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ABSTRACT 

Land-use classifications and spectral indices are commonly created from raw 

radiance satellite data. These data are known to be distorted due to sensor 

instrumentation errors and atmospheric contributions. The overall objective of 

this study was to evaluate different radiometric corrections of Thematic Mapper 

(TM) data on land-use classification results and the derivation of spectral indices. 

A Landsat-4 TM digital image of a diverse agricultural area in the High Plains 

region of eastern New Mexico was the primary data source. Ancillary data in

corporated into the study included: extensive field verification data for a study 

area of approximately 1,820 square kilometers; ground-based radiometer derived 

spectral response data for commonly grown agricultural crops; and meteorologi

cal data used as input parameters for atmospheric modeling using the Lowtran-7 

atmospheric correction program. 

Four different geometrically corrected image data sets were analyzed. The 

first was raw radiance data in radiometrically uncorrected form. The other three 

images were radiometrically corrected transforms created using procedures that 

adjusted the raw data for radiometric calibration and atmospheric correction. 

All four images were classified in terms of land-use using identical training fields. 

Supervised classifications were developed using ground t ruth data, and quan

titative analyses were performed on all resulting classifications. Ground-based 

spectral response data for various land-use types were compared qualitatively to 

response data derived from the raw and radiometrically corrected image data 

for the same land-use types. Four spectral index models were applied to each 

of the four image data sets. The derived spectral indices were transforms that 

emphasized the quantitative differences among image data sets. 

The results showed no material differences in classification accuracy among 

the four image data sets. Thus, it does not appear necessary to perform ra

diometric corrections on raw radiance data to improve classification accuracy. 

Spectra derived from atmospherically corrected image data sets more closely 

approximated "true" spectral response patterns as obtained by a ground-based 

radiometer. Each of the various components of the radiometric correction process 

was found to contribute significantly to the derivation of spectral index values. 

IV 
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CHAPTER I 

INTRODUCTION 

The quality of remotely sensed satellite imagery is known to be affected by 

several forms of distortion-causing errors that derive from geometric, sensor in

strumentation, and atmospheric effects (Richards, 1986). It is quite common, 

even routine, for geometric distortion to be corrected prior to image analysis. In 

fact, most image processing systems include geometric rectification software as 

part of the basic system. It is not as common, however, for users of remotely 

sensed data to compensate for radiometric errors due to both sensor instrumen

tation and atmospheric effects to improve radiometric quality before proceeding 

with analyses and interpretation of digital imagery. 

As a practical matter, users may decide not to correct radiometric errors 

for a variety of reasons. One reason is the general inaccessibihty of computer 

programs to accomplish the task. Other reasons corrections may not be per

formed include: (1) lack of knowledge concerning relevant relationships, (2) lack 

of need for high levels of detail in imagery and, (3) lack of input data (such as 

atmospheric parameters) needed to perform radiometric corrections. 

Notwithstanding these reasons, this research is motivated by the belief that 

remote sensing users often forego radiometric correction procedures because un

certainty exists concerning the need for corrections. Much of this uncertainty is 

caused by seemingly contradictory research relating radiometric corrections to 

remote sensing applications. 

Furthermore, uncertainty regarding the need for corrections can be com

pounded by the confusing terminology used within the field of remote sensing; 

the effect being to negatively impact users' decisions to correct radiometric er

rors in the data when, in fact, making corrections would be appropriate. For 

instance, a user may have the impression that 'calibrated' data would require no 

further correction of sensor instrumentation effects because excellent radiomet

ric quality is advertised. Other times users may beheve that image data sets, 

received in what is called 'radiometrically corrected form,' have had all distort

ing sensor effects removed through preprocessing calibration. However, since the 

term 'calibration' is ambiguous (Chavez, 1989), knowing that some radiometric 



calibration procedure has been performed is insufficient. A user should know the 

radiometric state of the data; that is, know what specific correction techniques 

have been appHed, because radiometric 'calibration' conveys different meanings. 

The appropriateness of making radiometric corrections depends in large part 

on sensor properties which, in turn, impact the quality of the raw data. Then, 

knowing the radiometric state of digital data becomes the next step in evaluat

ing data quality. Finally, there must be some understanding of the radiometric 

quality of the data as it relates to a given application before users are able to 

achieve some level of confidence in research results. 

Though important questions remain unanswered, it is widely recognized that 

when radiometric errors are compensated for, the quality of the resulting image 

will be improved (Guenther, 1987). Ahem et al. (1987) state that only through 

reliable radiometric correction can a researcher be confident observed changes 

are real differences and not artifacts introduced by changing sensor calibration 

or by atmospheric and illumination differences. 

The problem for a remote sensing user concerned with land-related issues is 

two-fold: (1) Which available sensor system (Landsat MSS, Landsat Thematic 

Mapper, SPOT, AVHRR, etc.) wiU yield the most suitable data for a desired 

application? and (2) Once a particular sensor system has been selected, to what 

extent should radiometric corrections be performed on the raw data such that the 

application is most successful? At present, an interpretative analysis of digital 

imagery can be quite uncertain because the extent to which raw sensor counts 

induce error into the analysis is not yet well understood (Sellers et al., 1990). 

Given this existing uncertainty, extensive field verification (ground truth) 

data must be available before a user can confidently derive accurate quantitative 

information. It follows, though, that the availabihty of good ground truth would 

often lessen the need for remote sensing analysis. There is a need for more applied 

research that links field verified data to conmion applications using remotely 

sensed digital data that have been radiometrically corrected. This research is 

presented to help fill this perceived void. 

The investigation is not intended, nor is it designed, to answer all outstanding 

issues concerning radiometric errors in digital data. The purpose is to quantify 

some effects of radiometric errors as they relate to a specific satellite image data 



set—a recently acquired Landsat-4 Thematic Mapper (TM) image of the High 

Plains region of eastern New Mexico. Only the six reflective TM bands are con

sidered. The approach combines simultaneously acquired satellite, atmospheric, 

and surface weather data to create three radiometrically corrected image data 

sets for comparison with raw radiance data in a variety of applications. 

As the need grows for monitoring land-use activity and accurately assessing 

various biophysical land surface parameters, the use of remotely sensed data wiU 

become increasingly important. The degree to which these data should be relied 

upon by users is dependent upon data quality. From all appearances, it seems 

that data quality remains suspect due to inadequate research regarding distortive 

radiometric effects. It is expected that the results of this study will demonstrate 

to users the benefit of including additional data preprocessing steps, namely, 

radiometric calibration and atmospheric correction, in their image processing 

regimen. 



CHAPTER II 

LITERATURE REVIEW 

2.1 Introduction 

Even though the field of remote sensing of Earth resources is relatively young, 

accumulation of knowledge in various facets of the field has proceeded rapidly. 

The body of literature is large, and owing to the nature of the myriad physical 

processes involved in remote sensing, much of the literature is quite technical. 

This study, because it concerns the physical processes and other issues involved 

in the radiometric correction of satellite data, must draw on literature containing 

some of the more technical facets that are encountered. 

This investigation is not intended to develop new analytical techniques; 

rather, the goal is an application of existing techniques to shed additional light 

on the need for radiometric corrections by digital data users, most particularly 

those not familiar with the physical sciences that underlie the field of remote 

sensing. Consequently, the relevant literature is identified; and technical detail, 

explanation, and jargon is held to a minimum. It is hoped that the literature 

review, presented in this way, is manageable, while the various components form

ing the multidisciplinary framework that this research builds upon are adequately 

addressed. 

Much of the basic research in the field of remote sensing is directed toward 

increasing understanding of the ways in which physical processes influence the 

quahty of digital data. Many of these physical processes are interrelated to the 

extent that it is difficult to discuss them as separate entities. For instance, the 

solar geometry occurring at the time of image acquisition will impact the severity 

of effects inherent in the data that are induced by the atmosphere. The existence 

of these, and other, kinds of interrelationships would seem to preclude treating 

discussions of physical processes separately. Yet, it appears necessary, given the 

applied approach being taken here, to segregate the review of literature relevant 

to this study into topical areas to facilitate discussion within an ordered structure. 

The first consideration in evaluating the influence of radiometric effects on 

digital data relates to the properties of the imaging sensor. For this reason, 

the sensor properties and radiometric characteristics of the Landsat-4 Thematic 



Mapper (TM) are discussed first. Other specific topics included are: radiometric 

calibration, atmospheric effects, atmospheric correction, solar and view geometry 

effects and correction, spectral indices, and issues involving land-use classifica

tion. These topics will now be taken up in turn. 

2.2 Thematic Mapper Sensor Properties 
and Radiometric Characteristics 

The Thematic Mapper (TM) system, a second-generation Earth resources 

sensor, was placed in orbit aboard Landsat-4 in July of 1982. Another TM 

sensor was integrated into the Landsat-5 spacecraft launched in March of 1984. 

Although the TM sensors on both Landsats were built according to the same 

design specifications, subsequent comparison of data acquired simultaneously 

by the two sensors has revealed significant calibration differences (Metzler and 

Malila, 1985). Because the data source for this study is Landsat-4 TM, studies 

reviewed are limited to direct investigations of the Landsat-4 TM. 

Engel and Weinstein (1983) have described the design of the TM in detail, 

characterizing it as an object-space line scanner. The scanning mirror sweeps 

back and forth across the orbital ground track. Data are collected during both 

the forward and reverse scans, and the data are quantized into 256 digital nimiber 

(DN) levels. The TM is considered to be a near-nadir scanner, as the scan angle 

range is plus or minus 7.7 degrees. 

The TM collects radiometric data in seven bands in the spectral region be

tween 0.45 and 12.5 /xm. The six refiective spectral bands (bands 1 through 5 

and band 7) use 16 detector elements each and provide approximately 30-meter 

ground resolution. The thermal band, band 6, has four detectors providing a 

ground resolution of 120 meters. The nominal band-passes in the visible and 

infrared (IR) portions of the electromagnetic spectrum are as follows (Engel, 

1983): 



Band 1 

Band 2 

Band 3 

Band 4 

Band 5 

Band 6 

Band 7 

Blue-green 

Green 

Red 

Near-IR 

Mid-IR 1 

Thermal-IR 

Mid-IR 2 

0.45 - 0.52 /xm 

0.52 - 0.60 /xm 

0.63 - 0.69 /xm 

0.76 - 0.90 /xm 

1.55 - 1.75 /xm 

10.4 - 12.5 /xm 

2.08 - 2.35 /xm 

A thorough discussion of the spectral characteristics of the Landsat-4 TM 

instrument was presented by Markham and Barker (1985). TM data have been 

examined for detector-to-detector relative calibration (Anuta et al., 1984; De-

sachy et al., 1985; Malaret et al., 1985), for periodic noise (Wrigley et al., 1985), 

and for scan-correlated DN level shifts (Kieffer et al, 1985; Metzler and Malila, 

1985). For the most part , these studies found the overall radiometric perfor

mance to be quite satisfactory. However, several error conditions were observed 

that cause some radiometric distortion in TM data as is summarized below. 

In examining detector calibration, Anuta et al. (1984) observed differences 

in average DN values as large as 1.3, but typical deviations were less than 0.5. 

Malaret et al. (1985) reported detector-to-detector striping effects on imagery 

due to observed gain differences between the detectors in given bands. Desachy 

et al. (1985) found that some detectors performed below TM specifications, and 

two detectors were no longer functioning. 

Wrigley et al. (1985) noted that the measured noise-equivalent reflectance 

change for the whole array of detectors met TM performance specifications. Some 

individual detectors, however, were found to be especially noisy (most notably in 

bands 1-4), having the effect of concealing patterns in low contrast areas within 

a scene. 

With regard to scan-correlated DN level shifts, the studies by Kieffer et al. 

(1985) and Metzler and Malila (1985) both showed that several detectors exhib

ited a DN level shift—the largest shift being about 2 DN—over a period of several 

scans. There were also small differences between forward and reverse scans for 

parts of individual images. 
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Kieffer et al. (1985) have suggested that most of the imperfect performance 

of the TM could be corrected by ground processing, and that accuracy would be 

greatest if the radiometric correction for sensor instrumentation effects preceded 

the geometric resampling stage. 

2.3 Radiometric CaHbration 

The term 'calibration,' used in referring to the radiometric correction of satel

lite data, is ambiguous. In evaluating the need for corrections, it is important 

that users know exactly what the terminology means when a 'radiometric calibra

tion' is applied to specific data sets. Ahem et al. (1987) addressed the problem 

of ambiguity by elucidating which radiometric effects are compensated for when 

remotely sensed data are radiometrically corrected. 

The major radiometric effects can be placed into two groupings: (1) sensor 

effects, which includes sensor calibration and imagery destriping, and (2) scene 

effects, which includes atmospheric contributions, georadiometric factors (solar 

and view effects), and target reflectance properties (Ahern et al, 1987). The aim 

of the whole radiometric correction process is to compensate for these effects in 

imagery by converting raw DN values into sample values representing true surface 

radiance (Singh, 1985). The part that 'calibration' plays in the total correction 

process depends on the ways in which researchers elect to use the term. 

Often, only sensor effects are corrected in a calibration procedure. Other 

times, calibration refers to the simultaneous correction of sensor effects and geo

radiometric factors. In other instances, radiometric calibration refers to the total 

radiometric correction process—the correction of sensor effects and scene effects. 

The following is a brief discussion of ways 'calibration,' as it appears in the lit

erature, refers to different kinds of procedures creating distinctions that may be 

confusing to users. 

One use of 'calibration' simply refers to sensor instrumentation calibration, 

not a calibration of the sensor's data stream. The general objective of the cal

ibration of electro-optical instrumentation is to obtain a functional relationship 

between surface radiation and the instrument output (Wyatt , 1978). Absolute 

calibration determines the relationship between the digital values output by the 
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sensor to the radiance input to the detectors in each spectral band. Barker et al. 

(1984) discussed the pre-launch absolute calibration of the Landsat-4 Thematic 

Mapper (TM) sensor instrumentation. 

Hovis (1985) noted that a pre-launch calibration of a sensor, though necessary 

as a preHminary step in the ongoing calibration process, does not deliver accu

rate sensor calibration. In fact, accuracy is not considered to be any better than 

plus or minus 5 per cent because of errors inherent in the pre-launch calibration 

process, such as the lack of an accurate source of diffuse radiation. Studies by 

Barker (1985), Barker et al. (1985), and Schott (1985) identifled types of system

atic errors, and measured their magnitudes, in early Landsat-4 data acquisitions. 

In addition to pre-launch calibration errors, another problem is the change of 

sensor calibration with time in orbit. To address this problem, some calibration 

efforts are concerned with in-flight calibration of orbital sensors; speciflcally, the 

determination of coefficients for gains and offsets that quantify changes in the 

sensors' responsivity over time. These investigations were conducted by Teillet 

et al. (1988), Slater and Palmer (1985), and Castle et al. (1984). The alkali flats 

region of White Sands, New Mexico is often chosen as a target for reflectance-

based in-flight calibrations because of its flat, extended area and high, uniform 

reflectance (Slater et al., 1987). 

Derivations of gains and offsets for different remote sensing systems allow 

multitemporal comparisons of radiance data among systems. Calibration coeffi

cients are periodically made available as they are updated to the remote sensing 

community for major Earth viewing satelhte instrunaents (Price, 1987a; 1988). 

For Landsat data, the most recently derived in-flight calibration coefficients are 

included within the header of the computer compatible tape (CCT) containing 

the image scene. 

Sometimes, remote sensing users, in lieu of using derived in-fiight coefficients 

to transform image data sets, opt for an empirical approach to correct distortive 

sensor effects apparent in the data stream. An example of this kind of radio

metric correction is given by Murphy et al. (1984), a study which presented a 

within-scene radiometric calibration technique that measures and corrects line-

dependent variations in raw image data. This is an automated procedure that 

calculates gains and offsets for both forward and reverse scans to correct DN 



level shifts as a function of both detector and scan-line number (Murphy et al, 

1985; Murphy, 1986). 

'Calibration' as used in other studies (Nelson, 1985; Price, 1987a) refers to 

digital number (DN) manipulations through ground processing procedures, us

ing in-flight calibration coefficients, that convert image DN values to top-of-

the-atmosphere radiance, or what is often called 'apparent refiectance.' These 

authors use radiometric calibration procedures to compensate for the effects of 

solar geometry on illumination and reflectance, in addition to correcting sensor 

instrumentation errors. This is the radiometric calibration approach that is used 

in this study. 

Others, such as Chavez (1989), consider radiometric calibration to be a correc

tion of sensor effects, view and solar geometry effects, and atmospheric effects— 

the complete process of converting image DN values to surface reflectance. 

The quality of remotely sensed data is inextricably dependent on the cor

rection of radiometric effects. Slater (1984) has argued that the first step in 

confidently using digital data involves the absolute radiometric calibration of 

the sensor so that raw DN values can be converted to exoatmospheric radiance. 

The second step involves correcting for radiance modification introduced by an 

intervening atmosphere. 

2.4 Atmospheric Effects 

Atmospheric effects can significantly reduce the amount and quality of in

formation that can be extracted from satelHte imagery (Turner et al, 1971). 

Changes in radiation occur in the atmosphere through scattering and absorption 

by both molecules and particles (aerosols). Scattering consists of the angular re

distribution of the energy incident on the atmospheric medium while absorption 

refers to energy attenuation. These two radiative transfer processes are primarily 

responsible for image quality degradation because they affect the downward and 

upward radiance. Downward radiative transfer causes the spectral content of 

solar irradiance to be greatly modified by the atmosphere even before surface re

flection takes place, while upward radiative transfer causes additional alteration 

of the spectral content of surface radiance (Bowker et al, 1985; Kawata et al, 

1978; Wen-yao and Klemas, 1988). 
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Lg = radiance of energy reflected by the surface and directly transmitted through 

the atmosphere. This component gives remote information about the sur

face. 

LD = radiance of energy reflected from the surface and then scattered by the at

mosphere to the sensor. This component is diffused radiation that reaches 

the sensor from adjacent pixels contributing to path radiance (see Fig

ure 2.1). 

The effect of diffuse radiance in the atmosphere can be illustrated by con

sidering the total radiance received by a space sensor as it images surface areas 

of zero reflectance. Under these conditions, any amount of radiance detected is 

entirely path radiance, or LQ + LD (Slater and Jackson, 1982). 

In analyzing atmospheric radiative transfer processes, Aranuvachapun (1986) 

has shown that diffuse radiance emerging at the top of the Earth's atmosphere can 

be approximated by a linear relationship with the optical depth. Optical depth 

has been defined as the spectral transmittance along a slant path through the 

entire atmosphere—the primary quantity determining the atmospheric influence 

on the total radiance received by a sensor (Slater and Jackson, 1982). Variation 

in optical depth is a function of aerosol size distribution; optical depth increases 

with the presence of large aerosol particles. One w ây of determining the amount 

of aerosols in the atmosphere is through horizontal visual range at the surface. 

A decrease in visual range (increase in optical thickness) increases the amount 

of aerosol scattering (Aranuvachapun, 1986; Bowker et al, 1985; Chahine et al, 

1983). 

2.5 Atmospheric Correction 

Though often ignored by remote sensing users, atmospheric effects are known 

to cause variations in radiation signal strength. Dave (1980a) has found that the 

blurring effect of the atmosphere is a function of the amount of haziness, solar 

and view geometry, and the wavelength of the radiation. After documenting 

a number of remote sensing studies that give no expHcit consideration to the 

fact that remotely sensed data are contaminated by atmospheric effects, Singh 
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and Saull (1988) have shown that atmospherically corrected data yield improved 

information for certain remote sensing applications. 

Atmospheric effects in digital data can be corrected in a number of ways, 

some of which have proven to be more successful than others. A compendium 

of atmospheric correction procedures, beginning with the least complicated and 

proceeding to the more complex, will be offered to review the state of atmospheric 

corrections. This will be followed by a short discussion of problems associated 

with gathering atmospheric data for correction of a specific scene. 

Several empirical methods have been utilized to estimate the amount of diffuse 

radiance in the atmosphere directly from multispectral imagery. These usually 

involve some type of statistical analyses, without atmospheric input parameters, 

that allow a researcher to estimate the radiation field at the surface (Turner, 

1978). Implementing these methods usually requires assuming both a homo

geneous horizontal atmosphere, and a linear relation between ground surface 

reflectance and energy recorded by the sensor (Caselles and Lopez Garcia, 1989). 

Probably the simplest of these methods is frequently referred to as 'dark 

fleld subtraction' or 'haze removal.' Richards (1986) described 'haze removal' 

as a way to perform bulk corrections of atmospheric effects. It is assumed that 

each waveband of data should contain pixels of zero brightness value in a given 

scene, but a constant value has been added to each pixel due to path radiance. 

Correction involves the identification of the amount of brightness "shift" in each 

waveband, and the subtraction of that amount—a constant haze term—from each 

pixel value in that band. Carnahan et al (1987) noted that compHcations effected 

by multiple scatterings prevent 'haze removal' from universally accounting for 

atmospheric effects. A more complex variant of this procedure was proposed by 

Odenweller and Rice (1987). 

Another approach to atmospheric correction is based on the idea that atmo

spheric effects over two or more dates can be determined using known reflectance 

values of land surfaces. Caselles and Lopez Garcia (1989) selected three surfaces 

(dry sand, clean water, asphalt) for which reflectances remain practically constant 

throughout the year. The perturbing effects of the atmosphere in multitempo

ral images of the same surface area were estimated in a relative way, using one 

image as a reference. Volchok and Schott (1986) based a correction estimate on 
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the temporal invariance of the reflectance characteristics of large numbers of as

phalt and concrete targets within scenes. This technique allowed scene to scene 

radiometric normalization of images of the same area on different dates. 

Mekler and Joseph (1983) have presented a methodology to determine surface 

albedo from satellite imagery. The advantage of the procedure is that the optical 

properties of the atmosphere and the sensor system need not be known. However, 

the albedo must be known for at least three areas in order to produce an albedo 

map in each spectral band. The net effect is that the atmospheric contribution to 

the measured ground response is estimated. Other studies present atmospheric 

correction algorithms to estimate atmospheric optical thickness (haze) from pix

els corresponding to dense dark vegetation (Kaufman and Sendra, 1988), and 

to estimate optical thickness using differences in TM bands 3 and 4 over near-

surface concentrations of phytoplankton pigments in oceanic waters (Dwivedi 

and Narain, 1987). 

A procedure that depends on more precision for atmospheric correction is 

based on radiative transfer theory. R.E. Turner (1978) was one of the first to 

formulate a radiative transfer model—a series of equations which describe the 

radiation field in the atmospheric medium as adapted to the problem of remote 

sensing. Using meteorological data for a region of interest, it is possible to deter

mine transmittance, path radiance, and total radiance as a function of wavelength 

from calculations made with an atmospheric model (Turner and Spencer, 1972). 

One problem with using a radiative transfer model is that the exact values of 

atmospheric parameter inputs required by the model are not generally available 

or readily measured. 

Radiative transfer models have been formulated, improved, and refined in 

the last two decades. Atmospheric corrections based on radiative transfer were 

applied to Landsat-1 Multispectral Scanner (MSS) data (Sharma, 1972) shortly 

after the Landsat program began, and continue to be apphed with ever increasing 

sophistication to remote sensing data products (Cooper and Asrar, 1989; Dana, 

1975; Forster, 1984; Kawata et al, 1988; Kiang, 1982; Mukai, 1990). With the 

development of computer programs for complex calculations of radiative transfer 

equations, estimation of atmospheric corrections became much more manageable. 

The most accessible public-domain computer program for complex atmospheric 
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correction is Lowtran (Kneizys et al, 1988) developed by the United States Air 

Force. 

The Lowtran program code has undergone several updates since it was re

leased in 1972. The current version is Lowtran-7 which can be used to calculate 

atmospheric transmittance, atmospheric background radiance, single scattered 

solar radiance, direct solar irradiance, and multiple scattered solar radiance. All 

calculations can be performed for a given atmospheric path at low spectral res

olution. Lowtran-7 allows the user a range of climatological choice among six 

reference (model) atmospheres (0 to 100 km), or the user may specify a new 

model atmosphere (Kneizys et al, 1988). 

A number of researchers have utilized Lowtran in a variety of applications. 

Holm et al. (1989) used Lowtran-6 to determine average optical depths for water 

vapor and carbon dioxide for TM bands 4, 5, and 7. Kiang (1982) used Lowtran-3 

to derive absorption due to oxygen, ozone, and water vapor in several atmospheric 

layers for the six reflective TM wavebands. Schott and Biegel (1983) conducted 

a comparative analysis of approaches, one of which was Lowtran-5, to estimate 

atmospheric transmission and path radiance in thermal wavelengths. Strebel et 

al. (1987) used Lowtran-6 to estimate both the solar incident flux at the surface 

and the effect of atmospheric scattering. 

In some instances, researchers have used Lowtran reference atmospheres to es

timate atmospheric conditions for specific image acquisitions. Campos-Marquetti 

and Rockwell (1989) used a reference atmosphere (Lowtran-6) to correct TM 

data for quantitative mapping and discrimination of lithologic units. Reference 

atmospheres for middle latitudes in summer and winter (Lowtran-6) were used 

by Mukai (1990) to remove atmospheric effects over oceanic water from Coastal 

Zone Color Scanner (CZCS) data. 

A new model atmosphere may be specified by a user if known atmospheric in

put parameters exist. The most common way to derive atmospheric profile data 

corresponding to the time of an image acquisition is through balloon soundings, 

or radiosondes. Holbo and Luvall (1989) used Lowtran-6 to correct Thermal 

Infrared Multispectral Scanner (TIMS) data with radiosondes that measured at

mospheric profiles for air temperature and humidity. Richter (1990), before pro

cessing Landsat-5 TM data, gathered radiosonde data to an altitude of 13 km for 
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entry into the Lowtran-7 model. A reference atmosphere (mid-latitude summer) 

provided data for the altitude region of 13-100 km. Similarly, Gibbons et al 

(1989) used radiosonde data for input from surface to 16.6 km, and relied on the 

Lowtran-6 U.S. Standard Atmosphere for atmospheric parameter estimates from 

16.6 km to 100 km. 

As stated above, one major problem with using a radiative transfer model, 

such as Lowtran, is the difficulty in obtaining atmospheric input parameters. In 

order to derive accurate real-time input for satellite image atmospheric correc

tions, meteorological data must be gathered for each atmospheric level at the 

time of sensor overpass. This is difficult to accomplish, especially in rural areas, 

where National Weather Service (NWS) centers, or other upper-level meteoro

logical data gathering operations, are few and far between. 

As a practical matter, logistic constraints may require non-local radiosonde 

data (Cooper and Asrar, 1989; Wukelic et al, 1987), though there may be spatial 

changes in atmospheric conditions. In much the same way, the accuracy of at

mospheric data obtained for the overflight date (Gibbons et al, 1989) is subject 

to temporal changes in atmospheric conditions if the atmospheric data are not 

acquired simultaneously with the satellite overpass. Still, it is usually assumed 

that the error in the retrieved surface reflectance will be less when measured 

atmospheric data are available (Richter, 1990). It has been shown that even 

very approximate atmospheric corrections can significantly reduce the error in 

reflectance retrieval (Slater, 1988). 

2.6 Solar and View Geometry Effects 
and Correction 

Solar and view angle effects have been found to be factors significantly in

fluencing the digital values of raw radiance data as orbiting sensors image the 

Earth's surface (Moik, 1980; Slater and Jackson, 1982). Since effects due to the 

solar azimuth angle are negligible, except as it exists in relation to the view az

imuth angle—this relationship is expressed as the relative azimuth angle—direct 

effects due to solar azimuth geometry will not be discussed. Likewise, since atmo

spheric perturbations of surface reflectances are small for azimuthal variations 

in the view direction (Gerstl and Simmer, 1986), effects due directly to view 
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azimuth angle will not be discussed. The aspects of solar and view geometry 

to be considered here are the solar zenith angle, the view zenith angle, and the 

relative azimuth angle. 

Solar zenith angle (see Figure 2.2) is probably the most important consider

ation in correcting for effects attributable to geometric relationships. As solar 

zenith angle increases, there is a higher proportion of multiple scattering so that 

less solar irradiance is incident on the surface. Therefore, less radiance is mea

sured by the sensor for a given surface area (Bowker et al, 1985). The measured 

surface reflectance is affected by the combined effect of angular distributions of 

downw^ard and upward diffuse radiances. Even if the surface reflectance were 

measured directly at the ground, it is still affected by the angular distribution of 

the downward radiance. Part of the downward diffuse radiance is incident on the 

surface at the same angle as the sun while the rest is incident at different angles 

where the reflectances may be very different from the reflectance of the direct 

sun beam at zenith (Lee and Kaufman, 1986). The net effect is that failure to 

account for an increase in the solar zenith angle will result in an underestimate 

of reflectance. 

The corrections for effects associated with solar zenith angle consists of mul

tiplying each image pixel by a constant derived from the sun elevation angle 

(Moik, 1980). More specifically, the data are normahzed by the cosine of the 

solar zenith angle factor. This normaHzation will completely take out the sun 

angle effect provided that the surface being imaged is a Lambertian (perfectly 

diffuse) reflector (Dave, 1981). 

The view zenith angle (see Figure 2.2) is defined as the sensor's angle of 

declination from zenith at the time of image acquisition. As view zenith angle 

increases, there is a corresponding increase in path radiance. This is because the 

beam component of radiance passes through a longer atmospheric path becom

ing more subject to attenuation through absorption and scattering. Generally 

speaking, as view zenith angle increases, the total radiance will depend naore 

heavily on atmospheric influences and less on target characteristics (Bowker et 

al, 1985). 

View zenith angle effects have been shown to be correctable. A complex 

correction algorithm has been successfully developed that retrieves the angular 
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distribution of the reflected radiance above the surface from radiance measure

ments at the top of the atmosphere. The correction of off-nadir measured radi

ances requires, as minimum information, the total optical depth and the surface 

albedo (Gerstl and Simmer, 1986; Gratzki and Gerstl, 1989). 

The relative azimuthal angle (see Figure 2.3) also significantly influences the 

magnitude of the radiance reaching the detector except when the nadir is being 

viewed. The effect of a change in the relative azimuth angle is greatest at the 

shortest wavelengths (Bowker et al, 1985). Dave (1981) successfully computed 

spectral reflectances for wheat fields after factoring in the geometric (including 

relative azimuth) and atmospheric effects inherent in Landsat MSS data. 

It should be noted that , even though the Landsat sensors (MSS and TM) 

view the Earth's surface from near-nadir directions, significant changes have 

been observed in the measured refiectances for some targets as a function of view 

angle (Ahern et al, 1987). However, a correction for view angle effects in Landsat 

data is often not included in correction algorithms. This is due to the fact that , 

compared to other sensing systems that have obfique viewing capabilities (e.g., 

SPOT and AVHRR), the atmospheric contribution from off-nadir viewing angles 

is relatively minor. Also, it is difficult to accurately quantify viewing angle effects 

in Landsat imagery because one scanning revolution includes nadir and off-nadir 

(both sides) look directions. 

When correcting for solar and view geometry effects, the assumption of sur

face Lambertianity is almost always used. Most surfaces, however, have non-

Lambertian refiectance characteristics (Lee and Kaufman, 1986). For example, 

it is difficult to model the complex reflectance interactions between a vegeta

tion canopy and the solar zenith angle and sensor view angle. Canopies do not 

uniformly reflect energy in all directions. In fact, canopy reflectance factors are 

altered as their properties change during the growing season and as the solar an

gle and view angle change (van Dijk et al, 1987). These factors combine to affect 

the radiance measured by satellite, but it is almost impossible to quantify the 

effects associated with each factor for modeling purposes, and thus, Lambertian 

reflectance is assumed. 
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For Landsat data, the solar zenith and solar azimuth angles at the time of 

the image acquisition are included within the header of the CCT containing the 

image scene. 

2.7 Spectral Indices 

A spectral index may be defined as radiation measurements in two or more 

w^avebands in linear combinations or as ratios to characterize spectral properties 

which can be associated with physical characteristics of scene classes (Crist and 

Cicone, 1984; Dave, 1980b). In a preponderance of cases, spectral index models 

are used to assess surface vegetation, for which they are often called vegetation 

indices. In other instances, however, soils or lithology may be the subject of 

interest. For this reason, the more generic terminology of 'spectral indices' is 

used here to describe this type of data transformation. 

A wide variety of band combinations have been used over the past twenty 

years to assess land surface biophj'^sical parameters. These indices can be divided 

into two groups: ratio-based indices and n-space indices (Elvidge and Lyon, 

1985). 

Ratio-based indices are computationally simple and probably more widely 

used than n-space indices. Often, in vegetation assessment, the red and near-IR 

bands are employed to measure the difference between the high refiectivity of 

green leaf materials (in the near-IR) and the intense chlorophyll absorption (in 

the red). This difference is an indicator of biomass. Another ratio-based index 

employs the mid-IR bands in TM data. These bands are sensitive to liquid water 

within plant leaves, which gives an indication of the "wetness" or vegetative 

moisture of a plant canopy (Elvidge and Lyon, 1985; Jackson, 1983). 

The n-space indices were initially developed by Kauth and Thomas (1976) for 

four-band Landsat MSS data. This class of indices is often used to discriminate 

vegetation from soil background. Two of the more commonly used n-space indices 

are the Soil Brightness Index (also known as Tasseled Cap Brightness) and the 

Green Vegetation Index (also known as Tasseled Cap Greenness). The basic 

concepts underlying n-space indices are described in detail by Jackson (1983). 

Adaptation of n-space indices to TM data was first made by Crist and Cicone 

(1984). TM Brightness is a weighted sum of the six reflective bands and is 
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different from MSS Brightness due to the inclusion of the mid-IR bands. TM 

Greenness, also derived using the six reflective bands, is a contrast between the 

visible and the near-IR bands (Fung, 1990). 

Spectral indices are commonly used in a vegetation monitoring context for 

agricultural crops, whether it be for estimating crop inventories or observing 

crop conditions throughout a growing season. Pitts et al (1984) used TM data-

derived spectral indices to evaluate the separability of corn and soybean using 

TM Brightness and TM Greenness. Results showed that the TM mid-IR bands 

allowed corn and soybean to be separated as much as one month earlier than 

was possible with MSS data. Gardner and Blad (1986) used the Barnes Model 

12-1000 Modular Multiband Radiometer (MMR) to derive spectral indices (in 

TM equivalent bands) to estimate biomass and canopy development in corn, 

while minimizing the influence of the soil background on the spectral signature 

of corn. A variety of ratio-based indices developed with TM data were analyzed 

by Gardner et al (1985) for determining the best transformations for estimating 

com growth parameters. 

Another increasingly common application of spectral indices is to assess 

rangeland conditions (Pech et al, 1986; Weiser et al, 1986; Tueller, 1987; and 

Huete and Jackson, 1987). 

Atmospheric effects on the derivation of spectral indices have been studied 

by Dave (1980b), Lee and Kaufman (1986), Kaufman and Sendra (1988), and 

Singh and Saull (1988) among others. These researchers are in agreement that 

the atmosphere causes a significant effect on remotely measured spectral indices. 

Variability of spectral indices with changing solar angles is also considerable. 

Solar zenith angle effects have been studied by Singh (1988a; b), Ranson et al 

(1986), and Tueller and Oleson (1989). It has been shown that careful consid

eration of sun angle is necessary to understand the reflectance of heterogeneous 

scenes obtained using spectral indices. 

2.8 Classiflcation Issues 

Multispectral land-use classiflcation has been successfully applied as an image 

analysis technique in the field of remote sensing. Classification involves assigning 

surface objects (points or regions) within an image to one of a prespecified set 
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set of classes, with the description being simply the name of the class to which 

the object belongs (Moik, 1980). The two types of classification procedures com

monly used in the analysis of remotely sensed data—unsupervised and supervised 

classification—are described in detail by Lillesand and Kiefer (1987), Richards 

(1986), and Moik (1980). 

In this study, the supervised classification procedure will be used to classify 

several land-use types of interest. In short, supervised classification requires 

pixels within an image scene to be categorized by specifying, to the computer 

algorithm, numerical descriptors of the land-use types. These descriptors are 

derived by selecting representative sample sites (training sets) of known land-use 

areas within an image scene (Lillesand and Kiefer, 1987). 

It follows that the quality of training set development, and the accuracy of 

the resulting classification, necessarily depend on subjective judgments made 

during the field verification process. Dicks and Lo (1990) have commented on 

the problem of subjectivity in field verification that is unavoidable under some 

circumstances. 

It is often advantageous to be able to assess the accuracy of the classification 

of an image data set. Accuracy assessment can be accomplished using a classifi

cation error matrix, or, as it is sometimes referred to, a confusion matrix. The 

matrix, matching field verification classes with computer-derived classes, is an 

effective method for identifying which pixels have been correctly or incorrectly 

classified by the computer. Classification error matrices have been successfully 

used by DeGloria et al (1986), Ormsby and Lunetta (1987), and Gong and 

Howarth (1990). 

Considerable uncertainty regarding the need for radiometric corrections to 

improve classification accuracy is evident in the literature. For example, research 

directed toward assessing the influence of atmospheric effects on classiflcation 

accuracy has seenndngly resulted in contradictory findings. 

In a recent study, Kawata et al (1988) emphasized the importance of cor

recting undesirable atmospheric effects inherent in raw radiance data in order to 

increase land-cover classification accuracy. Their position is supported by Turner 

(1975), Kaufman (1985), Kaufman and Eraser (1984), and Fraser et a/. (.1977), 
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all stating unequivocally that classification accuracy is significantly increased af

ter atmospheric corrections are performed. Kaufman (1985), in particular, has 

shown that the atmospheric effect that originates from nearby fields affects the 

radiance of a given field (adjacency effect) reducing the separability of classes. 

On the other hand, Steven and Rollin (1986), Kiang (1982), and Price (1987b) 

are sure that atmospheric corrections are unnecessary for imagery classification. 

In fact. Price has argued that quantitative radiometry of the data is not nec

essary for supervised and unsupervised classifications because the radiometric 

values could be multiplied by an factor without affecting classification results; 

the classification algorithms do not utilize the physical units of the data in any 

way (Price, 1987b). This position also finds support in a recent study by Kawata 

et al. (1990) which indicates that atmospheric correction has little effect on over

all land-cover classification accuracy for a single data set. 

A study by Duggin et al (1985) expressed the uncertainty that still appears 

to exist regarding the need for radiometric corrections before imagery classifi

cation. The conclusion was that uncorrected systematic variations may impose 

restrictions on the level of classification accuracy of TM data. The systematic 

variations were identified as being the combined effects of sun-target-sensor geom

etry, atmospheric conditions, and the interaction of the spectral characteristics 

of the sensor with those of upweUing radiance. 



CHAPTER III 

THE RESEARCH PROBLEM 

The overall objective of this research was to quantify radiometric error effects 

as they relate to a specific satellite image acquisition. A Landsat-4 Thematic 

Mapper (TM) digital image of a diverse agricultural area was the primary data 

source. Four different geometrically corrected image data sets were analyzed. 

The first was raw radiance data in radiometrically uncorrected form. The other 

three images were radiometrically corrected transforms created using procedures 

that adjusted the raw radiance data for radiometric calibration and atmospheric 

correction. Specifically, the four image data sets, fisted in order of increasing 

correction complexity, were characterized as follows: 

1. raw radiance data, uncorrected. 

2. radiometrically cafibrated, not atmospherically corrected, converted to exo

atmospheric reflectance (apparent reflectance). 

3. radiometrically calibrated, atmospherically corrected based on a modeled 

mid-latitude summer atmosphere, converted to surface reflectance. 

4. racfiometrically calibrated, atmospherically corrected based on local surface 

weather conditions and radiosonde data, converted to surface reflectance. 

Radiometric calibration, as used in this study, followed an approach wherein 

sensor instrumentation effects and solar zenith angle effects were corrected si

multaneously. 

Ancillary data incorporated into the study include: extensive field verification 

data for a study area of approximately 1,820 square kilometers; ground-based 

radiometer derived spectral response data for commonly grown agricultural crops 

and natural surfaces in the study area; and meteorological data used as input 

parameters for atmospheric modeling using the Lowtran-7 (Kneizys et al, 1988) 

complex atmospheric correction program. 

All four images were classified in terms of land-use utilizing the same train

ing fields. Supervised classifications were developed using ground t ruth data, 

25 



26 

and quantitative analyses were performed on all resulting classifications. Then, 

ground-based spectral response data for various land-use types were compared 

quafitatively to response data derived from the raw and radiometrically corrected 

image data sets for the same land-use types. Furthermore, four spectral index 

models were applied to each of the four image data sets. The resulting spectrcd 

indices (Green Vegetation Index, Soil Brightness Index, Normahzed Difference 

Vegetation Index, and Vegetative Moisture Index) were transforms that empha

size the quantitative differences among image data sets. 

The specific objectives of this study were: (1) to measure the effects of dif

ferent radiometric corrections on land-use classification results; (2) to compare 

raw and radiometrically corrected spectral response data with ground-derived 

response data for a variety of land-use types; and (3) to assess the value of 

radiometric corrections on the derivation of spectral indices. 

Specifically, the following null hypotheses were tested: 

1. Ho'. There is no difference in land-use classification accuracy among the 

four image data sets. 

2. Ho'- There is no cfifference in spectral responses among the ground-derived 

response data and the image response data within a given land-use type. 

3. Ho' There is no difference in spectral index means among the four image 

data sets within a given land-use class. 

The acquired Landsat-4 nominal scene was path 031 and row 036 of the 

Worldwide Reference System (185 km X 185 km) with the nominal scene center 

being approximately 25 km northeast of Clovis, New Mexico. The study area 

was limited to a portion of the southwest TM image quadrant. Specifically, the 

rectangular study area was within Curry County, New Mexico—bounded to the 

south by the Roosevelt County line, to the east by the Texas state line, to the 

north by the northern extent of Township 4 North, and to the west by the western 

extent of Range 32 East (see Figure 3.1). 

The study area is characterized by considerable agricultural diversity. The 

eastern side is dominated by irrigated crops, especially corn, grain sorghum, and 

edible beans with lesser amounts of cotton, wheat, and potato. Other irrigated 
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crops, particularly in the southeastern portion, include cantaloupe, peanut, al

falfa, sugar beet, watermelon, soybean, and various types of forage sorghum. 

Trending from east to west is an increase in dryland farming, predominately of 

wheat and grain sorghum. Native rangeland and Conservation Reserve Program 

(CRP) grasslands are common throughout the study area. 



CHAPTER IV 

METHODOLOGY 

Completion of this research required gathering several different types of data, 

various manipulations of the data, extensive image processing, and statistical 

analyses. All the image processing was performed at NASA's Technology Ap

plication Center (TAG) located at the University of New Mexico under the pre

scribed concfitions of the Visiting Scientist Program. Access was provided to: 

(1) a recently acquired Landsat-4 TM full-scene image data set; (2) a Microvax 

II computer and ELAS (Earth Resources Laboratory, 1987) software for image 

processing; (3) radiometric correction software; (4) a complex atmospheric cor

rection computer program (Lowtran-7); and (5) other facihties and technical 

support necessary to complete the specified image processing functions. 

In attempting to present the methodology in a sequential format, a step-by-

step approach is described below. 

1. A full-scene Landsat-4 TM image data set that included the study area was 

received on computer compatible tape (CCT). Only the six reflective channels 

were considered in this study. The image acquisition date was June 30, 1989, 

which was during the middle of the growing season for the study area. The image, 

in the form of raw radiance digital data, was free of cloud cover and acquired 

when stable atmospheric conditions existed. 

2. The meteorological data used as input parameters for atmospheric model

ing were gathered for the date and time of day that the image was acquired. Local 

surface weather conditions were obtained at Cannon Air Force Base which is in 

the approximate center of the study area. Surface weather parameters gathered 

for entry into the Lowtran-7 program included visibiHty, barometric pressure, 

ambient air temperature, and dew point temperature. 

In order to create one of the transformed image data sets, it was necessary 

to estimate the atmospheric conditions as they existed when the image was ac

quired. Atmospheric soundings, however, are not routinely taken cfirectly over 

the study area. The three closest National Weather Service (NWS) centers that 

release weather balloons carrying radiosonde equipment on a twice daily basis are 

Albuquerque, NM, Amarillo, TX, and Midland, TX. These cities are located in 
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a triangular configuration which includes the study area. Non-local radiosonde 

data were obtained from these surrounding NWS centers. 

The radiosonde data were manipulated through interpolation techniques that 

weighted the data according to both temporal and spatial considerations. In 

this way, a data set was created that estimated atmospheric parameters above 

the study area at the time of image acquisition. Parameter estimates included 

barometric pressure, air temperature, and dew point temperature for twenty 

atmospheric boundary layers (surface to 21 km above surface). 

3. Extensive ground truth (field verification) of land-use conditions was con

ducted during a one-week time frame beginning about two weeks after the image 

acquisition date. Approximately ten percent of the total study area was visited 

for the purpose of visually identifying land-use categories for correlation with the 

imagery. Field sites distributed throughout the study area were selected, with

out prior knowledge of land-use conditions, for field verification sampling. As 

field sites were visited, land-uses were recorded on USD A-Agricultural Stabiliza

tion and Conservation Service (ASCS) aerial photocopies obtained at the Curry 

County ASCS office. In adcfition, ground-level color photographs were taken of 

disparate land-cover types as observed. 

The land-use data were then transferred, in color coded classes, from the aerial 

photocopies to United States Geological Survey (USGS) 7.5 minute quadrangle 

topographic maps. This procedure allowed the ground t ruth data to be observed 

in proper spatial arrangement, but more importantly, it also prepared the data 

for later digitization into a computer-based geographical coordinate system. 

4. Ground-derived radiometry data were obtained from the USDA-Agricul-

tural Research Service (ARS) for commonly grown agricultural crops (corn and 

grain sorghum) in the study area. The ARS data were acquired in 1982 and 1983 

at the Texas Agricultural Experiment Station at Bushland, TX. These data were 

in the form of crop reflectance measurements taken with an eight-band Barnes 

Model 12-1000 modular multi-band radiometer (MMR). Wavelength intervals of 

six bands of the MMR are equivalent to the six reflective TM channels. Therefore, 

once the TM image data sets were converted to reflectance units, qualitative 

comparisons of spectral information for the same land-use types could be made 

among ground-based and satelhte derived data. 
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Other radiometry data utilized in this study have been pubHshed by NASA 

in the form of reflectance data (Bowker et al, 1985; Ungar et al, 1977). These 

spectral reflectances of natural surfaces were measured in the field using spectro-

radiometers. The measurements are displayed as spectral reflectance curves, as 

well as in tabular form, as a function of wavelength for each selected target. 

5. One channel of the full-scene TM digital data set was read to computer 

display from the CCT. A land area in excess of, and including, the study area 

w âs extracted from the full-scene. The resulting image (in six channels) became 

the source data for the creation of the raw and three transformed image data 

sets as described below in order of increasing correction complexity. 

a) The first image data set analyzed was in the form of uncorrected, or raw, 

DN values (quantized detector voltage samples). This image is referred to as the 

RAW image, or control data set. 

b) The creation of the second image data set involved a radiometric cali

bration procedure that corrected both sensor instrumentation effects and solar 

geometry effects, but excluded the correction of atmospheric effects. A two-step 

transformation was undertaken: (1) a conversion of raw radiance to spectral ra

diance; and (2) a conversion of spectral radiance to exoatmospheric reflectance. 

Since Landsat scans from near-nadir, view angle corrections were disregarded. 

This image, or treatment, is referred to as the RAD image. Sensor instrumenta

tion effects in the imagery were corrected using the following equation (Barker 

et al, 1984; Campos-Marquetti and Rockwell, 1989): 

r> [DN(^A) * (Rinax(A) - Riiiin(A))] + Rimn(A) , . - v 
^sp(ijA) = ^ , ( 4 . 1 ) 

•m&x 

or 

Rspin^) = [DN(ijA) * GAIN(A)] + OFFSET(A), (4.2) 

where: 

i = 1 , 2 , 3 , . . . , n elements 

j = 1,2,3,...,n lines 

\ = wavelength bands 

•Rsp = spectral radiance (milliwatts cm~^ ster"^ M^i"^) 

jRmax = maximum calibration pulse value at DN = 255 
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-Rmin = minimum calibration pulse value at DN = 0 

DNmax = maximum digital number range value of data (= 255) 

GAIN = gain coefficient (obtained from CCT) 

OFFSET = offset coefficient (obtained from CCT). 

The formula used to account for solar geometry effects, and to convert spec

tral radiance to exoatmospheric refiectance is (Campos-Marquetti and Rockwell, 

1989; Forster, 1984): 

R^^im=c\f^%''''-f*''r) * c, (4.3) 
(£o(A) * VKint(A)) * cose 

where: 

i = 1 , 2 , 3 , . . . , n elements 

j = 1 ,2 ,3 , . . . , n lines 

A = wavelength bands 

î ex = exoatmiospheric refiectance 

î sp = spectral radiance (milliwatts cm~^ ster"-^ /^ni"'^) 

DAU = Earth-Sun distance in Astronomical Units (A.U.) 

'̂int(A) = wavelength interval for TM 

EQ = mean solar irradiance at 1.0 A.U- (milliwatts cm~^/im~-^) 

6 = solar zenith angle at time of image acquisition 

C = scalar (C = 255). 

c) The third image data set was radiometrically calibrated and atmospher

ically corrected. The procedure corrected sensor instrumentation effects, solar 

geometry effects, and atmospheric effects. The atmospheric correction was based 

upon meteorological parameter estimates (surface to 100 km) derived from the 

Lowtran-7 mid-latitude sum.mer atmosphere model. The only real-time param

eter entered into the formulation was surface visibility obtained from Cannon 

Air Force Base. Creation of this data set involved a two-step transformation of 

the raw data: (1) a conversion of raw radiance to spectral radiance; and (2) a 

conversion of spectral radiance to surface reflectance. This image is referred to 

as the ATI image. Sensor instrimientation effects in the imagery were corrected 

using equation (4.2). 
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The formula used to account for solar geometry effects, and to convert spec

tral radiance to surface reflectance is (Campos-Marquetti and Rockwell, 1989; 

Forster, 1984): 

R , - _ , - f ^ * [(^sp(ijA) - i^(i jA)) * T^int(A)] . , ^ . . . . 

''^''^ ^ [(^ac(A) * K^int(A)) * T( , ) * COsB + Ea(A)] - T^X)^ ' ^ ^ 

where: 

i = 1 , 2 , 3 , . . . , n elements 

j = 1, 2 , 3 , . . . , n lines 

A = wavelength bands 

î sp = spectral radiance (milliwatts cm~^ ster"-^ /^m"-^) 

Rsf = surface reflectance 

Rp = path radiance (milliwatts cm~^ ster"'^) 

E^c = solar irradiance at time of image acquisition (milliwatts cm"^) 

£"£1 = diffuse sky irradiance (milliwatts cm~^) 

^int(A) = wavelength interval for TM 

6 = solar zenith angle at time of image acquisition 

T = atmospheric transmittance; 

^ = ' ' "03+ '^H20 + '''CO2 + ''"trace + '''m + "^p, 

where: 

T03 = optical depth due to ozone 

Tff2 0 = optical depth due to water vapor 

rco2 — optical depth due to carbon dioxide 

'TtTocc = optical depth due to trace atmospheric constituents 

'7'xn = optical depth due to molecular scattering (Rayleigh) 

Tp = optical depth due to particulate scattering (Mie). 

d) The fourth image data set was radiometrically calibrated and atmospher

ically corrected, with the atmospheric correction based on user-defined mete

orological parameters. The same procedure as described for transforming the 

third data set was used. Real-time meteorological parameter estimates, how

ever, were entered into the Lowtran-7 correction program in lieu of the modeled 
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mid-latitude summer atmosphere parameters for atmospheric levels from surface 

to 21 km. For levels above the radiosonde data set, the program defaulted to 

mid-latitude summer atmosphere modeled parameters for levels from 21 km to 

100 km. This image is referred to as the AT2 image. 

6. All four image data sets were geometrically corrected. Specifically, a 

bilinear interpolation technique was used based upon 36 recognizable ground 

control points expressed in Universal Transverse Mercator (UTM) coordinates. 

The geometric correction procedure also reduced the land area of the images to 

the bounds of the study area. 

7. Final determination of land-use classes incorporated into the stud}'' was 

based on availabihty (in terms of ground truth size) of land-use types of inter

est. The nine discriminated land-use classes were: corn, alfalfa, beans, potato. 

Conservation Reserve Program (CRP) grass, rangeland, bare soil, sorgum, and 

sugar beet. 

8. Field verified land-use data, as transferred to the USGS topographic maps, 

were digitized into polygons using a chgitizing tablet. Each field identified in the 

verification process was represented as a separate polygon within a computer-

based UTM coordinate system. Care was taken to lessen the contribution of 

edge effects by actually digitizing inside the boundaries of individual fields. The 

number of polygons digitized by land-use class were: corn-122, alfalfa-14, beans-

8, potato-4, CRP grass-107, rangeland-141, bare soil-246, sorghum-112, and 

sugar beet-3 . These field polygons were stored and grouped according to land-

use classes. 

A set of smaller polygons, subsamples of 49 pixels each, was created within 

some of the field polygons for each land-use class for the purpose of developing 

training sites for each land-use class throughout the study area. Seven-by-seven 

pixel blocks were randomly located within the source field polygons. These small 

polygons were digitized directly from the image display screen. The small poly

gons were also stored and grouped according to land-use classes. 

Approximately fifteen percent of the field polygons from the bare soil class 

(36) was randomly selected as source material for the creation of small poly

gons. Approximately thirty percent of the field polygons from the remainder 

of the larger classes (corn-37, CRP grass-32, rangeland-36, and sorghum-34) 
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was selected as source material. These selected percentages were based on the 

number of available field polygons per land-use class in order to assure an ade

quate number of small polygons to develop spectral signature information from 

representative or prototype pixels. A random number table was used to facihtate 

selection of source field polygons. All field polygons from the smaller land-use 

classes (alfalfa, beans, potato, and sugar beet) were sources for small polygons 

provided they were of sufficient size to accomodate the formation of a polygon 

composed of 49 pixels. 

9. Statistics were gathered from each of the small polygons as follows. Since 

the four image data sets were geometrically corrected in terms of the UTM coor

dinate system, and all the polygons were located and filed according to the UTM 

coordinate system, it was possible to overlay polygons of interest on each of the 

image data sets in turn. Each small polygon was overlaid on an image data set, 

and spectral statistics were extracted from the 49 pixels composing the polygon. 

Statistics that were gathered included the mean, standard deviation, and covari-

ance for the six reflective TM channels. Polygon statistics were grouped and 

stored by land-use class for each image data set. 

10. Once the steps listed above were completed, the first specific objective 

of the study was addressed; that is, to measure the effects of different radiomet

ric corrections on land-use classification results. This was accomplished using 

the ELAS Accuracy of Classification Table (ACTB) module. ACTB allows the 

results of a land-use classification to be compared quantitatively with field verifi

cation data using two channels of information. One channel contains supervised 

classification results from one of the four image data sets. The other channel 

comprises the ground t ruth data in the ELAS format. 

The first ACTB channel was created as follows. A supervised classification 

procedure, using a maximum likeHhood classifier, was apphed to all four image 

data sets. The statistics files from the small polygons served as the training data 

sets. By using many polygons throughout the scene, chances were increased that 

the training data were representative of the variations within land-use classes 

present in the study area. Statistics from individual polygons were merged by 

land-use class, such that nine spectral classes constituted each information class 

to be discriminated by the classifier. 
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Any pixel that was not sufficiently similar to any of the training data from 

the nine land-use classes of interest, within its respective data set, was classified 

into a tenth class called "unclassified material." The resulting classified image 

data sets interchangeably became one channel of information used by the ACTB 

program. 

The other ACTB channel was created by classifying the field polygon files 

according to the nine land-use classes, resulting in a ground t ruth data set con

forming to the geographic specifications of the image data sets. This operation 

allowed each verification pixel to represent the same area as the corresponding 

classified pixel within the newly created data set. The nine classes of field poly

gons, plus the unclassified material (the remaining portions of the study area 

not overlaid by polygons), became the other channel of information used by the 

ACTB program. 

The ACTB module outputs a classification error matrix consisting of a tal

lying of class frequencies, percent correct, and commission errors as a result of 

the comparison between the verification data and classified data. This output 

allows the results of the land-use classifications emanating from the four image 

data sets to be compared with ground truth data so that the effects of different 

radiometric corrections on classification results can be calculated. 

11. The second specific objective of the study was to qualitatively compare 

raw and radiometrically corrected spectral response data with ground-derived 

response data for various land-uses. This objective was addressed by comparing 

representative spectra for corn, sorghum, and beans, as obtained from all four 

data sets, with ground-derived racfiometry data. 

Using the ground-level color photographs taken during the field verification 

process, single irrigated fields of tasseled corn, headed grain sorghum, and green 

bean were identified as the same fields for which satelhte spectral response data 

had been obtained. These fields were assessed to be homogeneous samples of 

relatively mature crops, and representative of their respective land-use type. All 

three fields were characterized by full, uniform canopy cover. Statistical files 

of the spectral response means from the small polygons (49 pixels) for corn, 

sorghum, and beans were recalled for these specific fields from all four image 

data sets. Then, multiple samples of ground-derived spectral response data were 
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selected from available ARS radiometry data for corn and grain sorghum, and 

from the NASA radiometry data (Bowker et al, 1985) for beans. 

In order to assure that the field verified crops were similar (in terms of mor

phology, biomass, and canopy cover) to the crops for which spectral measure

ments had been taken by the ARS and NASA, the near-infrared (IR)waveband, 

or TM band 4, was used as a key to match appropriate ground-derived radiom

etry samples with the field verified satelhte samples. It has been shown that 

differences in reflectance in the near-IR wavelengths can be primarily attributed 

to differences in internal leaf structure (Gausman, 1974; Knipling, 1969; Sinclair 

et al, 1971), the amount of vegetation (Curran, 1980), and to a lesser extent, 

the leaf water content (Thomas et al, 1971) of growing crops. 

An assumption was made that the near-IR response from the most complex 

radiometrically corrected data set (AT2) should be most similar to the near-IR 

response from ground-derived radiometry data if crops of similar morphology, 

biomass, and canopy cover were being compared. The AT2 correction was for

mulated to remove imagery degradation due to sensor instrumentation effects, 

solar geometry effects, and atmospheric effects based on real-time meteorological 

estimates. If follows that satellite spectral response data which have been formu

lated under these conditions should be more like the ground-derived data than 

the data contained in the other three image data sets. Furthermore, the AT2 

spectral data were expressed in surface reflectance units so that direct compar

isons of near-IR reflectance could be made with ground-derived spectral data. 

The AT2 near-IR reflectance values were read for the three specific verified 

fields of corn, grain sorghum, and green bean. Then, identical (or quite similar) 

reflectance values for the near-IR waveband were located among the samples of 

ground-derived radiometry data for the three land-use types. Once the most ap

propriate ground-derived radiometry samples had been located, all six reflective 

bands from those samples were plotted on graphs forming characteristic spectral 

responses as a function of wavelength for com, sorghum, and beans. 

Spectral response means from the satellite data for corn, sorghum, and beans 

as expressed in reflectance units (RAD, ATI, and AT2) were plotted and overlaid 

on the graph containing the ground-derived response data for the corresponding 

land-use type. The raw radiance data (RAW) for the same observations were 
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plotted separately since the RAW data were not converted to reflectance. This 

process allowed four separately derived spectral responses for a given land-use 

type to be directly compared on the same graph, while the raw radiance data for 

the sanie satellite observations were compared indirectly. 

Qualitative comparisons were made among the response data on the basis of 

their resulting shapes. Differences among the shapes were due to varying response 

as a function of wavelength caused by (1) radiometric chstortion due to sensor 

instrumentation effects, and (2) the wavelength-dependent effects of atmospheric 

scattering and absorption. It was assumed that those image response shapes that 

more closely approximated the ground-derived data were more representative of 

the "true" spectral response for a given land-use type. 

12. The next three steps will address the third specific objective—to assess 

the value of radiometric corrections on the derivation of spectral indices. Four 

spectral index models were applied to the four image data sets so that differences 

in spectral sensitivity among the data could be quantified using single spectraUy-

based numbers. Spectral indices usually have greater sensitivity to land surface 

radiance than does the response of a single wavelength (Wanjura and Hatfield, 

1987). The following spectral index models were used to create the spectral index 

data sets: 

• GVI - Green Vegetation Index (from Crist, 1985) 

GVI = ( -0 .1603)(TMl) + (-0.2819)(TM2) + (-0.4934)(TM3) 

+ (0.7940)(TM4) + (-0.0002)(TM5) + (-0.1446)(TM7). (4.5) 

SBI - Soil Brightness Index (from Crist, 1985) 

SBI = (0.2043)(TM1) + (0.4158)(TM2) + (0.5524)(TM3) 

+ (0.5741)(TM4) + (0.3124)(TM5) -f (0.2303)(TM7). (4.6) 
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NDVI = 
TM4 - TM3 

TM4 + TM3 
(4.7) 

VMI - Vegetative Moisture Index 

VMI = 
TM5 - TM7 

TM5 + TM7 
(4.8) 

These spectral index models have been formulated to estimate various bio

physical land surface parameters as follows: 

• GVI - vegetative density or greenness 

• SBI - land surface brightness 

• NDVI - vegetative biomass 

• VMI - vegetative moisture 

Sixteen spectral index data sets were formed in this application: 

RAW-GVI 

RAW-SBI 
RAW-NDVI 

RAW-VMI 

RAD-GVI 

RAD-SBI 
RAD-NDVI 

RAD-VMI 

ATl-GVI 

ATl-SBI 
ATl-NDVI 

ATl-VMI 

AT2-GVI 

AT2-SBI 
AT2-NDVI 

AT2-VMI 

13. After the spectral index data sets were created from the four image data 

sets, means were extracted from the resulting transforms for various land-use 

classes of interest. Specifically, the GVI was applied to CRP grass, the SBI to 

bare soil, the NDVI to rangeland, and the VMI to corn. Thirty field polygons 

were randonoly selected, using a random number table, from the pool of field 

polygons for each of the four land-use classes. 
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An example from one of the experiments performed will serve to illustrate the 

process used in extracting means from the sixteen transforms. Thirty randomly 

selected field polygons for CRP grass were overlaid on the RAW-GVI data set, 

and means were calculated for the pixels composing each polygon. Iterations of 

this procedure were performed on the other three GVI data sets (RAD-GVI, ATl-

GVI, AT2-GVI). This procedure was undertaken for overlaying random polygons 

from the remaining land-use types (bare soil, rangeland, and corn) across their 

respective spectral index data sets (SBI, NDVI, and VMI). 

14. The means extracted from the spectral index data sets were statistically 

analyzed using a randomized block design (RBD) and mean separation analyses. 

Four experiments were performed, each using identical design methodology, to 

analyze the effects of radiometric correction on each of the spectral index data 

sets. Since the thirty polygons, as applied to each spectral index data set, were 

heterogeneous, polygons were stratified into blocks so that variability due to un

equal polygon sizes and other physical conditions was removed from the estimate 

of experimental error. 

For each experiment, the treatments were the four image data set transforma

tions (RAW, RAD, ATI, AT2), and the experimental units were pixels. All four 

treatments were assigned to the same experimental units. Under this application 

of the RBD model, treatments are fixed effects and blocks are random effects. 

The hypothesis of interest which was tested with an analysis of variance is: 

Ho : fJ>i = fJL2 = fJ'3 = M4 

Hi : There is at least one inequality among treatment means. 

Subsequent mean separation analyses were performed using the Tukey's Hon

estly Significant Difference (HSD) Test for experiments in which the null hypoth

esis was rejected in favor of the alternative hypothesis that treatment differences 

existed. 



CHAPTER V 

RESULTS AND DISCUSSION 

5.1 Effects of Radiometric Corrections on 
Land-Use Classification Accuracy 

Classification error matrices were generated by quantitatively comparing re

sults of the land-use classifications from the four image data sets with field veri

fication classes. The matrix for the raw rachance data (RAW) is shown in Table 

5.1 where the overall classification accuracy (73.47 percent correct) is tabulated 

along with the accuracy for each land-use class. Before chscussing differences 

among the RAW and the other three classification error matrices (RAD, ATI, 

and AT2), it appears usefiil to examine the class-to-class agreement that was 

attained by comparing the field verification data with the RAW classification. 

By examining class-to-class agreement, it is possible to gain some insight into 

within-class spectral variabihty which is a function of such factors as canopy 

cover, stage of crop maturity, biomass, soil types, moisture conditions, etc. The 

raw radiance data classification also estabhshes a basefine, or a control, for mak

ing comparisons with the individual class results obtained from the radiometri

cally corrected image data sets. Those classes that have low within-class spectral 

variability are more likely to have high classification accuracy levels. 

The highest accuracies for individual classes from the raw radiance data were 

for potato (97.87 percent correct) and sugar beet (94.09 percent correct). These 

accuracy levels were not unexpected, given that during the field verification pro

cess, fields containing potato and sugar beet were all observed to be irrigated, 

have relatively uniform qanopy cover, and a similar growth stage among fields. 

The next two classes, in terms of high RAW classification accuracies, were 

corn (85.79 percent correct) and rangeland (85.34 percent correct). Once again, 

it was noted that these were relatively homogeneous classes, as the corn was un

der irrigation in all the observed fields. In most cases, the rangeland was easily 

distinguished from other land-use classes during the ground truth process. How

ever, the fields of verified corn did have variability in stages of crop maturity. For 

instance, some fields of corn were tasseled, whereas others were not. Similarly, 

41 
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RAWSUGAR BEET 
CORN 0 
ALFAL: 0 
BEANS 0 
POTAT 0 
CRP Gj 0 
RANG£ 0 
BARE .̂  0 
SORGH 0 
SUGAR 1051 
OTHER 66 

TOTAL 1117 
PERCEi 94.09 

— 1 

TOTAL 
31839 
5145 
6719 
1528 

29016 
40963 
65553 
18946 
1064 
2375 

203148 

COM. ERR. 
5.9 

55.0 
78.9 
4.0 

23.8 
21.6 
22.1 
59.0 

1.2 
2.7 



43 

some variabihty was noted across rangeland, especially in plant biomass as visu

ally observed. Some instances in which rangeland was not easily distinguishable 

were noted, particularly where rangeland biomass was similar to recently seeded 

CRP grass. Not surprisingly, there is some spectral mixing, or confusion, in the 

RAW classification between rangeland and CRP grass. 

Bare soil (77.85 percent correct) was the next most accurate individual clas

sification for the RAW data. The fields that were verified as bare soil were char

acterized by the following somewhat disparate conditions: fields that were being 

summer-fallowed with various levels of sporadic weed growth (not including fields 

with full weed ground cover); fields that had not yet been planted in the growing 

season, but were being prepared for planting; and fields that had recently been 

harvested for wheat (some fields tilled, some fields not tilled). The conmionality 

among these different bare soil fields was that all were not being cropped at the 

time of the image acquisition. However, the variability due to weed growth, soil 

tj'^pes, surface moisture, and residue contributed to a diminution of the classifi

cation accuracy level for bare soil compared to the more homogeneous land-use 

classes. 

The RAW individual classification accuracy for alfalfa (72.19 percent cor

rect) shows considerable within-class variability as expected. The alfalfa fields 

were noticeably variable in growth stage development, while some alfalfa was 

under irrigation and some was being grown under dryland conditions. The fields 

actually varied from vigorous alfalfa characterized by a uniform canopy cover 

in full bloom, to alfalfa that had been recently harvested. In some instances, 

the harvested alfalfa was laying in windrows; in other instances, bales of alfalfa 

were scattered throughout the field. All these factors contributed to the lower 

classification accuracy levels for alfalfa. 

As mentioned above, the RAW CRP grass (64.74 percent correct) classifica

tion shows the classifier had some difficulty separating the training signatures 

between CRP grass and rangeland. Even so, this separabiHty problem appears 

to be minimal considering the fact that native grass species which dominate 

rangelands are, for the most part , the same grass species that are ehgible for 

seeding idled farmland in the Conservation Reserve Program (CRP). Evidently, 

the maximum likeHhood classifier was able to spectrally chscriminate CRP grass 
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from rangeland on the basis of variables other than species difference, such as 

differences in biomass, brightness, or greenness. Other factors that most Hkely 

contributed to within-class variabihty for CRP grass were: different mixes of grass 

species that constituted the ground cover; amount of weeds and invader grasses; 

and ground cover differences caused by unequal time intervals since seeding. 

The two remaining land-use classes will be discussed together, as both showed 

large within-class variabilities as evidenced by their low RAW classification ac

curacies. The class referred to as beans (57.83 percent correct) is really a generic 

class comprising irrigated green bean, and both irrigated and dryland soybean. 

The class referred to as sorghum (34.40 percent correct) is also a general class, 

in that grain sorghum, forage sorghum, and sorghum-sudangrass hybrids of all 

maturity levels were grouped into this class. The classification error matrix for 

beans shows that most of the confusion occurs with sorghum and bare soil. Like

wise, the error matrix for sorghum shows severe spectral mixing with bare soil 

and beans. These results are understandable when it is considered that a large 

proportion of the samples for sorghum, as well as the dryland soybean, were com

posed of immature crops where the spectral response signature of the underlying 

soil overwhelmed the spectral contribution due to the presence of sorghum and 

beans. 

The classification error matrix for the RAD classification is shown in Table 

5.2. The overall classification accuracy (73.08 percent correct) for this radiomet

rically calibrated image data set is not significantly different than the accuracy 

attained using raw radiance data. In comparing RAD class-to-class agreements 

with the RAW data, there are only small chfferences with no discernible pattern. 

The ATI error matrix is shown in Table 5.3. The overall classification ac

curacy (72.39 percent correct) for the image data set (radiometrically calibrated 

and atmospherically corrected based on a modeled mid-latitude summer atmo

sphere) is slightly lower than the RAW and RAD accuracies. The class-to-class 

accuracies are slightly improved for some land-use classes and slightly diminished 

for others compared to the RAW and RAD data, estabhshing no apparent trend. 
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RAD i SUGAR BEET 
CORN 0 
ALFALF 0 
BEANS 0 
POTAT( 0 
CRP GR 0 
RANGE 0 
BARE S' 0 
SORCni 0 
SUGAR 1069 
OTHER 48 

TOTAL 1117 
PERCEI 95.70 

TOTAL 
31342 
5668 
6691 
1498 

27530 
41997 
66605 
18414 

1085 
2318 

203148 

COM. ERR. 
5.7 

59.8 
79.2 
2.7 

23.9 
23.4 
22.2 
58.0 

1.5 
2.6 
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ATI dSUGAR BEET 
CORN 0 
ALFALF 0 
BEANS 0 
POTATC 0 
CRP GR 0 
RANGE 0 
BARE Si 0 
SORGHI 0 
SUGAR 1056 
OTHER 61 

TOTAL 1117 
PERCEI 94.54 

TOTAL 
31704 
5295 
6687 
1543 

28053 
41497 
63051 
21662 

1066 
2590 

203148 

COM. ERR. 
6.0 

57.0 
78.5 
5.2 

24.2 
22.4 
22.3 
60.2 

1.0 
2.7 
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The classification error matrix for the AT2 image data set is shown in Table 

5.4. The overall classification accuracy (72.30 percent correct) for the data set 

(racfiometrically calibrated and atmospherically corrected based on radiosonde 

data) is sHghtly lower than the RAW, RAD, and ATI accuracies. Again, only 

(hminutive differences exist in class-to-class agreements compared to the other 

three classifications. 

Thus the first null hypothesis, that there is no difference in land-use classifi

cation accuracy among the four image data sets, was not rejected. There were 

no material differences in overall classification accuracies, and though there may 

be slight differences in class-to-class accuracies among classifications, verifiable 

trends which correlate changing accuracy with increasing radiometric correction 

complexity can not be estabhshed. 

5.2 Comparison of Raw and Radiometrically Corrected 
Spectral Response Data with Ground-Derived 

Response Data 

Representative spectra for corn, sorgum, and beans were obtained from the 

four image data sets and from ground-derived radiometry data and plotted by 

respective land-use type so that qualitative comparisons among the data could 

be made. These plotted data are shown in Figures 5.1-5.3. 

Under the assumption that ground-derived spectral response (ARS and 

NASA) is the most representative of the "true" spectral response patterns for 

land surfaces, it is apparent that the two atmospherically corrected data sets 

(ATI and AT2) more closely approximated the expected spectral signatures for 

the three land-use types. Though ATI and AT2 data are very similar through

out the TM wavelengths, the AT2 data show slightly higher reflectances in the 

near-IR region than the ATI data. The RAD data are most similar to the groimd-

derived data in the visible wavelengths, but the RAD data are generally much 

lower than the ground-derived and atmospherically corrected data throughout 

the infrared wavelengths. The raw radiance data (RAW) are the most distorted 

of the satellite data, showing considerable between-band radiometric errors. 

The qualitative comparisons revealed that there are, in fact, differences among 

the response data; thus, the second null hypothesis, which stated that there is 
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AT2 CiSUGAR BEET 
CORN 0 
ALFALFi 0 
BEANS 0 
POTATO 0 
CRP GR 0 
RANGE 0 
BARE S( 0 
SORGHL 0 
SUGAR J 1059 
OTHER 58 

TOTAL 1117 
PERCEN 94.81 

TOTAL 
31631 
5535 
6879 
1584 

28267 
41473 
62125 
22124 

1070 
2460 

203148 

COM. ERR. 
6.2 

58.7 
78.7 
7.5 

24.4 
22.3 
22.0 
60.0 

1.0 
2.6 
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Figure 5.1: Raw Radiance and Reflectance Graphs for Corn. 



50 

RAW RADIANCE 

1 2 

TM wavelengths (micrometers) 

REFLECTANCE 

0) 

40 

30 -
u 
c 
(0 
O 20 
0> 

10 - D 

if 

/V 
/ ^ 

/ 

W 5 
1 

^ ^ 

* ^ ^ ^ > ^ 

- ^ 

-Q- RAD 
-•- ATI 
-o- AT2 
-0- ARS 

\ 

1 2 

TM wavelengths (micrometers) 

Figure 5.2: Raw Radiance and Reflectance Graphs for Sorghum. 
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Figure 5.3: Raw Radiance and Reflectance Graphs for Beans. 
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no difference m spectral responses among the ground-derived response data and 

image response data within a given land-use type, was rejected. 

5.3 Assessing the Value of Radiometric Corrections 
on the Derivation of Spectral Indices 

The methodology for assessing the value of radiometric corrections on the 

denvation of spectral indices using sixteen spectral index data sets has been 

described. The results of the four separate experiments will be presented and 

discussed for the spectral index models in the following order: (1) Green Veg

etation Index—GVI; (2) Soil Brightness Index—SBI; (3) Normahzed Difference 

Vegetation Index—NDVI; and (4) Vegetative Moisture Index—VMI. 

In testing the null hypothesis of equality among treatment means using anal

ysis of variance, the calculated F statistic for GVI was 517.60. This calculated F 

exceeds the tabular F.os.s.s? = 2.73, and so the null hypothesis was rejected and 

it was concluded that the treatments differ in the derivation of GVI as appHed 

to CRP grass. In order to further analyze differences among treatments, Tukey's 

HSD test was performed {p > 0.05). The results for GVI are summarized below. 

Means with the same letter were not signiflcantly different. 

Tukey's HSD Test Results 

Green Vegetation Index 

for CRP Grass 

T Grouping 

A 

A 

B 

C 

Mean 

69.4117 

68.1493 

64.3843 

49.2963 

Treatment 

AT2 

ATI 

RAD 

RAW 

The calculated F statistic from the analysis of variance for SBI was 4833.32 

which greatly exceeds the tabular F. The null hypothesis was rejected and it was 

concluded that the treatments differ in the derivation of SBI as applied to bare 

soil. The Tukey's HSD test results for SBI are summarized below. 
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Tukey's HSD Test Results 

Soil Brightness Index 

for Bare Soil 

T Grouping 

A 

B 

C 

D 

Mean 

174.809 

112.173 

108.874 

92.461 

Treatment 

RAW 

AT2 

ATI 

RAD 

The calculated F statistic from the analysis of variance for NDVI was 53641.93 

which greatly exceeds the tabular F. The null hypothesis was rejected and it was 

concluded that the treatments differ in the derivation of NDVI as applied to 

rangeland. The Tukey's HSD test results for NDVI are summarized below. 

Tukey's HSD Test Results 

Normalized Difference Vegetation Index 

for Rangeland 

T Grouping 

A 

B 

C 

D 

Mean 

.282153 

.269980 

.263220 

.086276 

Treatment 

AT2 

ATI 

RAD 

RAW 

The calculated F statistic from the analysis of variance for VMI was 3638.54 

which greatly exceeds the tabular F. The null hypothesis was rejected and it was 

concluded that the treatments differ in the derivation of VMI as apphed to corn. 

The Tukey's HSD test results for VMI are summarized below. 



54 

Tukey's HSD Test Results 

Vegetative Moisture Index 

for Corn 

T Grouping 

A 

B 

C 

D 

Mean 

.495643 

.362627 

.308653 

.295533 

Treatment 

RAW 

RAD 

ATI 

AT2 

It is apparent from the foregoing results that each of the four treatments are 

shown to be significantly different when all possible pairwise comparisons are 

made among treatment means (with the exception of ATI and AT2 for GVI). 

The rationale used in interpreting the outcome of these experiments is illustrated 

below using the results of the GVI analysis. 

For the GVI, the null hypothesis was rejected, and it was concluded that 

the treatment means differed more than can be expected by chance alone (a = 

0.05). As the GVI was formulated to estimate vegetative density, it follows that 

when means differ, density estimates differ among the four image data sets. To 

determine which of the treatments yielded the truest density estimate of CRP 

grass, it is necessary to refer again to the comparison results of the spectral 

responses for ground-derived and satellite data in Figures 5.1-5.3. Inferences are 

drawn in the following manner: qualitative comparison results showed that the 

spectral responses from the AT2 data set most closely approximated the ground-

derived response data for the three land-use types. It can be inferred, then, that 

the AT2-GVI spectral index data set gives a better estimate of vegetative density 

in CRP grass than do the other image data sets. 

However, as observed from the GVI mean separation analysis, differences in 

the AT2 and ATI treatments were not significantly different. Therefore, in this 

case, it does not appear that additional correction complexity above the level of 

the ATI correction is required to derive a GVI data set that closely approximates 

ground-derived estimates of vegetative density for CRP grass. 
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The Tukey's HSD tests for all the other spectral index data sets show signif

icant differences among treatments even when only small numerical differences 

exist among the spectral index means. As a case in point, notice the means for 

NDVI, as apphed to rangeland, are .282153 (AT2), .269980 (ATI), and .263220 

(RAD). These differences, though they were shown to be significantly different 

in a statistical sense, probably can not be field verified at the accuracy level 

required to distinguish such small differences using current remote sensing tech

nology. So, though this analysis shows the spectral index means to be different in 

a real sense, it becomes incumbent upon remote sensing users to weigh the trade

offs, in a practical sense, that exist when correction complexity is increased in 

an at tempt to derive more accurate estimates of a given biophysical land surface 

parameter. 



CHAPTER VI 

CONCLUSIONS 

Uncertainty concerning the need for radiometric correction of remotely sensed 

digital data for certain apphcations has persisted for many years. Too often, it 

appears, at tempts to dispose of this uncertainty have been approached solely 

from a theoretical perspective. In those few studies that have utihzed a more 

applied approach for assessing radiometric effects on imagery, common problems 

seem to be that field verified data sets are too small to allow generalizations about 

large areas, or simulation cases are devised which do not adequately represent 

the "real world" environment encountered in practical remote sensing studies. 

It is realized that remote sensing researchers who strive to identify and refine 

theoretical bases to further improve this relatively new technology are making 

important contributions. It is also befieved, however, that apphed remote sens

ing studies, such as this one, provide important field tests of often unproven, but 

commonly-held, assumptions or beliefs which have been formulated in a theoret

ical context, or under limited field test conditions. Without field testing, it is 

possible for these unproven assumptions to creep into the remote sensing com

munity and become accepted as "truth" in perpetuity. By providing a testing 

ground to uncover which assumptions seem to hold under which sets of condi

tions, applied remote sensing studies make important contributions and, in the 

process, may serve to clear up uncertainties that persist in the field. 

As indicated in the introduction, uncertainty has resulted from contradictory 

research relating radiometric corrections to remote sensing applications. Prob

ably the best examiple of this condition concerns the need for corrected image 

data sets to improve classification accuracy. 

Based on the results of this study which utilized a field study area of over 

1,800 square kilometers with nine discriminated land-use classes, it does not 

appear necessary to perform radiometric corrections on raw radiance data to 

improve classification accuracy. The results showed no material differences in 

classification accuracy across data sets, which is thought to be a quite significant 

contribution to the field of remote sensing. No studies have been found which 
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employed such extensive ground truth data to test, in an apphed and comprehen

sive manner, the effects of radiometric correction effects on land-use classification 

accuracy. 

However, these results are not purported to be the last word on the subject 

of radiometric corrections and land-use classification accuracies. Additional re

search will need to be conducted using multispectral sensing systems other than 

the Thematic Mapper in regions characterized by varying climatic conditions, be

fore the question of classification accuracy wiU be adequately addressed. There is 

also a need for more research using multiple data sets, such as in multitemporal 

studies. 

It should be noted, though, that classification accuracy obtained using dis

torted raw radiance data (revealed in this study from qualitative comparisons of 

spectral responses) was not improved even when gross errors—those due to sen

sor instrumentation effects—were corrected. This leads one to believe that , even 

if spectral signatures were extremely distorted due to atmospheric contributions, 

say, from images acquired under very humid conditions or in areas with high par

ticulate concentrations, the distortion would be consistent across variable land 

cover throughout the scene. The classifier would merely "train" on the distorted 

spectral responses of the training sites while still proceeding to separate classes 

within the scene on the basis of statistical differences between classes. If this 

is indeed the case, as the results of this study seem to imply, then radiometric 

correction of digital data before classification would not be necessary under any 

conditions. 

The preceding supposition is not meant to suggest that radiometric correc

tions of remotely sensed data are not necessary for applications other than land-

use classification. On the contrary, additional findings of this study, as they 

relate to the derivation of spectral indices, clearly showed differences in spectral 

index means extracted from a variety of land-use types. The conclusions that 

arise from these findings are that radiometric corrections are very necessary if 

spectral indices are to be used as a reliable tool in estimating biophysical land 

surface parameters. 

Furthermore, without calibration of the physical system used to acquire re

motely sensed data—calibration which is afforded through the radiometric 
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correction process—spectral indices derived from satelhte data can not be com

pared across-the-board with spectral indices derived from other image data sets, 

nor can they be compared with ground-derived radiometry data. Without this 

comparison capabihty, the index would be of no VcJue for estimation purposes, 

except in a relative sense for identifying within-scene contrasts, unless ground 

truthing occurs simultaneously with imagery acquisition so that the parameter 

of interest can be "indexed" to the spectrally based numbers. This process as 

described would not only be very cumbersome, but it would defeat the whole 

purpose of utifizing remotely sensed data to derive accurate estimates. 

Many unanswered questions still remain concerning the value of various com

ponents of the radiometric correction process on the derivation of spectral indices. 

It is apparent from the results of this study that, at the very least, remote sensing 

users should radiometrically calibrate, or remove sensor instrumentation errors, 

from image data sets before deriving spectral indices. The degree to which a data 

set should be corrected beyond this first level of correction complexity is a judg

ment call. The interested remote sensing user can use the information contained 

in this study to make case-by-case decisions, based on accuracy requirements for 

a particular application, as to whether or not improved estimates will justify the 

additional image preprocessing steps necessary to achieve them. 



REFERENCES 

[1] Ahern, F.J., R.J. Brown, J. Cihlar, R. Gauthier, J. Murphy, R.A. NeviUe, 
and P.M. Teillet. 1987. Radiometric Correction of Visible and Infrared Re
mote Sensing Data at the Canada Centre for Remote Sensing. International 
Journal of Remote Sensing. 8:1349-1376. 

[2] Anuta, P.E., L.A. Bartolucci, M.E. Dean, D.F. Lozano, E. Malaret, C D . 
McGillem, J.A. Valdes, and C.R. Valenzuela. 1984. Landsat-4 MSS and 
Thematic Mapper Data Quahty and Information Content Analysis. IEEE 
Transactions on Geoscience and Remote Sensing. GE-22(3):222-236. 

[3] Aranuvachapun, S. 1986. Satelhte Remote Sensing of Atmospheric Optical 
Depth Spectrum. International Journal of Remote Sensing. 7:499-514. 

[4] Barker, J.L. 1985. Relative Radiometric Cahbration of Landsat TM Refiec
tive Bands, pp.1-129. In Landsat-4 Science Characterization Early Results. 
NASA Conference Pubhcation 2355, Vol. I l l , Greenbelt, MD. 

[5] Barker, J.L., D.L. Ball, K.C. Leung, and J.A. Walker. 1984. Pre-Launch 
Absolute Radiometric Calibration of Landsat-4 Protoflight Thematic Map
per, pp. 130-140. In Landsat-4 Science Investigations Summary. NASA 
Conference Pubhcation 2326, Greenbelt, MD. 

[6] Barker, J.L., R.B. Abrams, D.L. Ball, and K.C. Leung. 1985. Charac
terization of Radiometric Calibration of Landsat-4 TM Reflective Bands, 
pp. 373-474. In Landsat-4 Science Characterization Early Results. NASA 
Conference Pubhcation 2355, Vol. II, Greenbelt, MD. 

[7] Bowker, D.E., R.E. Davis, D.L. Myrick, K. Stacy, and W.T. Jones. 1985. 
Spectral Reflectances of Natural Targets for Use in Remote Sensing Studies. 
NASA Reference Pubhcation 1139. 182p. 

[8] Campos-Marquetti Jr., R., and B. Rockwell. 1989. Quantitative Lithologic 
Mapping in Spectral Ratio Feature Space: Volcanic, Sedimentary, and 
Metamorphic Terrains, pp. 471-484. In Proceedings of the Seventh The
matic Conference on Remote Sensing for Exploration Geology, Calgary, 
Alberta, Canada. 

[9] Carnahan, W., G. Zhou, and J.B. Zhou. 1987. Evaluation of Atmospheric 
Blurring Effects Via the Line Spread Function. Geocarto International. 
2:37-47. 

59 



60 

[10] Caselles, V., and M.J. Lopez Garcia. 1989. An Altemative Simple Ap
proach to Estimate Atmospheric Correction in Multitemporal Studies. In
ternational Journal of Remote Sensing. 10:1127-1134. 

[11] Castle, K.R., R.G. Holm, C.J. Kastner, J.M. Palmer, P.N. Slater, M. Din-
guirard, C.E. Ezra, R.D. Jackson, and R.K. Savage. 1984. In-Fhght Abso
lute Radiometric Cahbration of the Thematic Mapper. IEEE Transactions 
on Geoscience and Remote Sensing. GE-22(3):251-255. 

[12] Chahine, M.T., D.J. McCleese, P.W. Rosenkranz, and D.H. Staelin. 1983. 
Interaction Mechanisms Within the Atmosphere, pp. 165-230. In Manual 
of Remote Sensing. 2nd edition, ed. Robert N. Colwell. American Society 
of Photogrammetry: Falls Church, VA. 

[13] Chavez, P.S. 1989. Radiometric Cahbration of Landsat Thematic Mapper 
Multispectral Images. Photogrammetric Engineering and Remote Sensing. 
55:1285-1294. 

[14] Cooper, D.L, and G. Asrar. 1989. Evaluating Atmospheric Correction Mod
els for Retrieving Surface Temperatures from the AVHRR Over a Tallgrass 
Prairie. Remote Sensing of the Environment. 27:93-102. 

[15] Crist, E.P. 1985. A TM Tasseled Cap Equivalent Transformation for Re
flectance Factor Data. Remote Sensing of the Environment. 17:301-306. 

[16] Crist, E.P., and R.C. Cicone. 1984. A Physically-Based Transformation of 
Thematic Mapper Data—The TM Tasseled Cap. IEEE Transactions on 
Geoscience and Remote Sensing. GE-22(3):256-263. 

[17] Curran,P. 1980. Multispectral Remote Sensing of Vegetation Amount. 
Progress in Physical Geography. 4:315-341. 

[18] Dana, R.W. 1975. Solar and Atmospheric Effects on Satelhte Imagery De
rived from Aircraft Reflectance Measurements, pp. 683-703. In Proceedings 
of the Tenth International Symposium on Remote Sensing of the Environ
ment, Ann Arbor, MI. 

[19] Dave, J.V. 1980a, Effect of Atmospheric Conditions on Remote Sensing 
of a Surface Nonhomogeneity. Photogrammetric Engineering and Remote 
Sensing. 46:1173-1180. 

[20] Dave, J.V. 1980b. Effect of Atmospheric Conditions on Remote Sensing of 
Vegetation Parameters. Remote Sensing of the Environment. 10:87-99. 



61 

[21] Dave, J.V. 1981. Influence of Illumination and Viewing Geometry and At
mospheric Composition on the 'Tasseled Cap' Transformation of Landsat 
MSS Data. Remote Sensing of the Environment. 11:37-55. 

[22] DeGloria, S.D., R. Bernstein, and S. DiZenzo. 1986. Discrimination of Nat
ural and Cultivated Vegetation Using Thematic Mapper Spectral Data. pp. 
144-150. In Proceedings of SPIE Vol 660 Earth Remote Sensing Using the 
Landsat Thematic Mapper and SPOT Sensor Systems, Innsbruck, Austria. 

[23] Desachy, J., G. Begni, B. Boissin, and J. Perbos. 1985. Investigation of 
Landsat-4 Thematic Mapper Line-to-Line and Band-to-Band Registration 
and Relative Detector Calibration. Photogrammetric Engineering and Re
mote Sensing. 51:1291-1298. 

[24] Dicks, S.E., and T.H.C. Lo. 1990. Evaluation of Thematic Mapper Accu
racy in a Land-Use and Land-Cover Mapping Program. Photogrammetric 
Engineering and Remote Sensing. 56:1247-1252. 

[25] Duggin, M.J., H. Sakhavat, and J. Lindsay. 1985. Systematic and Random 
Variations in Thematic Mapper Digital Radiance Data. Photogrammetric 
Engineering and Remote Sensing. 51:1427-1434. 

[26] Dwivedi, R.M., and A. Narain. 1987. Remote Sensing of Phytoplankton: 
An Attempt from the Landsat Thematic Mapper. International Journal of 
Remote Sensing. 8:1563-1569. 

[27] Earth Resources Laboratory. 1987. ELAS: Earth Resources Laboratory 
Applications Software. Earth Resources Laboratory Report. No. 183. NASA, 
Stennis Space Center, MS. 

[28] Elvidge, C D . , and R.J.P. Lyon. 1985. Influence of Rock-Soil Spectral Vari
ation on the Assessment of Green Biomass. Remote Sensing of the Envi
ronment. 17:265-279. 

[29] Engel, J.L. 1983. The Thematic Mapper—Instrument Overview and Pre
Hminary On-Orbit Results, pp. 75-84. In Proceedings of SPIE Vol 430 
Infrared Technology IX, San Diego, CA. 

[30] Engel, J.L., and O. Weinstein. 1983. The Thematic Mapper—An Overview. 
IEEE Transactions on Geoscience and Remote Sensing. GE-21(3):258-263. 



62 

[31J Forster, B.C. 1984. Derivation of Atmospheric Correction Procedures for 
LANDSAT MSS with Particular Reference to Urban Data. International 
Journal of Remote Sensing. 5:799-817. 

[32] Fraser, R.S., O.P. Bahethi, and A.H. Al-Abbas. 1977. The Effect of the At
mosphere on the Classification of Satelhte Observations to Identify Surface 
Features. Remote Sensing of the Environment. 6:229-249. 

[33] Fung, T. 1990. An Assessment of TM Imagery for Land-Cover Change 
Detection. IEEE Transactions on Geoscience and Remote Sensing. GE-
28(4):681-684. 

[34] Gardner, B.R., and B.L. Blad. 1986. Evaluation of Spectral Reflectance 
Models to Estimate Corn Leaf Area While Minimizing the Influence of 
Soil Background Effects. Remote Sensing of the Environment. 20:183-193. 

[35] Gardner,B.R., B.L. Blad, D.R. Thompson, and K.E. Henderson. 1985. 
Evaluation and Interpretation of Thematic Mapper Ratios in Equations 
for Estimating Corn Growth Parameters. Remote Sensing of the Environ
ment. 18:225-234. 

[36] Gausman, H.W. 1974. Leaf Reflectance of Near Infrared. Photogrammetric 
Engineering and Remote Sensing. 40:183-191. 

[37] Gerstl, S.A.W., and C Simmer. 1986. Radiation Physics and Modelling for 
Off-Nadir Satellite-Sensing of Non-Lambertian Surfaces. Remote Sensing 
of the Environment. 20:1-29. 

[38] Gibbons, D.E., G.E. Wukehc, J.P. Leighton, and M.J. Doyle. 1989. Ap
plication of Landsat Thematic Mapper Data for Coastal Thermal Plume 
Analysis at Diablo Canyon. Photogrammetric Engineering and Remote 
Sensing. 55:903-909. 

[39] Gong, P., and P.J. Howarth. 1990. The Use of Structural Information 
for Improving Land-Cover Classiflcation Accuracies at the Rural-Urban 
Fringe. Photogrammetric Engineering and Remote Sensing. 56:67-73. 

[40] Gratzki, A., and S.A.W. Gerstl. 1989. Sensitivity of an Atmospheric Cor
rection Algorithm for Non-Lambertian Vegetation Surfaces to Atmospheric 
Parameters. IEEE Transactions on Geoscience and Remote Sensing. GE-
27(3):326-331. 



63 

[41] Guenther, B. 1987. Practical Aspects of Achieving Accurate Radiometric 
Field Measurements. Remote Sensing of the Environment. 22:131-143. 

[42] Holbo, H.R., and J . C Luvall. 1989. Modehng Surface Temperature Distri
butions in Forest Landscapes. Remote Sensing of the Environment. 27:11-
24. 

[43] Holm, R.G., R.D. Jackson, B. Yuan, M.S. Moran, P.N. Slater, and S.F. 
Biggar. 1989. Surface Reflectance Factor Retrieval from Thematic Mapper 
Data. Remote Sensing of the Environment. 27:47-57. 

[44] Hovis, W.A. 1985. Landsat-4 Thematic Mapper Cahbration and Atmo
spheric Correction, pp. 411-420. In Landsat-4 Science Characterization 
Early Results. NASA Conference Pubhcation 2355, Vol. Il l , Greenbelt, 
MD. 

[45] Huete, A.R., and R.D. Jackson. 1987. Suitability of Spectral Indices for 
Evaluating Vegetation Characteristics of Arid Rangelands. Remote Sensing 
of the Environment. 23:213-232. 

[46] Jackson, R.D. 1983. Spectral Indices in n-space. Remote Sensing of the 
Environment. 13:409-421. 

[47] Kaufman, Y.J. 1984a. Atmospheric Effects on Remote Sensing of Surface 
Reflectance, pp. 20-33. In Proceedings of SPIE Vol. 4^5 Remote Sensing, 
Arlington, VA. 

[48] Kaufman, Y.J. 1984b. Atmospheric Effect on Spatial Resolution of Surface 
Imagery. Applied Optics. 23:3400-3408. 

[49] Kaufman, Y.J. 1985. The Atmospheric Effect on the Separabihty of Field 
Classes Measured from Satelhtes. Remote Sensing of the Environment. 

18:21-34. 

[50] Kaufman, Y.J. 1988. Atmospheric Effect on Spectral Signature— Measure
ments and Corrections. IEEE Transactions on Geoscience and Remote 
Sensing. GE-26(4):441-450. 

[51] Kaufman, Y.J., and R.S. Fraser. 1984. Atmospheric Effect on Classiflcation 
of Finite Fields. Remote Sensing of the Environment 15:95-118. 



64 

[52] Kaufman, Y.J., and C Sendra. 1988. Algorithm for Automatic Atmo
spheric Corrections to Visible and Near-IR Satelhte Imagery. International 
Journal of Remote Sensing. 9:1357-1381. 

[53] Kauth, R.J., and G.S. Thomas. 1976. The Tasseled Cap—A Graphical De
scription of Spectral-Temporal Development of Agricultural Crops as Seen 
by Landsat. pp. 41-51. In Proceedings of the Symposium of Machine Pro
cessing of Remotely Sensed Data. Laboratory of Apphed Remote Sensing. 
Purdue University, West Lafayette, IN. 

[54] Kawata, Y., Y. Haba, T. Kusaka, Y. Terashita, and S. Ueno. 1978. Atmo
spheric Effects and Their Correction in Airborne Sensor and Landsat MSS 
Data. pp. 1241-1257. In Proceedings of the Twelfth International Sympo
sium on Remote Sensing of the Environment, Ann Arbor, MI. 

[55] Kawata, Y., S. Ueno, and T. Kusaka. 1988. Radiometric Correction for At
mospheric and Topographic Effects on Landsat MSS Images. International 
Journal of Remote Sensing. 9:729-748. 

[56] Kawata, Y., A. Ohtani, T. Kusaka, and S. Ueno. 1990. Classification Ac
curacy for the MOS-1 MESSR Data Before and After the Atmospheric 
Correction. IEEE Transactions on Geoscience and Remote Sensing. GE-
28(4):755-759. 

[57] Kiang, R.K. 1982. Atmospheric Effects on TM Measurements: Character
ization and Comparison with the Effects on MSS. IEEE Transactions on 
Geoscience and Remote Sensing. GE-20(3):365-370. 

[58] Kieffer, H.H., D.A. Cook, E.M. Ehason, and P.T. Ehason. 1985. Intraband 
Radiometric Performance of the Landsat Thematic Mappers. Photogram
metric Engineering and Remote Sensing. 51:1331-1350. 

[59] Kneizys, F.X., E.P. Shettle, L.W. Abreu, J.H. Chetwynd, G.P. Ander
son, W.O. GaUery, J.E.A. Selby, and S.A. Clough. 1988. User's Guide 
to LOWTRAN-7. AFGL-TR-88-0177, Air Force Geophysics Laboratory, 
Bedford, MA. 

[60] KnipHng, E.B. 1969. Leaf Reflectance and Image Formation on Color In
frared Film. pp. 17-29. In Remote Sensing in Ecology, ed. P.L. Johnson. 
University of Georgia Press: Athens, GA. 



65 

[61] Lee, T.Y., and Y.J. Kaufman. 1986. Non-Lambertian Effects on Remote 
Sensing of Surface Reflectance and Vegetation Index. IEEE Transactions 
on Geoscience and Remote Sensing. GE-24(5):699-708. 

[62] Lihesand, T.M., and R.W. Kiefer. 1987. Remote Sensing and Image Inter
pretation. Wiley: New York, 721p. 

[63] Malaret, E., L.A. Bartolucci, D.F. Lozano, P.E. Anuta, and C D . Mc-
GiUem. 1985. Landsat-4 and Landsat-5 Thematic Mapper Data Qual
ity Analysis. Photogrammetric Engineering and Remote Sensing. 51:1407-
1416. 

[64] Markham, B.L., and J.L. Barker. 1985. Spectral Characterization of the 
LANDSAT Thematic Mapper Sensors. International Journal of Remote 
Sensing. 6:697-716. 

[65] Mekler, Y., and J.H. Joseph. 1983. Direct Determination of Surface Albe
dos from Satellite Imagery. Journal of Climate and Applied Meteorology. 
22:530-536. 

[66] Metzler, M.D., and W.A. Malila. 1985. Characterization and Comparison 
of Landsat-4 and Landsat-5 Thematic Mapper Data. Photogrammetric En
gineering and Remote Sensing. 51:1315-1330. 

[67] Moik, J.G. 1980. Digital Processing of Remotely Sensed Images. NASA 
Scientific and Technical Information Manual SP-431. United States GPO: 
Washington, D . C , 330p. 

[68] Mukai, S. 1990. Atmospheric Correction of Remote Sensing Images of the 
Ocean Based on Multiple Scattering Calculations. IEEE Transactions on 
Geoscience and Remote Sensing. GE-28(4):696-702. 

[69] Murphy, J.M. 1986. Within-Scene Radiometric Correction of LANDSAT 
Thematic Mapper (TM) in Canadian Production Systems, pp. 25-34. In 
Proceedings of SPIE Vol.660 Earth Remote Sensing Using the Landsat The
matic Mapper and SPOT Sensor Systems, Innsbruck, Austria. 

[70] Murphy, J.M., T. Buthn, P.F. Duff, and A.J. Fitzgerald. 1984. Revised Ra
diometric Calibration Technique for LANDSAT-4 Thematic Mapper Data. 
IEEE Transactions on Geoscience and Remote Sensing. GE-22(3):243-251. 



66 

71] Murphy, J.M., F.J. Ahern, P.F. Duff, and A.J. Fitzgerald. 1985. Assess
ment of Radiometric Accuracy of Landsat-4 and Landsat-5 Thematic Map
per Data Products from Canadian Production Systems. Photogrammetric 
Engineering and Remote Sensing. 51:1359-1369. 

[72] Nelson, R.F. 1985. Sensor-Induced Temporal Variabihty of Landsat MSS 
Data. Remote Sensing of the Environment. 18:35-48. 

[73] Odenweller, J.B., and D.P. Rice. 1987. Thematic Mapper Data Screen
ing and External Effects Correction, pp. 745-754. In Proceedings of the 
Twenty-First International Symposium on Remote Sensing of the Envi
ronment, Ann Arbor, MI. 

[74] Ormsby, J.P., and R.S. Lunetta. 1987. Whitetail Deer Food Availabihty 
Maps from Thematic Mapper Data. Photogrammetric Engineering and Re
mote Sensing. 53:1081-1085. 

[75] Pech, R.P., R.D. Graetz, and A.W. Davis. 1986. Reflectance Modelling and 
the Derivation of Vegetation Indices for an Australian Semi-arid Shrubland. 
International Journal of Remote Sensing. 7:389-403. 

[76] Pit ts , D.E., C D . Badhwar, D.R. Thompson, K.E. Henderson, S.S. Shen, 
C T . Sorensen, and J.G. Carnes. 1984. Evaluation of Corn/Soybeans Sep
arability Using Thematic Mapper and Thematic Mapper Simulator Data. 
IEEE Transactions on Geoscience and Remote Sensing. GE-22(3):312-318. 

[77] Price, J.C. 1987a. Cahbration of Satelhte Radiometers and the Comparison 
of Vegetation Indices. Remote Sensing of the Environment. 21:15-27. 

[78] Price, J.C. 1987b. Radiometric Cahbration of Satelhte Sensors in the Vis
ible and Near Infrared: History and Outlook. Remote Sensing of the En
vironment. 22:3-9. 

[79] Price, J.C. 1988. An Update on Visible and Near Infrared Calibration of 
Satelhte Instmments. Remote Sensing of the Environment. 24:419-422. 

[80] Ranson, K.J., C.S.T. Daughtry, and L.L. Biehl. 1986. Sun Angle, View 
Angle, and Background Effects on Spectral Response of Simulated Balsam 
Fir Canopies. Photogrammetric Engineering and Remote Sensing. 52:649-
658. 

[81] Richards, J.A. 1986. Remote Sensing Digital Image Analysis: An Intro

duction. Springer-Verlag: Berlin, 281p. 



67 

[82] Richter, R. 1990. A Fast Atmospheric Correction Algorithm Apphed to 
Landsat TM Images. International Journal of Remote Sensing. 11:159-
166. 

[83] Schott, J.R. 1985. Underflight Calibration of the Landsat Thematic Map
per, pp. 9-17. In Proceedings of SPIE Vol 549 Image Quality: An 
Overview, ArHngton, VA. 

[84] Schott, J.R., and J.D. Biegel. 1983. Comparison of Modelled and Empirical 
Atmospheric Propagation Data. pp. 45-52. In Proceedings of SPIE Vol 430 
Infrared Technology IX, San Diego, CA. 

[85] Sellers, P.J., E.G. Hall, D.E. Strebel, C Asrar, and R.E. Murphy. 1990. 
Satelhte Remote Sensing and Field Experiments, pp. 169-201. In Remote 
Sensing of Biosphere Functioning. Springer-Verlag: New York, 312p. 

[86] Sharma, R.D. 1972. Enhancement of Earth Resources Technology SateUite 
(ERTS) and Aircraft Imagery Using Atmospheric Corrections, pp. 137-152. 
In Proceedings of the Eighth International Symposium on Remote Sensing 
of the Environment, Ann Arbor, MI. 

[87] Sinclair, T.R., R.M. Hoffer, and M.M. Schreiber. 1971. Reflectance and 
Internal Structure of Leaves from Several Crops During a Growing Season. 
Agronomy Journal. 63:864-868. 

[88] Singh, A. 1985. Thematic Mapper Radiometric Correction Research and 
Development Results and Performance. Photogrammetric Engineering and 
Remote Sensing. 51:1379-1383. 

[89] Singh, S.M. 1988a. Lowest Order Correction for Solar Zenith Angle to 
Global Vegetation Index (GVI) Data. International Journal of Remote 
Sensing. 9:1565-1572. 

[90] Singh, S.M. 1988b. Simulation of Solar Zenith Angle Effect on Global Vege-
tation Index (GVI) Data. International Journal of Remote Sensing. 9:237-
248. 

[91] Singh, S.M., and R.J. Saull. 1988. The Effect of Atmospheric Correction 
on the Interpretation of Multitemporal AVHRR-Derived Vegetation Index 
Dynamics. Remote Sensing of the Environment. 25:37-51. 



68 

[92] Slater, P.N. 1984. The Importance and Attainment of Accurate Absolute 
Radiometric Cahbration. pp. 34-40. In Proceedings of SPIE Vol 475 Re
mote Sensing, Arhngton, VA. 

[93] Slater, P.N. 1988. Radiometric Calibration Requirements and Atmospheric 
Correction. Abstract, p. 1. In The Absolute Radiometric Calibration of the 
Advanced Very High Resolution Radiometer. Semiannual Status Report. 
NASA Grant NAG5-859. NASA-CR-182755. 

[94] Slater, P.N., and R.D. Jackson. 1982. Atmospheric Effects on Radiation 
Reflected from Soil and Vegetation as Measured by Orbital Sensors Using 
Various Scanning Directions. Applied Optics. 21:3923-3931. 

[95] Slater, P.N., and J.M. Palmer. 1985. Spectroradiometric Calibration of the 
Thematic Mapper and Multispectral Scanner System. Eleventh Quarterly 
Report. NASA Grant NAS5-27832. NASA-CR-175861. 

[96] Slater, P.N., S.F. Biggar, R.G. Holm, R.D. Jackson, Y. Mao, M.S. Moran, 
J.M. Palmer, and B. Yuan. 1987. Reflectance- and Radiance-Based Meth
ods for the In-Fhght Absolute Cahbration of Multispectral Sensors. Remote 
Sensing of the Environment. 22:11-37. 

[97] Steven, M.D., and E.M. Rollin. 1986. Estimation of Atmospheric Cor
rections from Multiple Aircraft Imagery. International Journal of Remote 
Sensing. 7:481-497. 

[98] Strebel, D.E., S.J. Goetz, and E.G. Hall. 1987. Atmospheric Correction of 
NS-OOl Data and Extraction of Multiple Angle Reflectance Data Sets. pp. 
939-948. In Proceedings of the Twenty-First International Symposium on 
Remote Sensing of the Environment, Ann Arbor, MI. 

[99] Teillet, P.M., P.N. Slater, Y. Mao, Y. Ding, B. Yuan, R.J. Bartell, S.F. 
Biggar, R.P. Santer, R.D. Jackson, and M.S. Moran. 1988. Absolute Ra
diometric Calibration of the NOAA AVHRR Sensors, pp. 5-16. In The 
Absolute Radiometric Calibration of the Advanced Very High Resolution 
Radiometer. Semiannual Status Report. NASA Grant NAG5-859. NASA-
CR-182755. 

[100] Thomas, J.R., L.N. Namken, G.F. Oerther, and R.G. Brown. 1971. Esti
mating Leaf Water Content by Reflectance Measurements. Agronomy Jour
nal 63:845-847. 



69 

101] Tueller, P.T. 1987. Remote Sensing Science Apphcations in Arid Environ
ments. Remote Sensing of the Environment. 23:143-154. 

[102] Tueller, P.T., and S .C Oleson. 1989. Diurnal Radiance and Shadow Fluc
tuations in a Cold Desert Shrub Plant Community. Remote Sensing of the 
Environment. 29:1-13. 

[103] Turner, R.E. 1975. Signature Variations Due to Atmospheric Effects, pp. 
671-682. In Proceedings of the Tenth International Symposium on Remote 
Sensing of the Environment, Ann Arbor, MI. 

[104] Turner, R.E. 1978. Ehmination of Atmospheric Effects from Remote Sensor 
Data. pp. 1651-1697. In Proceedings of the Twelfth International Sympo
sium on Remote Sensing of the Environment, Ann Arbor, MI. 

[105] Turner, R.E., and M.M. Spencer. 1972. Atmospheric Model for Correction 
of Spacecraft Data. pp. 895-934. In Proceedings of the Eighth International 
Symposium on Remote Sensing of the Environment, Ann Arbor, MI. 

[106] Turner, R.E., W.A. Malila, and R.F. Nalepka. 1971. Importance of At
mospheric Scattering in Remote Sensing, or Everything You've Always 
Wanted to Know About Atmospheric Scattering but Were Afraid to Ask. 
pp. 705-724. In Proceedings of the Seventh International Symposium on 
Remote Sensing of the Environment, Ann Arbor, MI. 

[107] Ungar, S.G., W. Collins, J. Coiner, et al 1977. Atlas of Selected Crop 
Spectra, Imperial Valley, California. NASA Institute for Space Studies: 
New York, 165p. 

[108] van Dijk, A., S.L. Calhs, C M . Sakamoto, and W.L. Decker. 1987. Alter
native Method for Reducing Radiometric Disturbance in NOAA-AVHRR 
Data. Photogrammetric Engineering and Remote Sensing. 53:1059-1067. 

[109] Volchok, W.J., and J.R. Schott. 1986. Scene to Scene Radiometric Normal
ization of the Reflected Bands of the Landsat Thematic Mapper, pp. 9-17. 
In Proceedings of SPIE Vol. 660 Earth Remote Sensing Using the Landsat 
Thematic Mapper and SPOT Sensor Systems, Innsbruck, Austria. 

[110] Wanjura, D.F., and J.L. Hatfield. 1987- Sensitivity of Spectral Vegetative 
Indices to Crop Biomass. Transactions of the American Society of Agricul
tural Engineers. 30:810-816. 



70 

[111] Weiser, R.L., G. Asrar, G.P. Miller, and E.T. Kanemasu. 1986. Assessing 
Grassland Biophysical Characteristics from Spectral Measurements. Re
mote Sensing of the Environment. 20:141-152. 

[112] Wen-yao, L., and V. Klemas. 1988. Quantitative Analysis of Distribution 
of Suspended Sediments in the Yellow River Estuary from MSS Data. Geo
carto International. 3:51-62. 

[113] Wrigley, R . C , C A . Hlavka, D.H. Card, and J.S. Buis. 1985. Evaluation of 
Thematic Mapper Interband Registration and Noise Characteristics. Pho
togrammetric Engineering and Remote Sensing. 51:1417-1425. 

114] Wukehc, G.E., D.E. Gibbons, H.P. Foote, and L.M. Martucci. 1987. Land
sat Thematic Mapper Radiometric Calibration Study. Presented at the An
nual Landsat TM Investigator's Workshop, Sept. 1-3,1987. Santa Barbara, 
CA. 7p. 

115] Wyat t , C L . 1978. Radiometric Calibration: Theory and Methods. Aca
demic: New York, 200p. 




