRY 0.23 0.43 0.7 

25 AVON DRY 0.15 0.33 0.7 

25 CLOV DRY 0.13 0.30 0.7 

2S WHTB DRY 0.06 0.21 0.7 

40 SUPR DRY 0.18 0.46 

40 SUPR WET 0.10 0.34 

40 AVON DRY 0.12 0.37 

40 AVON WET 0.07 0.29 

40 WHTB DRY 0.10 0.36 

40 WHTB WET 0.08 0.31 

40 CLOV DRY 0.06 0.27 

40 CLOV WET 0.04 0.24 
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APPENDIX A - Co1llinued 

% Cover Soils Moisture Red NIR LAI 

55 SUPR DRY 0.12 0.49 1.5 

55 AVON DRY 0.08 0.42 1.5 

55 WHTB DRY 0.07 0.40 1.5 

55 CLOV DRY 0.05 0.35 1.5 

60 SUPR DRY 0.10 0.49 2 

60 SUPR WET 0.07 0.42 2 

60 SUPR MOIST 0.07 0.42 2 

60 SUPR MOIST 0.08 0.42 2 

60 AVON DRY 0.08 0.42 2 

60 AVON MOIST 0.06 0.38 2 

60 AVON MOIST 0.06 0.39 2 

60 AVON WET 0.05 0.37 2 

60 WHTB DRY 0.07 0.41 2 

60 WlITB MOIST 0.06 0.39 2 

60 WlITB MOIST 0.06 0.39 2 

60 WHTB WET 0.05 0.37 2 

60 CLOV DRY 0.04 0.35 2 

60 CLOV MOIST 0.D3 0.32 2 

60 CLOV MOIST 0.03 0.32 2 

60 CLOV WET 0.03 0.30 2 

75 SUPR DRY 0.06 0.52 2.8 

75 SUPR MOIST 0.05 0.50 2.8 

75 SUPR WET 0.04 0.47 2.8 

75 AVON DRY 0.05 0.48 2.8 

75 AVON MOIST 0.04 0.46 2.8 

75 AVON WET 0.04 0.44 2.8 

75 WlITB DRY 0.04 0.47 2.8 

75 WlITB DRY 0.04 0.45 2.8 
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APPENDIX A - Collli~d 

% Cover Soils moisture Red NIR LAI 

75 WlITB WET 0.04 0.45 2.8 

75 CLOV DRY 0.03 0.43 2.8 

75 CLOV MOIST 0.03 0.42 2.8 

75 CLOV WET 0,03 0.42 2.8 

97 SUPR DRY 0.04 0.62 3.3 

97 AVON MOIST 0.04 0.60 3.3 

97 SUPR DRY 0.04 0.62 3.3 



APPENDIX B 

AIRCRAFf DATA ALONG FIELD 28 AT MAC FARM, 1989. 
(pOS is in meter and rest is in reflectance) 

DOY99 DOY 100 DOY 146 DOY 157 

187 

POS XS2 XS3 POS XS2 XS3 POS XS2 XS3 POS XS2 XS3 

23 0.203 0.261 27 0.205 0.252 25 0.170 0.264 25 0.156 0.281 

70 0.207 0.263 80 0.198 0.242 75 0.166 0.271 75 0.154 0.282 

117 0.200 0.256 134 0.201 0.246 125 0.169 0.270 125 0.151 0.273 

164 0.201 0.256 187 0.201 0.245 175 0.168 0.271 175 0.089 0.183 

211 0.207 0.262 241 0.216 0.261 225 0.170 0.270 225 0.098 0.217 

257 0.216 0.273 294 0.205 0.249 274 0.172 0.274 274 0.102 0.212 

304 0.205 0.259 348 0.202 0.246 324 0.177 0.272 324 0.103 0.218 

351 0.211 0.267 401 0.210 0.254 374 0.175 0.271 374 0.111 0.227 

398 0.207 0.263 454 0.239 0.288 424 0.175 0.274 424 0.127 0.237 

444 0.234 0.295 508 0.286 0.340 474 0.185 0.282 474 0.164 0.293 

491 0.276 0.344 561 0.297 0.351 524 0.223 0.327 524 0.191 0.318 

538 0.310 0.377 615 0.284 0.337 574 0.243 0.349 574 0.198 0.326 

585 0.301 0.369 668 0.232 0.283 624 0.236 0.339 624 0.195 0.316 

632 0.264 0.330 722 0.225 0.273 674 0.214 0.316 674 0.181 0.303 

678 0.229 0.290 775 0.209 0.256 724 0.189 0.284 724 0.176 0.299 

725 0.224 0.284 829 0.228 0.273 773 0.185 0.279 773 0.177 0.299 

772 0.217 0.275 882 0.238 0.284 823 0.183 0.274 823 0.186 0.297 

819 0.233 0.291 936 0.246 0.293 873 0.186 0.269 873 0.185 0.300 

865 0.242 0.301 989 0.228 0.274 923 0.191 0.276 923 0.186 0.308 

912 0.251 0.312 1043 0.138 0.181 973 0.189 0.273 973 0.181 0.305 

95!l 0.246 0.306 1096 0.138 0.180 1023 0.187 0.277 1023 0.186 0.306 
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APPENDIX B - Continued 

AlRCRAFI' DATA ALONG FIELD 28 AT MAC FARM, 1989 

DOY99 DOY 100 DOY 146 DOY 157 

POS XS2 XS3 POS XS2 XS3 POS XS2 XS3 POS XS2 XS3 

1006 0.248 0.310 1149 0.133 0.173 1073 0.187 0.273 1073 0.192 0.313 

1053 0.253 0.316 1203 0.134 0.175 1123 0.189 0.276 1123 0.189 0.315 

1099 0.253 0.313 1256 0.137 0.178 1173 0.188 0.277 1173 0.193 0.318 

1146 0.255 0.316 1310 0.134 0.175 1223 0.192 0.281 1223 0.184 0.313 

1193 0.249 0.310 1363 0.136 0.177 1272 0.186 0.278 1272 0.187 0.319 

1240 0.254 0.314 1417 0.134 0.175 1322 0.187 0.279 1322 0.191 0.321 

1286 0.250 0.311 1470 0.134 0.176 1372 0.185 0.273 1372 0.188 0.315 

1333 0.254 0.316 1422 0.184 0.272 1422 0.188 0.314 

1380 0.247 0.309 1472 0.181 0.270 1472 0.190 0.302 

1427 0.242 0.303 

1474 0.228 0.290 



DOY99 

POS 

20 

41 

61 

82 

103 

124 

144 

165 

186 

207 

227 

248 

269 

290 

310 

331 

352 

373 

393 

414 

435 

456 

476 

497 

518 

560 

581 

601 

622 

643 

664 

684 

70S 

726 

747 

767 

XS2 

0.195 

0.197 

0.195 

0.193 

0.195 

0.195 

0.195 

0.195 

0.195 

0.195 

0.199 

0.203 

0.203 

0.201 

0.199 

0.199 

0.199 

0.201 

0.201 

0.199 

0.209 

0.233 

0.246 

0.252 

0.268 

0.272 

0.264 

0.266 

0.260 

0.252 

0.233 

0.225 

0.213 

0.211 

0.203 

0.201 

XS3 

0.242 

0.249 

0.246 

0.239 

0.242 

0.242 

0.242 

0.239 

0.242 

0.242 

0.249 

0.253 

0.253 

0.249 

0.249 

0.249 

0.249 

0.249 

0.249 

0.249 

0.263 

0.284 

0.304 

0.308 

0.325 

0.329 

0.329 

0.325 

0.318 

0.311 

0.298 

0.287 

0.266 

0.266 

0.259 

0.253 

APPENDIX C 

SPOT DATA ALONG FIELD 28 AT MAC FARM, 1989 

I DOY 100 

POS 

20 

44 

67 

91 

114 

138 

161 

185 

208 

232 

255 

279 

302 

326 

349 

373 

396 

420 

443 

467 

490 

514 

537 

561 

585 

608 

632 

655 

679 

702 

726 

749 

773 

796 

820 

843 

XS2 

0.239 

0.241 

0.243 

0.237 

0.234 

0.232 

0.241 

0.243 

0.239 

0.245 

0.255 

0.249 

0.245 

0.247 

0.247 

0.247 

0.243 

0.247 

0.259 

0.282 

0.295 

0.309 

0.320 

0.313 

0.313 

0.305 

0.297 

0.264 

0.259 

0.259 

0.251 

0.247 

0.249 

0.259 

0.259 

0.264 

XS3 

0.297 

0.297 

0.297 

0.294 

0.294 

0.294 

0.294 

0.297 

0.297 

0.304 

0.308 

0.308 

0.301 

0.297 

0.297 

0.301 

0.301 

0.304 

0.322 

0.343 

0.354 

0.371 

0.389 

0.382 

0.379 

0.371 

0.364 

0.329 

0.322 

0.322 

0.315 

0.301 

0.308 

0.311 

0.322 

0.322 

DOY 146 

POS 

o 
23 

46 

69 

91 

114 

137 

160 

183 

206 

229 

251 

274 

297 

320 

343 

366 

389 

411 

434 

457 

480 

503 

526 

549 

571 

594 

617 

640 

663 

686 

709 

731 

754 

777 

800 

XS2 

0.156 

0.154 

0.152 

0.152 

0.154 

0.156 

0.156 

0.154 

0.154 

0.158 

0.156 

0.160 

0.160 

0.160 

0.158 

0.158 

0.158 

0.158 

0.160 

0.160 

0.163 

0.171 

0.178 

0.182 

0.194 

0.201 

0.197 

0.197 

0.196 

0.190 

0.182 

0.177 

0.169 

0.167 

0.167 

0.167 

XS3 

0.246 

0.246 

0.246 

0.246 

0.243 

0.246 

0.246 

0.243 

0.246 

0.246 

0.246 

0.246 

0.249 

0.246 

0.246 

0.246 

0.246 

0.249 

0.246 

0.246 

0.246 

0.252 

0.265 

0.275 

0.294 

0.301 

0.301 

0.298 

0.294 

0.285 

0.281 

0.272 

0.262 

0.256 

0.256 

0.249 

DOY 157 

POS 

20 

42 

64 

86 

107 

129 

151 

173 

195 

217 

239 

260 

282 

304 

326 

348 

370 

391 

413 

435 

457 

479 

501 

523 

544 

566 

588 

610 

632 

654 

676 

697 

719 

741 

763 

785 

XS2 

0.214 

0.212 

0.209 

0.207 

0.201 

0.192 

0.164 

0.144 

0.151 

0.151 

0.153 

0.155 

0.157 

0.157 

0.159 

0.161 

0.166 

0.172 

0.175 

0.175 

0.194 

0.214 

0.223 

0.231 

0.225 

0.227 

0.251 

0.255 

0.251 

0.244 

0.242 

0.231 

0.227 

0.225 

0.227 

0.231 

189 

XS3 

0.331 

0.335 

0.331 

0.335 

0.321 

0.310 

0.289 

0.240 

0.247 

0.258 

0.258 

0.258 

0.258 

0.258 

0.261 

0.261 

0.275 

0.279 

0.279 

0.282 

0.296 

0.317 

0.338 

0.349 

0.345 

0.342 

0.362 

0.373 

0.373 

0.369 

0.362 

0.352 

0.345 

0.345 

0.338 

0.345 



DOY99 

POS 

788 

809 
830 

850 

871 

892 

913 

933 

954 

975 

996 

1016 

1037 

1058 

1079 

1099 
1120 

1141 

1161 

1182 

1203 

1224 

1244 

1265 

1286 

1307 

1327 

1348 

1369 

1390 

1410 

XS2 

0.205 

0.209 

0.217 

0.215 

0.219 

0.229 

0.227 

0.229 

0.227 

0.229 

0.225 

0.221 

0.227 

0.227 

0.231 

0.231 

0.231 

0.227 

0.227 

0.227 

0.227 

0.225 

0.229 

0.231 

0.227 

0.227 

0.229 

0.229 

0.223 

0.221 

0.223 

1431 0.217 

1452 0.215 

1473 0.215 

XS3 

0.256 

0.259 

0.263 

0.266 

0.270 

0.277 

0.277 

0.277 

0.280 

0.277 

0.277 

0.277 

0.280 

0.280 

0.284 

0.284 

0.284 

0.284 

0.280 

0.280 

0.280 

0.280 

0.284 

0.284 

0.284 

0.280 

0.284 

0.280 

0.280 

0.277 

0.277 

0.270 

0.270 

0.270 

APPENDIX C - Continued 

SPOT DATA ALONG FIELD 28 AT MAC FARM, 1989 

I DOY 100 I DOY 146 I DOY 157 

POS 

867 

890 

914 

937 

961 

984 

1008 

1031 

1055 

1078 

1102 

1126 

1149 

1173 

1196 

1220 

1243 

1267 

1290 

1314 

1337 

1361 

1384 

1408 

1431 

XS2 

0.274 

0.278 

0.276 

0.274 

0.259 

0.201 

0.193 

0.191 

0.191 

0.197 

0.197 

0.197 

0.197 

0.197 

0.197 

0.197 

0.197 

0.193 

0.193 

0.193 

0.193 

0.193 

0.193 

0.193 

0.189 

XS3 

0.329 

0.336 

0.336 

0.333 

0.318 

0.269 

0.248 

0.248 

0.248 

0.244 

0.248 

0.251 

0.251 

0.248 

0.248 

0.248 

0.251 

0.248 

0.248 

0.248 

0.248 

0.248 

0.248 

0.248 

0.244 

POS 

823 

846 

869 

891 

914 

937 

960 

983 

1006 

1029 

1051 

1074 

1097 
1120 

1143 

1166 

1189 

1211 

1234 

1257 

1280 

1303 

1326 

1349 

1371 

1394 

1417 

1440 

1463 

1486 

1509 

XS2 

0.163 

0.163 

0.165 

0.163 

0.167 

0.165 

0.167 

0.169 

0.167 

0.167 

0.163 

0.165 

0.167 

0.167 

0.165 

0.165 

0.167 

0.163 

0.163 

0.163 

0.165 

0.165 

0.165 

0.163 

0.165 

0.167 

0.165 

0.165 

0.165 

0.163 

0.165 

1531 0.165 

1554 0.167 

1577 0.161 

XS3 

0.249 

0.246 

0.249 

0.246 

0.246 

0.246 

0.249 

0.249 

0.249 

0.246 

0.249 

0.246 

0.249 

0.246 

0.246 

0.243 

0.243 

0.243 

0.246 

0.246 

0.249 

0.246 

0.249 

0.249 

0.249 

0.249 

0.249 

0.249 

0.249 

0.249 

0.249 

0.246 

0.246 

0.246 

1600 0.165 0.246 

POS 

807 

829 

850 

872 

894 

916 

938 

960 

981 

1003 

1025 

1047 
1069 

1091 

1113 

1134 

1156 

1178 

1200 

1222 

1244 

1266 

1287 

1309 

1331 

1353 

1375 

1397 

1419 

XS2 

0.233 

0.233 

0.236 

0.238 

0.240 

0.238 

0.238 

0.238 

0.233 

0.238 

0.238 

0.240 

0.238 

0.238 

0.233 

0.240 

0.236 

0.238 

0.236 

0.242 

0.240 

0.238 

0.238 

0.238 

0.238 

0.240 

0.233 

0.240 

0.238 

190 

XS3 

0.349 

0.338 

0.338 

0.345 

0.349 

0.349 

0.349 

0.349 

0.349 

0.349 

0.349 

0.349 

0.349 

0.349 

0.352 

0.359 

0.359 

0.356 

0.356 

0.359 

0.359 

0.359 

0.359 

0.356 

0.356 

0.359 

0.359 

0.356 

0.356 
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APPENDIX C - Continued 

SPOT AND AlRCRAFf DATA AT SITE 1 

SITE 2 FIELD 28 FIELD 30 

DOY Red SPOT .. 1 NIR SPOT I RED-AIR I NJR·AJR Re.! SPOT 1 NIRSPOT 

99 0.20 0.25 0.22 0.27 0.2110 0.2664 

100 0.24 0.30 0.22 0.26 0.2531 0.3184 

120 0.17 0.23 0.1812 0.2435 

130 0.16 0.21 0.17 0.24 0.1676 0.2141 

146 0.15 0.24 0.17 0.27 0.1690 0.2426 

157 0.15 0.25 0.10 0.22 0.2378 0.3102 

167 0.16 0.30 0.13 0.36 0.2017 0.2668 

172 0.14 0.32 0.1924 0.2556 

183 0.16 0.46 0.09 0.39 0.2461 0.3195 

199 0.11 0.52 0.03 0.47 0.2287 0.3010 

213 0.Q1 0.48 0.03 0.64 0.1508 0.2061 

235 0.Q1 0.52 0.04 0.66 0.1682 0.2321 

255 0.09 0.53 0.2411 0.2948 

271 0.09 0.43 0.05 0.51 0.1988 0.2697 

286 0.09 0.28 0.04 0.29 0.2013 0.2374 

296 0.08 0.21 0.1523 0.1906 
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APPENDIX C - Continued 

SPOT AND AIRCRAFT DATA AT SITE 2 

SITE 2 FIELD 28 FIELD 30 

DOY Red SPOT I NIR SPOT I RED-AIR I NlR-AJR Red SPOT I NIRSPOT 

99 0.23 0.28 0.25 0.31 0.1522 0.1937 

100 0.20 0.25 0.14 0.18 0.1992 0.2547 

120 0.19 0.25 0.1767 0.2329 

130 0.16 0.21 0.19 0.26 0.1676 0.2109 

146 0.17 0.25 0.19 0.28 0.1709 0.2361 

157 0.24 0.36 0.19 0.31 0.2422 0.3102 

167 0.17 0.32 0.14 0.35 0.2017 0.2633 

172 0.12 0.27 0.1902 0.2521 

183 0.16 0.44 0.08 0.37 0.2505 0.3266 

199 0.12 0.51 0.04 0.45 0.2310 0.3010 

213 0.07 0.45 0.03 0.60 0.1530 0.2026 

235 0.07 0.50 O.oJ 0.64 0.1705 0.2321 

2S5 0.09 0.53 0.2363 0.2873 

271 0.09 0.44 0.05 0.55 0.1912 0.2536 

286 0.10 0.30 0.05 0.33 0.1880 0.2162 

296 0.09 0.22 0.1468 0.1773 
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