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ABSTRACT

Despite the widespreadapplication of remote sensingtechnologiesto problems in

environmental science,mapping, and geography, only limited use has been made of these

techniquesfor systematicgeology. In large part, this is because instruments capable of

performingmineralogical discrimination are of relativelyrecent vintage. Moreover, the

instruments capableof the degreeof resolution necessaryto differentiate spectral

lithofacies must be carefullycalibratedifresults are to be comparablebetweendata sets,

or if identifiedgeological unitsare to be extraploatedfrom instrumentswith a narrow

(high resolution) field of view to instrumentswith a broaderview of geological scenes.

This study performssystematic calibration and coregistration of three multispectral

instruments(TM-4, TM-S,and TIMS)and applies them, along with a coregisteddigital

topographic data set, to a study area of the Wind River Basin in Wyoming. The spectral

units identifiedfrom examination of the TM-4 and TIMS data are then applied to develop

an overviewofa large sectionof the basin. Apparentanomaliesin the height of recurrent

beds in the scene appear to be resolved in harmony with paleontological results by

applyinga topographic trendingtechniques to the data.

Higher resolutioninstrumentsarecurrentlyunder developmentfor much more

detailed airborne mineralogy. These new instruments,however, are much more sensitive

not only to the reflectanceand emissionspectraof the targets, but are also much more

sensitive to difficulties in calibration. In particular, the absorptionofradiation by the

atmospherecreates majordistortionsin the spectraof the targets,often completely

masking the spectral signatures of the reflected radiation. A number of approaches have

been made to calibrationof such data sets, usually based on ground measurementsor
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reference standardsof known or estimatedcomposition within the scene. Although these

approacheshave met with somesuccess, they are not alwayspracticalor possible.

Furthermore, theydo notnaturally lend themselves to automated processing techniques of

the type that are likelyto be requiredto copewith the largevolumeof data thatwill be

acquiredby the new "hyperspectral" instruments.

This studydevelopsa technique, basedon LOWTRAN line parameters, of

removingatmospheric effectsfromthe data basedon the information in the data set itself.

Becauseatmospheric effectsare consistently relatable to the densityof the absorbing

speciesalong thepath of the radiation arrivingat the sensor, it is possible, by selecting the

correctreferencewavelengths, to in turn estimate the concentration of the various

absorbing species, and thenremovetheirentireimputedspectrum fromthe remotely

senseddata. This technique is demonstrated usingconvolvedlaboratory spectraand

LOWfRAN parameters to showits applicability to spectraof commongeological interest.

Although betterestimation techniques need to be developed for certain components of

atmospheric absorption and scattering, the calibrated data indicates that this technique

could be of considerable value when'applied to hyperspectral instruments with sufficient

primarysystemscalibration.
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CHAPTER 1

INTRODUCTION

Remotesensingapproaches to geologicalexploration andinterpretation havebeen

in routine practicefor a numberof years. Techniqueshavebeendevelopedwhichare

applicableto both terrestrial and extraterrestrial applications. Nonetheless thereare

aspects to thetechnologywhichrequirefurtherresearch and development. The goalof

thisdissertationis to examineanddevelop techniques for advanced calibration and

synthesisof high-resolution remotesensingdata sets and multisensordata setsfor

geologicalapplication. Three topicsare exploredfor areasin whichthecurrentstate-of

the art required development.

The first topic is presented in Chapter2 of this dissertation: Multispectral Data Set

Calibration. Chapter2 discussesprimarycalibrationtechniques and the data sets to

whichthese techniquesare applied. The objectiveof this researchis to showthat

broadbanddata acquiredat differenttimes andfrom differentsensorscan be broughtinto

comparable calibration.

The second topicis presentedin Chapter3: Spectral Characterization of Eocene

Sedimentsin the Wind River Valley, Wyoming. Chapter3combinestherelevantaspects

of the variouscalibrationtechniques and applies themto a multisensor broadband data set

for the Wind River Basinin Wyoming. The objectivesof thisresearchare twofold: 1)To

demonstrate theusefulness of multispectral data for characterizing Eocenesediments; and

2) To showthat the datacalibratedaccordingto the methodsdeveloped in Chapter2 are in

sufficientagreementthat resultsobtainedfor data from an aircraftsensorcan beappliedto

data from a satellite sensor. Specifically, theobjectivewasto spectrally characterize the

sedimentsexposedin the studyareadefined by the Thematic MapperSimulatoraircraft

data set, and to extend the spectralcharacterization to the studyareadefinedby the

ThematicMappersatellite data set.
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For the third topic, in anticipation of data thatwill be available from thenew

generation of high spectralresolution (or"hyperspectral") imagingspectrometers, a

methodis developedfor perfomring an atmospheric calibration of high spectralresolution

data. This methodologyis presented in Chapter4: HighSpectralResolution DataSet

Atmospheric Calibration. Although no actual datawereavailableagainstwhichto testthe

technique, the methodis testedagainsta setof synthetic data developedfrom laboratory

spectra. The potentialadvantage to this approach is thatno referenceto an external

standardis required to performthe calibration.

The data sets availableto and usedfor the research are:

• Landsat4 Thematic Mapper(TM4)data for theeasternWindRiverBasin
area,Wyoming
2600 lines, 4000 samples(1/4 scene)

• Landsat5 Thematic Mapper(1M5) data for a subareain the eastern Wind
RiverBasinarea
1024lines, 1024samples

• Thematic MapperSimulator (TMS or NS-OO1) aircraftdata for a subarea
in the easternWindRiverBasin
1664lines, 1088 samples
512 lines, 512 samples

• ThermalInfraredMultispectral Scanner(TIMS) Datafor a subarea in the
easternWind RiverBasin
1664 lines, 1088samples
512 lines, 512 samples

• DigitalTopographic Datacorresponding to theTM5 subarea
1024lines, 1024samples

• Field photos, air photos,samples,laboratory spectra

The remote sensingand topographic data sets weremade available as partof the

NASA WyomingBasinsProjectconductedat JPL, withDr. Harold Langas Principal

Investigator.
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CHAPTER 2

DESCRIPTION OF DATA SETS

AND

DISCUSSION OF RADIOMETRIC CALIBRATION

Presented in this chapterare thedata sets usedin this dissertationand themethods

usedfor performing the radiometric calibration of each of thesedata sets.

2.1 STUDY AREA

Thedata sets beingused in thepresentstudywere acquiredas part of the NASA

sponsoredSedimentary BasinsProject, funded through the Earth SystemsBranchof the

NASAOfficeof SpaceSciences. ThePrincipalInvestigatoron thisproject is H.Langat

JPL. Includedas co-investigators have been I.Conel and E.Paylor (JPL), R.Marrs,

(University of Wyoming),R.StuckyandL.Krishtalka (CarnegieMuseum), R.Singer

(nowat the Universityof Arizona),andP.Blake(Universityof Hawaii).

Dataacquiredfor this overallproject coverareas in Wyomingthatincluderock

exposuresrangingfrom Paleozoicto Holocene age. Strata beingexaminedas part of this

dissertation encompass units that areTertiary (primarily Eocene)and Quaternary in age.

Figure2.1 is an mapadaptation derivedfromthe mostrecent Geological Mapof

Wyoming (Loveand Christiansen, 1985). The studyarea examinedin this dissertation,

located in the Wind RiverBasin, is shown as a boxedregion on this map. This boxed

area corresponds to the ArmintoNW,Arminto, Badwater,and Badwater SE USGS 7

1/2' topographic quadrangles.
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FIGURE 2.1
Index map of WindRiverBasin, Wyoming, showing study area.
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2.2 DATA SETS

Spectrum data sets spanning the visible to mid-infrared wavelength regions have

been acquired for the study area. These data were obtained from four instruments: The

Landsats 4 and 5 Thematic Mappers (orTM), the Thematic Mapper Simulator (the NS

001, or TMS), and the Thermal Infrared Multispectral Scanner (or TIMS).

The 1M and TMS are broadband instruments obtaining data across the

wavelength region from 0.4 - 2.5 micrometers. The TM obtains data in seven

bandpasses; the TMS in eight. The TIMS is a broadband instrument, having six bands

operating in the 8 - 12 micrometer region. The operative bandpasses of all of these

instruments are given in Table 2.1.

There is an obvious gap from 2.5 to 8 microns in the wavelength coverage of

these instruments. Intense atmospheric absorption across most of this wavelength region

effectively precludes any useful spectral information being obtained. Figure 2.2 shows a

typical atmosphere transmission spectrum from 0.4 - 15 micrometers, with the

bandpasses indicated for each of the instruments used for this study. As can be seen,

there is a moderate atmosphere spectral window in the 3-5 micrometerregion; as yet it has

not been demonstrated that unique spectral information can be obtained in this region,

although the problem has been examined (e.g. Roush, 1987).

It is also apparent upon examination of Figure 2.2 that data obtained from all of

the instruments used here will include atmospheric effects to varying degrees. The extent

to which these atmospheric effects pose a problem in the interpretation of the several data

sets is evaluated below as part of the calibration discussion for each of the data sets.
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-----------------------------------------------------------
TABLE 2.1

Spectral Coverage for Instruments Used in This Research

-----------------------------------------------------------
Instrument Channel Wavelength Center Width

Range (um) (um)

(urn)

1M 1 0.45-0.52 0.485 0.07
2 0.52-0.60 0.56 0.08

3 0.63-0.69 0.66. 0.06
4 0.76-0.90 0.83 0.14

5 1.55-1.75 1.65 0.20

6 10.4-12.5 11.45 2.10

7 2.08-2.35 2.215 0.27

TMS 1 0.45-0.52 0.485 0.07
2 0.52-0.60 0.56 0.08
3 0.63-0.69 0.66. 0.06
4 0.76-0.90 0.83 0.14

5 1.00-1.30 1.15 0.30
6 1.55-1.75 1.65 0.20

7 2.08-2.35 2.215 0.27

8 10.4-12.5 11.45 2.10

TIMS 1 8.2-8.6 8.4 0.4

2 8.6-9.0 8.8 0.4

3 9.0-9.4 9.2 0.4

4 9.4-10.2 9.8 0.8

5 10.2-11.2 10.7 1.0
6 11.2-12.2 11.7 1.0
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2.2.1 INSTRUMENT CHARACTERISTICS

Presented in this section are thesalientcharacteristics of each of the instruments

from whichdata wereacquired.

2.2.1.1 THEMATIC MAPPER

Theprimary referenceusedfor the following information was the Manualof

Remote Sensing, 1983.

Landsatplatforms4 (launched July, 1982) and 5 (launched March, 1984)each

carrya Thematic Mapper(or1M) instrument. Although the data obtained from the

Landsat5 TM is of generally higherqualitythandata from theLandsat4 (Maleretet al.,

1985),the designcharacteristics of the two instruments are the same.

As indicated in Table2.1, theThematic Mapperobtains spectral measurements in

six bandsacross the visible to near-infrared spectral range (0.4- 2.5 microns) and in one

band in the mid-infrared (8-12microns) spectralrange. The Thematic Mapperis

considereda "broadband" instrument, in thateachsensorobtainsa singledata value

across a wide bandpass. The shapeof these bandpasses is roughlyGaussian; each

sensoris most sensitiveto energyincoming at wavelengths in thecenterof the bandpass.

The detectorsfor a givenbandarecloselymatched.

Bands 1-5and band7 are viewedby 16detectors each; band6 is viewed by4

detectors. Note that the thermal band (band6) has muchlowerspatialresolution

(-120m/pixel) thanthe sixvisible/near-infrared detectors. This is because the thermal

detectors are measuring thermal energypassively emitted by theearth, whereas the

visible/near-infrared detectorsare measuring solarenergyreflectedoff the earth'ssurface.

Comparable valuesat 1and 10microns for thesetwomeasurement scenarios are givenin

Table 2.2. (unitsof joule/s-m2-J.l.m-sr)
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TABLE 2.2

Comparison of Sun and Earth Emission at Two Wavelengths

1 um 10 um

solar6000K

earth300K

1.19le7

4.395e3

1.774e-13

9.927

As a Landsat satelliteproceedsin its orbit, instrumentoptics scanin a west to east

direction and then in an east to westdirection, repeatedlyreading (onthe west to east

pass) from the 16 detectors covering band 1, then band 2, then bands 3,4,7, and 5.

This sequence is reversed on the east to westpass across the detectors. The four

detectors covering band 6, becauseof the largergroundIFOVof thesedetectors,are read

on every fourthpass of theoptics. The instrumentoptical train includesa mirror

assembly to compensate for the pixel-to-pixel readoutdelay between detectorsresulting

from this scanpattern. Analogdata areconvened to digital8-bitdata with 256 data

elements digitalresolution.

Standard "P"-format ThematicMapperdigital tapesare writtenin a band

sequential format. Additionally, Psformatted TMdata havehad a geometric correction

(usinga cubicconvolutionalgorithm) performedthat translates the data to the space

oblique mercatormap projection. Thus, althoughthe data in this formatare geometrically

more accurate,theradiometric accuracy of thedata has alreadybeen perturbed;

subsequentprocessingwill actuallybeon pixelsthat may include information from

severaldetectors.
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2.2.1.2 NS-OOI THEMATIC MAPPER SIMULATOR

The primary reference used for the followinginformationwas the Joint

NASNGeosat Test Case Report, 1984.

The NS-OOI ThematicMapperSimulator(orTMS) is an aircraft instrument

developed at NASA's Johnson Space Center (or JSC). This instrument is generally

flown as part of the payload on the NASA C-130or ER-2 aircraft.

The TMS obtains data across the eight bandpasses indicatedin Table 2.1. TMS

analog data are converted to 8-bitdigitaldata, witha digitization resolutionof 256

elements. Standard formatdata obtainedfrom theTMS have had no corrections applied.

Thus the data pertainonly to the geometric referenceframe of the instrumentwhile in

flight; however, the radiometricaccuracyof the data has not beenperturbedby post-flight

processing.

2.2.1.3 THERMAL INFRARED MULTISPECTRAL SCANNER

The primary referenceused for thefollowinginformationwas the Thermal

Infrared MultispectralScanner (TIMS): An Investigator'sGuide to TIMS Data, 1985.

The NASA Thermal InfraredMultispectral Scanner (orTIMS) is an aircraft

instrument developed by NASAat the Jet PropulsionLaboratory (orJPL) and operated

by NASA's National Space TechnologyLaboratory (NSTL). This instrument is

generally flown as part of thepayload on the NASA C-130 or ER-2 aircraft. The

instrument was first flown operationallyin 1984and is still in use.

The TIMS has a lineararray of sixmercury-cadmium-telluride (HgCdTe)

detectors obtaining data across the six bandpasses indicated in Table 2.1. The six

detectors are viewed simultaneously perpixel elementas the opticsscan alternatelyback

and forth across the scene.

Included as part of the instrumentpackage is a pair of blackbodyreference

sources. One of these is viewed at the start of each scan line, the other is viewed at the

end of each scan line. These tworeferencesare maintainedat controlledtemperatures
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(onecold and one hot, bracketing the measurement range) throughout a data acquisition

sequenceand serveas control pointsfor a line-by-line calibration of the instrument

response. TlMS analog data are converted to 8-bitdigitaldata, witha digitization

resolutionof 256elements.

The standard format for data acquiredfromthe TIMSincludesthe data for the

ground scene (inbandinterleaved by line format), the data and temperatures for the

reference sources, andsomenavigational information. No radiometric or geometric

correctionsare applied to thedata.

2.3 RADIOMETRIC CALIBRATION OF SPECTROMETRIC DATA

SETS

The calibration of measuring instruments is necessaryin everyfield of science,

and often the techniques of calibration form a substantial subdiscipline in theirown right.

In gravitational studiesof the earth,for example, almostas muchemphasis is placedon

instrumentcalibration techniques as on the interpretation of gravitycharacteristics (see,

for instance, Dobrin, 1976, pp.390-391).

Remotesensingpresentssomespecialproblems in thatnot only must the

receivinginstruments becarefully calibratedfor systemsresponse(referred to hereafter as

"primary calibration"), but thedatamustoftenbefurtherprocessed afterinstrument

responsesare removedfromthe data set. Manyof the "contaminants" of remotely sensed

data, especiallyatmospheric absorptions, haveabsorption features whichare more

dramatic than thefeatures inducedby the targetsthemselves, similarto gravitydata.

Unless these unwanted features can beremovedfrom the data in a processof "secondary

calibration", theycan easilydominate thecollecteddata andoftendistort thespectral

characteristics to the extentthat the features of thetargetcannotbe recognized.

Zissis, in the Infrared Handbook (Wolfe and Zissis, eds., 1985, p. 20-4),

defines "calibration" (orprimarycalibration, as used in thisdissertation) as "the special

measurement processbywhichonedetermines all parameters significantly affectingan
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instrument'sperformance." He further adds that, "Calibrations are performed to make

theresults of measurement as independent aspossibleof theparticularmeasuring

instrumentemployed."

The full specification of three "radiometric performance characteristics" (Zissis, p.

20-6) is required to define the responseof an instrument. These are the Responsivity, R,

the detectivity, D, and the referenceradiation or offset,O. The instrumentresponsivityis

definedas the outputper inputof incidentradiation. The detectivityis theRMS (root

mean square)noisefluctuations of the output,including the effectsof internalscatter.

The referenceradiationor offset is the levelof radiation corresponding to a zero reading

on the instrument.

Instrumentresponsivityis a function of wavelength, time, temperature,

polarization and direction; instrument designdetermines in part howmuch the instrument

is affectedby thesefactors. Systemdetectivity and offset arealso functions of these

parameters,althoughoften most strongly affected by temperature and time.

Methodsthat have beenappliedto performprimaryand secondarycalibrations of

broadbandspectraldata setsare discussedbelow. Calibration requirementsfor

broadbandinstrumentsdiffer,dependingupon the wavelength region acrosswhich the

instrumentoperates. For this reasonthe calibration of data obtainedfrominstruments

operatingacross the 0.4 to 2.5 um range (wherethe dominantspectralpropertyis thatof

reflectance) is consideredseparately fromthecalibration of dataoperatingacrossthe 8 to

13 um spectralrange (wherethe dominantspectral propertyis that of emission).

The primarycalibration of high spectral resolution imagedata (orhyperspectral

data) is also discussedin this chapter. A methodfor performinga secondarycalibration

of hyperspectral data has beendevelopedas part of thisdissertation; this topic is

thereforeconsideredseparatelyin Chapter4 of thisdissertation.

Chapter4 develops theequationsdescribing the transmission of radiation fromthe

sun to the earth's surface and thence to the sensor. Equation4.13 gives the spectral

radiancearrivingat the sensoras a function of the initialsolarradianceand atmospheric,
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ground, and system effects. This equation is sufficiently general as to be applicable

across the full wavelength region considered here (i.e, -0.4-13 urn), However,

simplifications can be made to this basic equation within more limited spectral regions.

Such simplifications are discussed in the following sections.

2.3.1 BROADBAND INSTRUMENTS-"REFLECTANCE"

RANGE

Considered here is the problem of calibrating broadband instruments operating in

the "reflectance" spectral range from 0.4 to 2.5 um. For the purpose of this discussion, a

broadband instrument is defined as an instrument obtaining data across bandpasses that

cover a spectral range much wider than the spectral absorption features of interest For

most of the spectral features attributed to rock-forming minerals, a broadband instrument

would be any instrument with bandpasses wider than about 20 nanometers. Perhaps

more pertinent, in terms ofdata calibration, is the width of the detector bandpasses

relative to atmospheric absorption bands. As can be seen in Table 2.1 and Figure 2.2, all

of the broadband instruments considered here have bandpasses that exceed both the 20

nm benchmark as well as the widths of the atmospheric spectral features.

Within the 0.4 to 2.5 urn spectral range, the thermal emission contribution from

both the surface and the atmosphere is quite small in comparison to the other terms in

Equation 4.13. Also, for a clear skythe terms in Equation 4.13 describing scatter into the

beam along the atmospheric path are again quite small in comparison to the other terms.

If these quantities are removed from the formulation, then Equation 4.13 for the radiance

received at the sensor, in units unique to the sensor system, simplifies to:

Eqn 2.1)

Although not explicitly shown as such, each of the terms in this equation is a

function of wavelength.

13



A further simplification which is often made is to neglect the contribution from

radiance scattered into the received radiance from surface elements near the target pixel

(so-called "adjacency effects"). The contribution from this effect varies with the

reflectivity ofmaterials surrounding the target and as yet no concise and general method

has been developed to account for this effect. If this contribution is neglected, then

Equation 2.1, for the radiance measured by the sensor (in units unique to the sensor),

becomes:

Eqn 2.2)

This is the equation for a straight line, having a slope of (ele2e3)Rs(q,f) and an

intercept of (Os + Os), Of the terms in this equation, only e2, representing target

reflectance, is directly related to properties of materials on the surface.

The above equations define the terms to be accounted for in both primary and

secondary calibration ofvisible and near-infrared spectral data. The degree of calibration,

especially secondary calibration, that is required or possible is dependent both on the type

of instrument used and the ultimate application of the data. In the case of

photogeology-which is, in essence, "single-band" remote sensing-the relative

brightness of materials on the ground is the only piece of information available that allows

a user to interpret the general morphology of the scene. With broadband, multispectral

sensors, such as the Landsat series, atmospheric absorptions begin to playa role in

determining the relative brightness of the bands (although such effects may beminimized

by choosing bands in zones of maximum atmospheric transmission).

If the user's only goal is to differentiate between different types of units in the

scene, without attempting to characterize these units from the information in the data set,

only minimal calibration may be needed. Coupled with field geology, minimally

calibrated data from broadband sensors are frequently sufficient to produce reliable

geological maps. The fundamental assumption of such an analysis approach is that the

atmospheric transmission is roughly constant, and that various ratios between bands can
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be diagnostic across the scene without any deeper knowledge of the underlying spectral

structure.

Unfortunately, such an uncalibrated data set cannot beused for direct comparison

with laboratory or field spectra, or with data obtained from other instruments, to estimate

the composition of the target An example makes this point clearer. Figure 2.3 shows a

spectrum of hematite (Singer et al., 1984), along with the same spectrum multiplied by

the transmission values of a single-pass model of the atmosphere (computed using the

LOWTRAN 5b mid-latitude summer model). The general shape is quite well-preserved;

an investigator familiar with mineral spectra could readily identify the characteristic

hematite signature from either 161-channel curve.

Now hypothesize a broad-band instrument that takes a reading across every ten of

these lab channels, resulting in 16 bands. The results of a measurement by this

instrument, when calibrated for systems response to units of radiance, would look like

the lower curve in Figure 2.4. The upper curve shows what the results would look like if

the atmospheric effects were removed.

Given the upper curve in Figure 2.4, an analyst could readily identify the

important points of similarity with the upper curve in Figure 2.3. Perhaps more

important in a field where computer identification is a vital need to handle the sheer

volume of data, an algorithm could readily bedeveloped to identify the signature of the

upper curve in Figure 2.4 by comparison with laboratory spectra. Important diagnostic

features would be: a local maximum at Band 7; an absolute maximum at Band 13; an

absorption feature with band center at Band 9; a sharp downward slope (high ratio)

between Band 13and Band 9; and a gentle downward slope (ratio slightly above 1.0)

between Band 13 and Band 16.

Now consider what the lower curve in Figure 2.4 displays. There is still a local

maximum at band 7, but the absolute maximum of the curve is at Band 16. The band

center of the absorption in the middle of the curve is shifted to Band 10. The downward

slope (ratio) between Bands 13 and 9 is greatly diminished, and the downward slope
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from Band 13 to Band 16 has changed sign to an upward slope. Figure 2.5 shows how

some of the key ratios change between the two spectra. There are few definitive points of

similarity. The problem becomes even more severe when a less distinctive spectrum than

hematite is considered.

Ofcourse, creating a broadband instrument with bands that contain major

atmospheric features would be a case ofpoor design. In the hypothetical case considered

here, placing sensors at bands 13 and 15 would be pointless. Rather than using the

relationships of Band 13 to Band 16 to identify the dropoff in the hematite spectrum, a

-------~st;;.enH:s~ibWJlein¥estigatOI'-WOUld use the relationship of Band 14 to Band 16--windows outside

the major water vapor absorption features. In the case of the lower curve in Figure 2.4,

unfortunately, even the ratio of Band 14 to Band 16 shows an upward slope rather than

the dropoff characteristic of hematite. This is because the wings of the water absorptions

spread over into the sensor bands.

At low densities of gaseous absorbers, the main effect on absorption features is a

deepening of the absorption bands. At higher densities of absorbers, however, the

dominant effect is band-broadening. From a practical point ofview, this means that with

very low atmospheric water content in the scene, our hypothetical Band 14 will be higher

than Band 16. As water-vapor density increases, the Band 14/Band 16 ratio will drop

from a value above unity to a value well below unity. In short, as long as the atmospheric

effects remain in the data, there is no reliable relationship between these bands.

Furthermore, the water absorptions showing in the spectrum are suggestive of hydroxyl

bands, which would suggest a clay mineral rather than, or in association with, the

hematite. Not only can the atmospheric absorptions mask the fundamental signatures of

materials, the atmospheric features themselves can be legitimately confused with mineral

absorption features.
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FIGURE 2.3 Reflectance spectrum of hematite and of hematite factored with a

single-pass model of the atmosphere.
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None of the foregoing implies that image data obtained from broadband

instruments cannot be used without atmospheric calibration. If the band ratios are similar

between two spectra, there is a high probability that the composition of the targets are

similar, within the limits of the atmospheric homogeneity of the scene. The fundamental

limitations are that (1) mineralogical composition cannot be determined by comparison

with laboratory spectra, and; (2) similar units may not appear similar between two images

captured under differing conditions.

2.3.1.1 CALIBRATION METHODS FOR BROADBAND

REFLECTANCE DATA SETS

Because most broadband imaging instruments operating in the visible to near

infrared wavelength region (0.4 J.1m to 2.5 J.Lm) obtain data in wavelength ranges outside

the regions of worst atmospheric interference, an explicit secondary calibration ofvisible/

near-infrared broadband data is seldom performed (except, see Slater et al., 1986). Most

often, if these data are calibrated, a simultaneous correction is made for both primary and

secondary effects. The most commonly employed techniques for performing such a

combined primary and secondary calibration of broadband data-from data numbers to

reflectance-are summarized in the GEOSAT Report (Abrams et al., 1985).

These methods are:

1) Estimate the reflectance of a single identified material. Normalize the data

set to the assumed reflectance of this material. Resulting data values are in

units relative to the spectrum of the reference material.

2) Obtain a field (ground) reflectance spectrum for a single material.

Normalize as in 1), but using this measured spectrum instead ofan

estimated spectrum.
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3) Obtain field reflectance spectra for several different materials. Derive a

linear relationship (for each channel) between these spectra and the

corresponding digital numbers (DNs) from the remote data set. Use this

set of linear relationships to correct the scanner data to units of reflectance.

4) Digital numbers generally exhibit a Gaussian distribution of values.

Compute the minimum, mean, and maximum values for this distribution.

Compare this set ofvalues to a similar set ofvalues determined from a

large set of laboratory reflectance measurements. Adjust scanner digital

numbers so that the histogram distributions (based on the minima, means,

and maxima) of the two data sets coincide.

In each of these approaches, some implicit assumptions are made regarding the

solution to Equation 2.2 above (in addition to the assumptions made in going from the

form of Equation 4.13 to Equation 2.2).

Under methods 1 and 2, the assumption is made that the value for e2' the surface

reflectance, is known for a pixel in the scene. Further, it is assumed that the intercept

term in Equation 2.2, (Ds+Os)' is equal to zero. That is, it is assumed that there is no

noise within the system and no electronic offset.

By neglecting these two additive terms, the remaining parameters can be solved

for using the relationship:

Eqn 2.3)

It is further presumed that the above value for X remains constant, band-by-band,

for the entire data set. Then the desired value for the surface reflectance becomes:

Eqn 2.4)

This is clearly a highly simplified scenario, and entirely dependent upon the

choice of spectrum used to derive the values for X. If the normalizing spectrum does not
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actuallyrepresent thematerialin the pixel to which the spectrumis associated, then the

resultant data set will includesomeunknown contribution from the other spectral

"contaminants" to that pixel. Thus, this approachto calibration can potentially producea

data set that is moredifficultto analyze than the uncalibrated data.

Method3 references Equation2.2 directly. Under this techniquea numberof

pixel locations are sampledandfield spectraobtained. Ideally,the sampledpixelswould

represent a widerange of reflectances. Then the lineof best fit for each band

(correspondingto Equation2.2) is constructedand the resultingsetof slopeandintercept

values is used to convert themeasuredDNs to reflectances.

This approachto calibration is more rigorous than method 1or 2 in that it is not so

sensitive to the "appropriateness" of any single pixel spectrum. Also,an additive

contribution to the signal is accountedfor. However, as for methods 1 and 2, inherent to

the techniqueis the assumption that a singleset of calibration parameters (slopes and

intercepts)is appropriate for theentiredata set underconsideration. Any inhomogeneities

in the systemor in atmospheric contributions to the receivedsignalwillnot be accounted

for. Additionally, thisapproachrequiresa fairly extensiveprogramto acquirethe field

spectra. Ideally, this fieldprogramwouldtake place at the sametimethe remotespectral

data to be calibratedare acquired in order to evaluatethe contribution to thepixel spectra

of environmentaleffects suchas groundmoistureand the growthstageof vegetation.

However, when sucha field data acquisitionprogram is possible, this methodhas

been shown by Conelet al. (1985)to producereliablecalibrationparametersforTM data.

Method4 representsfundamentally the same approachas method3, except thatit

is potentially applicableto thecalibration of data for whicha fieldprogramis not feasible.

The method requires,however, a largedatabase to calibrateagainst. The greatest

uncertainty in theapplication of this methodis in the comparability of the spectrain the

database to the pixel spectra in thedata set being calibrated. Andagain,inherentto the

method is the assumption thatsystemand atmospheric effectsare homogeneous

throughout the scene.
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For the present study, a combination of two of the above methods was employed:

Direct calibration from ground reflectance measurements (method 3, using the results of

Conel et aI., 1985), and histogram shifting (method 4, this work). Although method 4

was proposed in the Geosat report, this technique was not tested as part of the Geosat

project. It is tested as part of this dissertation: Results of the application of this calibration

method are presented below as part of the discussion of the calibration methods employed

in this dissertation.

The above approaches assume no knowledge of the sensor system by the

investigator. If, however, data do exist describing the sensor response, then the

calibration problem becomes one ofcorrecting for atmospheric effects. Further, if the

sensor bandpasses have been chosen in regions where no significant atmospheric

absorptions occur, then the problem is one of ascertaining the atmospheric scatter

component.

2.3.2 BROADBAND INSTRUMENTS-"EMITTANCE" RANGE

Considered here is the problem of calibrating broadband instruments operating in

the "emittance" spectral range from 8 to 13 J.1m. Shortward of approximately 2.5 J.Lm,

most of the radiance received by a sensor from Earth's surface is the direct result of solar

energy absorbed and reflected by the materials in the surface. At longer wavelengths the

earth, itself, begins to emit radiation in an approximate blackbody distribution ofenergy.

It is fortuitous, for purposes of calibration, that the solar energy emission curve and

Earth's energy emission curve overlap only slightly. These two curves are shown in

Figure 2.6.
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Once again takingEquation4.13 as representing the mostgeneraldescription of

the radiance arrivingat a sensor, certain simplifying assumptions can be madeacross the

8-13 urn spectral region.

As is apparentin Figure 2.6, the solarcontributionto the receivedradianceis

quite small in comparisonto other terms in theequation. Thus, any contributions arising

along the path from the sun to the ground,as well as the term involvingthe solar radiance

may be neglectedfrom theequation. Also, the amountof energyemittedby the

atmosphere,or scatteredinto thereceivedbeamby the atmosphere, is sufficiently small in

comparison to the energyemittedby the earth's surfaceas to be practicably neglectable.

If these simplifications are made, thenEquation4.13 becomes, for the radiance

received by a sensoroperatingin the 8-13 urn spectral range:

Eqn 2.5) DNM(8,</» = (c3)Rcr(8,</» °e2(9,~) +

(c3)Ro(8,</»052(9,</» + Dcr + 00

And, if the adjacency termis neglected, againbecauseof thedifficulty in

estimating thiseffect, Equation2.5 becomes:

Eqn 2.6)

Of the termsin this equation, only Qe2(8,</», representing emissionby the

target, is directly related to properties of materials on the surface. Kahle,Madura,and

Soha (1979) and Kahle and Goetz (1983)show that the target emissionis the productof a

temperaturedominated(or blackbody) component and a component thatrepresents the

wavelength-dependent deviationfrom strictblackbody behavior.
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Kahle (1986) terms this latter contribution "emittance" and gives as the definition:

Eqn 2.7)

where eA. is the emittance (with values ranging from 0-1), LSA. is the emitted radiance of

the material (corresponding to ne2(9,cj» in Equation 2.6), and LbbA. is the radiance ofa

blackbody at the same temperature as the material. For most natural geologic materials

emittance has values ranging from 0.86 to 0.98 (Manual of Remote Sensing, 1983,

p.58). The surface radiance, LSA.' is strongly affected by bulk properties controlling the

temperature of the material (especially density, composition, and water content) as well as

by the degree of external (solar) heating.

If, employing Equation 2.7, the surface emission factor in Equation 2.6 is broken

into a surface blackbody term, LbbA.' and a surface emittance term, eA.' then Equation 2.6

becomes:

Eqn 2.8)

Only two multi-band instruments have been flown which acquire emission data in

the 8-13 J.Lm range. These are the NASA Bendix 24-channel scanner (with six channels

in this wavelength region) and the Thermal Infrared Multispectral Scanner (TIMS).

Methods employed for calibrating the two instruments are very similar, and indeed

techniques developed for calibrating the TIMS have been based largely on experience

with the Bendix instrument.

The calibration procedure consists of three stages:

1) Employ the two on-board blackbody sources to perform primary system's

calibration to units of radiance as received at the sensor.
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2) Estimate the atmospheric contribution and remove this contribution from

the received radiance.

3) Compute the temperature and/or the emittance for each pixel assuming that

the Planck blackbody relationship holds and numerically integrating this

relationship over the bandpasses of the sensor.

The TIMS data acquired for the present study area were calibrated in the above

fashion. A detailed description ofeach of these calibration stages is given in the section

below regarding the calibration of the TIMS data.

2.3.4 HIGH·RESOLUTION (HYPERSPECTRAL) IMAGING

INSTRUMENTS

Broadband instruments have a number of inherent limitations. Although many

mineralogical spectrum features are broad and smooth, a few features of interest (such as

the carbonate band centered at 2.35 micrometers) are relatively narrow and well defined.

Such features when averaged into a broader band tend to disappear or be

indistinguishable from features of similar magnitude located at other wavelength positions

within the band. Further, the effects of such features when averaged into the broader

band may also be indistinguishable from the intruding wings ofatmospheric absorption

features, leading to incorrect assumptions about mineralogical absorption.

High-resolution instruments, receiving hundreds ofchannels per pixel, have the

potential of solving some of these problems. In theory, more precise mineralogy can be

done, since the wavelength position ofabsorption bands can be determined with much

greater accuracy. Additionally, atmospheric effects can be isolated with a higher degree of

precision. Instruments with resolution comparable to the lab instruments in use can allow

comparison between field observations and the extensive compilations of lab spectra that

have been tabulated over the last two decades.
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With the theoretical increased power of these instruments, however, there is a

proportionate increase in practical problems:

1) Signal stability. Hyperspectral instruments have a poorer signal-to-noise

ratio than broad-band instruments because they are integrating over a

narrower interval and therefore receiving considerably less radiant flux per

channel.

2) Decreased reliability. Partly because of the degree of technological

complexity involved, and partly because of the increased sensitivity of the

sensors, hyperspectral instruments are intrinsically more difficult to

maintain.

3) Poor systems calibration. Lab instruments of equal complexity are

normally calibrated frequently against a known standard An equivalent

calibration procedure is more difficult to design and conduct for an

instrument carried onboard an aircraft or spacecraft

4) Secondary calibration must be more precise. Along with the increased

spectral detail of the target in hyperspectral systems comes increasingly

detailed interference from the atmosphere. Figure 2.2 shows a standard

atmospheric spectrum (LOWTRAN 7 mid-latitude summer model)

convolved to 10 nm wide (half maximum, full width) bandpasses. At

this level ofresolution, considerable fine structure can be seen in the

atmospheric spectrum. Unless care is taken in removing these effects,

unusual artifacts may be created in the data set.

2.3.4.1 PRIMARY CALIBRATION OF HYPERSPECTRAL DATA

SETS

The following discussion will trace the full direct calibration of a data set, from

the established procedures ofprimary calibration through the options possible for direct

secondary calibration. Throughout the discussion synthetic spectra with a wavelength

resolution of 10 nm (half maximum, full width) are used to illustrate the process. These
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synthetic spectra have been generated. using nominal system response and dark current as

provided by the AVIRIS Data Facility for the Cuprite 1990 data set.

Figure 2.7 shows a "raw" spectrum. The raw spectrum is not in units of

transmittance or reflectance, but simply in units of relative system response, or DNs.

During data acquisition, the sensors are frequently shut down to direct incoming

light to obtain a "dark spectrum" corresponding to Do The dark spectrum shows the

response of the sensors on each channel in the absence of incident radiation. The dark

spectrum is a measure of system noise that is embedded in the data. Since the dark

spectrum may shift in structure over time, owing to temperature changes or system

peculiarities, a dark spectrum must be provided. near in time to every data-acquisition

pass. Figure 2.8 shows a dark spectrum obtained from the AVIRIS data acquisition for

the Cuprite study area, 1990.

As both the dark spectrum and the raw spectrum are in units of system response,

the first step in calibration of the spectrum is to subtract the dark spectrum from the raw

spectrum to remove the internal system noise. An electronic offset (corresponding to Ocr

in Equation 2.2) would have already been removed from both the data and dark spectrum

during data acquisition.

To convert the spectrum to radiance units, the spectrum must benormalized for

the available solar flux, corresponding to !o(e,$). Since the measurements of the

instrument are discrete rather than continuous, the solar curve must be convolved to the

instrument bandpasses. Figure 2.9 shows the solar spectrum convolved to AVIRIS

bandpasses, assuming a Gaussian band shape and using the centers and widths as

provided by the AVIRIS Data Facility for the Cuprite 1990 data set.

In the laboratory, the system responsivity for the instrument is measured with a

known standard to obtain the unit response of the instrument at each channel position.
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Figure 2.10 shows a system response curve for the AVIRIS instrument obtained during

the June 1987 Moffett Field data acquisition.

After subtraction of the dark spectrum, the convolved solar spectrum and the

systems response curves are divided out, completing the primary calibration of the data.

The resulting processed spectrum is shown as Figure 2.11.

Even for a small (512 x 512 pixels) image, this means that 512 x 512 x 224 =
58.7 million channels of information must be processed. The same number of channels

must be processed again in the stage of secondary calibration. This places some

computational limits on what can be achieved practically in secondary calibration.

Depending on the available computer processing system, a complex pixel-by-pixel fitting

routine across all the channels may not be practical. However, if the calibration is

performed correctly, it is only necessary to do it once.

2.3.4.2 SECONDARY CALIBRATION OF HYPERSPECTRAL

DATA SETS

If the primary calibration has been performed properly, the spectrum shown in

Figure 2.11 should be the product of two elements: the target reflectance spectrum, and

the transmission spectrum of the atmospheric constituents. In principle, ifone is known,

the other can be derived. There are four possible approaches to the problem:

1) Estimate the spectrum of a target from laboratory measurements, and use

this to derive the atmosphere spectrum. This technique has two

limitations. First, it may not be clear what the composition of any of the

target pixels should be. Second, even ifa target material can be identified

by inference-for example concrete runways or asphalt roads-many

materials have variable spectra depending on their exact composition;

moreover, surface weathering can have a substantial impact on the precise

form of a spectrum. While the match between a lab spectrum and a field
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spectrum may be sufficient to allow identification of the target, the match

may not be close enough to allow for precise secondary calibration.

2) Obtain ground-truth by visiting the site and performing geological

identification of the materials in the scene. These may then be referenced

to laboratory spectra for the calibration. This technique suffers from the

same difficulties as the first method, with the additional problem that the

site must actually be visited, which limits the utility of the remote-sensing

methodology.

3) Obtain ground-truth by visiting the site and obtaining selected spectra with

a portable ground instrument. This is probably the most reliable method

presently available, since it eliminates the problems ofdiffering

composition between lab spectra and the field samples, as well as

accounting for weathering effects. The limitations are that the site must be

visited with complex and delicate equipment, and that spectra must be

obtained corresponding to a full pixel in spatial extent. Ideally spectra

would be obtained at the time ofdata acquisition, when a pixel location

would not be known.

4) Measure the state of the atmosphere while acquiring the data. A

considerable amount of meteorological information can be gathered from

various atmospheric sounding techniques, some of which may be

amenable to measurement during flight. Such techniques have not yet

been developed, but in principle the information necessary to calibrate the

data sets could be acquired at the time the data set itself is acquired. The

limitation of this technique is that the appropriate atmospheric sounding

techniques have not been assembled with an eye to the problems of

hyperspectral remote sensing. Thus, although present techniques for

direct calibration of hyperspectral data sets are limited to the three

techniques above, the technique of atmospheric sounding may hold the

most promise for future research in this area.
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It is worth noting that very little systematic work has been done employing any of

the techniques above. Most secondary calibration has been done indirectly for the

purpose of creating more accurate unit maps; very little work has been done on explicitly

identifying the separate components that make up a received spectrum (except, see

references in Chapter 4). In theory, technique 3 above should yield a spectrum that can

be divided into a primary-calibrated spectrum to produce a spectrum of the atmosphere.

In some cases, the derived atmospheric spectrum could have a poor match with predicted

atmospheric spectra. The reconciliation of these derived atmospheric spectra with models

of atmospheric spectra may shed light on the adequacy ofexisting atmospheric models,

the adequacy of existing instrument calibration, or the differences between wide-field and

narrow-field spectra. This topic is addressed in some detail in Chapter 4. Presented in

that chapter is a variation on method 4 developed as part of this dissertation.

2.4 CALIBRATION METHODS APPLIED TO SPECIFIC DATA SETS

Presented in this section are the calibration methods applied to the data sets used

in this dissertation. All data calibration was performed after the data sets were acquired.

Because of this limitation, the choice of a particular calibration method was strongly

influenced by the availability of supporting data sets to perform or corroborate the

calibration.

2.4.1 THEMATIC MAPPER DATA CALIBRATION

As can be seen in Figure 2.2, the Thematic Mapper bandpasses avoid the worst

regions of atmospheric interference. This simplifies the process of secondary calibration

somewhat, but does not remove the need for primary calibration. Uncalibrated data do

not reference a physical quantity, but are only representative of the response of a

particular instrument. However, in that the Thematic Mapper instrument response is

linear with respect to reflectance (e.g. see Conel et al., 1985), even uncalibrated TM data

have some association with actual physical parameters; the calibration process merely

defines that association. Unfortunately, because the response of any instrument varies
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over time, this calibration cannot be performed only once, but must be repeated for each

data set.

Discussed here are the methods employed for calibrating the Thematic Mapper

data acquired for the study area.

2.4.1.1 LANDSAT 4 TM CALIBRATION

Both a Landsat 4 Thematic Mapper scene (TM-4) and a Landsat 5 Thematic

Mapper scene (TM-5) have been acquired which encompass the study area. Conel et al.

(1985), performed a rigorous calibration of the TM-4 scene, using Portable Field

Reflectance Spectrometer (PFRS) measurements obtained for a number of materials

within the range of the TM-4 scene. That TM-4 scene was calibrated to units of

reflectance using the PFRS measurements (as per method 3 presented in section 2.3.1.1

above). The principal uncertainty in this procedure stems from the assumption that

reflectance measured for an area on the ground roughly 1 meter by 1 meter in size is

comparable to the data value extracted for a TM pixel that is approximately 30 meters by

30 meters in size. Further, it is assumed that conditions at the time measurements are

obtained match conditions at the time of remote data acquisition. That these assumptions

are not entirely accurate is evidenced in the fact that the calculated "reflectance" values for

the TM-4 scene do not range only from 0 to 100, as true reflectance data would.

For purposes of the present study, a sub area of the full Thematic Mapper scene

was extracted (courtesy of S.Adams, JPL) which encompassed the desired study area.

This sub area is 1024 x 1024 pixels in size. A color composite of this sub scene using

TM bands 1,3, and 5 of the raw (uncalibrated) data values is shown in Figure 2.12. The

average spectrum of the raw data for the TM-4 scene is shown in Figure 2.13.

PFRS spectra were measured by Conel et al. (1985) for seven diverse materials in

the full TM-4 scene. These spectra are reproduced here in Figure 2.14. DN spectra were

extracted from the TM-4 scene corresponding to the locations where the PFRS spectra

were obtained. These DN spectra are reproduced in Figure 2.15.

38



FIGURE 2.12 ColorcompositeofTM 4 sub-scene. TM channels 1, 3, and 5 are

mapped to the blue, green, and red color planes, respectively.
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A linearleast-squares regressionwasperformed on these two data sets. In all

cases the Pearson's R-coefficient of goodness-of-fit was equal to or greater than0.97,

demonstrating boththelinearity of theTMdetectors withreflectance and the

appropriateness of thefield spectral measurements forperforming thecalibration. The

resultingslopeand interceptparameters from theseregressions are givenin Table 2.3.

TABLE 2.3

Regression Parameters for Calibration of TM 4 Data

Channel

1
2
3
4
5

6

Slope

0.64
1.29
1.07
1.02
0.73
1.05

Intercept

-27.8
-20.4
-15.8
-6.5
-8.8
-7.9

R

0.998
0.997
0.980
0.974
0.970
0.986

These regression parameters werethenused byConelet aI. (1985) to translate the

data numbersforeachof theTM-4bandsinto unitsof reflectance. A histogram of the

distributionof datavaluesfor channel4, following thiscalibration, is shown in Figure

2.16. The averagespectrum of the calibrated data for the1M-4 scene is shown in Figure

2.17.

43



48_11 112.5

31__ . 76.9

2:
::::2
2:....
X
C
:II:(I)

~ 51.2 ...
LIJ iil4_. a)C

I-....
a.

~
~
a:
L&I
D-

. 25.6128_

In r
I I

~"

I I) ",) II " ,-" I I II II I I' I}
e b A' R" d.'" ~'0'" Q"" ,rv ....fi ~ IJ,:

PIXEL. VALUES

FIGURE 2.16 Histogram of the distribution of data values for channel 4 of the TM 4

data set, following the calibration to reflectance.

44



40 .
-_.~.--

35

1 / III

~ 30 --R
A

G 25
E

R
E 20
F
L

~
E 15

VI C
T
A
N 10
C
E

5

0

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

WAVELENGTH (J.1m)

FIGURE 2.17 Average calibrated spectrumfor the TM 4 sub-scene.



2.4.1.2 LANDSAT 5 TM CALIBRATION

Data from the Landsat5 ThematicMapper areof generallyhigher quality thandata

from the Landsat 4 TM (Malaretet al., 1985). Also, the TM-5 scene was obtained closer

to the acquisition time of the other data sets employed in this study. For these reasons,

the TM-5 scene was of more interest than the TM-4 scene. Unfortunately, it was not

possible to perform the exhaustiveseriesof field measurementsrequired to calibrate the

TM-5 scene after the fashion of Lang et al.'s calibration of the TM-4 scene. However,

using method 4 presented in section 2.3.1.1 above, it was possible to use the calibrated

TM-4 scene to calibrate the TM-5 scene.

Method 4 listed abovefor calibratingbroadbandreflectance data requiresa large

number of field reflectancemeasurements for the study area. The calibrationof the TM-4

scene in effect produced just such a set of measurements. This methodalso requires a

roughly Gaussian distribution of the raw and calibrated data values. Figure 2.16 above

shows the data distributions for the calibratedTM-4 data. A bands 1,3,5 color

composite of the raw TM-5 data for approximatelythesame sub sceneas for the TM-4

data is shown in Figure 2.18. Figure 2.19 shows the a histogram of data values for

channel 4 of the raw TM-5 data for this sub area. Although it is difficult to ascribe an

exact value for "Gaussian-ness", both data setsdo appear approximatelyGaussian in data

morphology. The average spectrumof the raw data for the TM-5 scene is shown in

Figure 2.20.

The minima, means, and maxima for all bands for these data sets were

determined. Additionally, the plus-and-minus one standarddeviationvalues around the

mean for each band were determined. These standarddeviationvalues were used instead

of the minima and maximain thecalibrationprocedurein order to weight the analysis

more heavily towards the center of the data distributions, and less heavily towards the

tails of the distributions, where non-Gaussianbehavior is likely to be more manifest.

These values are tabulated in Table 2.4 and 2.5 for the TM-4 scene and in Table 2.6 for

the TM-5 scene.
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TABLE 2.4

TM 4 DN Statistics

chan 1 2 3 4 5 6
min 43 16 12 9 0 0
max 254 159 196 167 156 128
mean 74.89 37.52 42.85 42.47 66.19 40.29
-1SD 55.56 17.38 22.45 22.83 45.51 19.52
+1SD 94.21 57.66 63.25 62.10 86.87 61.07

SD 19.32 20.14 20.40 19.63 20.68 20.77
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FIGURE 2.18 Color composite of the 1M 5 sub-scene. TM channels 1,3, and 5 are

mapped to the blue, green, and red color planes, respectively.
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TABLE 2.5

TM 4 Reflectance Statistics

chan 1 2 3 4 5 6
min -.028 0.24 -2.96 2.68 -8.8 -7.9

max 135.4 184.71 193.92 163.84 105.08 126.5
mean 20.13 28.00 30.05 36.82 39.52 34.41
-ISD 7.75 2.02 8.22 16.79 24.42 12.60
+IS0 32.52 53.98 51.88 56.84 54.62 56.22

SD 12.38 25.98 21.83 20.03 15.10 21.81

TABLE 2.6

TM 5 DN Statistics

chan 1 2 3 4 5 6
min 73 27 24 11 6 6
max 251 183 242 179 254 199
mean 136.74 68.91 96.48 86.68 176.80 105.91
-ISD 118.28 57.53 79.44 75.64 152.48 87.74
+IS0 155.19 80.29 113.51 97.71 201.11 124.07

SO 18.45 11.38 17.04 11.03 24.31 18.16

Linearleast-squares regressions wereperformed on thecorresponding valuesin

these tablesfor each band. In theseregressions, theTM-4computedreflectances were

takenas the independent (or "y") variable, and the TM-5raw datavaluesweretakenas

thedependent (or "X" ) variable. The resultant regression parameters and R-coefficients

are tabulated in Table 2.7. For all bandsthe R-coefficient was greater than0.92.

Becauseonly the meansand standarddeviations were used in theregression, this

procedure is equivalent to the standard statistical technique for bringing twodata

distributions intocorrespondence. TheTM-5data werecorrectedto nominal reflectances
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using these regression equations. The average spectrum of the calibrated data for the TM

5 scene is shown in Figure 2.21. Figure 2.22 shows thedata distribution, or

"histogram", for channel 4 of the calibrated TM-5 data.

TABLE 2.7

Regression Parameters for Calibration of TM 5 Data

Channel

1
2

3
4
5
6

Slope

0.81

1.27

0.97

1.00

0.42

0.71

Intercept

-79.55

-52.09

-51.13

-34.64

-22.76

-29.64

R

0.962

0.983

0.975

0.939

0.922

0.949

It is useful to compare the two calibration schemes employed for the TM-4 data

set and for the TM-5 data set -- as well as to check the reliability of the TM-5 calibration

method. Figure 2.23 displays together the average DN spectra for the TM-4 sub scene

and for the TM-5 sub scene. Given that the data were obtained at different times from

different instruments, the general shapes of the spectra are very similar. Figure 2.24

displays the average reflectance spectra for the two scenes. These two spectra are also

very similar, and both are very plausible given the generally oxidized nature of the

materials in the scene. The conclusion to be drawn from these figures is that both

calibration methods yield similar, plausible results.
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As a final check of the two calibration methods, Figure 2.25 and Figure 2.26

show graphically the slope and interceptvalues determinedby the two methods for the

two data sets. Both these parametersare very similar between the two data sets and

between the two calibration methods. The conclusionsdrawn from these four figures

(2.23-2.26) are that:

1) TM-4 data and TM-5data are very comparable. (Basedon the

comparativeaverageDN spectra.)

2) The two methodsusedfor calibratingthese data to unitsof reflectanceare

very comparable. (Basedon figures relatingaverage calibratedspectra,

and on the slopeand interceptvalues determinedfor the two methods for

the two data sets.)

2.4.2 TMS DATA CALIBRATION

Radiometric calibrationswhichare appropriateforThematicMapperdata are also

applicableto ThematicMapperSimulator(1MS) data. However,an additionalcorrection

that must be made to TMS data, butwhich is not necessaryfor TM data is a radiometric

correction to account for varyingopticalpath length across the line of flight This

correction is not required in TM data becausethe sensororbits at a sufficientlyhigh

altitude (700km) that the opticalpath length is essentiallythe same to all points in the

scene. For the TM, with a swath width of 185km, there is less than 1% difference in

path length from the center to the edge of the image.

However, the situationcan be different for the TMS whichis carriedon an aircraft

platform whichcan acquiredata fromvariable heights. For thedata set used for this

dissertation, the aircraftacquireddata at a heightof approximately 10 km, with a swath

width ofapproximately 7 km. Thepath length from thecenter of the image to points at

the extremesof image acquisitionvaries by approximately 6%. The affects the effective

amount of atmosphere that the energyreaching the sensormust traverse,yielding

approximatelyan additional0.6 km.
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The effect of this additional atmospheric path length is best illustrated by showing

in Figure 2.27 the average cross-track profile for all bands for the scene used in the

present study. It can be seen in this curve that the additional approximately 6% of

atmospheric path length has resulted in about 8% additional energy which is absorbed and

scattered at the extremes of data acquisition. A standard processing step to correct for the

cross-track gradient in aircraft data sets is to divide out the average gradient from each line

of the image (Abrams et al., 1985). Because the cross-track difference in the data used

here is so small, and because any such division would perturb the radiometric accuracy of

the data, no cross-track gradient correction was performed on these data

The TMS data arein essentially the same format in terms ofradiometric calibration

as at the outset of the calibration process with the TM data. And again, because it was not

possible to obtain extensive field spectra for materials in the study area, the same indirect

method of data calibration was employed to translate TMS data to units ofreflectance as

was used to calibrate the TM-5 data..

Here, instead of comparing two TM scenes, a TM-5 sub scene corresponding to

the coverage of the TMS data was used as the reflectance data set for calibrating the TMS

scene. Because the two instruments sample at different spatial resolution, through

inherently different atmospheric paths, it was not expected that the relative calibration

parameters of the TMS scene and the TM-5 scene would be very comparable. However,

it was found that the average results of the calibrations of the two data sets was very

similar.

For this analysis, two sub scenes of comparable spatial extent were extracted from

the TMS and the TM-5 data sets. A band 1,3,5 composite for the TM sub scene is shown

in Figure 2.18. A corresponding band 1,3,6 composite for the TMS sub scene is shown

in Figure 2.28. Because there is no TM band corresponding to TMS band 5 at 1.15

microns, a synthetic TM band at this wavelength position was constructed by calculating

the linear average between TM bands 4 and 5. Ofcourse, any subsequent analysis

involving TMS band 5 calibrated with reference to this pseudo TM band must take the

foregoing assumption into consideration.
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The samebasicprocedure described abovefor calibrating TM-5data was then

followedfor calibratingtheTMSdata set. Table2.8 showsthe minima, means, maxima,

andplus-and-minus one standard deviation valuesfor thecalculated reflectances for the

TM-5 sub scenecorresponding to theTMSsub scene. Comparable valuesfor theraw

TMS data aregivenin Table2.9. A histogram showing thedatadistributions for channel

4 of the raw TMSdata is given in Figure 2.29.

TABLE 2.8

TM 5 Reflectance Statistics for Study Area

chan 1 2 3 4 5 6 7
min -2.79 3.81 -0.88 3.37 -5.54 -20.27 -25.39
max 116.00 115.60 128.62 114.41 98.84 83.27 111.22
mean 33.97 39.50 47.61 55.32 54.46 53.60 49.26
-ISO 22.05 27.95 34.71 46.38 46.73 46.28 40.05
+ISD 45.89 51.04 60.52 64.26 62.20 60.93 58.47

SO 11.92 11.54 12.91 8.94 7.74 7.73 9.21

TABLE 2.9

TMS DN Statistics

chan 1 2 3 4 5 6 7
min 55 43 35 30 23 19 6
max 208 209 211 227 216 213 217
mean 107.74 108.03 113.17 122.12 133.24 148.02 135.52
-ISD 92.71 91.31 96.17 107.64 121.21 132.97 118.18
+ISD 122.77 124.75 130.17 136.6 145.27 163.07 152.86

SO 15.03 16.72 17.0 14.48 12.03 15.05 17.34

Again, as for the TM-5 calibration, a linear leastsquares regression was

performedusingthe means and standard deviations of thesedata. The slopesand
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intercepts werecomputed for each band,whereTM-5histogramdata were takenas the

dependent variable andTMS histogram data weretakenas the independent variable. The

resultantregression parameters (slopes andintercepts) and R-coefficients for thisanalysis

are givenin Table2.10. Figure2.30shows the data distribution histogramfor channel4

of the finalcalibrated TMSdata.

TABLE 2.10

Regression Parameters for Calibration of TMS Data

Channel Slope Intercept R

1 93.70 -47.82 0.998
2 83.25 -30.89 0.994
3 90.64 -32.67 0.996
4 65.08 -11.27 0.999
5 64.93 -17.74
6 64.70 -27.86 0.997
7 72.27 -28.62 0.997

As a checkon thereliability of theTMScalibration, average TM-5andTMS

spectra for the sub sceneare shownin Figure2.31. For comparison, the averageDN

spectrafor the TM-5and TMS sub scenesare shownin Figure2.32. It is a

demonstration of thevalidityof theTMScalibration procedure thatalthough theDN

spectraobtainedfromthese twoinstruments showonly moderate similarity (aswouldbe

expected), theresultant calculated reflectance spectraareverysimilar. Forcomparison to

theresultsof theTM-5calibration theaverageTM-4reflectance spectrum (corresponding

to the TMS sub scene) is shownwith the average reflectance spectrafor theTM-5and

TMS data sets for the sub scene.
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FIGURE 2.28 Color composite of the TMS scene. TMS channels 1,3, and 6

(corresponding to TM channels 1,3, and 5) are mapped to the blue,

green, and red color planes, respectively.
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As an additional check on the accuracy of the calibration, 7-point spectra were

extracted from the corrected TMS data for pixel locations corresponding to areas where

samples were obtained. These extracted calibrated pixel spectra are shown in Figure

2.33 .. Laboratory spectra (courtesy of H.Lang, JPL) measured for the samples collected

at these locations are shown in Figure 2.34. Extracted TMS spectra and laboratory

spectra are quite similar and do not differ in any consistent manner. Given the inherent

differences between remotely sensed spectra and laboratory spectra of limited samples,

these pairs of spectra are very similar.
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2.4.3 TIMS DATA CALIBRATION

The TIMS data for this study area were fully calibrated using an adaptation of the

technique developed by Kahle, Madura, and Soha (1980) for the middle infrared channels

of NASA's Bendix 24-channel scanner. As for the Bendix instrument, primary

calibration of TIMS data to units of radiance is made possible through the use of two

blackbody radiance sources carried on-board the instrument. The methodology for

performing this primary calibration is also described in the TIMS Investigator's

Handbook (Palluconi and Meeks, 1985). Secondary calibration to yield ground radiance

or emittance values is less straightforward and requires that some assumptions be made

about the structure of the data.

2.4.3.1 PRIMARY CALIBRATION

The response of the six Hg-Cd-Te detector elements comprising the TIMS

detector is linear with respect to incoming photon radiance. This relationship is shown by

Equation 2.6, repeated here:

Eqn 2.6)

This equation is in the form ofa line. y=ax+b, having slopeeae E:3 Rcr, and

intercept=b=DO' + Ocr.

Included as part of the TIMS instrument package are two stable blackbody energy

sources, maintained at controlled temperatures that bracket the probable range ofdata

values during a TIMS flight. These two blackbodies are measured by the six TIMS

detector elements on each scanline, or row, of acquired data.
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The radiance of a blackbody at a given temperature is known and given by

Planck's Law as (from Hecht and Zajac, 1974):

Here, MA, is the spectral radiance, in units ofW/m2 per wavelength; h is Planck's

constant =6.6256E-34 Js; c is the speed of light =2.998E+8 mls; A. is wavelength in

meters; k is Boltzman's constant = I.3807E-23JIK; and T is the temperature of the

blackbody source, in degrees Kelvin.

To convert this spectral radiance to thephoton radiance to which the TIMS

detectors aresensitiverequires dividing the spectralradiance by the photon energy per

wavelength, or by (helA). This yields, for the photon radiance:

However, because the TIMS channels obtain data over relatively broad spectral

ranges, the radiance at a given channel is not a simple function of the Planck intensity

function. The correct radiance is obtained by numerically integrating,or convolving, the

Planck function across the spectral response of each TIMS band The equation defming

this integration, as given by Palluconi and Meeks (1985) is:

Eqn 2.12)
I _
T1MS - _

Here, S(A.)i is the (digital) bandpass of detector 'i', and all other variables are as above.

Performing this integration (numerically, because the TIMS bandpassesare

discrete functions) for radiances IBB1 and IBB2 (for each scanline of data),
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corresponding respectively to on-board blackbodies 1 and 2, yields two sets of I versus

DN (and Temperature) values that can be used to solve Eqn 2.6 for the slope and intercept

of the system response function. These line-by-line values for the slope and intercept can

then be used in Eqn 2.6 to convert the data numbers for the TIMS flight to units of

radiance as viewed by the sensor.

2.4.3.2 SECONDARY CALmRATION

Primary calibration ofTIMS data yields data values corresponding to the radiance

arriving at the sensor. However, the radiant energy arriving at the sensor is a function of

both the properties of the surface target materials and of the intervening atmosphere, as

given by Equation 2.8 above. Modifying Equation 2.8 to show that a primary calibration

of the data has been performed and, hence, the system terms have been accounted for,

yields for the radiance arriving at the sensor:

Eqn 2.8)

To solve this equation for the surface parameters of interest, the emittance (~)

and the temperature requires that two of the terms on the right-hand side of the equation

be known. This is an under-constrained problem. which means that the atmospheric

contribution must be known (or estimated) and that either the surface emittance or the

temperature be known or estimated.

Kahle, Madura, and Soha (1979) and Kahle (1986) suggest a practical approach

to this problem which, while not providing a rigorous mathematical solution to the above

equation, will provide a workable approximation to the solution.

The proposed approach is iterative:

1) First an atmospheric contribution is estimated, based on the LOWTRAN

atmosphere model (Kneizys et al., 1979).

74



2) Using this atmospheric spectrum (assumed constant over the study area),

values are computed for the combined (e)..LbbA. ) term.

3) A reasonable value for the emittance,~, is assumed and held constant

over the entire data set and for all six TIMS bands.

4) Using this emittance approximation, values for the surface blackbody

contribution, Lbb)..' and hence the surface temperature, are derived by

fitting the Planck equation to the 6-band TIMS spectrum. Different

methods have been proposed for performing this "fit"; these are discussed

below.

5) Using the derived temperature and surface blackbody contribution,

compute the 6-band emittance spectrum.

6) Using these derived blackbody and emittance terms, check the

reasonableness of the atmospheric spectrum. Modify atmospheric

spectrum if required.

7) If the atmospheric spectrum has been modified, repeat steps 2 - 6.

The above approach was used to perform a secondary calibration of the TIMS

data for the study area. The components to this calibration are discussed below.

STEPS 1-2 ATMOSPHERE CONTRIBUTION

In order to obtain either the quasi-blackbody (or graybody) contribution of the

target or the emittance of the target, the atmospheric contribution to the data must be

estimated and removed. Measured radiances are on the order of 10-12 W1m2-sr-um. The

second term in Eqn. 1, (La)' representing atmospheric radiance, varies only slightly

(based on LOwmAN) over the 8-12 Jl1l1 range and is a subtractive term. Thus, a single

radiance spectrum was removed from the TIMS data for the study area. This spectrum

was computed using the LOwmAN model for mid-latitude summer with the target at an
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elevation of5 Ian and using a single-pass through the atmosphere with the sensor at an

altitude of 10 km.

The atmospheric transmission term is strongly dominated by the activity of the

ozone (03) molecule in this spectral region. Atmospheric spectra reflecting different

concentrations ofozone were produced using LOWTRAN and compared to a non-clay

bearing area in the scene as an indicator of how the ozone band in TIMS band 4 affected

TIMS data. The most likely atmospheric spectrum was chosen from amongst these and

ozone density was determined from this.

Water, which has an absorption fundamental near 6.21lm and C02 which has

fundamental near 13.5 urn are the other strong atmospheric contributors in the 8-12 um

spectral range. Because of the difficulty/ impossibility of making this estimate on a pixel

by-pixel basis, a single atmospheric transmission spectrum was selected. This spectrum

was used to compute the multiplicative term in Eqn. 1.

STEPS 3-5 SURFACE BLACKBODY CONTRIBUTION

Following the nominal atmospheric calibration, the new calibrated radiance,

(CRx), still in units of W1m2-sr-um, is now a function only of the largely temperature

dependent contribution from the target and the emittance of the target

The overall shape of spectra extracted from TIMS data is strongly black-body

controlled. Ifa blackbody at an appropriate temperature is overlaid with a TIMS

atmosphere-corrected spectrum, as in Fig. 2.35, this dependence is very evident. If a

blackbody is fit using all 6 bands, then those bands having the strongest emittance will

depress the calculated temperature. However, if the blackbody spectrum is calculated

based on each band separately and the highest of the 6 temperature values taken, that

blackbody spectrum, although still depressed, will be most likely to be independent of

emittance and so represent the "actual" blackbody.

The above procedure was followed for the TIMS data set, producing both a
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temperatureimage, whichwasnot usedfurther andan emittance data set, whichwas the

data set used for subsequentanalysis.

2.5 GEOMETRIC CORRECTIONS

The samecalibration techniques applicable to TMdata arealsoapplicable toTMS

data. However,becausethe TMSis an aircraft-based instrument, otherrectification steps

are also necessary. Geometric rectification is especially essential. (Thesameis true for

TIMS data.) Navigation data are not alwaysavailable to do this exactly, so someother

method must be used. For thepresentstudy,the TMS andTIMS data werecoregistered

to digitalelevation modeldata (OEM) whichhadbeen"averaged up" tomatch thespatial

resolutionof the TMS data set (approximately 15meterpixels). The nearest-neighbor

method of image coregistration was used,as per Baker, 1975. Mutuallycoregistered

TMS and TIMS color composite imagesare shownin Figure2.36.

All subsequentprocessing and analysis of the datasets wasperformedon thedata

calibratedas describedabove, in thiscoregistered format.
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2.6 SUMMARY

The procedures appliedhere to the TM, TMS, and TIMS data sets produce spectra

that are adequatelycalibratedfor instrumentresponseand the relativelylimitedamount of

atmospheric interference in the bandpassesof interest. The result is four data sets

geographicallycoregistered.

The amount ofpost-acquisition processingdone here is considerablyin excess of

what is normally applied to image analysis. Even with the emergenceof multiband

instruments, much work withremote imagery tends to be done with the techniques

developed for analysis of aerial photography. In suchcases, where the objective is to get

a visual impression of the ground, simple work withcolor compositing of the bands may

be enough to highlight featuresof interest.

In cases like the present analysis,however,wherecomparability betweendifferent

sensors must be achieved,or where the analysisof a scene must be quantitatively

extended to other images, considerablepost-acquisition processing must be done. The

developmentof receiving instruments has greatlyoutpacedthe developmentof

methodologiesfor post-acquisition calibrationof the informationcaptured. While simple

composite images of bandratios can yield startlingand often informativesingleimages,

coherent geologic interpretationsbetweenscenes or across sensorscan only be achieved

if the artifacts of the acquisitionprocess can be removed. In the following chapter, the

processed data sets are appliedto a specificgeologicalproblem;in effect, a single

instrument (TMS) can be expanded,by propercalibration,across a wider spectralrange

(to include the TIMS region), or extrapolatedacrossa wider field of view (TM-4and TM

5).

The kinds of calibrationcarried out here are, it should be noted, not sufficient to

remove the artifacts from themore advanced, hyperspectral instrumentscurrentlyunder

development. With far narrowerbands, target signaturesbecome more distinctive, but

also become more easily distorted. Primarycalibrationof such instrumentswill have to

be carried out by reliable on-boardhardware. Secondarycalibration,particularly the
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removal of atmospheric effects, will become far more critical, demanding additional post

acquisition processing (or, conceivably, on-board atmospheric sounding). An approach

for calibrating such hyperspectral data is the subject of Chapter 4.
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CHAPTER 3

A SPECTRAL CHARACTERIZATION OF EOCENE SEDIMENTS IN

THE WIND RIVER BASIN, WYOMING

3.1 INTRODUCTION

The studyarea for the researchpresentedhere is in the centralWind RiverBasin

in Wyoming. The Wind River sedimentary basinwas formedduring the Laramide

Orogenicperiodof the RockyMountainregionin the late Cretaceous(Keefer, 1965a).

Followinguplift, theconsequenterosion of the surrounding highlandsfilled the basin

with sediments. The basin continuedto fill throughthe late Tertiary (Keefer, 1965a),

until only the highestpeaks wereexposedabovethe basin floor (McKennaand Love,

1972;Blackwelder, 1915). A periodof regionalupliftduringthe Plioceneinitiated

erosion of the basin fill, which is still in progress today (Keefer, 1965a). Other than

Quaternaryfill, Eocenematerialsare thepredominantexposedunits in the basin (Love

and Christiansen, 1985).

Eocenerocktypes in theWind RiverBasinare sedimentary, primarilyalluvial

with isolatedairfalland mudflowdepositsof volcaniclastics. MappedFormationsof the

Eocene comprise, in ascendingorder, the IndianMeadows,Wind River, and Wagon Bed

Formations in the easternend of the basin,and the IndianMeadows,Wind River,

Aycross, and Tepee Trail Formationsin the westernend of the basin (WGA, 1969). The

Wind River and WagonBed Formations have beenmappedin the present studyarea

(Love and Christiansen, 1985).

Subunits to the Wagon Bed Formationhave not beendeveloped. Threedistinct

members of the Wind River Formationin theeastern endof the basinhave been

recognized. The Lysiteand LostCabin memberswerefirstdefined by Sinclair and

Grangerin 1911 (Stucky, 1984). TheRedCabinmemberwasfrrstrecognizedand
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describedby Stucky(1984). All threemembershaveboundaries characterizedby both

lithologicand fossil criteria. Sub-units withineachmemberseem to fall alongcolor

boundaries (Stucky, 1984; Keefer, 1965b). This is a reasonableresult because the color

of rocks is the resultof thecharacteristic light reflectanceand absorption propertiesof the

mineralsand other rock components, such as moisture and organiccontent.

Lithofacies analysis relates thecharacteristics of sedimentary rockunits to

depositional or formative processes(Miall, 1984,p.133); a lithofacies description

representsa key to understanding thedepositional environment. Diverseparametersmay

enter into a faciesdefinition; examples are grain size,mineralogy, fossils, organic

content,sedimentary structure, color,or anycharacteristic thatmay berelated to the

environment. A facies map may showthe distribution of one or moreof these

componentseitherdirectly or through somemore derivedparameter, suchas the ratio of

clastics to non-clastics.

Remotesensing instruments are sensitive to manyof the sameparameters thatare

used in lithofacies descriptions. Spectralreflectance and emission datamay be used to

identify many mineralspecies (Hunt, 1977; Hunt and AShley, 1979;Huntand Salisbury,

1970; Hunt and Salisbury, 1971a;Hunt and Salisbury, 1971b; Hunt and Salisbury,

1971c; Hunt and Salisbury, 1972;Hunt and Salisbury, 1973a; Hunt and Salisbury,

1973b;Hunt and Salisbury, 1973c; Hunt and Salisbury, 1974; Hunt and Salisbury, 1975;

and Huntand Salisbury, 1976), and may also yieldpotentiallyuseful information about

particle size or rock texture (Haralick, 1979). Thus it is highlyprobablethat a set of

spectrally definedfacies descriptions will overlapfaciesdefined lithologically for a

region,especiallyifcoloror thepresenceof certainmineralswerekey parameters to the

lithologic description.

The presentresearch employsseveralremotedata sets tocharacterize and map

exposed Eocene sediments in the easternWind RiverBasin. Remote sensing data were

acquired over the studyarea as part of the NASAWind River BasinProject (e.g. see JPL

Pub. 85-44; Conel et al., 1984). These data sets include dataacquiredacross the visible
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and near-infrared, and mid-infrared spectralregions. Remotedata acquiredin thevisible

and near-infrared (OA-2.5Ilm) wavelength regions result from thereflectanceproperties

of materials. Thesepropertiesvary withcompositionand crystal structureof surface

materials(Burns, 1970). Remotedata acquiredat longer wavelengths (8-12 J,Lm) result

from the thermalandemittanceproperties of materials. These properties vary with

compositionand bulkmaterialsproperties(Kahle, 1986).

Oneof the objectives of thepresentresearch was to test the effectiveness of

employing bothreflectance andemittance datasets to characterize thegeological materials

in the studyarea. Thedata setswereanalyzed separatelyand in combination in orderto

assess the contributionsfrom the individual data sets as well as assess the value addedin

combiningthe data sets.

Theresults of the analysis of the NS-OOI data were applied to the TM data for the

region to test the following:

1) Canlocal, aircraft acquiredremotedata be used to developcriteria
reliably applicable to large-scale satellite-based data?

2) Can the localcharacterization of the Eoceneunitsbe extendedto
otherexposuresin the Basin?

The acquisition of anyremotedata set is also affectedby instrumentand

environmental parameters, suchas the atmosphereand shadowing. Calibration is the

removalof theseeffectsfromthedata to reduce the data to physicalunits. A technical

objectiveof this dissertation is to examineanddevelop techniques for the calibration of

multispectral and hyperspectral data sets. Thekey questions that were addressed as part

of this development are:

1) Do techniques exist,or can they be developed, to calibrate
multispectral andhigh spectral resolutiondata to reflectance
withoutforeknowledge of systemor atmospheric parameters?

2) Are such techniques reliableenough thatdata acquired at different
timesand withdifferentinstrumentsand so-calibrated can be used
togetherfor detailedspectral analysis?
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3.2 GEOGRAPHICAL SETTING

The Wind River Basin is located in central Wyoming within a latitude range of

approximately 42° 37.5'-43° 30 lN and a longitude range of approximately

106°37.5'-109°30'W. The basin is bounded on the north by the Absaroka Range, the

Washakie Range, the Owl Creek Mountains, and the Southern Big Horn Mountains; on

the south by the Granite Mountains; on the east by the Casper Arch; and on the west by

the Wind River Range.

The study area for which data have been acquired is in the north-eastern part of

the basin, centered at approximately 43°12'30"N and.107°21'W. The study area is

covered by USGS 7.5° topographic quadrangles. Arminto (43°07'30"-43°15'N,

107°15'-107°22'30"W) and Badwater SE (43°15'-43°22'30"N,

107°15'-107°22'30"W), covering parts of T37-38N and R87-88W.

3.3 GEOLOGICAL SETTING

Current theories describe the evolution of the Wind River Basin and other

intermontane basins of Wyoming as a two-stage process (Keefer, 1965a). The general

structure of the basin floors was formed by subsidence accompanying the intense tectonic

activity of the Laramide orogeny; this was followed by a period ofcontinuous erosion of

the newly created highlands, and the deposition of sediments into the basin. The region

is in a primarily erosional phase at present. The Eocene Wind River Formation is the

uppermost unit across most of the Wind River Basin; post-Eocene sediments that may

have existed here have been largely eroded away (Keefer, 1965a). Thus, models of the

sedimentary history of the Wind River Basin are necessarily based on inference from

neighboring geology rather than on the sedimentary record of the basin itself.

Based on the occurrence of peneplains in the surrounding highland areas,

Blackwelder (1915) argued that the Wind River Basin must once have been filled to a

much higher level than at present. In addition, based on similarities with adequately dated

peneplains in the Absaroka Mountains, he concluded that the upper sediments of the basin
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must have been of post-Miocene age. Reconciling these observations with the fact that

the present surface of the basin is of Eocene age appears to demand a "period of

aggradation" (Keefer, 1965a) extending through the late Miocene or Pliocene (Love,

1960), when sediments accumulated and filled the basin. For this accumulation process

to have occurred, the basin must have been sufficiently enclosed, and fluvial channels

must have been sufficiently clogged, to ensure that erosion of sediments and removal

from the basin was slower than the rate of influx. Current theories hold that this process

was reversed in the late Miocene or the Pliocene (Love, 1960), when regional

(epeirogenic) uplift commenced and initiated large-scale erosion across the basin-a

process which eventually led to the stripping away of most of the late Tertiary

sedimentary cover.

According to Love (1960), the geologic evolution of the modern Wind River

Basin may be considered to consist of five main stages: the extensive pre-Laramide

epeirogenic phase of the Paleozoic to Lower Cretaceous; the Laramide orogenic phase of

the Upper Cretaceous to Upper Eocene, during which the present configuration of the

basin was formed; an early post-Laramide phase that was dominantly aggradational.

beginning in the late Eocene; a later post-Laramide phase that was dominantly

degradational, beginning in the Neogene (Middle Miocene to Pliocene); and a Pleistocene

phase of epeirogenic uplift, during which the basin and surrounding mountains were

raised to their present elevations.

3.3.1 PRE-LARAMIDE

The geology of western North America during the Paleozoic and much of the

Mesozoic Eras was dominated by the subduction of the Pacific Plate under the continental

plate of North America. The western edge of the Pre-Cambrian craton of North America

passed through what is now western Idaho and west-central Nevada (King, 1977). As

the two plates converged, the resulting compressional forces acted on the accumulated

geosynclinal sediments, forming an early mountain range off the western margin of North

America. Subsequent erosion of these mountains led to the deposition of sediments both

86



seawardand toward the stable shelf area. Concomitant with this deformation were

repeated transgressions of the epicontinental sea, depositingsedimentsonto the foreland.

As subductioncontinued,deformation progressedeastward until in late Jurassic time the

emergenceof highlandswest of Wyomingformedan inlandsea, shiftingthe major

depositional sites into the easternpart of Wyoming (Keefer, 1965a). The transgressions

and regressionsof this inland seacontrolledthe depositional sequenceuntil the Late

Cretaceous.

ThroughoutPaleozoicand Mesozoictimesdepositionkeptpacewith subsidence

and mostof the Wind River Basinregion remainedat or near sea level. Prior to the Late

Cretaceousshort termdiastrophism was not a very importantfactorin the geologic

developmentof the Wind River Basinregion, except for a period of uplift west of

Wyoming near the close of the Jurassic.

The recordof this sequenceof transgressions andregressionsis a thick

accumulation of sediments. The stratigraphy of these Paleozoic and Mesozoicsediments

and the historicalgeologyof the region are describedin detail in Keefer (1965a). Since

the focus of the remote sensinganalysisis on Laramideand Post-Laramide deposits, the

older sequenceis not discussedfurther here.

3.3.2 LARAMIDE OROGENY

An intenseperiodof uplift, termedthe LaramideOrogeny,beganin the Late

Cretaceousand affectedthe entireRockyMountainregion. Laramideuplift is

characterizedby broadasymmetric basement-cored anticlines (Seeland, 1978)with wide

spread block faulting. While it is generallyagreedthat thisorogenicperiod is the result of

the deep stress fieldcaused by continuedsubductionof the Pacific Plateunder the North

AmericanPlate, it is not certain whatactuallyinitiated theorogeny. However,it is

coincidentwith an increasein therate of sea-floorspreadingfrom the East PacificRise,

then located off the western coast of the U.S. (Grose, 1972).
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It has been postulatedthat the changein the rateofconvergence of the twoplates

also affected the styleof subduction (Megardand Philip, 1976;Coney, 1976).

Subduction of an oceanicplate is generally associated witha fairlysteeplydescending

slab entering the aesthenosphere. In contrast,Dickenson and Snyder(1976) have

proposed that the PacificPlate, afteran initial steepdescent, does not continueto descend

into the aesthenosphere but insteadmaintains contactwiththe baseof the lithosphere of

the overridingNorthAmericanPlate. Thismodel alsoexplainsthemagmaticnullduring

this time thatis associatedwithLaramideorogeny: The theoryis that the plate wasnot

deep enoughin themantleto undergo melting. Deep seismic reflection data obtainedby

the COCORP(Consortium for Continental Reflection Profiling) of theWind River

Mountains (Smithson et al., 1978)supportsthe shallowsubductingslab model.

COCORPresults showthat the Wind Riverthrust, responsiblefor uplift of the Wind

River Mountains, extends to a depth of at least 24 km, at a shallowdip of 30-35°. This

result, togetherwith gravitymeasurements over the region, suggeststhat the Pre

Cambrianlowercrust is being thrustupwardsinto overlyingsediments as a resultof

horizontalcompression. A shallowly subducting platedraggingagainstthe bottomof the

lithospherewould generate suchcompressiveforces (Smithsonet al., 1978).

Basementupliftand blockfaulting are important aspectsof Laramide-style

tectonics (Palmquist, 1978). Animportantcomponentof this structural styleis the drape

folding of the sediments overlyingthe faulted Pre-Cambrian basement Steams and

Steams (1978)documentthat thesesedimentary stratafoldin a mannerdependentupon

the underlying structuresformedby the faultedbasementblocks. In order for folding to

take place, the overlyingstratamust be at leastpartiallydecoupledfrom the non-folded,

block-faultedbasement(Stearnsand Stearns, 1978;Palmquist, 1978). Palmquist(1978)

proposed that a requirementfor this separation to occuris the presence, in the lower

sedimentarystrata,of a ductile unit such as the GrosVentreshale in the Cambrian. This

unit would alsoprovide an appropriate surfaceon whichoverlyingsedimentsmay

redistributeduring the drape-folding process. Accordingto Stearnsand Steams (1978),
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this redistribution of marerial within individual strata (producing some regions with an

accumulation of material and some with a deficit) is "required by the deformation."

Prior to the Laramide period ofmountain building, Wyoming geology and

topography were dominated by the transgressions and regressions of the epicontinental

and inland seas (Keefer, 1965a). It was not until the Laramide episodes of uplift that the

basins and their surrounding mountains were actually formed. Large-scale erosion began

concurrent with uplift. and large volumes of Mesozoic, Paleozoic, and eventually Pre

Cambrian sediments began to accumulate in the proto-basins. The combined weight of

these sediments, coupled with the marginal faulting, initiated downwarping of the

foreland basins, establishing them fully as separate entities (Love, 1960).

In the Wind River Basin area. Laramide uplift began in LatestCretaceous time; the

first mountains to form were the Washakie Mountains in the northwest and the Granite

Mountains along the southern margin (Keefer, 1965a). Erosion of these ranges carried

material into the basin; this material was concentrated along the major basin syncline

running along the NNE margin of the basin (corresponding roughly to the trough of the

present-day basin). Drainage out of the basin was to the east into Powder River Basin,

through part of the area that would later become the Casper Arch (Seeland, 1978).

The Washakie and Granite Mountains were eroded down to Early Cretaceous

strata, and it is from this material that the LanceFormation is derived. The Lanceis the

uppermost Cretaceous deposit and the first of the Laramide-derived formations (Keefer,

1965a).

3.3.3 CENOZOIC

At the opening of the Paleocene the Wind River Mountains in the west and the

Owl Creek Mountains in the north began to upliftand the Washakie and Granite

Mountains continued to rise. Erosion probably reached the Pre-Cambrian cores of the

Wind River and Granite Mountains by Middle to LatePaleocene, although probably only

to the Paleozoic strata of the Washakie and Owl Creek Ranges (Love, 1960).
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At the onset of the Eocene, uplift of the existing ranges intensified. accompanied

by large-scale fauiting in the northwestern part of the basin. Tne rate or erosion also

increased concomitant with uplift; in the earliest Eocene thiserosion deposited the Indian

Meadows Formation into the Wind River Basin. The remaining mountain ranges (the

eastern side of the Owl Creek Mountains, the southern Big Horns, and the Casper Arch)

surrounding the basin were upliftedjust afterthis time; apparently there were no drainage

paths out of the basin after uplift of these ranges (Keefer, 1965a). The Wind River

Formation was deposited in this environment, during which time external drainage was

reestablished (Seeland, 1978). The major movements of the Laramide Orogeny were

basically complete during the Early Eocene in the Wind River Basin, although smaller

scale tectonic activity continued. The Wind River is considered the last formation

deposited during Laramide time (Keefer, 1965b).

Two members have long been recognized in the Wind River Formation in the

eastern part of the basin: The Lysite and Lost Cabin members were defined originally by

Sinclair and Granger (1911) according to both lithologic and paleontologic characteristics.

The Lost Cabin is the uppermost of the two units. The boundary between the two is

often gradational, but in some exposures unconformable (Stucky, 1984). The primary

lithologic differences between the two, as summarized by Stucky, (1984) are that the

Lysite has more sandstone units, fewer mudstones, and has clasts mostly derived from

Paleozoic rocks. The Lost Cabin member has more mudstones, more variegated units,

and includes clasts derived from Pre-Cambrian rocks. The most certain distinction

between the two is the presence in the Lost Cabin, but in no previous unit, of fossils of

Lambdotherium: The type localities for these two units, although not specifically

defined. are recognized as being in the eastern Wind River Basin.

Although no type locality has been defined for the Wind River Formation, itself

(Keefer, 1965b), the Wind River Formation, including the Lysite and Lost Cabin

members has been put into regional context by Keefer (1965b). Stucky (1984) has

defined a third mappable unit of the Wind River Formation which he calls the Red Cabin
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Facies. This unit is youngerthan the" Lysite memberand includesclasts mostlyderived

fromMesozoic materials.

The Wind RiverFormationsediments are a rich sourceof mammalian fossils from

theBridgerianand Wasatchian landmammalages (Stucky, 1984)andpaleontological

researchhas beena primemotivatingfactor for studyingthese sediments. Fossil

assemblages have beenused with color distinctions to clarifythe relationships between

the units within these membersat defmed sites (e.g., Stucky, 1984).

Althoughthecolorsof the units aretreatedas a distinctive characteristic of the

units, as yet no definitivestatementhas beenmade as to the sourceof the color. Bown

and Kraus (1981) showthat in the Big Hom Basin, theunits in the WillwoodFormation,

whichis similarin age and lithologyto theWind RiverFormation, representpaleosol

horizons. They base thisconclusion on detailedexamination of the morphology and

sequencingof the units.

Korth (1981)tested this conclusionfor exposuresof the WindRiver Formation in

theBadwaterUpliftareaand couldnot findcomparable materialto corroborate the

paleosolconclusionfor the Wind River Formation.

3.3.4 POST-LARAMIDE (TERTIARY)

Twofactorscontrolled deposition in the WindRiverBasinafter theLaramide:

continuederosionof the surrounding highlands and large-scale volcanic activityto the

west and northwest Rocksfrom the Late Eocene,Oligocene, Miocene, and Plioceneare

mostlyvolcanicallyderived(Loveand Christiansen, 1985). Although it has notbeen

fully tested,there is reasonto believethat thicksequences of volcanics actuallyfilled the

basinbyMid-Miocene toPliocene: exposures of sediments dated as lateas Miocene time

have beenidentifiedhighup on the Big Hom Mountains (McKenna and Love, 1972;

Love and Christiansen, 1985).
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3.3.5 POST-LARAMIDE (PLIOCENE TO QUATERNARY)

DuringPliocenetime (Keefer, 1965a), the entireWindRiverregion was uplifted

some 3000-4000feet. The causeof thisuplifthas not beenestablished. The maineffect

was that large-scale erosionwasagaininitiated; subsequent sediments in the WindRiver

Basin are all largelythe resultof massivedegradation (Love, 1960).

3.4 PREVIOUS REMOTE SENSING WORK IN AREA

Wyominghas been the objectof remotesensingbased studiesfor manyyears.

Marrs (1978) summarizes someof the earlyremote sensingwork in the WindRiver

Basin. The projectshe discussedinclude: The use of early Landsatdata for lithologic

and structuralwork in the OwlCreek andGraniteMountains (Houston, 1973); the useof

bandratiosin earlyLandsatdata to enhancemineralogic information and studygeneral

lithology(Vincent, 1973a; Vincent, 1973b; Salmonand Vincent, 1974); the useof early

Landsatdataas an oil andgas mappingtool in theBeaverCreekarea (Vincent, 1975);

follow on work withLandsat in theBeaverCreek area (Marrs, 1975; Short and Marrs,

1975;Froman, 1976; Marrs and Kaminsky, 1977);and the application of earlyLandsat

data to soil studiesin the Gas Hills uraniumdistrict (Salmon and Pillars, 1975; Offield,

1975). Marrs summarized theseearly remote sensingapplications as primarily

demonstrating "theutilityof multispectral, multiseasonal, and multiscale imageryas a tool

for geologic mapping andreconnaissance exploration," andemphasized thatalthough

someof theseearly resultswere"negative or inconclusive," therewasstillmuchresearch

to be doneon the application of remotesensing techniques to exploration.

The Joint NASNGeosat Test CaseProject (Settleet al., 1985) was a research

project "toevaluatethe utilityof remotesensing technology for geological mapping in

generaland for resourceexploration in particular." Eighttest siteswerestudiedduring

the project, including a site in PatrickDraw, Wyomingin theGreenRiverBasinanda site

over CopperMountain in the OwlCreekMountains. The PatrickDrawsite wasincluded

to study the application of remotesensingdata for detectinghydrocarbon seepage. The

CopperMountainsitewas includedto applyremote sensingdata to studya uranium
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mineralization site. Datawereobtained fromseveral instruments for thesesites,including

the LandsatMultispectral Scanner(MSS), Skylab cameras, the Seasatsynthetic aperture

radar, the airborne Modular Multispectral Scanner (M2S) andNS-OOI Thematic Mapper

Simulator, and laboratory andground-based spectrometers andradiometers. Detailed

summaries of theseprojects are givenin the FinalReportfor theJoint Nasa/Geosat Test

CaseProject (Settleet al., 1985). The general summary of the project was: "Analysis of

multispectral images acquired duringtheProjecthasclearlydemonstrated the practical

utilityof remote sensing methods for resourceevaluation andexploration. However,

additional research is required to develop resource occurrence models thatmakemore

effectiveuseof remotelysensedinformation."

Morerecently, theNASAsponsored WindRiverBasinprojectincludesseveral

studiesover Wyomingsites,including the presentresearch. A workshop sponsoredby

the Jet Propulsion Laboratory (JPL)as partof theBasinprojectbroughttogether

scientistsfrom varieddisciplines studying thegeologyof sedimentary basins. In the

report summarizing thisworkshop, Lang(1985) statedthat the goal of the WindRiver

Basinprojectwas to "evaluate thefeasibility of usingstate-of-the-art satellite andaircraft

remote sensingsurveysfor stratigraphic and structural analysis in a NorthAmerican,

westerninterior, sedimentary basin." ResultsfromtheBasinsprojecthavebeenreponed

by Evans and Schenck(1984), Langet al. (1984), Payloret al. (1984),Conel et aI.

(1985),Lang et al. (1987), and Stuckyet al. (1987).

Langet al. (1987) presentresultsfor the useof ThematicMapper(TM) data

combinedwithdigitaltopographic data. Theyemployed thesedata sets for a sequence of

Paleozoicand Mesozoic rocksin the Southern BigHom Mountains "tomaplithologic

contacts,measure dip and strike,and to develop a stratigraphic columnthat is correlated

withconventional surfaceandsubsurface sections." Additionally, theyexpandedon the

mineralogic interpretation of thedefined unitsusinginformation extracted from the

AirborneImagingSpectrometer (AIS) and theThermal Infrared Multispectral Scanner

(TIMS). Theyconclude thatthe application of theirmethods for developing theremote
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sensingbasedstratigraphic column "islimitedprimarily byavailability of multispectral

and topographicdata, andqualityof bedrockexposures."

Stuckyet al. (1987) employed TM andTIMSdata sets acquiredoverexposures of

Eocene rocks in the northeastern WindRiverBasin. Theyapplythesedata setsto their

ongoing study of fossil-bearing unitswithin theWind RiverFormation. Usingonly

simple imageanalysistechniques, theywereableto constructmapsof "(1) the fault

contact boundarybetween the Lysite andLost Cabinmembers of the Wind River

Formation (1:250,000); and (2)a complexnetwork of fluvialribbonchannelsandstones

in the type area of theLost CabinMember(1:24000)." Theyemphasize that, "The

synopticview of Eocenefluvial facies providedby imagesclarifies themorphology of

ribbon channel sandstones (including sinuosity, trend, andextent), as well as their

relationshipsto fossil-bearing overbank/floodplain faciesand certainpaleosols."

3.5 DATA SETS

As part of theNASAsponsored WindRiverBasinproject,remotesensingdata

sets from severaladvanced remotesensinginstruments havebeenobtainedoverareas in

the Wind River Basin. Thesedata setscoverexposures of sediments in the easternWind

River Basin datingfrom thePre-Cambrian to the Holocene. Four typesof remote

sensingdata sets wereexaminedin thisresearch. Thesedata setswere acquired primarily

as part of the paleontological research effortof Stuckyet al. (1987). Thecharacteristics

of the four data setsaredescribedindetail in Chapter2 of this dissertation.

SeveralLandsatthematic Mapper(1M) scenes areavailable, imagingtheWind

River Basin and parts of the Big Homand PowderRiver Basins. The TM acquiresdata

across six wavelength regionsin theO.4Jlm to 2.5J,1m spectralrangeand also a seventh

region across the 8-12J,1m range.

TM data fromboththe Landsat 4 and Landsat5 satellites wereavailable. The TM

4 data were usedonlyfor calibration purposes, as thesedatahad beencalibrated earlier

using ground truth methods (Conelet al., 1984). The TM 5 data set for the studyarea is
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using ground truth methods (Conel et al., 1984). The TM 5 data set for the study area is

shown in Figure 3.1. This figure is a three-color composite of three of the TM image

plane: Channels one, two, and three were mapped to the red, green, and blue display

planes, respectively. This data set was coregistered to the Digital Elevation Model data

available for the study area.

Data were acquired with the NASA NS-001 Thematic Mapper Simulator. The

NS-001 acquires data across seven bands corresponding to the TM bandpasses, as well

as an additional band centered near 1.15J.1m. The TMS data set for the study area is

shown in Figure 3.2. This figure is a three-color composite of three of the TMS image

planes from the calibrated data set: Channels one, two, and three were mapped to the red,

green, and blue display planes, respectively. This data set was also coregistered to the

Digital Elevation Model data available for the study area, and consequently to the TM 5

data set as well.

Data from the Thermal Infrared Multispectral Scanner (TIMS) are also available.

The TIMS is an airborne instrument and was first flown in 1983. The TIMS acquires six

bands of data across the 8-12J.1m spectral region. The TIMS data set for the study area is

shown in Figure 3.3. This figure is a three-color composite of three of the TIMS image

planes from the calibrated emittance data set: Channels one, two, and three were mapped

to the red, green, and blue display planes, respectively. This data set was also

coregistered to the Digital Elevation Model data available for the study area, and

consequently to the TM 5 and TMS data sets as well.

Data from the JPL Airborne Imaging Spectrometer (AIS) are available. The AIS

was first flown in 1983. The AIS acquires data across 128 channels from 1.2Jlm to

2.4J.1m at a nominal spectral resolution of O.0094J.1m. The AIS flightlines that were

acquired cover the area of interest only peripherally. These data were not used in the

analysis.
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Additionally, color infrared photos were acquired along the 1MS and TIMS

flightlines. Black and white photos were acquired along the groundtrack of the AlS.

These photos were used during field reconnaisance of the study area in order to correlate

ground observations and spectral data Ground photos of sediments exposures in the

study area were acquired during field visits.

Digital terrain data are also available for the study area-corresponding to and at

the same scale as the 1:24000 (7-1/2') USGS topographic quadrangles. These data were

produced by USGS as part of the Digital Elevation Model (DEM) ongoing project These

DEM data corresponding to the TM 5 data set are shown in Figure 3.4.
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FIGURE 3.1 Landsat 5 Thematic Mapper Data for Study Area

Composite Image formed using: Red: Channel 3 (0.66Ilm)

Green: Channel 2 (0.56 urn)

Blue: Channell (0.485 urn)
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FIGURE 3.2 Thematic Mapper Simulator (NS-OOl)Data Set

Composite Image formed using: Red: Channel 3 (0.66 urn)

Green: Channel 2 (0.56 urn)

Blue: Channel 1 (0.485 urn)
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FIGURE 3.3 Thermal Infrared Multispectral Scanner Data Set

Composite Image formed using: Red: Channel 3 (9.2 urn)

Green: Channel 2 (8.8 urn)

Blue: Channell (8.4 urn)
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FIGURE 3.4 DigitalTerrain Datafor StudyArea

The data are displayedso that low values are black(er) and high

values are white(er).
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3.6 METHODOLOGY: TMS DATA SET

As discussedabove, thegeologyof the studyareais composedprimarilyof soils

of variousages. The ferricoxide weathering productsfoundin thesesoils yieldstrongly

responsive spectra. Channels 1,2, and 3 of the TMS instrument (centeredat 0.485 urn,

0.56 urn,and 0.66 urn, respectively) cover the most significant regionsof response. A

three-colorcompositeof the studyarea basedon these threebandsis shownin Figure

3.5.

In principle,it is possible tocollapsetheTMSandTIMSdatasetsinto a single

spectraldata set, as ifreceivedfroma singleinstrument withtheircombinedbandpasses.

In practice,however, the signals fromTIMS are so much"noisier" than theTMSdataset

that better accuracy is achieved byprocessing themseparately.

Sincethe ironoxidesare highly diagnostic in terms of thecombinedeffectsof

weathering andoriginalcomposition, the basic TMS three-color composite (shown in

Figure 3.5) was used to defmeprimaryunitsin the scene. This is thenextendedto TM

data by extrapolation, andfinally augmented by thermal infrared spectrafromTIMS. The

overallprocedurecan be outlined as follows:

1) Selectunits from theTMSthree-color composite. Thisconsistsof manually
selectingseveralbasepixelsof eachcolorand testing their spectraagainst
the averagespectraof otherpixelsof the samecolor toverify their
"centrality"to theset.

2) Clusterall pixelswithin certainthreshold limits into units.

3) Run theLinearMixing Modelon the scenetodetermine. the"endmembers"
that contribute to thescene.

4) Applythederivedendmembers toeachof theTMS units for compositional
information.

5) Definetheco-calibrated TM-5unitswithin the basesceneas theirTMS
counterparts, and thenextendtheunit mapacrosstheentireTM-5scene.

6) SelectTIMSunitsfromratiosof channel4 tochannel3, channel2 to
channel5, and channel 2 to channel 4.
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7) Cluster TIMS pixels within threshold limits.

8) Run Linear Mixing Model to determine endmembers for TIl\1S units.

9) Analyze correlations between TIMS and TMS unit maps.

10) Coregister digital elevation data with the TMS and TIMS scenes and analyze

s~atial relationships ofdefined units.

The objective of this research is to identify and characterize spectrally distinct

surface units and to place them into geological context. The primary requirement to

meeting this objective is the separation of surface and non-surface (instrument,

atmospheric, and photometric) components of the remote data sets. This requirement was

met with calibration of the data to surface reflectance, as described in Chapter 2.

However, the data include contributions from all components of the surface-both

geologic and non-geologic (mostly vegetation). For the present research only the

geologically derived materials are of interest. Therefore the final data processing

objective was to separate the data into geologic and non-geologic spectral components,

isolating the geologic components for characterization.

The primary objective of this research is to develop a set of sub-units, or facies,

for the Lost Cabin Member of the Wind River Formation which is the Eocene age unit

exposed in the study area. A further objective is to demonstrate that multispectral image

data sets acquired for the study area can be used to define spectrally-based, but

geologically relevant facies.

The data sets used for this research are described in detail in Chapter 2. The

multispectral data sets consist of an NS-OO1 (TMS) image set with six spectral channels

from 0.4 to 2.4 J..Lm, and a 11MB image set with six spectral channels from 8 to 12 um.
In addition to these data, other data sets used consist of digital terrain (OEM) data, aerial

photographs acquired concurrently with the image data sets, and samples and ground

photography acquired during visits to the site.
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FIGURE 3.5 TMS Data Subset for Eocene Exposures

Composite Image formed using: Red: Channel 3 (0.66 urn)

Green: Channel 2 (0.56 urn)

Blue: Channel I (0.485 um)
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Beforethe imagedata couldbe applied to quantitative analysis,it wasessential to

calibrate thedata to unitsof reflectance (forthe1MS data)andof emittance (fortheTIMS

data). The details of thesecalibrations are givenin Chapter2. The chief advantage to

calibrated data is thatthedata are thenreferencable to laboratory data setsandcalibrated

data sets from other instruments. With thedata in calibratedformat, knowledge from

other sourcesregardingthe spectral properties of materialsmay be usedto analyze the

pixel spectraextractedfromthesedata.

The calibrated datarepresent only the signalfrom the surface,withouttheeffects

of instrumentresponseor the intervening atmosphere. However, thedata may still

includeeffectsfrommaterials notdirectlyattributable to long-termgeological processes,

suchas vegetativecoverand localerosional remnants. Thedata must be furtheranalyzed

to includeonly the components of the signalattributable to materialsof geologic

relevance.

A limitednumberof approaches existfor performingthis "demixing" of complex

signals. Arguablythe most straight-forward approach,in terms of the physical theory, is

to use absorption bandsor features to definematerialssignaturesand to use someprocess

to searchfor these spectralfeatures in thepixel spectraof a data set Thisapproach is

onlyeffectiveif thematerialsof interestin thedata set possesscharacteristic absorption

features and theseabsorption features are evidencedin the data. If the mostdiagnostic

features are notevident, thenother,moresubtle, characteristics must be used. These

more subtlecharacteristics may be less intenseabsorptionbands,or "whole spectrum"

characteristics such as spectralslope,overallalbedo,or bandcombinations.

Two methodswhichhavebeenusedfor imagecharacterization basedon whole

spectrum characteristics are spectrum alarming and the LinearMixingModel. In the

spectrumalarmingmethodtheimagedata set is compared,pixel by pixel, to a reference

spectrumwhichrepresentsthe material of interest. A metric,such as the numberof

channelsin a pixel spectrum that fallwithina set threshold distancefromthereference

spectrum, is usedto determine the similarity of the pixel spectrumto thereference
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spectrum. There are many variations on thisapproach: The thresholdcan be a single

value,or definedon a channel-by-channel basis; thereference spectrum may be apixel

spectrum extractedfrom the imagedataset,or a spectrum selected froman available

library of spectra;or the data can first beencodedaccording to somesystem,suchas the

Hamming distance, and the metricdefined relative to this system. A moreelaborate

variation on this approachis to use several spectraas referencespectraand to parse the

data setinto units basedon relativesimilarity to thereference spectra.

The LinearMixingModel(LMM) approach is basedon the hypothesis thateach

pixel spectrum in an imagedata setcan be modeled as thelinearsumof thefractional

contributions of a primarysetof spectral components. Thesecharacteristic spectraare

termed "endmembers", and may be selected from thepixel spectrain thedata set,or from

an available libraryof spectra.

These spectralendmembers can be categorized, basedon analystunderstanding,

accordingto the typeof materialrepresented. For instance,for a six bandsystemwith

data acquired overa naturalsettingthereare typically threecategories of primary

components that accountfor the bulkof the spectral variation in thedata set. Thesethree

categoriesmay be categorizedas a vegetation component, a soilor rock component, anda

shade (or "darkening") component.

Theprimaryspectralcomponents or endmembers togetherconstitute the

background model for a data set. In addition to thesebackground endmembers theremay

also be severalresidualendmembers defining the dataset. Theresidualendmembers

represent materials or spectralcomponents thatarenotfullycharacterized by the

background model. These residual endmembers areoften the materialsof mostinterest,

becausetheyare bydefinition localcomponents thatrepresent anomalous materials not

typical to the background. Examples of features thatmaygiverise to residual spectraare

local rockoutcrops, localized weathering products, roads, streams,and the associated

vegetation along thestream.
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Severalproductsare output fromthe LMM: The set of endmembers(background

and residual), the fractionplanes associated with theendmembers, and the residualcube

associatedwith eachresidualendmember. Theresidualcube and fractionplane for each

residual endmemberare related, buttheresidualcube givesband-by-band variancewith

the background-and so potentiallyholdsmoredetailedinformation. The fractionplane

gives distributioninformationabouttheresidualendmember. The fractionsby

themselvesare used to map the intensity of occurrence of thematerial type which they

represent. The fraction planes can alsobe combinedto formunit maps representing

compositecharacteristics. For instance, the fact thatvegetation cover is sparse over a

given rock or soil unit mightbe a diagnostic indicatorfor thatunit, or an indirect indicator

of the angle of repose of another unit.

The TMS and TM sensorchannels coverspectral regionswhich are sensitiveto

the presence of chlorophyll,to the oxidation stateof iron, to the presence of water, and

potentially to the presenceof clay and carbonate minerals. The exposedrock unitsof the

Eocene are characterizedby variations in the stateandpresenceof the mineralsof iron

oxide, clay, carbonate, and gypsum, as well as the silicacontent. The TMS and TM data

are thus well-suited to thecharacterization of mostof thesignificantpropertiesof the

Eocenematerials.

The approachusedhere for theanalysisof theTMSand TM reflectancedata sets

was a combinationof twoof the methods describedabove. The spectral response of iron

oxides imparts a strongvisual color to rockscontainingtheseminerals. This effect is

clearly evident in a "true-color" three-color composite of theTMSdata for the studyarea,

as shown in Figure 3.5. This composite was formed usingTMS channels 1, 2, and 3,

centered near 0.485 um, 0.56 um, and 0.66J.11Il, respectively. The primary spectralunit

map for the TMS data wasconstructedbasedon this three-color composite, using the

spectrum alarmingmethodof formingspectralclusters.

An initial setof units was defined by visuallyselecting pixels that represented

each of the visible colors in the composite image. Severalpixelswere selectedfor each
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unit and the averageof these pixels usedas input to the clusteringroutine. The clustering

routine then assignedeach of the pixelsin thedata set to one or anotherof the units. The

assignment was made basedon the Euclidian distanceof eachpixel from each unit

spectrum: the pixel was assignedto the unit for which thecomputeddistance was the

smallest. Allpixelsfallingoutsidea definedthreshold valuefor the Euclidiandistance

(= 15) wereclassed as outliers. For the 512 by512 TMSdata set, 640 pixels, scattered

throughoutthe data set, fell outside this threshold.

Basedon this three-colorcomposite, twenty-two unitswere definedfor the TMS

data. TheTMS data set wasclassed into these twenty-two units, plus an outlier unit,

usingthe spectrumalarmingmethodof data classification. These twenty-threeunitswere

used as theprimary basis for interpretation as discussedin Section 3.9 below. In Figure

3.6 these units are displayedwith a color look-up table.

TheLinearMixingModel(LMM) wasappliedto the TMS data set. The resulting

eight characterizing endmembersare shown in Figure 3.7. The endmemberone ('EMl')

spectrumis the "shade"endmember. High valuesof fractionone represent areas thatare

dominatedby topographic shadowing of other materials. The endmembertwo ('EM2')

spectrumresembles that for a brightsoilwith nocontributionfrom ferric iron, but a

moderately strongfeaturenear channelfive,potentially indicative of ferrousiron (see

Adams, 1974). The endmember three CEM3') spectrumresembles that for a soil or rock

with moderate reflectivity, and withno strongdefiningspectrumfeatures. Based on the

rise in reflectance from channel one to channel three, this soil or rock is probably a

reddish-gray in color. The endmemberfour ('EM4') spectrumresembles that of a typical

soil or rock, probably grayish brownin color. The endmemberfive ('EMS')spectrumis

primarily the spectrumof vegetation, as is alsoevidentuponexamination of fractionplane

five. The endmember six ('EM6') spectrumresemblesthatof a soil or rock that has a

strongferrous iron content, but is beginning tooxidize to ferriciron. The endmember

seven ('EMT) spectrumresemblesthat of a bright soilor rock with a strong contribution

from a ferricoxide, interpretedas hematitebasedon thediagnostic slopes (as discussedin

Singeret al., 1984)from channelone to channel two (43.747) and channel two to
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channel three (127.04), and with some moisture content. The endmember eight ('EM8')

spectrum resembles that of a gray soil or rock with a strong contribution from ferrous

iron, as evidenced by the feature near channel five. These interpretations are summarized

in Table 3.1.

TABLE 3.1

TMS Endmemeber Definitions

EMI Shade.

EM2 Bright gray soil or rock with ferrous feature.

EM3 Moderately bright reddish-gray soil or rock.

EM4 Spectrally featureless gray soil or rock.

EMS Vegetation.

EM6 Soil or rock with ferrous and ferric features.

EM? Hematitic, bright reddish-gray soil or rock.

EM8 Medium gray soil or rock with ferrous feature.

3.7 METHODOLOGY: TMDATASET

The Thematic Mapper data do not have the spatial resolution of the TMS data, and

thus the detailed units recognition that is possible with the TMS data is not possible with

the TM data. However, six of the seven TMS spectral channels are essentially the same

as the six TM channels. Further, the TM and TMS data have been co-calibrated. This co

calibration means that the spectral classes defined for the TMS data, at high spatial

resolution can be used to classify the TM data. The same twenty-two classes, plus an

outlier class, were defined for the TM data as were used to classify the TMS data. No

further units definition was required for the TM data. These units for the TM data are

displayed in Figure 3.8, using the same color look-up table as was used for the TMS

data.
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FIGURE 3.6 Classification MapforTMS Data Subset

The 22 unitsaredifferentiated by falsecolor.
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FIGURE 3.8 Classification Map for TM Data Set

The 22 units are the same as for the TMS data set.

111



3.8 METHODOLOGY: TIMS DATA SET

The TIMSdatawere calibrated to unitsof emittance, as described in Chapter2.

Thisemittancedata setwas reducedto its component spectral parts usingessentially the

samemethodsas wereusedfor theTMSdata reduction: A setof LinearMixingModel

basedendmembers andassociated fraction planeswascomputed for thedata set anda set

of spectralunits weredefmedbasedon a three-color composite image. For the

wavelength range spanned by theTIMSchannels, the first threechannels are primarily

sensitiveto silicacontent, channelsthreeandfourare sensitive to claycontent,and

channel six is potentially sensitiveto carbonate content(Kahle andGoetz, 1983).

However,in order to definethe temperature imagefor the11M:S data set,and henceto

calibrateto emittance,channelsixwas usedas theprimary calibration channel; thus,

information potentially obtainable from thischannelis eitherobscured, or possibly

reflectedin channelfive. Channelsthree, four and five wereused to form the three-color

composite. This color compositeis shownin Figure3.9. This compositewas formed

withchannelthree assigned to the red colorchannel,channelfour assigned to the blue

colorchannel,andchannelfive assigned to thegreencolorchannel.

Basedon this composite, 9 unitsweredefmedfor theTIMSdata set, plus an

additionalunit for outliersabove the0.05 threshold set for theclustering. The data were

classifiedaccordingto these9 units. Theresultingunit mapis shownin Figure 3.10,

usinga color look-uptable.

The application of the LinearMixing Model(LMM) to theTIMS emittance dataset

yieldedsix endmembers. Endmembers "EM2" and "EM4" aredominated by a spectral

featurein channelthree, corresponding to a silicaemittance feature. Endmember "EM3"

is dominatedby a spectralfeaturein bandfour, corresponding to the emittanceresponse

of clay minerals. The descriptions for theseendmembers are summarized in Table3.2.
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FIGURE 3.9 Thermal Infrared Multispectral Scanner Data Set

Composite Image fanned using: Red: ChannelS (10.7 urn)

Green: Channel 4 (9.8)

Blue: Channel 3 (9.2 urn)
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FIGURE 3.10 Classification Mapfor TIMS DataSet

The9 unitsaredifferentiated by false color.
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TABLE 3.2

TIMS Endmember Definitions

EMI Shade.

EM2 Silicafeature.

EM3 Clayfeature

EM4 Deepersilicafeature.

EMS Silicaandclayfeature.

EM6 Featureless.

The "noisiness" of the TIMS data, coupledwith theonly very broaddefinitions

possiblefor the spectrally definableunits,madecorrelation ofTIMS units withTMS or

TM units extremelydifficult. Forthesereasons, the TIMSdata werenotused further in

the analysis.

3.9 METHODOLOGY: DIGITAL ELEVATION DATA SET

The Laramide orogenic activity waslargely complete, exceptfor localtectonic

activity,during the early Eocene. TheWindRiverFormationwas deposited duringthis

periodof relative, aggradational, quiescence. At the timeof deposition the unit was

largelyflat-lying, fillingin thepre-Eocene topography. Duringthe Pliocene the whole

region was upliftedsome3000-4000 feet (Keefer, 1965a), initiatinglarge-scale erosion,

whichhas continuedto the presentday.

An objective of this research is to establish the spatialrelationships between

spectrally definedsub-units to theWindRiverFormation. DigitalElevation Modeldata

are available, whichcorrespond to the areacovered by theThematicMappersub-scene.

This DEM topography image is shown in Figure3.4. This figure was producedusinga

color look-uptablewith a smoothtransition of valuesfrom low (black)to high (white)

elevations. Ifa simplerlook-uptableis used,havingonly five distinctcolors (black

blue-green-red-white), thena largescaletopographic trendaffecting theregionbecomes

more apparent. Figure 3.11 showsthe DEMdata displayedusing this simplerlook-up
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table. The exposures ofEocene materials are not evident in this image, as the image is

dominated by the roughly 500 meter differencein elevationfrom the lower-lying basin to

the northern highlandsoccurring in the data set.

The dip of the Wind River sediments in the study area do not exhibit the slope

dominating the region. Stucky et al. (1984) measured, using a plane-table, the angle for

some of the exposures in the study area and found that the angle was very shallow,

typically 1 to 3 degrees. In order to produce a topographicmap more representative of

the Eocene depositionalperiod, it is desirable to remove the regional trend in topographic

slope.

3.9.1 SUB-AREA CORRESPONDING TO TMS DATA

A subsetof the DEM data wasextractedcovering the local study area. These data

are shown in Figure 3.12, using the black to white look-up table, and in Figure 3.13

using the five color look-up table. Again the data are dominated by the regional slope.

To model this regional slope, a single-order trend surface was fit to the data, using a

modification ofan algorithmpresented by Davis, 1973. Two products are output by this

routine: the computed planer trend surface, and thedeviations in the data from this trend.

These two products are shown in Figures 3.14 and 3.15, using the five color look-up

table. The computed trend surface image is scaled the same as the data shown in Figure

3.14, and is a good match to this data set. Examinationof the elevation deviations in

Figure 3.15 shows that this topographic map is dominated by the Eocene exposures, as

was desired. This elevation deviationsmap is used in subsequent analysis involving the

DEMdata.

3.9.2 SUB-AREA CORRESPONDING TO TM DATA

The larger studyarea covered by the ThematicMapper naturally includes greater

topographic complexity. The digital elevation data for this larger study area are shown in

Figure 3.16 using the black to white color look-up table. The present research is

concerned with the exposures within the Wind River Basin area ofEocene materials. The
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portion of the digital topographic data corresponding to the basin has a simpler

topographic trend. The data area extracted over the basin is shown using the five-color

look-up table in Figure 3.17.

This extracted basin topographic data set was also fit with an order one trend
i.

using the modified Davis algorithm. The resultant estimated trend surface is shown in

figure 3.18, again using the five color look-up table. The computed trend surface image

is scaled the same as the data shown in Figure 3.17, and is a good match to this data set.

The map ofelevation deviations from the trend surface that results when the trend surface

is removed from the digital elevation data is shown in Figure 3.19, using the same five

color look-up table.

Examination of the elevation deviations in Figure 3.19 shows that this

topographic map is dominated by the erosional surface defmed by the river channel

running across the near-center of the image. This result is compatible with the

observation that the Eocene materials are being progressively exposed in the basin by the

effects of erosion.
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FIGURE 3.11 Digital TerrainDataDisplayed with SimpleColorLook-upTable.
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FIGURE 3.12 Subsetof Digital Terrain Data

The data aredisplayedso that low values are black(er)and high

valuesare white(er).
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FIGURE 3.13 Subsetof DigitalTerrainData Displayedwith SimpleColor Look

up Table.
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FIGURE 3.14 TrendSurfaceDeveloped for the Digital Terrain DataSubset

Displayed Usinga SimpleColorLook-up Table.

121



FIGURE 3.15 Map of Deviations fromTerrainTrendSurfaceDisplayedUsinga

Simple ColorLook-up Table.
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FIGURE 3.16 DigitalTopographic DataCorresponding to TM Data Set,

DisplayedUsing Black andWhite Look UpTable.
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FIGURE 3.17 DigitalTopographic Data Corresponding to TM DataSet,

DisplayedUsing5 Color Look Up Table.
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FIGURE 3.18 First OrderTrendMapof TopographicData for BasinArea,

DisplayedUsing5 Color Look Up Table.
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FIGURE 3.19 Elevations Deviations from FirstOrder TrendFit for BasinArea,

DisplayedUsing5 ColorLook Up Table.
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3.10 INTERPRETATION

The objectiveof this researchis to producespectral units,or lithofacies,

characterizations for exposures of Eocenesediments in the studyarea. This

characterization is presented here,firstfor the studyareafor whichrelatively high spatial

resolutionspectraldata are available (TMS andTIMS),and then, usingthe high

resolutionresults as the basis,thelarger studyareaencompassed by theTM data set is

characterized.

The averagespectrum foreachclass,as well as thedefinitive (or"centroid")

spectrum, was alsocomputed. These average spectraaredisplayedtogetherwiththe

corresponding centroidspectrumin Figure3.20. It is apparentin thesechartsthat the

averageand centroidspectraare essentially the same,supporting the uniformity of the

definedclasses.

The definedunitsallowfor geologic andnon-geologic materialsto be

distinguished. Classes 10 and 5 areclearlynon-rockor non-geologic, representing

vegetation and waterrespectively. However, this spectralinformation alone is insufficient

to identifywhetherthe remainingunits representrockfacies,or simply erosional runoff,

or whethera facies is of Eoceneage. Thesedistinctions havebeenmadeusingthe

available topographic data, andexamination of spatialrelationships between, andwithin,

the defmedclasses.

TheTMS data allowfor the basiccharacterizations of theseunitsaccording to the

strengthof the ferricoxidecontribution (asdetermined by the relative positions of TMS

channelsone throughfour), theprobablepresenceof gypsum(asa spectralbandcentered

in TMS channelsix),and theprobablepresenceof clayand/orcarbonate (asa spectral

bandcenteredin channelseven).
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A further characterization of these units can be made using the LMM endmember

fraction planes. To summarize this information the average set of fractions for each unit

was computed. These fraction sets are graphed in Figure 3.21 for each of the TMS units.

For a given unit, the larger the fractional contribution is to the unit spectrum, the more that

endmember contributes to the spectrum. Large positive fractions imply that the unit

spectrum strongly resembles that endmember, while large negative fractions imply that the

unit spectrum strongly does not resemble that endmember.

Interpretations of the defined twenty-two units are presented in Section 3.12.

These interpretations are based on several pieces of evidence: 1) The spectral properties

evident in the average and centroid spectra for the units; 2) The occurrence of the defmed

units in the image data set; and 3) The average LMM fraction set for each unit.

Examination of these pieces of information for the twenty-two TMS units

suggests that some sets of units may be combined into single units: The spatial

occurrence of units 1,2,3, and 4 is depicted in Figures 3.22a-d. There are two basic

modes of occurrence of these units, either as well-constrained sediments within the

Eocene exposures, or as an erosional product along streams and resevoirs. These two

modes of occurrence are represented in all four units. Further, the spectra and the

endmember combinations for the four units differ only subtly, primarily in the apparent

hematitic contribution. For these reasons, and especially because these four units do not

seem to represent unique types of outcrop, the four units are regrouped into a single unit,

named Unit A.

The spectra for units 6, 7, 8, 9, and 19 are all interpreted as representing a gray

brown soil or sediment. The modes of occurrence for the five units, as depicted in

Figures 3.24a, 3.25a, 3.25b, 3.25c, and 3.24b, respectively also suggest the the units all

represent occurrences of the ubiquitous brownish (Quaternary) soil with sparse grass

cover. These five units are regrouped into a single unit, named Unit B.
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The third regrouping is the combination of units 11, 12, and 14. Spectrally, these

units are similar, representing bright gray sedimentary materials. Also, the units have

similar modes of occurrence, as primarily the erosional outwash from other sediments,

but also potentially as one of the striations within the Eocene exposures (see

Figures 3.26a, 3.26b, and 3.26c). These three units are regrouped into Unit C.

Units 13 and 15 are spectrally similar, interpreted as representing a light red

(pinkish) sediment or soil. The interpreted modes of occurrence for the 1\\'0 units, from

Figures 3.27a and 3.27b, are as the eroded outwash surrounding the Eocene exposures,

but not as one of the Eocene facies. These two units are regrouped into Unit D.

Unit 21 is similar spectrally to units 13 and 15, and for the most part the spatial

occurrence the three units are also similar. However, unit 21 is classed separately from

units 13 and 15 because, based on Figure 3.26d, this unit also potentially represents

sediments within the eocene exposures. Therefore this unit is grouped separately as

Unit E.

Units 16 and 22 have similar spectra, but are distinct from the other 20 units.

These units are interpreted as representing a soil dominated by ferrous iron. Also, as

depicted in Figures 3.28a and 3.28b, these units occur within the Eocene exposures, but

appear to represent either Quaternary fill within these exposures or outwash from the

exposures, rather than Eocene sediments. These two units are regrouped into a single

unit, named Unit F.

Units 17 and 18 have very similar spectra. Both units represent some of the

brightest materials occurring within the study area and appear to be primarily the erosional

remnants of Eocene materials, as depicted in Figures 3.28c and3.28d. These units are

regrouped into Unit G.

Unit 5 represents liquid water, unit 10 represents green vegetation, and unit 20

represents primarily areas of dense shadow. Because these three units do not represent

materials ofgeologic significance, the three units are regrouped into a single unit, named

Unit H. These three units are depicted in Figures 3.27a-c.
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FIGURE 3.22a Pixels Classed as Unit 1 Shown in Solid White.

FIGURE 3.22b Pixels Classed as Unit 2 Shown in Solid White.
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FIGURE 3.22c

FIGURE 3.22d

Pixels Classed as Unit 3 Shown in Solid White.

Pixels Classed as Unit 4 Shown in Solid White.
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FIGURE 3.23a Pixels Classedas Unit 5 Shown in Solid White.

FIGURE 3.23b Pixels Classed as Unit 10 Shown in Solid White.
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FIGURE 3.243

FIGURE 3.24b

PixelsClassedas Unit6 Shownin Solid White.

PixelsClassedas Unit 19Shownin Solid White.
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FIGURE 3.25a

FIGURE 3.25b

Pixels Classed as Unit 7 Shown in Solid White.

Pixels Classed as Unit 8 Shown in Solid White.
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FIGURE 3.26a

FIGURE 3.26b

Pixels Classed as Unit 11 Shown in Solid White.

Pixels Classedas Unit 12Shown in SolidWhite.
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FIGURE 3.26c

FIGURE 3.26d

Pixels Classed as Unit 14 Shown in Solid White.

Pixels Classed as Unit 21 Shown in Solid White.
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FIGURE 3.273

FIGURE 3.27b

Pixels Classed as Unit 13 Shown in Solid White.

Pixels Classed as Unit 15 Shown in Solid White.
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FIGURE 3.28a

FIGURE 3.28b

Pixels Classed as Unit 16 Shown in Solid White.

Pixels Classed as Unit 22 Shown in Solid White.
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FIGURE 3.28c Pixels Classed as Unit 17 Shown in Solid White.

FIGURE 3.28d Pixels Classed as Unit 18 Shown in Solid White.



These eight regrouped units, A-H, are shown in Figure 3.29. Each new unit is

assigned a colorfor displaypurposes, as indicated in Table 3.3. Of theseeight units,

those that representsediments withinthe Eoceneexposures are A, C, andE.

TABLE 3.3

Color Assignments for TMS Simplified Units

Unit Color

A Red
B LightGray
C Blue
D Green
E Yellow
F DarkGray
G White
H Black

3.10.1 RELATIONSHIP TO PALEONTOLOGICAL UNITS

Extensive paleontological research has been donein theEocenesediments of the

WindRiverBasin. The mostrecentstratigraphic research in the area is thatconductedby

Stucky (l984a and 1984b), for the Carnegie Museumof NaturalHistory. In this work,

Stuckydocumented the "stratigraphic distributions of approximately 120mammaiian

speciesin the upperpart of theWindRiverFormation", and mappeda thirdunit within

the Formation, whichhe termedthe "RedCabinFacies". A key resultof Stucky's

research. linkinghis work to thatof previousresearchers (e.g.Granger. 1910and

Guthrie, 1971. as referenced in Stucky. 1984a), is the summary finding thata unit within

the Lost CabinMember. variously termedthe "darkred stratum" (Granger. 1910,as

referencedin Stucky. 1984a). the "maroon shale"layers(Guthrie. 1971. as referenced in

Stucky, 1984a), or the "mottled red unit" (Stucky, 1984a), is highlyfossiliferous. but not

correlatedin thetwoprinciapl occurrences of thismaterial. at DavisRanch andBuck

Spring. Previousresearchers (e.g.•Granger. 1910. and Korth. 1981)had suggested.

basedprimarilyon the similarity in colorand thehighfossilcontent(as summarized by

Stucky), that the twoprimaryoccurrences of the unitwerestratigraphic equivalents.
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FIGURE 3.29 TMS Data Showing Eight "Regrouped" Units.
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Stucky (l984a) shows in his Figure 11 the occurrence of this "dark red stratum"

in the Davis Ranch locale (correspondingto the present study area). This unit was

photographed during field work for the present research and is shown in Figure 3.30.

This unit is also the primary unit represented by TMS Unit A.

The occurrences of Unit A whichcorrespondto Eocene sedimentsmay be

distinguishedfrom those occurrenceswhich are erosionalremnants by the topographic

range in which the unit occurs. The outcrops which are within the Eocene exposures

occur within a range of -13 meters in elevationdeviation(withrespect to thedefined trend

surface) to 6 meters in elevationdeviation, This range coversmuch of the study area, but

does not include those areasalong the stream bed and erosionalpaths. The area covered

by this topographic range is shown colored in bluein Figure 3.31.

Therefore, within the study area the Stucky's "mottledred unit" correspondsto

the spectrally-definedUnit A, and occurswithin a range in elevationdeviationsfrom the

trend surface of -13 to 6 meters.

3.10.2 EXTENSION TO TM DATA SET

The same consolidationof units from twenty-two to eight can be madefor the1M

data. This data set is shown in Figure 3.32, with the colors indicating units as given in

Table3.3 above. Several potential occurrencesof the fossiliferous Unit A are evident in

the data. Some of these occurrencesare clearly alongstreamchannelsandresult from

erosion. Within the study area defined by the TMS sub-scene,roughly the same set of

occurrences are evident within the TM scene as within the TMSscene, allowingfor the

difference in spatial resolution of the two data sets. This area for the two data sets is

shown in Figures 3.33 and 3.34.
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FIGURE 3.30 GroundPhotoShowingOccurrence of Dark RedStratumin Davis

Ranch Area.
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FIGURE 3.31 Depiction of DavisRanchAreaShowingElevation Deviation

RangeCorresponding to Dark Red Stratumin Blue.
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FIGURE 3.32 TM Data Showing Eight "Regrouped" Units with Same Color Map

as forTMS.
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FIGURE 3.33 TMS Eight SpectralUnits Mapfor Davis Ranch Area.
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FIGURE 3.34 TM EightSpectral Units Mapfor DavisRanch Area.
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One area of occurrence of Unit A outside the TMS study area corresponds to the

second paleontologically significant outcrop of the "dark red stratum" discussed in Stucky

(1984a). This corresponds to his Buck Spring locale, and is probably the type location

for the Lost Cabin Member, as defined by Sinclair and Granger (1911, as referenced by

Stucky, 1984a)~ This area and the Davis Ranch area are indicated with enclosing boxes in

Figure 3.35.

The topographic detrending approach used here can be applied to examine the

hypothesis that the Buck Springs locale is stratigraphically above or below the Davis

Ranch locale. The Davis Ranch topographic data have been corrected for regional

trending, so as to "restore" the topography to an Eocene-type scenario. For the Davis

Ranch data, this trend was best represented by an order one surface. The Buck Springs

locale is more complex, topographically: The area has been strongly controlled by not

only the regional, epeirogenic, uplift, but also by the Cedar Ridge fault nearby and to the

north. A single order fit to the topography for the Buck Springs area does not enhance

the Eocene sediments. However, if a second order trend surface is computed, and the

data detrended using this assumption, then the topography does become dominated

primarily by the Eocene sediments. These first order trend and deviation maps are shown

in Figure 3.36 and 3.37. The second order maps are shown in Figures 3.38 and 3.39.

The occurence of the "red stratum" at the Davis Ranch site fell within a

topographic (deviation) range of -13 m to 6 m. For the topographically uncorrected

data-corresponding to the present day topography-the elevation range for the red

stratum at Davis Ranch is 1781 m to 1870 m.

The present-day range of the occurrences of the red stratum at Buck Springs is

from 1825 m to 1935 m. With no correction, these sediments would be placed

stratigraphically above the Davis Ranch sediments. However, if the second order

correction is applied to the Buck Springs topography, the red stratum fall within a range

of -25 m to -12 m, placing these sediments below those at Davis Ranch.
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FIGURE 3.35 TM data for Wind River Study Area. North is at the Top of the

Image. Boxed Regions Show Locations of Davis Ranch and Buck

Springs Study Areas. (Davis Ranch Area is East of Buck

Springs.)
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FIGURE 3.36 First Order Trend Map for Buck Springs Site.
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FIGURE 3.37 Elevation Deviations Mapfor FirstOrderTrendFit for Buck

Springs Site.
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FIGURE 3.38 Second Order Trend Map for Buck Springs Site.
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FIGURE 3.39 Elevation Deviations Map for SecondOrderTrend Fit for Buck

Springs Site.
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This result-that the Buck Springsoccurrencesof the red stratum are below

those at Davis Ranch-supports that of Stucky (1984). Further, as for Stucky's field

and fossil-basedresults, contradicts that of Korth (1981), who placed the Buck Springs

sedimentsabove those at Davis Ranch.

3.11 CONCLUSIONS

Overall, the general conclusionof this researchis that spectraldata, in

combinationwith field work and topographicdata, contributevaluableinformationto

geologiccharacterization. This research also suggeststhat spectraldata of higher

resolution shallprovide a more powerful-and unique-contribution to geological field

research. However, in order to use these (or any) spectral data sets, the calibrationof

the spectraldata has been shown to be critical for converting the data to information.

Under this research, methods were explored and developed to assist in this calibration.

More specificconclusionswhich may be drawn from these results are:

Data Fusion

1) Resultsobtainedfrom aircraft (TMS)data may be applied to satellite(TM)

data, when co-calibrated,to extend the effectiverange of the aircraft data. The data

distribution-basedapproach used here to co-calibrate these broadbanddata sets also has

applicabilityto the calibration of two, or several, satellitedata sets over a site,or to the

reverse of the present application,where a well-calibrated aircraftdata set could be used

as thecalibrationreference for a satellitedata set

2) The TIMS data for this study area did not significantlyextendthe spectral

characterization capabilityof the TMS data, even though the twodata setswere co

registered. One aspect of this result is potentiallyextensible to other data sets: The

limited range of materials in the study are to which TIMS was sensitive (i.e. silica

bearing,clay-bearing, and mixed sedimentsmade TIMS a poor choice of data type for

characterizingthese sediments. A more useful data set to combine with theTMS would

have been a narrow-banddata set in either the visible/near-infrared range or the TIMS
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mid-infraredrange. Such a data set wouldhave allowedthe TMS results to betied to

very specificmineralfeatures. Specifically, instrumentchannels sensitiveto carbonate

and gypsum were lackingand wouldhaveprovideduseful discriminatorsfor the study

area.

3) The co-registration of thespectralbroadbanddata with the digital

topographicdata was morepowerfulthaneitherdata set appliedindependently. The

spectraldata providedmaterials recognition, and the topographic dataprovidedspatial

context. The fusionof thesetwo typesof data with a higherresolution spectraldata set

would have enhancedthe powerof the approacheven more.

Calibration

4) Broadband visible/near-infrared data may be calibratedto reflectance

withoutdirect knowledgeof instrumentparameters. The method used here, however,

did requirea reliablecalibration for one of thedata sets, and requiredthat the data

overlapin terms of spatialcoverage. A methodcurrentlyunderdevelopmentwhich may

remove theseconstraints is the LinearMixingModelapproachto calibration developed

by Smithet al, (1986). With this technique, the data are referencedto a spectrumlibrary

of materials,rather than to otherdata sets.

5) There is highpotentialfor developing a techniqueto performan accurate

secondary(atmospheric) calibration of highspectralresolutiondata (e.g. 10 nm

spacing),withoutdirectknowledge of atmospheric conditions. The adaptivemodel

developedhere for syntheticdata does requirea good instrumentcalibration,but the

atmospheric calibration is performedusingspectralcharacteristics withinthedata.

6) Becausetheaircraft TMSandsatelliteTM data wereco-calibrated, the

sedimentscharacterization basedon theTMSdata couldbe extendedto areas in theTM

data not surveyedby the TMS. The primaryimplicationof this result is clear: One need

not havephysicalaccessto anarea to performmaterialscharacterization relatableto

physical units. Further,differences in spatial resolution, for this study area, did not

noticably impactthecharacterization.
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Geologic Interpretation

7) The distinctive "dark red stratum" of the Lost Cabin member of the Wind

River Formation, which is known to be a productive unit for paleontological research,

can be recognized and located using broadband spectral data. This result should be

extendsible to similar sediments in the Wind River Basin and in other basins in the

region (e.g. the Big Hom Basin).

8) The combination ofco-registered spectral and topographic data sets made

it possible to place in stratigraphic context two occurrences of the "dark red stratum".

After detrending the topographic data, it was concluded that the Buck Springs sediments

are stratigraphically lower than the Davis Ranch sediments. This result-with

refinement and increased automation of the detrending method-may be extended to

other areas in the region.
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TABLE 3.3

SPECTRAL UNITS DESCRIPTIONS

Unit 1

Spectrum Interpretation: The spectrum has a sharp rise from 0.5 um to

0.9 urn, indicating presence of ferric oxide. The change in reflectance across this

wavelength range is roughly from 27% to 49%. Based on previous work (Singer et aI.,

1984), this oxide is interpreted as hematite. This interpretation is based on the relative

slopes between bands one and two and bands two and three. These computed slopes for

units one through four (which have very similar spectra) are shown in Table 6. From 0.9

J.Lm the spectrum for this unit drops off gradually to a value near 31% in channel seven,

indicating the presence of moisture, with perhaps some clay content

TABLE 3.5

BAND RATIOS (SLOPES)

UNIT I UNIT 2 UNIT 3 UNIT 4

1->2 37.643 10.352 53.305 89.645

2->3 119.71 59.792 167.66 179.43

difference 82.067 49.44 114.355 89.785

lesser 1:2 1:2 1:2 1:2

interp. Hematite Hematite Hematite Hematite

Fractions Interpretation: The strongest contributing fraction to the spectral

model for this unit is that from EM7, which is the spectrum for a hematitic soil or rock.

Other endmembers which contribute positively but in minor amounts are EM1 (shade),

EM5 (vegetation), EM6 (soil with ferrous and ferric features), and EM8 (soil with ferrous

features). The remaining three endmembers (EM2, EM3, and EM4) contribute only

negatively to the model.
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Occurrenceof Unit: Shown in Figure 3.22a is a single channelof the

TMS scene (channel three, near 0.66 urn), displayed in shadesof gray. Overlaid in soild

white on this are the pixels forming unit 1. This unit represents the dark reddish-purple

materials forming striationsin theWind River formation, This color is apparentin the

photo given as Figure 3.30. The subset of the study area having the most exposed

occurrences of Eocene sedimentswas used to develop the twenty-twounits. This sub

area is shown in the three-colorcomposite given in Figure3.5. There are also some

occurrences of this unit along the streamin the lower rightcomer of the image and in

isolated outwashchannels.

Sample Availability:

Unit 2

No sampleavailablefor occurrencesof this unit

SpectrumInterpretation: The spectrumalso has a sharp rise from 0.5 um to

0.9 um, again indicating the presenceof ferric oxide. Thechange in reflectanceacross

this wavelengthrange is roughly from 29% to 43% Basedon Singeret al. (1984), this

oxide is interpretedas hematite (seeTable 6 above). The relativedifferencein these two

slopes is less than that for unit one, suggesting that the hematitecontent for unit two is

less than for unit one.. From 0.9 um the spectrumfor thisunit also drops offgradually

to a value near 24% in channel seven,again indicatingthe presenceof moisture,with

perhaps some clay content. .

FractionsInterpretation: As for unit 1, the strongestcontributingfractionto

the spectralmodel for this unit is that from EM7,a hematitic soilor rock. Other

endmemberswhich contributepositivelybut in minor amountsare also the sameas for

unit 1, namely EMI (shade),EMS(vegetation), EM6 (soil with ferrousand ferric

features), and EM8 (soil with ferrous features). And as for unit 1, the remaining three

endmembers (EM2, EM3, and EM4)contributeonly negativelyto the model.

Occurrenceof Unit: Shown in Figure 3.22bis a single channel of the

TMS scene (channel three, near 0.66 urn), displayed in shadesof gray. Overlaidin soild
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illustrated in the photograph given as Figure 3.30, as well as in the three-color composite

given in Figure 3.5. Again as for unit 1, there are also some occurrences of this unit in

isolated outwash channels.

Sample Availability: No sample available for occurrences of this unit.

Unit 3

Spectrum Interpretation: The spectrum also has a sharp rise from 0.5 J..L1l1 to

0.9 IlID, again indicating the presence offerric oxide. The change in reflectance across

this wavelength range is roughly from 30% to 57% Based on Singer et al. (1984), this

oxide is interpreted as hematite (see Table 3.4 above). The relative difference in these two

slopes is greater than that for units one and two, suggesting that the hematite content for

unit three is greater than for either unit one or two. From 0.9 JlIIl the spectrum for this

unit also drops off gradually to a value near 39% in channel seven, again indicating the

presence of moisture, with perhaps some clay content.

Fractions Interpretation: As for units 1 and 2, the strongest contributing

fraction to the spectral model for this unit is that from EM7, a hematitic soil or rock.

Other endmembers which contribute positively but in minor amounts are also the same as

for units 1 and 2, namely EM1 (shade), EM5 (vegetation), EM6 (soil with ferrous and

ferric features), and EM8 (soil with ferrous features). And as for units 1 and 2, the

remaining three endmembers (EM2, EM3, and EM4) contribute only negatively to the

model.

Occurrence of Unit: Shown in Figure 3.22c is a single channel of the

white on this are the pixels forming unit 3. As for units 1 and 2, this unit represents dark

reddish-purple materials forming striations in the Wind River formation. Again, as for

units 1 and 2, there are also some occurrences of this unit in outwash channels.

Sample Availability: Samples which occur in areas classified as unit three

are: 9-15-86-PB3A, 9-16-86-PB3, and 9-16-86-PB6.
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Unit 4

Spectrum Interpreration: The spectrum also has a sharp rise from 0.5 urn to

0.9 urn, again indicating the presence of ferric oxide. The change in reflectance across

this wavelength range is roughly from 34% to 64% Based on Singer et al. (1984), this

oxide is interpreted as hematite (see Table 3.4 above). The relative difference in these two

slopes is greater than that for unit two and slightly greater than that for unit one, but less

than for unit three, suggesting that the hematite content for unit four is greater than for

either unit one or two, but less than for unit three. From 0.9 um the spectrum for this

unit also drops off gradually to a value near 50% in channel seven, again indicating the

presence of moisture, with perhaps some clay content

Fractions Interpretation: As for units 1,2, and 3, the strongest contributing

fraction to the spectral model for this unit is that from EM7, a hematitic soil or rock.

Other encimembers which contribute positively but in very minor amounts arealso the

same as for units 1,2 and 3, namely EMl (shade), EMS (vegetation), EM6 (soil with

ferrous and ferric features), and EM8 (soil with ferrous features). And as for units 1,2

and 3, the remaining three encimembers(EM2, EM3, and EM4) contribute only

negatively to the model.

Occurrence ofUnit: Shown in Figure 3.22d is a single channel of the

TMS scene (channel three, near 0.66Ilm), displayed in shades of gray. Overlaid in soild

white on this are the pixels forming unit 4. As for units 1,2 and 3, this unit represents

dark reddish-purple materials forming striations in the Wind River formation. Again, as

for units 1 and 2, there are also some occurrences of this unit in outwash channels.

Sample Availability: No sample available for occurrences of this unit

Unit 5

Spectrum Interpretation: In its overall shape this spectrum resembles that of

liquid water, as based on the very sharp drop in reflectance from channel four (56%) to

channel seven (0%). However, the first three channels exhibit thecharacteristic slopes of

ferric oxide, as described for units one through four. The slope from channel one to two
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is 127.3 and from two to three is 208.76. This suggests that the unit represents liquid

water mixed with hematitic soil.

Fractions Interpretation: Because water occurs in only isolated areas in the

scene, there is no endmember representing water. Thus, the fraction set is a mixture

involving most of the endmembers in positive amounts and two of the endmembers in

large negative amounts, as a mathematical atempt to model water as a mixture of what are

mostly soil spectra.

Occurrence of Unit: The pixels contributing to this unit areshown in

Figure 3.23a in solid white overlaid on a gray shades background of channel three. This

unit represents the (reddish) water in the two small resevoirs in the scene.

Sample Availability: Sample 9-19-86-PB8 occurs in an area classified as

unit five. This sarnple is not actually a sample spectrum obtained ofwater, but is classed

as unit five in the TMS classification due to the spatial resolution of the TMS instrument,

Unit 6

Spectrum Interpretation: The spectrum for this unit has a very smooth rise

from channel one to channel four (32% to 55%) and a smooth, slight drop from channel

four to channel seven (55% to 51%). The interpretation is that this spectrum is of a

typical soil, probably gray-brown in color.

Fractions Interpretation: The endmember contributing most strongly to the

model for this unit is EM7, a hematitic soil or rock. This factor is positively modified by

endmembers EMI (a slight amount of shade), EM4 (a spectrally featureless soil or

rock), EMS (a small amount of vegetation), and EM8 (a small amount of a gray ferrous

soil).

Occurrence ofUnit: The pixels contributing to this unit are shown in

Figure 3.24a in solid white overlaid on a gray shades background of channel three. This

unit represents some of the predominantly brownish-gray soil and sparse grass that
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covers much of the scene. Little or no occurrences of this unit appear within the Eocene

exposures.

Sample Availability: No sample available for occurrences of this unit

Unit 7

Spectrum Interpretation: This spectrum is very similar to that for unit six. The

spectrum has a smooth rise from channel one to channel four (34% to 57%) and a slight

drop from channel four to channel seven (57% to 54%). The differences between this

spectrum and that for unit six are the presence of a slight feature centered near channel

five, possibly indicating some moisture, and slightly higher overall reflectance. This

spectrum is also interpreted as representing a gray-brown soil.

Fractions Interpretation: The mixture ofendmembers used to model this

spectrum is very similar to that for unit 6: Endmember EM7 contributes most strongly.

EM4 provides a moderate contribution. Endmembers EMl, EM6, and EM8 provide

small amounts of contribution. Endmembers EM2, EM3, and EM6 contribute only

negatively.

Occurrence of Unit: The pixels contributing to this unit are shown in

Figure 3.25a in solid white overlaid on a gray shades background of channel three. As

for units 6 and 19, this unit represents some of the predominantly brownish-gray soil and

sparse grass that covers much of the scene. Little or no occurrences of this unit appear

within the Eocene exposures. However, this unit does appear along the outer boundaries

of the Eocene exposures, as does unit nine, suggesting that it represents some

mixing between the predominantly quaternary cover and the weathered Eocene materials.

Sample Availability: Sample 9-l9-86-PBIO occurs in an area classified

as unit seven.

Unit 8

Spectrum Interpretation: This spectrum is very similar to those for units six

and seven. The spectrum has a relatively smooth rise from channel one to channel four
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(26% to 47%) and a slight drop from channel four to channel seven (47% to 44%). The

differences between this spectrum and that for unit six are the presence of a slight feature

centered near channel three, possibly indicating a slightly greater contribution from ferric

oxide, and slightly lower overall reflectance. This ferric iron is interpreted as occurring

as goethite rather than hematite based on the characteristic slopes from channels one to

two (59.103) and from two to three (58.705). These two slopes are, however, similar

and could also be the result of the quenching effects of a mafic mineral, which would also

explain the slightly lower reflectance for this unit than for units six and seven. This

spectrum is also interpreted as representing a gray-brown soil.

Fractions Interpretation: The mixture ofendmembers used to model this

spectrum is very similar to that for units 6 and 7: Endmember EM7 contributes most

strongly. EM4 provides a moderate contribution. Endmembers EMl, EM6, and EM8

provide small amounts of contribution. Endmembers EM2, EM3, and EM6 contribute

only negatively.

Occurrence ofUnit: The pixels contributing to this unit are shown in

Figure 3.25b in solid white overlaid on a gray shades background ofchannel three. As

for units 6, 7 and 19, this unit represents some of the predominantly brownish-gray soil

and sparse grass that covers much of the scene. Little or no occurrences of this unit

appear within the Eocene exposures. This unit appears as relatively dark reddish-brown

patches within the predominantly Quaternary cover, suggesting some weathering

induced mixing of the ferric oxide rich Eocene materials with the Quaternary cover.

Sample Availability: Samples which occur in areas classified as unit eight

are: 9-l7-86-PBl and 9-l9-86-PB9A.

Unit 9

Spectrum Interpretation: This spectrum is very similar to that for unit seven.

The spectrum has a smooth rise from channel one to channel four (39% to 60%) and a

slight drop from channel four to channel seven (60% to 55%). The primary difference

between this spectrum and that for unit seven is the presence of a slight feature centered
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nearchannel two,possiblyindicating a very slightlygreaterferricoxidecontent. This

spectrumis also interpreted as representing a gray-brown soil.

Fractions Interpretation: The mixtureofendmembers usedto model this

spectrumis very similarto thatfor units 6, 7, and 8: EndmemberEM7contributesmost

strongly. EM4 provides a moderate contribution. Endmembers EMI, EM6, and EM8

provide small amounts of contribution. Endmembers EM2, EM3,and EM6contribute

only negatively.

Occurrence of Unit: The pixelscontributing to thisunitare shownin

Figure 3.25cin solidwhite overlaidon a gray shadesbackgroundof channel three. As

for units6, 7 and 19, this unitrepresentssomeof thepredominantly brownish-gray soil

and sparse grass thatcoversmuchof the scene. Littleor no occurrences of this unit

appearwithin the Eoceneexposures, except alongthe topsof someof the remnant

sandstonechannels. However, this unit does appearalong the outer boundariesof the

Eoceneexposures, as does unit seven,suggesting thatit representssomemixing between

thepredominantly quaternary coverand the weathered Eocenematerials.

Sample Availability:

as unit nine.

Sample9-20-86-PB2A occursin an area classified

Unit 10

Spectrum Interpretation: This spectrumresembles that of greenvegetation.

The spectrumhas thecharacteristic sharprise fromchannelthree to channelfour (26%to

44%) witha slightfeature in channelthree, indicating thepresenceof chlorophyll. This

unit is thereforeinterpreted as representing vegetation in the scene.

Fractions Interpretation: The endmember thatcontributes most strongly to the

spectrumfor this unit is that for the hematiticsoil, EM7. The endmemberfor vegetation,

EMS,also contributes, but to a lesserdegree. This implies that unit 10,the unit primarily

for vegetation, also includesa strongcontribution fromred soil. This implicationis

consistentwith the occurrence of unit 10alongstreamsin the scene. Endmembers EMl,
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EM4, and EM8 also contribute positively to the unit model. Endmembers EM2, EM3,

and EM6 contribute only negatively to the model.

Occurrence of Unit: The pixels contributing to this unit are shown in

Figure 3.23b in solid white overlaid on a gray shades background of channel three. This

unit represents the relatively dense green vegetation which occurs along streams in the

scene.

Sample Availability: No sample available for occurrences of this unit

Unit 11

Spectrum Interpretation: This spectrum has an overall high reflectance

(maximum near 66%) with a slight rise from channel one to channel four (50% to 66%),

a shallow feature near channel five, potentially indicating liquid water, and a slight drop

from channel four to channel seven (66% to 60%). This unit is interpreted as

representing a relatively bright soil, probably gray in color.

Fractions Interpretation: The endmember fraction model for unit 11

moderately resembles that for unit 6, in terms of the endmembers which contribute to the

model, although none of the endmembers contributes as strongly as for unit 6. The

model is dominated by the hematitic soil endmember, EM?, with moderate positive

contributions from EM4, EMS, EM8, and EMl, and with small negative contributions

from EM2, EM3, and EM6.

Occurrence ofUnit: The pixels contributing to this unit are shown in

Figure 3.26a in solid white overlaid on a gray shades background of channel three. This

unit occurs in two locales, as some of the bright grayish-white outwash in the lower-lying

areas around the Eocene exposures, and potentially as one of the units forming the

striations in the Wind River formation.

Sample Availability: Samples which occur in areas classified as unit

eleven are: 9-1?-86-PB3A, 9-18-86-PB4, 9-19-86-PB6, and 9-19-86-PBI3.
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Unit 12

SpectrumInterpretation: As for unit eleven, this spectrum also has an overall

highreflectance(maximumnear 68%) witha slightrise from channelone to channel three

(58% to 68%), a shallow feature near channel five and affectingchannel four, and a slight

drop from channel three to channel seven(68% to 64%). However, unlike for unit

eleven, the featurenear channel five is interpretedas stemmingfrom the presenceof

Fe2+, which has a feature near 1.25 urn, as discussed in Adams (1974). This channel

five feature is not interpretedas representingsoil moisturedue to the lack of a drop in

reflectancefrom channel five to channelseven. This unit is alsointerpretedas

representinga bright soil, probably grayin color, with some contributionfromferrous

iron.

Fractions Interpretation: Theendmemberfraction model for unit 12strongly

resemblesthat for unit 11. As for unit 11,the model is dominated by the hematitic soil

endmember,EM7, with moderatepositivecontributions from EM4, EMS, EM8, and

EMl, and with smallnegative contributions from EM3 and EM6. However,unlikeunit

11,endmemberEM2 (bright gray soil or rock) adds a small positive contribution.

Occurrence of Unit: The pixelscontributingto this unit areshown in

Figure 3.40b in solid white overlaid on a gray shades backgroundofchannel three. As

for unit eleven, this unit occurs in two locales,as some of the bright grayish-white

outwash in the lower-lyingareasaroundthe Eoceneexposures, andpotentiallyas

one of the units forming the striationsin the Wind River formation.

SampleAvailability: Sampleswhich occurin areasclassified as unit

twelve are: 9-16-86-PB2A and 9-16-86-~B4.

Unit 13

SpectrumInterpretation: This spectrumhas features which imply a strong

hematitecontribution. The spectrumis overallrelativelybright (maximumnear64%),

and has the characteristichematiteslopesfor channelsone to two (74.4) andchannelstwo
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to three (111.8). The spectrum drops off gradually in reflectance from channel four to

channel seven (64% to 55%) with a slight feature near channel five, suggesting some

moisture content. The unit is interpreted as a reddish hematitic rock or soil, having some

moisture or clay content.

Fractions Interpretation: The endmember fraction model for unit 13

moderately resembles that for units 6 and 11, in terms of the endmembers which

contribute to the model, although none of the endmembers contributes as strongly as for

unit 6, nor in quite the same proportions as for units 6 and 11. The model is dominated

by the hematitic soil endmember, EM7, with small positive contributions from EM4,

EMS, EM8, and EMl, and with small negative contributions from EM2, EM3, and EM6.

Occurrence of Unit: The pixels contributing to this unit are shown in

Figure 3.27a in solid white overlaid on a gray shades background of channel three. This

unit occurs within the areas ofEocene exposures, and along intermittent stream channels

passing through the exposures, but, as for units sixteen and twenty-two, does not appear

for the most part to represent one of the striated units within the Wind River formation.

Rather, this unit appears to represent the reddish-gray eroded outwash from these units.

Sample Availability: Samples which occur in areas classified as unit

thirteen are: 9-18-86-PBIC, 9-l8-86-PB4, 9-18-86-carb hill, and 9-19-86-PB3.

Unit 14

Spectrum Interpretation: This spectrum resembles that for unit twelve, having

an overall high reflectance (maximum greater than for unit twelve, near 73%), a slight rise

from channel one to channel three (58% to 73%), and a slight drop from channel three to

channel seven (73% to 70%), with a slight feature near channel five. This feature is

interpreted as stemming from the presence ofFe2+, which has a feature near 1.25 um, as

discussed in Adams (1974). This channel five feature is not interpreted as representing

soil moisture due to the lack ofa drop in reflectance from channel five to channel seven.

This unit is also interpreted as representing a bright soil, probably light gray in color, with

some contribution from ferrous iron.
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Fractions Interpretation: The endmember model for this unit is different from

any previous units. The primary endmember contributor is EM3, a spectrum for a

reddish gray soil or rock. Endmembers EM2 (bright gray soil or rock) and EM4

(medium gray soil or rock) contribute in fairly equal proportions, and at nearly the same

level as EM3. Endmembers EM7 (hematitic soil or rock) and EM8 (medium gray ferrous

soil or rock) contribute in slightly lesser, but fairly equal amounts. Endmembers EMI

(shade) and EMS (vegetation) contribute only in small positive quantities. Endmember

EM6 (soil or rock with both ferrous and ferric features) is the only negative contributor.

Occurrence ofUnit: The pixels contributing to this unit are shown in

Figure 3.26c in solid white overlaid on a gray shades background of channel three. As

for units eleven and twelve, this unit occurs in two locales, mostly as some of the bright

grayish-white outwash in the lower-lying areas around the Eocene exposures, and

potentially, but more sparsely, as one of the units forming the striations in the Wind River

formation.

Sample Availability: No sample available for occurrences of this unit

Unit 15

Spectrum Interpretation: As for unit thirteen, this spectrum has features which

imply a strong hematite content. The spectrum is not as bright as for unit thirteen

(maximum near 58%), but has the characteristic hematite slopes for channels one to two

(49.78) and channels two to three (93.724). The spectrum also drops off gradually in

reflectance from channel four to channel seven (58% to 46%) with a slight feature near

channel five, suggesting some moisture content. The unit is interpreted as a reddish

hematitic rock or soil, having some moisture or clay content

Fractions Interpretation: The endmember fraction model for unit 15 resembles

that for unit 13, and thus also resembles that for units 6 and II, in terms of the

endmembers which contribute to the model. As for unit 13, the model is dominated by

the hematitic soil endmember, EM7, with small positive contributions from EMS, EM8,

and EMI, and with small negative contributions from EM2, EM3, and EM6. However,
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unit 15 has a very small negative contribution from EM4 (spectrally featureless soil or

rock), rather than a small positive contribution, as for unit 13.

Occurrence of Unit: The pixels contributing to this unit are shown in

Figure 3.27b in solid white overlaid on a gray shades background of channel three. This

unit occurs within the areas of Eocene exposures, and along intermittent stream channels

passing through the exposures, but, as for unit thirteen, does not appear for the most part

to represent one of the striated units within the Wind River formation. Rather, this unit

appears to represent the reddish-gray eroded outwash from these units, similar to, but

slightly darker than for unit thirteen.

Sample Availability: Samples which occur in areas classified as unit

fifteen are: 9-18-86-PBIA, 9-18-86-PBIF, 9-18-86-PB2, 9-18-86-clay hill and

9-19-86-PB1.

Unit 16

Spectrum Interpretation: This spectrum has an overall shape that is different

than for the preceding units. The dominant characteristic for unit sixteen is a relatively

deep absorption feature near channel five, caused by a drop in reflectance from channel

one to channel five (65% to 55%) and a rise in reflectance from channel five to channel

seven (55% to 58%). This feature is interpreted as stemming from the presence ofFe2+,

which has a feature near 1.25 um, as discussed in Adams (1974). Some of the other

units have a weak feature near channel five (e.g. units seven, eleven, twelve, fourteen,

and fifteen), which was interpreted as indicating either moisture or a moderate

contribution from Fe2+.. For units seven, eleven, and fifteen the feature was interpreted

as indicating moisture due to the characteristic ferric oxide slopes in channels one through

three, indicating an oxidized iron component, and an overall drop in fifteen from channel

four to channel seven, indicating liquid water. For units twelve and fourteen, the feature

was interpreted as indicating Fe2+, because the characteristic ferric oxide slopes are not

present, nor is there a drop from channel four to channel seven. This latter set of

conditions is also true for unit sixteen, with the added feature that the spectrum does not
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rise in reflectance from channel one to four, but actually drops. Thus, unit sixteen is

interpreted as representing that of a soil dominated by iron in a reduced, or unaltered.

state.

Fractions Interpretation: Unit 16 also has an unusual endmember model,

compared to previous units. The model is dominated by roughly equal contributions

from EM7 (hematitic soil or rock) as well as EM8 (medium gray soil or rock), and with

moderate contributions from EMI (shade) and EM2 (bright gray soil orrock).

Endmember EMS (vegetation) contributes a slight positive fraction and the

remaining endmembers, EM3, EM4, and EM6, contribute small negative fractions.

Occurrence ofUnit: The pixels contributing to this unit are shown in

Figure 3.28a in solid white overlaid on a gray shades background of channel three. This

unit occurs within the areas of Eocene exposures, but does not appear to represent one of

the striated units within the Wind River formation. Rather, this unit appears to represent

the grayish-white eroded outwash from these units.

Sample Availability: Sample 9-19-86-PB8 occurs in an area classified as

unit sixteen.

Unit 17

Spectrum Interpretation: The spectrum for this unit resembles a mixture of the

spectra for unit sixteen and unit fourteen. There is the spectrum feature near channel five,

with a very slight drop from channel four to seven (79% to 77%), suggesting a

combination of moisture or clay content and ferrous iron. There is a slight indication of

the characteristic ferric oxide slopes from channels one to two (6.6) and two to three

(61.4), suggesting, in conjunction with the feature near 1.2 J.1m, that the iron content of

this unit is a mixture of ferrous and ferric. The spectrum has a very high reflectance

overall (maxiumum near 85%), suggesting a bright soil. This unit is interpreted as

representing either a slightly oxidized ferrous soil, or a largely reduced ferric soil, that is

very light gray in color.

Fractions Interpretation: As for the unit spectrum, the fractions also, roughly,

resemble a combination of those for units 16 and 14. This produces an unusual fraction
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set compared to previous units. The endmember model is dominated by fairly equal

contributions from EM2 (bright gray soil or rock) and EM7 (hematitic soil or rock).

Endmembers EM4 (featureless soil or rock) and EM8 (medium gray ferrous soil or rock)

contribute moderately and about equally. Endmembers EMI (shade) and EM3 (medium

featureless soil.or rock) contribute very small positive amounts. Endmember EM6

contributes a moderately negative amount and endmember EMS contributes a very small

negative amount.

Occurrence ofUnit: The pixels contributing to this unit are shown in

Figure 3.28c in solid white overlaid on a gray shades background of channel three. This

unit occurs within the areas of Eocene exposures, but, as for units sixteen and twenty

two, does not appear for the most part to represent one of the striated units within the

Wind River formation. Rather, this unit appears to represent the bright white eroded

outwash from these units. In the three-color composite for the area shown in Figure 3.5,

this unit has the brightest white or very light gray color.

Sample Availability: Sample 9-19-86-PBllA occurs in an area classified

as unit seventeen.

Unit 18

Spectrum Interpretation: The spectrum for this unit is very similar to the

spectrum for unit 17, having a feature near channel S, with a slight drop from channel 4

to 7 (73% to 68%), again suggesting a combination of moisture or clay content and

ferrous iron. There is a slightly stronger indication than for unit 17 of the characteristic

ferric oxide slopes from channels 1 to 2 (29.149) and 2 to 3 (71.374), suggesting that the

iron content of this unit is a mixture of ferrous and ferric. The spectrum has a high

reflectance overall (maxiumum near 76%), suggesting a bright soil, although not as bright

as unit 17. This unit is also interpreted as representing either a slightly oxidized ferrous

soil, or a largely reduced ferric soil, that is very light gray in color.

Fractions Interpretation: The fractions set for unit 18 resembles that for units

17 and 12 in terms of the endmembers which contribute. The primary difference between

the model for unit 18 and for unit 17 is that EM2 does not contribute as strongly as for
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unit 17, and consequently EMS and EM3 have slightly stronger contributions. As for

unit 12, the model for unit 18 has ther strongest positive contributions from EM7 and

EM8, and negative contributions only from EM3 (small) and EM6 (moderate).

Occurrence of Unit: The pixels contributing to this unit are shown in

Figure 3.28d in solid white overlaid on a gray shades background of channel three. This

unit occurs within the areas of Eocene exposures, but, as for units sixteen, seventeen,

and twenty-two, does not appear to represent necessarily one of the striated units within

the Wind River formation, Rather, this unit appears to represent mostly the bright white

eroded outwash from these units. In the three-color composite for the area shown in

Figure 3.5, this unit has a very bright white or very light gray color, although somewhat

browner than for unit seventeen.

Sample Availability: Samples which occur in areas classified as unit

eighteen are: 9-19-86-PB7A and 9-19-86-PBllB.

Unit 19

Spectrum Interpretation: The spectrum for this unit strongly resembles that for

unit six, having a smooth rise in reflectance from channel one to channel four (31% to

52%) and a smooth, slight drop from channel four to channel seven (52% to 48%). The

interpretation is that this spectrum, as for unit six, is of a typical soil. probably gray

brown in color, and somewhat darker than for unit six.

Fractions Interpretation: As for the unit spectrum. the fractions set for unit 19

strongly resembles that for unit 6. Endmember EM7 (hematitic soil) contributes the

strongest positive fraction, EM4 (featureless soil or rock) contributes a moderate positive

fraction. EMl, EMS, and EM8 contribute small positive fractions. and EM2, EM3, and

EM6 contribute moderate negative fractions.

Occurrence ofUnit: The pixels contributing to this unit are shown in

Figure 3.24b in solid white overlaid on a gray shades background of channel three.

Similarly to unit six, this unit represents some of the predominantly brownish-gray soil

and sparse grass that covers much of the scene. Little or no occurrences of this unit

appear within the Eocene exposures, except on the top of the two southern buttes.

182



Sample Availability: Samples which occurin areasclassifiedas unit

nineteenare: 9-i7-86-PB2A, 9-17-86-PB2B, and 9-19-86-PB12.

Unit 20

Spectrum Interpretation: This spectrumresembles that for unit sixteen(and

unit twenty-one below),in the generalcharacteristics, but has anoverall lowerreflectance

with a maximumnear 50%, as comparedto 68% for unit sixteenand 61% for unit

twenty-one. This unit is interpretedas representing a similarferrous iron-dominated soil

as for units sixteenand twenty-one. However, the overalldarknessis consistentwiththe

unit representing those soils occurringin topographic shadows. This interpretation is

consistentwith the endmember fractionimagefor "shade", as discussedbelow.

Fractions Interpretation: In generalterms,the fraction set for unit20

resembles thatfor unit 1. The model is dominated bycontributions from EM7 (hematitic

soilor rock) and EM8 (mediumgray ferrous soil or rock). However,consistentwith the

spectralinterpretation, unit20 has a strongercontribution fromEM1 (shade) than any

previousunit model. EndmembersEM5and EM6contribute smallpositiveamounts, and

endmembers EM2,EM3, and EM4contribute moderate negative amounts.

Occurrence of Unit: The pixelscontributing to thisunit are shown in

Figure3.23c in solid white overlaid on a gray shadesbackground of channel three. This

unit representsa medium brownish-gray striationin the WindRiver formation. It also

occursin areas which appear to be outwashfrom units above. An exampleof the color

representedby this unit can be seen in the three-color compositein .Figure3.5.

SampleAvailability: Sample9-19-86-PB2 occurs in an areaclassifiedas

unit twenty.

Unit 21

Spectrum Interpretation: This spectrumresembles the spectrafor units thirteen

and fifteen. As for those two units, unit twenty-one has the characteristic set of slopes

from channelsone to two (74.788) and channelstwo to three (141.54), indicatingthe

presenceof hematite. There is also a slightfeature nearchannelfive, and droppingdown
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from channel four to channel seven (73% to 65%), interpreted as indicating liquid water.

This spectrum has a relatively high overall reflectance (maximum 73%), higher than for

units thirteen and fifteen. This unit is interpreted as representing a bright reddish-gray

soil.

Fractions Interpretation: As for the unit spectrum interpretation, the fraction

set for unit 21 most strongly resembles that for unit 13. The strongest contributing

endrnember is EM7 (hematitic soil or rock). For unit 13, endmembers EMI, EM4, EMS,

and EM8 contribute small positive fractions and endmembers EM2, EM3, and EM6

contribute small negative fractions. For unit 21 all endrnembers besides EM7 contribute

very small fractions: Endrnembers EM3, EM4, and EMS contribute very small positive

fractions, and endmembers EMI, EM2, EM6, and EM8 contribute very small negative

fractions.

Occurrence ofUnit: The pixels contributing to this unit are shown in

Figure 3.26d in solid white overlaid on a gray shades background of channel three. As

for units eleven, twelve, and fourteen, this unit occurs in two locales, as some of the

bright grayish-white (but with more ofa pinker tint than units eleven and twelve) outwash

in the lower-lying areas around the Eocene exposures, and potentially as one of the units

forming the striations in the Wind River formation.

Sample Availability: Samples which occur in areas classified as unit

twenty-one are: 9-17-86-PB4, 9-I8-86-clay hill, and 9-169-86-PB5.

Unit 22

Spectrum Interpretation: This spectrum strongly resembles that for unit

sixteen. There is an overall bright reflectance (maximum near 58%), somewhat less than

for unit sixteen (maximum near 68%). The spectrum is dominated by a feature near

channel five that is interpreted (see Adams, 1974) as indicating Fe2+. This feature is

interpreted as indicating ferrous iron rather than soil moisture, primarily due to the

decrease in reflectance from channel one to channel five (57% to 48%), the increase in

reflectance from channel five to channel seven (48% to 49%), and the lack of the
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diagnostic ferric iron slopes in channels one through three. As for unit sixteen. this unit

is interpreted as representing a soil dominated by ferrous iron. and probably light gray or

white in color.

Fractions Interpretation: As for the unit spectrum interpretation the fraction

model for unit 22 most closelv resembles that for unit 16. Endmembers EM7 (hematitic

soil or rock) and EM8 (medium gray ferrous soil or rock) contribute in highly and in

similar proportions. Endmembers &\11 (shade), EM2 (bright gray soil or rock), and

EMS (vegetation) contribute in moderate positives amounts, although not in the same

proportions as for unit 16. Endmembers EM3 and EM4 contribute in moderate negative

amounts. Endmember &\16 has a very small positive contribution for unit 22. while for

unit 16. EM6 contributes a small negative proportion.

Occurrence of Unit; The pixels contributing to this unit are shown in

Figure 3.28b in solid white overlaid on a gray shades background of channel three. As

for unit 16, this unit occurs within the areas of Eocene exposures, but does not appear in

most occurrences to represent one of the striated units within the Wind River formation.

Rather, this unit appears to represent the grayish-white eroded outwash from these units.

Sample Availability: Samples which occur in areas classified as unit

twenty-two are: 9-16-86-PBS, 9-19-86-PB4, and 9-ZD-86-PBIA.
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CHAPTER 4

ATMOSPHERIC CALIBRATION OF HYPERSPECTRAL DATA

4.1 INTRODUCTION

There is currently no technique available for routinely performing an

atmospheric calibration of high spectral resolution data. Partially, this is because it is only

recently (1985) that hyperspectral data have become routinely available. Prior to the

development of the Airborne Imaging Spectrometer (AIS; Vane and Goetz, 1985) and the

Advanced VisiblelInfrared Imaging Spectrometer (AVIRIS; Vane, 1987) instruments, the

only Earth-looking sensors were either broadband instruments which judiciously avoided

the worst regions of atmospheric interference (esp. Landsat), or were instruments

obtaining single-point spectra, also often broadband. Although broadband data still

include atmospheric effects, they are often used in a "relative reflectance" mode that does

not require comparison to absolute standards. The volume of data obtained from "single

point" instruments is sufficiently low that a laborious calibration effort can be justified. In

many cases, the calibration of such datasets is idiosyncratic in nature: a surface of known

(or logically assumed) reflectance behavior may be identified in the scene by the

investigator, and used as a basis for correction; datasets may be repeatedly manipulated

until certain known features stand out in the image; or the calibration may be performed

iteratively until portions of the resulting image conform to certain expectations the

investigator may have, based on other images or geological information.

However, with current (e.g., AVIRIS) and proposed (e.g., HIRIS, MODIS)

instruments atmospheric effects will be prominent and will often dominate target spectral

effects. Additionally, because of the volume of data obtained from these instruments, a

detailed "hand" calibration of each dataset will be difficult to justify, or, in many cases,

simply impossible. These instruments have the potential of being directly comparable to
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laboratory data, but this fact cannot be exploited unless a rigorous calibration is

performed on the remote data.

To illustrate the problem: The upper curve in Figure 4.1 shows a reflectance

spectrum (at nominal AVIRIS wavelengths) of the product of spectra for hematite and for

montmorillonite. Figure 4.2 shows a typical atmospheric transmission spectrum, also at

AVIRIS wavelengths. The product of the iron and clay spectrum and the atmosphere

spectrum, simulating a reflectance spectrum that might be obtained through Earth's

atmosphere with a remote-sensing instrument at AVIRIS wavelengths, is shown in the

lower curve in Figure 4.1. Notice that the atmospheric contribution almost fully obscures

the original target spectrum contribution.

The upper and lower curves in Figure 4.3 show the original and product spectra

from Figure 4.1 (also the upper and lower curves) resampled to simulate spectra such as

would be obtained from the Landsat Thematic Mapper (TM) instrument. Here, even a

calibrated spectrum would not show enough detail to identify the original spectrum; the

additional atmospheric contribution does not significantly obscure the spectrum any

further. The gains from detailed analytical calibration oflow-resolution spectra are

minimal, and the amount ofdetailed atmospheric information in the image is too small to

perform valid atmospheric modeling. In dealing with high-resolution spectra, the reverse

situation holds: the detailed spectrum features that are the justification for high-resolution

imagery can be obscured by atmospheric effects, and the image itself captures a complex

(if difficult-to-interpret) set of information about the state of the atmosphere. High

resolution instruments create both the need and, serendipitously, the: means for an

analytical approach to atmospheric calibration.

A technique is proposed here for performing a routine, essentially unaided,

atmospheric calibration on such high resolution data as would be obtained from AVIRIS

or HIRIS. This technique is illustrated with reference to synthetic atmosphere plus target

spectra. Actual AVIRIS data were not used because the technique requires a valid primary

187



ATMOSPHERE SPECTRUM AT AVIRIS BANDS
(PROM LOWlRAN)
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FIGURE 4.1 Typical atmospheric transmission spectrum, computed using

LOWI'RAN7.
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TEST SPECTRUM: HEMATITE,MONTMORILLONITE
AT AVnus 210 01ANNELS
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(Upper) Reflectance spectrum, at nominalAVIPJSwavelengths, of

theproductof spectrafor hematite andfor montmorillonite.

(Lower) Productof upperreflectance spectrum in and atmosphere

spectrumin Figure4.1.
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TEST SPECTRUM: HEMATITE,MONTMORILLONITE
AT 6THEMA11CMAPPER BANDS
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(Upper) Reflectance spectrumfrom Figure4.2 (upper), resampled

to simulate a spectrum suchaswouldbe obtainedfrom the Landsat

Thematic Mapper.

(Lower) Reflectance plus atmosphereic transmission spectrum from

Figure4.2 (lower), resampled to simulate TM spectrum.
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calibrationfor the sensorresponseof the instrument. At the timeof writingsuchdata

werenot available.

Prior to a presentation of the technique developed as part of this research, the

generalproblemof atmospheric effectsandthe techniques presentlyin useforcorrecting

for these effects are discussed.

4.2 NATURE OF THE EFFECT

The upwelling radiance measured by an instrument flyingor orbitingabove the

earthrepresents thecombined effects of atmospheric andsurfaceinteractions with the

incoming solarradiance. Theseinteractions includebothabsorption and scatterby

surfaceand atmospheric elements, as wellas somesmallcontribution fromenergy

absorbed (at higherfrequencies) and subsequently reemittedby boththe atmosphere and

the surface. In principle, the surfaceand atmospheric interactions are independent; thusit

shouldbe possibleto separate theeffects,asevidenced in the receivedelectromagnetic

radiation,of the contributing species. However, in orderto do this, the specific natureof

the threeoperativeprocesses (absorption, scatter, andemission) andall requisite

parameters must be knownor estimated.

The equation of radiative transferdescribes thechangein intensity of

electromagnetic radiation av) as it propagates through somedistance(dx) in a medium.

This equation,as givenby Chandras~khar (1960) is:

Eqn 4.1)

Here, the left-hand-side of the equation is thechangein theintensity of the radiation, ~,

at frequency v, along the direction (e,ep), and througha distancedx. ~ has unitsof
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W/Ccm2-(cm-1)-sr). The right-hand-side identifies the components contributing to the

change in radiative intensity. The first term represents the loss by both absorption and

scattering, where ICy is the extinction coefficient for the medium, having units of cm- 1

and p is the density of the material.

The second term on the right-hand-side is the product of the emission

coefficient,jy' representing the gain in radiative intensity by thermal emission within the

medium and by scattering into the propagation direction, and the material density, p. The

emission coefficient is a function of both frequency, v, and direction, C8,<I» and has units

ofW/(cm3-(cm- 1)-sr).

If dIy( S,<I>)/dx is integrated over an entire pathlength to yield ~(8,<I», then the

absorption, scatter, and emission coefficients may bereplaced by integrated coefficients

representative of the full path. Each integrated coefficient represents the sum of the

combined differentials of each increment of distance, dx. Then, again from

Chandrasekhar (1960), the radiant intensity arriving at a point may be specified as:

Eqn 4.2)

Here, IOy(S,<l» is the initial radiance, before interacting with any medium (e.g., the

incoming solar radiance), in units of WI(cm2-(cm- 1)-sr). The variable 'tv is the integrated

optical thickness for the path, which is defined as:

Eqn 4.2a) 'tu(X'X') = (xpdx)
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The quantity Qv(8,<1» is the radiant intensity gained along the full path through the

processes of thermal emission and scatter into the path, in units of W/(cm2_(cm-1)-sr).

Chahine et al, (1983) show that the terms on the right hand side of equation 4.2)

may be expanded to describe more explicitly the contributing elements. In particular the

added radiant intensity may be expanded to include the contributions from both emission

(subscript e) and scattering (subscript s) processes. Also, because the total optical

thickness is the sum of the optical thicknesses of all the "attenuating constituents"

(Chahine et al., 1983, p. 179), then the variable, r, may be separated into its absorption

(subscript a) and scatter (subscript s) components.

Making the above expansions, Equation 4.2 becomes:

Eqn 4.3)

Qsu(8,<1»

Here exp(x) is equivalent to eX. Equation 4.3 describes the radiant intensity incident

upon a point. relative to some initial radiance, after traversing some distance through a

medium. The above formulation is sufficiently basic that it may be applied equally well to

the transfer of radiation through the atmosphere or through the Earth's surface. Hapke

(1972), for instance uses a variation of this equation in the development of an advanced

model of radiation scatter within a solid.

For the case of an instrument obtaining measurements of spectral radiance at

some distance above the Earth's surface, the incoming radiation actually traverses several

paths before reaching the sensor. For a passive sensor, where the sun is the initial source

of radiation, there is first a path along the direction of the incoming solar radiation to the

surface of the eanh at the target.
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In the following formulations, for purposes of simplification the subscript, v

representing frequency or wavelength has been omitted: it is understood that all terms in

the following equations refer to monochromatic values. Also. the propagation direction is

represented by the term, (e,<j», in all cases; it is understood that this term refers to the

relevant direction of propagation (which actually may vary for each of the path

differentials contributing to the integrated values). Employing Equation 4.3, the radiant

intensity arriving at the surface, I(e,<j», may be expressed as:

Eqn 4.4) 11 (e,<j» = IO(e,<j» exp(-ta1- t s1) + Q e 1 (e,<j» +

Qs1ce,<j»

Here, 10 (e,<j» represents the incoming solar radiation, and the subscript, 1, refers to the

parameters relevant to this path.

The radiation which reaches the surface then undergoes modification through

interactions with surface materials. Again using Equation 4.3, the radiation emerging

from the surface, I2ce,<j», may be expressed as:

Here, 11ce,<j» is as given by Equation 4.4.
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If this expression for 11(8,<1» from 4) is substituted into Equation 4.5, then

Equation 4.5 becomes:

Eqn 4.6) 12(8,<1» = IO(8,<1»exp(-ta1-tS1-ta2-ts2) +

Qe 1(8,<I»exp(-ta2-ts2)

+Os 1(8,<1» exp(-ta2-ts2) +

Qe2(8,<1» + QS2(8,$»)

The radiation which reaches the sensoris the radiationemerging from the

surface, but modified by the atmospherealong the path from the target to the sensor,

again according to Equation 4.3, and may be givenas:

Eqn 4.7) 13(8,<1» = I2 (8,</» e Xp (-t a3- t s 3 ) + 0e3(8,<1» +

°s3(8,</»)

Here, 12(8,<1» is as given in Equation 4.6. If this expression for 12(0,<1» is substituted

into Equation 4.7, then 4.7 becomes:

Eqn 4.8) 13 (8,<1» = 10 (8,<I»exp( -ta 1- 'ts 1- t a2- t s2- t a3- t s3)

+Qe 1(8,<1»exp(-ta2- ts2- 'ta 3- 'ts 3 ) +

0s1 (8,</»exp(-ta2- t s2- t a3- ts3) +

Qe2(8,<1»exp(-ta3- t s3) +

Qs2(8,<l»exp(-ta3- t s3) + °e3(8,<1»

+ Qs3(8,<1»
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The radiation reaching the sensor is further modified by the sensor, itself. The

processes of modification are the same as those affecting the radiation along any other

path; the components of the instrument may either absorb or scatter (out of or into the

beam) the incoming radiation, or contribute a thermal emission component to the

measured radiant intensity. Thus, Equation 4.3 may also be used to represent the

system's contribution to the measured spectral radiance, giving:

Eqn 4.9) IM(8,<\» = 13 (8,<\» ex p (-'tac{ tscr) + Qeo(8,<\»

+ Qso(8,<\»

Here, IM(8,<\» is the final measured (M) spectral radiance, the subscript, o, refers to the

coefficients of the system's contribution, and 13(8,<\» is the radiant intensity reaching the

sensor, as given by Equation 4.8.

If the expression for 13(8,<\» from 4.8 is substituted into Equation 4.9, then 4.9

becomes the expression for the spectral radiance as measured by the sensor:

Eqn 4.10) IM(8,<\» = IO(8,<\»exp(-'ta1- ts1- ta2- 'ts2- 'ta3- 'ts3

- 'tao- 'tscr) +Qe1(8,<\»exp( -'ta2- 1:5 2- 'ta3

- t s3- 'tacr- t scr) + Qs1(8,<\»exp( -'ta2- 'ts2

- t a3- 'ts3- 'tacr- 'tscr) + Qe2(8,<\»exp(-'ta3

- ts3- 'tacr- 'tscr) + Qs2(8,<\»exp(-ta3- t s3

- 'tacf t scr) +Qe3(8,<\»exp(-tacr- 1:5 0 )

+Qs3 (8,<\»exp(-tacr- tso-) + Qecr(8,<\»

+ Qso-(8,<\»
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Collecting terms pertaining to each path, the expression for the spectral radiance

as measured by the sensor becomes:

Eqn 4.11) IrJ8,<!» =

10(8,<1>)exp(-'ta1-ts1)exp(-'ta2-'ts2)exp(-ta3-ts 3)exp(-'tacr

-'tscr)+Qe1 (8,<I»exp(-'ta2-ts2)exp(-'ta3-'ts3)exp(-'taa

-'tscr)+Qs1(8,<1>)exp(-ta2- 'ts2)exp(-'ta3-'ts3)exp(-'taa-'tsa)

+Qe2(8,<I»exp(-ta3-'ts3)exp(-'tacr-tsa) +Qs2(8,<I»exp(-'ta3

-'ts3)exp(-'tacr-tscr) + Qe3(8,<I»exp(-'tacr-'tsa )

+Qs3(8,<I»exp(-tacr-'tsa) + Qecr(8,<I» + Qscr(8,<I»

The expressions involving 1: in Equation 4.11 represent the relative contribution

of transmitted (orreflected, in the case of the surface components) radiance which has

propagated through a given path. This expression can be made more succinct if each of

the exponential terms is defined with a new parameter, E, so that (for instance):

Eqn 4.12) E1 = exp(-'ta1- ts1)
Then, the expression for the spectral radiance as measured by the sensor becomes:

Eqn 4.13) IM(8,<l» = (E1 E2E3 Ecr)IO(8,<I» + (E2E3Ecr)Qe1 (8,<1» +

(E2E3Ecr)Qs1(8,<1» + (E3 Ecr)Qe2(8,<I» +

(E3 Ecr)Qs2(8,<I» + (Ecr)Qe3(8,<I» +

(ccr)Qs3(8,<I» + Qecr(8,<I» + Qscr(8,<I»
Here the subscripts are used as in the formulations above to identify the respective

pathlengths.
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Equation 4.13 is sufficiently general as to be applicable at all wavelengths, and

for an instrument for which no system's measurements have been made. However, if a

correct primary calibration of the data has been performed (see chapter 2 for a discussion

of primary calibration), then the terms in Equation 4.13 arising from instrument effects

(i.e., those with subscript o), have been accounted for via the operation:

and Equation 4.13 simplifies to:

Eqn 4.15) IM(8,CP) = (c3c2c1 )IO(8,CP) + (c3c2)Oe1 (8,cp) +

(c3c2)Os1 (8,cp) + (c3)Oe2(8,CP) +

(c3)Os2(8,CP) + 0e3(8,CP) + 0s3(8,CP)

Here, all the terms have the same meaning as in previous equations.

For more limited wavelength regions, certain additional simplifying

assumptions can be made. The present study is directed towards finding a technique for

removing atmospheric effects from data obtained in the visible and near-infrared

wavelength range (0.4-2.5 microns). Within this wavelength range, the thermal emission

contribution from both the surface and the atmosphere is quite small in comparison with

the other terms. Also, for a clear sky (the present study does not consider the case of a

cloudy sky) the terms describing scatter into the beam along the atmospheric path are

generally quite small).
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Therefore, if these terms are neglected, Equation 4.15 can be further simplified

to yield:

One further simplification which is often made (primarily because of the

difficulty with measuring or even estimating the value for this factor), is to neglect the

term describing scatter from surface elements near the target (so-called "adjacency

effects"). The contribution from this effect varies with the reflectivity ofmaterials

surrounding the target, and as yet no concise method exists for assigning a value to this

term. If this term is neglected, then Equation 4.16 becomes:

or, in terms of the reflectance of the surface:

Eqn 4.18)

Nothing in the above formulations specifies how to assign values to each of the

unknown terms for a given path. The goal of an atmospheric correction technique is to

perform this specification. A variety of approaches has been previously developed which

attempt to meet this goal; none of these methods has proven entirely adequate for reliably

separating the atmospheric contribution of the observed electromagnetic signal from the

desired surface contribution.
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4.3 EXISTING ATMOSPHERIC CORRECTION ALGORITHMS

Prior to presenting the techniquedevelopedas part of the presentresearchfor

performingan atmosphericcorrectionto hyperspectral data, the followingdiscussion

reviews a selectionof previouslydevelopedapproachesfor performingatmospheric

modeling of remotelyobtained spectrumdata sets.

Any formof atmosphericcorrectiontechniquemust somehowaccountfor all of

the terms present in Equation4.13 above, either throughmeasurementor approximation.

The techniquespresented below are divided into two broad categories,according to

whether the approachto calibrationis principallyone of estimationof therelevant

atmosphericparametersas part of the primarycalibrationprocess,or whetherthe

approach is basedon explicitmeasurementor modelingof someor all of the atmospheric

parameters.

4.3.1 ATMOSPHERIC CALIBRATION INCORPORATED INTO

PRIMARY CALIBRATION

The techniquespresented in this categoryall solvefor E2, the reflectanceof the

surface, strictlyas a functionof the measuredON (1M) plus a constant That is,

Equation4.13:

Eqn 4.13) IM<6,cp) = (E1 ~esEo)IO(9,ep) + (~~Eo)ne1 (9,$) +

(~~Eo)Os1 (9,ep) + (esEo)Oe2(9,ep) +

(esEo)Os2(9,cp) + (ea)Oe3(9,ep) +

(Eo)OS3(9,cp) + 0ea<9,$) + 050(9,ep)

is reduced to the form:
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In terms of the surfacereflectance, this is:

Or,even more simply:

Eqn 4.21) ~ = a(I~9,$)) + b

where a = 1 / (Ecf3E1 )10(9,$) and b = (a)(const.).

The following techniques areconsidered in thiscategory: The methodof "flat

field"correctiondevelopedby Conelet aI. (1985); themethodof "log-residuals"

developedby Greenand Craig (1985); a mixing-model basedmethoddevelopedby

Adamset aI. (1986);various applications of in-scenestandards(Goetzet al., 1982;

Singeret al., 1984;and Mustardand Pieters, 1986); and a rigorous treatmentby Conel

(l987a and 1987b)of the standardspectraapproach.

4.3.1.1 "FLAT-FIELD" CORRECTION

This techniquewasdeveloped at NASNJPL by Conelet aI. (1985)for

application to AIS and1M data. It is a variantof a methodused in astronomical

observationsfrom whichthe nameis derived. The technique uses Equation 4.21, with

the followingassumptions:

1) The effectsof atmospheric emission and scatterinto the beam
representedby theconstanttermin Equation4.20 arenegligible, so
that b=O in Equation 4.21.

2) There is eithersomeareawithintheimagedatasetthat is sufficiently
spectrally and spatially homogeneous (or "flat") that a spectrum
obtainedfrom thisareaeffectively does not includeany response
from the target,or that there is an area that hasa spectralresponse
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whichcontainsonlyspectralfeatures thatarecommon to all pixels
within the image; that is, it is assumedthat thereis an areafor

which £2=1.

3) Atmospheric and instrument effectsare sufficiently constant over the
entire scene thattheseeffectscan be represented by this single"flat-

field" spectrum.

In the workof Langet al., the area in the sceneto be usedas the flat-field region

was identified through knowledge of the fieldarea, basedon fieldreconnaissance and

field spectralsamples.

In the application of this technique, the spectrum for thisflat-field area,

IM,ft<e,cp), is extractedfromthedataset. Thenbecausefor this homogeneous area £2 is

assumedto equal 1, the unknown value, a, from Equation 4.21 is given by:

Eqn 4.22) a - 1 I 1M,ff(e,cp)

Substituting this into Equation 4.21 for all pixels in thedatasetyieldsthe targetreflectance

for eachpixel as thatpixelvaluedividedby the flat-field valueforeachwavelength, or:

Eqn 4.23) ~ = I~e,cp) I 1M ff(6,cp)
I

This technique does appearto yieldgoodresultsfor dataobtainedfor an arid

region. Evidencefor this is thatLanget al. were able to identifymineralabsorption

featuresin spectraobtainedfor their studyarea in Wyoming usingdatacalibrated with this

technique.

Limitations to the technique are inherentwithin the underlying assumptions: If

the atmosphere is not constantover the studyarea,or if there is a non-negligible
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contributionfrom aerosolbackscatter, or ifno homogeneous areacan be found within the

scene, then the flat-fieldcalibration approach will not be effective. Also, becausethe data

are normalizedto somearea in the sc.ene, the technique doesnot necessarily yieldresults

that are comparablefromone datasetto another.

It should be noted, however, that thereare practical advantages to employing

this method. Chiefly,it is not verycomputationally expensiveandcan be appliedto a

dataset as a "first-cut" calibrationmethod to explorethepotential of thatdatasetfor

applicationto a givenproblem. Additionally, if there is somelatitudein selecting a flat

field area, inhomogeneities in theinstrument responsecanpotentially be removed; this is

especiallyapplicableto thevery narrowAIS groundtrack.

4.3.1.2 GREEN AND CRAIG, 1985: LOGARITHMIC

RESIDUAL-BASED CORRECTIONS

This techniquewas developedbyA.GreenandM.Craigof CSIRO

(Commonwealth Scientific andIndustrial Research organization) in Sydney,Australia

(Green and Craig, 1985). It is in essencea variationof theflat-field correctionmethod

with the followingexceptions:

1) Calculations are done usingthe logarithms of the datavalues,from
which the method'snameis derived. This modification is made
largelybecausesubtraction is amore efficient computational process
on a computer.

2) Three average spectraarecalculated, ratherthana singleflat-field
averagespectrum. Theseare: an averagespectrum alongthe down
trackdirection of theflightline, an average spectrum calculatedin the
across-track direction, and a single-valued averagespectrum which
is the averagevalue in the spectral direction.

3) A separateset of thesethreeaveragesis computedforeachpixel.

As for the flat-fieldmethod, theeffectsof atmospheric emission and scatterinto

the beam representedby the constantterm in Equation4.20are notconsideredexplicitly,

so that in Equation 4.21, the valuefor the constant term,b, is treatedas being equal to O.
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Then, thebasic equationbeingreferenced by this techniqueis that givenhereas:

Eqn 4.24) ~ = a(IM<e,<p»

This becomes, in the logarithmic termsinherentto thistechnique:

Eqn 4.25) LOG(~) = LOG(a) + LOG(I~e,<p))

In the flat-field method thevalue for a wouldbe the averagevaluecalculated for

the flat-field calibration region. The methodof log- residualsdeviatesfrom thisbasic

equationin one importantway: No attemptis madeto retainactualunits of reflectance.

Rather, "residual" reflectances are computed by subtracting (as logarithms) the bulk

propertiesof thedataset,as representedby the three computedaverages. Then the

resultantvalueis more accurately givenas the LOGof the residualof £2, or LOG(resid£).

The valuefor LOG(a)is a compoundtermcomposedof the logarithms of the along-track

(DNat), cross-track(DNdt)' and along-wavelength(DNaJ.1) averages. Then, the actual

functional form used in this techniqueis:

Eqn 4.25a) LOG(IrJ9,ep))- LOG(DNat) 

LOO(DNdt) - LOG(DNa~)

Althoughthis technique is similarin manyregardsto the flat-field method,the

two approaches do not yield the same results (Robertset at, 1986;Conel et al., 1987a),

nor wouldthey be expected to do so. The log residualmethodproduces "residual

spectra"whichrepresentspectralvariationwithina scene,rather thanactual spectral
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properties. Becausethe resultsareverydatasetspecific, residualspectraobtainedfrom

onedatasetcannotbe compared toresidual spectraobtained from anotherdataset.

However,the methoddoes havethe potential of accentuating subtlespectrum changesin a

scenewithvery little subjective intervention to thecalibration process. Thus,even

thoughthe methoddoesnotactuallyproducecalibrated spectra, in thatnoreproducible

physicalunitscould be assigned to theresultantspectra, it doesproducea datasetwhich

is potentially freeof the influences of instrument andatmospheric variation. The chief

drawbackto this technique is that it is difficulttoevaluatethequalityof theresults.

4.3.1.3 ADAMS ET AL., 1986: MIXING MODEL-BASED

CORRECTIONS

This technique wasdeveloped at the University of Washington, by Adams et al.

(1986)for broadband imagedata (e.g.,VikingLanderdata andThematic Mapperdata),

Becauseof thegenerality of theapproach, the technique alsohaspotential application to

hyperspectral imagedata. Smithet al. (1989) havealso the application of the technique to

AVIRIS data.

This technique employs a modelof surfacereflectance, in which it is assumed

that the totalreflectance of the targetis a linearsumof thecontributions to thereflectance

of thematerialsoccurringwithin eachpixel (theso-called "checkerboard model"). The

eigenvector reflectance foreachpixelis givenas:

Here, the~ represent the spectra contributing to thereflectance and thePi are the

fractional contribution of eachof the~. This results in a linear systemof equations,

whichis made solubleby identifying a setof n spectratakento representthe full rangeof

spectralvariation observed withinthe scene; theseare termed "endmember" spectra

The contribution to a givenpixelis determined by solvingtheresultant setof

linearequationsfor thePi. The setof endmember spectrais determined subjectively (at
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present)either by referenceto a setof standard spectrain a "spectrumlibrary"or by

selectingmaterialsin the sceneto represent"pure" endmembers.

Becausethis method,upon referenceto a spectrumlibrary,generatesa setof

calibration parametersfor the entiredata set, it is subjectto the sameconstraintas the flat

fieldand log residualmethods: namely,therestriction to sceneswith homogeneous

atmospheric content (including severechangesin topography.) However,becausethe

technique referencestheresults to a standard spectrumlibrary,the methodpotentially

allowsdata for differentinstruments and timesto beco-calibrated and therefore

compared.

4.3.1.4 IN-SCENE REFLECTANCE STANDARD

This approachhas been used by variousresearchers (e.g.•Goetz et al.• 1982;

Singeret al.•1984;Mustardand Pieters. 1986). This technique approximates calibration

proceduresusedwith laboratoryand astronomical data. Undercontrolledobserving

conditions-in whichthe targetand sensorremainrelativelyfixed-calibration is

generally done throughrepeatedreference to a materialor objectof knownreflectance that

is in close proximityto (and thus with the sameatmospheric path lengthas) the target.

However, this approachcannotbe identically appliedto highresolution spectral data

obtainedfrom airborne or spaceborne sensorsbecauseof the largegroundarea surveyed

by such instruments. Instead. some materialwhichoccurs withinthe sceneis sampled

(eitherduringor after the overpassof the sensor)andits spectralcharacteristics measured

in the laboratoryor potentiallywith a field instrumentof sufficiently highresolution.

This sampled materialis then treatedas a knownreflectance standard: the

laboratoryspectralresponseof this material is dividedout of thepixelscorresponding to

where the sampleswereobtained. The spectrumremainingafter thisdivisionis then

taken to represent the combined atmospheric absorption and scattering spectrum, as well

as the solar and instrumentresponsecurves,if theseare not removedseparately. In its

simplestform this methodis employedmuchlike the flat-field method,usingequation
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4.24 as the basis for the calibration. Singeret al., 1984, in an application involvingpoint

spectra,rather than imagedata, employed a morerigorous variationof thismethodby

erecting both a light and a dark standard in the scene. The dark standardwas used to give

an estimateof the additive component as in Equation 4.21.

In the application of thismethod, several samplesmay be obtainedfor a given

sceneand each corresponding calibration spectrum usedforcalibrating theportionof the

scene near where the samplewasobtained. This technique assumesa homogeneous

atmosphere; however, becauseseveralareasmaybe sampledand measured in the

laboratory, some spatialvariation in atmospheric effectsmay becompensated for.

Secondly,it is assumed that thematerials sampled asstandards represent the total

contributionof the targetsurfaceto a givenpixelor set of pixels. This assumption may

be mitigatedby sampling all the materials observed to be presentin a pixeland integrating

their contributions to develop a spectrum for theentirepixel. Necessarily, thismustbe

done afterdata acquisition, so thatthe location on thegroundof a pixelin the imagemay

be identified.

The accuracyof this technique is limitedby theabove twoassumptions. This

technique cannotpractically be used. for pixel-by-pixel atmospheric backout.

4.3.1.5 CONEL ET AL. (1987A AND 1987B):

CALIBRATION USING FIELD SPECTRA

A morerigorousapplication of theuseof in-scene standards wasappliedby

Conel et al. (l987a and 1987b)for thecalibration of AIS data and Conelet al. (1985) for

TM data. In this application a numberof spectrawereobtained,usinga field

spectrometer, of materialsin the scene. Then,employing the functional formof Equation

4.21, a linear least-squares fit wascomputed, at each wavelength, for this set of field

referencespectrarelativeto the measured DN valuesfrom the AISdata for corresponding

pixels.

As for all themethodspresentedabove(exceptpossiblythe log-residual

approach),this method assumesatmospheric homogeneity across the scene. However,
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unlike the othermethods, this technique produces data that are calibrated to units of

reflectance, whichshouldbe comparable to dataobtained. for otherareasor to laboratory

data. The chief limitations to the technique are therequirement of atmospheric

homogeneity and the amountof timerequiredto carryout thefield samplingprogram.

4.3.2 EXPLICIT ASSIGNMENT OF ATMOSPHERIC

PARAMETERS

The techniques presented in thiscategoryall use somemethodto account

explicitlyfor the atmospheric parameters givenas termsin Equation 4.13:

Eqn 4.13) ItJe,ep) = (E1 ~esea)IO{e,ep) + {~esEa)Oe1 (e,ep) +

(~esEa)Os1 (e,ep) + (esEa)Oe2{e,ep) +

(esEa)Os2{e,C\» + (ea).Qe3{8,ep) +

(Ea)Os3{e,C\» + 0ea{e,ep) + 0sa{8,ep)

All but one of the methodspresentedhere (that of Crisp et al. 1986),havebeen

developedfor application to dataobtainedshortward of 5 microns, wherethermal

emissioneffectsare minimal. Then, the basicequationbeingconsideredby all butCrisp

is the following:

Eqn 4.27) IM{e,ep) = (E1 ~esEa)IO(e,C\» + (~esEa)Os1 (e,ep)

+(esEa)Os2{e,ep) + (e(}')Os3{e,ep)

+ °sa(e,ep)

The following techniques considered heremay be subdivided into two basic

approaches, according to whethertheapproach is primarilyone of measurement or

modelingof therelevantatmospheric parameters. Underthe measurement subclass are
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considered: the methodof Gordonet al. (1973) whichemploysground-based

measurements of atmospheric parameters, and themethodof Otterman et aI. (1980)

whichoffersan explicittreatmentof adjacency effects. Underthe modeling subclass are

considered: themethodof Blake (1983) (alsoBlakeand Singer,1984)whichmodels

atmospheric spectrum features usingtheLOWTRAN5B computercodeof Kneizys et aI.

(1980); and the methodof Crisp(1986) whichusesa band-model approach to define the

shapesof certainatmospheric spectrum features.

4.3.2.1 TECHNIQUES EMPLOYING EXPLICIT

MEASUREMENTS OF ATMOSPHERIC

PARAMETERS

4.3.2.1.1 GORDON ET AL. (1973)

Gordonet aI. (1973), developing upon the work of Duntley (1948), presenta

technique whereby groundbased measurements can be used to deriveestimates for the

beam transmittance of theatmosphere and theearth-to-space pathradiance. The

functional formused is like thatof Equation 4.27,exceptassumingthat the instrument

responsehas beenaccounted for:

Eqn 4.28) ItJS,ep) = (£1 ~~£a)IO(S,ep) + (~es£a)Os1 (S,ep) +

(es£a)Os2(S,ep) + (£a)Os3(S,ep)

Valuesfor the beamtransmittances.ej and£3' are obtainedusinga solar

radiometerdirectedat the sun. The angles of incidence andreflectance of the beamare

accounted for withreferenceto a standard solarcurve (theyuse Labs and Neckels, 1968)

anda cosinecorrection.

Valuesfor the atmospheric scatterterms,01 s and 03s: areobtained by

definingtheconceptof "equilibrium radiance" andassuming, basedon experiment, that
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the equilibriumradiancemeasuredalonga horizontal path will representthat for the

upward and downward atmosphericpaths. Then, through a transformationfor sun

angle, the path radiance for the atmosphericpaths can becomputed. Gordonet al. are

primarilyconcernedwithobtainingatmospheric measurements. Therefore,they account

for the adjacencyterm involving Q 2s by direct groundmeasurement.

Given that atmospheric measurements can beobtainedcorresponding to the time

remoteobservationswere made,assumptionslimiting the accuracyof this techniquefor

application to atmospheric correctionof remotedata are:

1) Horizontal measurements of path radiancecorrespond to thevertical
atmosphere.

2 The adjacencyterm can beneglected,or accountedfor usingsome
other technique.

3) A limitedsetof measurements (dueto practicality considerations)

can accountfor atmospheric variabilityfor the entireremotedataset.

4.3.2.1.2 OTTERMAN ET AL. (1980)

Ottennan et al. (1980)offer a methodof correctingremoteradiancedata, given

that values are known, or can beestimated, for the backward-scattering opticalthickness,

the forward-scattering optical thickness,and the absorptionoptical thickness. If these

valuesare, for instance,measuredconcurrentlywith remotedata acquisition, then the

equationfor surfacereflectivity becomes:

Eqn 4.29) as = r[1-(1/JlO+1)(B+W)+2aB]

+(a-r)F+9(JlO) B/2/l0

Here, as is the reflectivityobtained by the instrumentabove Earth'ssurface,r is the target

reflectivity,a is the reflectivityof the surroundingterrain,Jlo is the cosineof the zenith

angle of solar incidence,g(Jlo) is the anisotropyof atmosphericbackscattering, B is the
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back-scattering optical thickness, F is theforward-scattering opticalthickness, andW is

the absorption optical thickness.

This functional form is comparable to that of Equation 4.13, expressedin terms

ofreflectancerather thanradiance(i.e., the incomingradiation is assigned a valueof 1).

However,the interestingfeatureof Otterman et aI.'sformulation is the explicit

representation of the termsdescribing theadjacency effects. Although this formulation

does not immediately offer a meansof solvingfor theseeffects,it does allowfor the

magnitude of theeffect to be estimated.

4.3.2.2 TECHNIQUES EMPLOYING EXPLICIT

MODELING OF ATMOSPHERIC PARAMETERS

Considerable work has beendoneon modeling theprocesseswhichdefine

atmospheric transmission. These includemolecularabsorption (e.g.,Elsasser, 1938;

Goody, 1964; Plass and Kattawar, 1968; King, 1959; and Crisp, 1986) and emission

(e.g., Chahine, 1968; and Waters, 1976) modelsfor activespeciessuch as H20, 03' and

C02; wavelength-dependent scattering models(e.g.,Mie, 1908; Shettleand Fenn, 1979;

Hansenand Travis, 1974; Turner, 1981; and Dinerand Martonchik, 1985); and models

describingthe theoretically mysterious water-vapor continuum(e.g.,Robertset al., 1976;

White et al., 1975; and Farmerand Houghton, 1966). Eachof thesemodelspresentsan

analytical approximation for one or someof theatmospheric basedterms givenin

Equation4.13. There is an extensivebaseof literature discussing the specificsof these

atmospheric modelsand atmospheric modeling in general.

A practicalsynthesis of theavailable models, supplemented withextensive

empiricaldataon lineparameters, hasbeenreleased as theLOWfRAN seriesof computer

programs(McClatchey et aI., 1972; Selbyand McClatchey, 1972; Selbyand McClatchey,

1975; Selby et aI., 1976; and Kneizys et al., 1980). Becausethis "McClatchey model"

formsthe basisfor the atmospheric correction technique developed here, this modelis

discussed below.
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4.3.2.2.1 THE MCCLATCHEY ET AL. MODEL

An "empiricallogarithmic" modelof atmospheric absorptiondescribesthe curve

of growth of an absorption band, rather than the internal structure of the band (Crispet

aI.,1986). Pollack et al. (1981) for example, use this method to model bands in spectra

of Mars.

The McClatcheyet al. (1972) model may be considered such a model. Even

though the line absorption intensities for water vapor, ozone, and the mixed gases used in

the McClatcheymodel are basedon a combinationof laboratorymeasurements and the

King band model, the determinationof transmissionis based on empiricallyobtained

curves relating transmissionwith speciesdensity (in the form of the equivalentdensity

parameter).

This model has as its foundationthe following two premises:

1) The atmospheric transmission spectrumfor each spectrallyactive
speciescan be determinedusing a singlevariable, the "equivalent
density", which is the product of speciesdensity and pathlength;and

2) Given a value for the equivalentdensity, the actual transmission at a
specificwavelengthcan be determinedusing predetermined

wavelength-dependent valuesof the absorptioncoefficient(Cv) for

each species in conjunction withpredeterminedempiricalcurves

relating transmissionand equivalentdensity.

These two premises are describedby the relationship:

Eqn 4.30) t(v) =f [C(v)Lpn],

where v refers to frequency, t is atmospheric transmission,C is the absorption

coefficient, Lis pathlength, P is pressure, and n is an empirically determined species

dependentvariable.
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McClatchey et al. determined the C(v) using a combination of laboratory

measurements and the King band model. Graphs of these Cv for H20, C02' 03' and

o.z are given in Figures 4.4a-d, respectively. The function, I relating the parameters in

Equation 4.30 was determined (as per McClatchey et al., 1972, p.31) by taking the

logarithm of the inverse of Equation 4.30, which yields:

Eqn 4.31) nLOGP+LOGL=LOGr 1 ['t(v)] - LOG C(v)

For fixed values of P and L, at a given frequency, t was varied and plotted as a

function of LOG Lpn. The empirical transmittance function, I, was determined by

superimposing these curves for several values of t , and taking the "mean" curve as

representative. This curve is the same for H20 and C02 and the mixed gases, and is

slightly different for 03. These two curves are shown in Figures 4.5a and 4.5b.

Initially, the determination of transmittance using this curve was done graphically by

moving a sliding scale representing values for LOG Lpn, called the "equivalent density",

along the curves of absorption coefficient versus frequency. Later, this process was

digitized, as the LOWTRAN code, and the sliding scale became a scaling factor for the

frequency-ordered tables of absorption coefficient. The bulk of the LOWTRAN code is

directed at determining the pathlength, given atmospheric profiles of temperature and

pressure, and hence determining the equivalent densities.

Later LOWTRAN models added contributions for molecular (Rayleigh) scatter,

aerosol scatter, and continuum effects in the 3-5J.l.rn and 1O-14J.1m regions. Graphs of

representative curves as determined using LOWTRAN5B with the mid-latitude summer
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modelatmosphere, for each of thepertinentatmospheric species, H20, C02 and02, 03'

and the two scattering processes(molecularandaerosol) aregiven in Figures4.6a-e.

4.3.2.2.4 SPECTRUM CORRECTION TECHNIQUES

4.3.2.2.4.1 CRISP ET AL., 1986

Crispet al., 1986 exploredthe accuracyof variousmethods for describing the

structureof atmospheric absorption bands. The scope of thiswork was to evaluatethe

utilityof severalmethods fordetermining the transmission for the 15micronC02 feature;

however, becausethe bandmodeling techniques which theyexploredare applicable to

other spectralregions, theirconclusions are relevanthere.

Theyexamined in detailexamples of threeclassesof bandmodeling algorithm:

narrow-band random models (e.g., Goody, 1964; Malkmus, 1967; and Rodgers, 1968),

an exponential wideband modeldeveloped. as part of theirresearch, andempirical

logarithmic broadbandmodels (e.g.,Kiehl and Ramanathan, 1983 and Pollacket al.,

1981). The transmission resultsobtainedfrom thesemodelsare comparedto line-by-line

calculations. Theyconcludethat all threeclassesof modelcan produceaccurateresults,

as compared to theline-by-line calculations overcertainrangesof pressure and absorber

path length. However, they furtherconcludethat the narrow-band randommodelsand

theexponential wideband modelaremore"reliable and versatile" thantheempirical

logarithmic broadband modelsfor the 15um spectralregionstudied.

4.3.2.2.4.2 BLAKE, 1983

This technique, developedby Blake (1983), and laterdiscussedby Blakeand

Singer (1984), for singleremotelyobtainedspectra,utilizedtheexpression of the

atmospheric spectral features actually contained in theremotely obtained data, in

conjunction withan analytical modelof the atmosphere (LOWTRAN5B, Kneizyset al.,

1980), to estimateandremovetheatmospheric effectsfromthe remotedata. The

approach usedan iterative procedure to compareindividual remotely measured
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near-infrared spectra with LOWTRAN-generated spectra. In this technique the solar

spectrum and instrument response curves are first factored out of the data. Additionally,

adjacency and forward-scattering effects are taken to be negligible. Thus, the basic

calibration equation being employed i.s a variation of Equation 4.27 with the terms relating

to the above either accounted for or not considered, giving:

Here, Rs is the effective reflectance at the instrument, where the solar light curve has been

accounted for, but still including atmospheric effects.

The method was developed with reference to single-point high resolution

spectral data in the wavelength range of 0.7 to 2.5 microns. Only the primary

atmospheric constituent, water vapor, was considered. However, this dissertation

employs a variation of this technique to account for other atmospheric species as well.

The technique uses measurements of the shape of certain diagnostic atmospheric

absorption features in the remotely obtained spectrum and compares these measurements

to spectra computed using the LOWTRAN5b model of atmospheric transmission. When

a LOWTRAN-computed spectrum is found (through an iterative procedure of

comparisons) that closely matches the input spectrum measurements, this LOWTRAN

spectrum is taken to represent the atmospheric contribution to the input spectrum and is

factored out of the data. In order to account for both the £1 and £3 terms in Equation

4.32, a double atmospheric path is assumed.
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This techniquehas been shownto removeatmosphericeffects adequatelyfrom

high-resolutionspectral data. Assumptionsof the techniqueare:

1) A given atmosphericmodel suchas that of LOWTRAN5B,
accurately portrays the atmospherefor a given region anddataset.

2) A sufficientamountof complexity to accuratelydescribeactual
measurements can be incorporated into the techniqueby including
other atmosphericconstituents.

3) The procedurecan be sufficiently constrainedthat it can be applied
efficiently to a large imagedata set.

4) The instrument responsecurves are availablefor a given instrument.

4.4 PROPOSED TECHNIQUE

The atmospheric techniquedevelopedunder the present research is based on the

above atmosphericmodel of McClatchey et al, 1972. To reiterate the abovedescriptionof

this model, the two basicpremisesof the McClatcheymodel are:

1) The atmospherictransmissionspectrumfor each spectrallyactive
species can be determinedusinga singlevariable, the "equivalent
density";and

2) Given a value for the equivalentdensity, the actual transmissionat a
specificwavelength can be determinedusing predetermined

wavelength-dependent valuesof the absorptionefficiency (Cv) for

each species in conjunctionwith predetermined empiricalcurves

relating transmissionand equivalentdensity.

These two premises are describedby the relationship:

Eqn 4.33) t(v) =f [C(v)Lpn]
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In short atmospheric transmission for a given species varies in some known

way with equivalent density; thus, if the equivalent density is known, the transmission

can bedirectly determined.

It has.been previously demonstrated that the McClatchey model is valid for

spectral data obtained in the visible/near infrared (.4-2.5llm) wavelength region under

terrestrial conditions (Blake, 1983; Blake and Singer, 1984). This work, discussed

above, used the LOWTRAN5B computer model based on the McClatchey model. The

present technique is built upon this earlier work, but with the following important

changes:

1) The LOWTRAN computer model is not used; instead, the

McClatchey et al. algorithm (as given by Equation 4.33 and

associated tables of absorption strength (Cv) and equivalent density

versus transmission are used directly.

2) Separate transmission spectra are determined for each of the active

atmospheric species (previous work considered only water vapor):

H20, C02' 02' and 03'
3) A nominal atmospheric scatter contribution is included, based on the

work of McClatchey et al. and Kneizys et aI.

Referring to the system of equations developed in section 2 of this chapter, the

basic equation describing the propagation of energy through the atmosphere, as obtained

by an instrument from which system effects have been removed is given by:

Eqn 4.15) IM(9,<1» = (E3E2E1 )10 (9,<1» + (E3E2)Oe1 (9,$) +

(E3E2)Os1 (9,<1» + (E3)Qe2(9,$) +

(E3)Os2(9,<1» + 0e3(9,$) + 0s3(9,<1»
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The present atmospheric correction technique has been developed for application

to data obtained in the visible/near infrared (,..l.-2.5).1.m) wavelength region. Within this

wavelength range, the thermal emissioncontribution from both the surface and the

atmosphere is quite small (see Table 4.1) in comparison with the other terms of the

equation; thus the terms describing emission may be excluded from the equation. Also,

the present study does not consider the case of a cloudy sky; thus the terms describing

scatter into the beam along the atmosphericpath are considered to be neglectable.

With these funher assumptions, the basic equation becomes:

Eqn 4.34)

No instrument is currentlyavailable on which to test the technique developed in

this study. However, AVIRIS calibration is becoming more rigorous and routine, and in

the near future HIRIS data may be available on which to test the method. Therefore, due

to this lack of a test dataset, adjacency effects are not considered in the present study.

Then, finaIIy, the basic equation above simplifies to:

Eqn 4.35)

or, in terms of the desired surface reflectance:
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4.4.1 DETAILED DESCRIPTION OF TECHNIQUE

The atmospheric transmission terms above (E1 and es) are actually theresult

of contributionsfrom severaldifferentspeciesand processes. Spectrallyactive

atmospheric species are well known (e.g., Kondratyev), as are the mechanismsby which

these species absorbradiation. The atmospheric speciesactive in the spectralregion

under study (A-2.5J.1m) are:Water vapor (H20), carbondioxide (C02)' diatomicoxygen

(02), and ozone (03)' The absorptionproperties of non-standardaerosols (e.g., S02)

which may be present in the atmosphereoverdifferentareas is notconsidered here.

In additionto these active absorptionprocesses,atmospheric transmissionis

also mitigatedby scatteringprocesseswhichselectively scatterradiationout of thepath of

propagation. This "backscatter" may be divided into twodifferent types: Scatterby

atmospheric molecules(especially H20) which is dependentonly on wavelength

("Rayleigh"scatter),and scatterby larger aerosolparticleswhichvaries withparticle size

as well as wavelength.

The total atmospheric transmission is a wavelength dependentproductof the

transmissionfor each of the atmospheric species,potentially includingan aerosol

contribution.

For the species consideredhere (H20, C02' 02. and 03)' only the scatter term

for H20 is of significance; the backs.catter termsfor the other speciesare taken to be zero.

Also, although the scatterresultingfrom large (i.e., non Rayleighscattering)aerosol

particles is (roughly)considered, the absorptioncontribution, termfor the aerosol
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componentis taken to be zero. Then,expanding equation 4.12 to showexplicitlythe

speciesbeingconsideredhere,this equation becomes:

Eqn 4.37) e = (£H2d * (ec02) * (eo2) * (eo3) * (£aero)

Here, (eH2d = exp(-'ta- 'ts)H20

(eC02) = exp(-'ta)C02

(eo2) = exp(-'ta)02

(eo3) = exp(-'ta)03

(eaero) = exp(-'ts)aero

Thepresentworkdescribes a methodfor determining the transmission

contribution fromeach of thesespeciesand thereby (usingEquation 4.37) the total

atmospheric transmission.

4.4.2 DETERMINATION OF EQUIVALENT DENSITY

Underthe McClatchey et aI. model, theonly unknown is the "equivalent

density",a singleparameterrepresenting theproductof path-length and speciesdensity.

Indeed,in the LOVJTRAN computer code, theequivalent density is calculated as a

productof these twoparameters. The bulkof theLOwmAN code is devotedto

determining the valuefor path-length, givenas input the species densities for different

atmospheric profiles. However, onlythe equivalent densityis requiredto calculate the

atmospheric transmission for eachwavelength foreachmolecular species.

Underthepresent technique, it is assumed thatbecause the atmospheric

absorption spectrum is determined exactlyfrom theequivalent density, thentheremustbe

certainunique parameters within eachabsorption spectrum whichare directly relatedto

theequivalentdensity. The depthsof absorption bands aredirectlyrelatedto the

concentration of the absorbing species, therefore it wasconcluded that thedepthsof these

bandsought to be exactlyrelatedto theequivalent density.
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Previous work on this topic (Blake, 1983) demonstrated that, for telluric water

vapor, the depths of certain of the water vapor absorption bands varied with the assumed

density profile of water vapor in a LOWTRAN5B model atmosphere. By varying the

amount of water vapor used in a model atmosphere, it was found that a LOWTRAN

spectrum could be computed which matched well with a remote spectrum obtained using

a spectrometer developed at the Planetary Geosciences Section of the School of Ocean

and Earth Sciences at the University of Hawaii.

The present work has carried this conclusion further by relating band depth, as

measured using select "band ratios", for each active species, with the McClatchey

equivalent density: no use is made of the actual LOWTRAN code. Instead, all of the

program formulations have been done using the Pascal language (LOWTRAN is written

in Fortran) and development work has been done on an IBM PC-AT compatible.

This band depth-equivalent density approach is used to determine the

transmission spectrum for H20, C02' and 02' The determination of the equivalent

density to use in computing the transmission spectrum for ozone, 03' is made with

reference to the equivalent densities calculated via the LOWTRAN5B code for several

standard meteorological conditions. A more explicit determination of ozone density is not

made primarily because ozone does not absorb strongly in the wavelength region under

consideration, having only a weak absorption band centered near O.6Jlm(see Figure

4.6c).

The effects of scatter do not lend themselves well to an explicit determination of

the effective equivalent density. The principal reason for this is that scatter and continuum

absorption effects within the target can be as strong, or stronger, than atmospheric scatter.

The spectrum resulting from atmospheric scatter is a smooth function, with no strongly

diagnostic features as are found in atmospheric absorption spectra. For the purpose of

this investigation spectra are calculated penaining to molecular (H20) and aerosol scatter,

it is not expected that the technique used for making these determinations would

necessarily be applicable to actual remotely obtained spectra. It will, however, be shown
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that thedetermination of transmission spectradue to atmospheric scattereffectsdoesnot

seriously affectthedetermination of otheratmospheric components. Examples of these

scattercomponents are givenin Figures 4.6d-e.

4.4.3 DETERMINATION OF RATIOS

Although computations for thepresentstudyaredone at the full resolution

possible usingtheMcClatchey absorption coefficients (2Ocm-1),determinations of

equivalent densityandmodeling of spectraaredone at equallyspaced wavelength values

corresponding roughlyto the bandcentersobtainedusingthe AVIRIS instrument To

illustrate thedifference between "fullresolution" spectraand "AVIRIS resolution" spectra,

the same spectra shownin Figures 4.6a, 4.6b, 4.6d, and 4.6e are shown in Figures

4.7a-d. convolvedto 210 channels with a spacingof .OO98Jlm. Thecombinedspectrum

is shown in Figure 4.8.

Figure4.9 illustrates howbanddepth (herereferredto as "transmission

contrast") variesas a function of equivalent densityfor four unsaturated watervapor

absorption bandsin the spectralregionunderstudy. Figure4.lOashowsthe locationsof

the spectrumpointsused in thedeterminations of theseband depths. Figure4.1Ob shows

the locations of thesesamewavelength positions in the full resolution transmission

spectrumfor H20. Boththesecurvesare shownto illustratethe importance of

performing the banddepthfitting calculations with dataat the sameresolution as would

be obtainedfrom a giveninstrument.

Figure4.11 showsthevariation of banddepthwith equivalentdensityfor three

bandsof C02 and the02 bandnear O.76JlID. Figure 4.12a showsthe locations(at

AVIRIS channelpositions) of thepointsusedin the banddepth determinations for CG.2;

Figure4.12b showsthe wavelength positions used for 02'
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Following determination of the equivalent density using digital lookup tables

calculated for equivalent density versus band depth for each of the above three species,

the transmission at each wavelength for each of the species is determined using the digital

lookup tables relating equivalent density to transmission.

Spectra for the contributions from 03 and molecular scatter are determined

using values for equivalent densities as defined by the appropriate LOWTRAN

meteorological model. Thus, these two contributions are not explicitly modeled in the

present study. The transmission for ozone is computed using this predetermined

equivalent density and the digital lookup table relating equivalent density and

transmission.

The transmission due to molecular scatter is determined from the following

equation (from Kneizys et at):

Eqn 4.38) "rns =

EXP[- Ems * (v4/ (9.26799E+18 - 1.07123E+9 * v2))],

where, 'tms =the transmission due to the molecular scatter component, EXP means raise

e to the following expression, Ems =the equivalent density for the molecular scatter

component, and n is frequency.

Although it is not possible, without actual remotely obtained data, to determine

whether the scattering contribution from aerosols can be explicitly modeled, this

contribution is modeled here using a ratio versus equivalent density approach. This is

done primarily to gain some idea of how this parameter varies, in preparation for applying

the model to actual data. Figure 4.13 shows the variation of two potential ratios with

equivalent density for this parameter. The channel positions used in determining these
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FIGURE 4.7c Samespectrumas in Figure 4.6d, convolvedto 210 channelswitha

spacingof .OO98J.1m.
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Samespectraas in Figure4.6e, convolved to 210 channels witha

spacing of .OO98JlID.
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ATMOSPHERIC TRANSMISSION (LOWTRAN)
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FIGURE 4.8 Atmospheric transmission spectrum including allspecies,

convolved to 210 channels. Thisspectrum is usedas input for

CaseO.
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FIGURE 4.9 illustrationofvarianceof banddepth (herereferredto as

"transmission contrast")as afunction ofequivalentdensityfor four

unsaturatedwater vapor absorptionbands.
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WATER VAPOR
(CONVO~VED.110 0lANNI!LS)
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FIGURE 4.10a Wavelength positionsof thepointsusedin thedeterminations of the

H20 banddepth, shownfor the 210channel H20 spectrum.
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FIGURE 4.10b Wavelengthpositionsof the points usedin the determinations of the

H20 band depth, shown for the full resolution transmission

spectrumfor H20.
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MIXED GASES
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FIGURE 4.11 lllustrationofvariance ofbanddepthwithequivalent density for

three bandsofC02 andthe02 band near0.761lm.
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CARBON DIOXIDE
(CONVOLVED, 210 0lANNELS)

7
0.9

0.8 •

0.7.

0.6

0.5 •

0.'

0.3

0.2 •

0.1

0
I

0.. 0.6 0.8
I

1.2 I"
I I

1.6 I" 2

CONV'1) DATA
WAVELENanI CMICRONS),. unoPrS.

FIGURE 4.12a Wavelength positions of the points used in the determinations of the

C02 band depth, shown for the 210 channel spectra.
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OXYGEN
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FIGURE 4.12b Wavelength positions of thepoints usedin thedeterminations of the

0:2 banddepth,shown for the 210 channelspectra.
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FIGURE 4.13 illustrationof varianceof bandratio with equivalentdensityfor the

aerosolparameter.
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FIGURE 4.14 Wavelength positions of the pointsusedin thedeterminations of the

aerosolratio, shown for the210 channel spectra.
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ratios are shownin Figure4.14. Followingdetermination of this equivalentdensity, the

transmission due to the aerosol componentis computed usingtheKneizyset al

procedure. In thisprocedure, the spectralregion isdividedinto several differentparts, in

each of whichit is assumedthat the aerosoltransmission behaves linearly,withall

sectionsusingthe sameequivalentdensity.

4.4.6 SEQUENCE OF OPERATIONS

The appropriate equivalent densityfor a giveninputspectrumfor each species

for whichthe ratiomethodis appliedis determined withreference to precalculated lookup

tablesrelatingbanddepthwithequivalent density. Thepertinent banddepthis calculated

for the input spectrum and the appropriate lookuptableis searched to find the

corresponding banddepth.

Spectrafor the six operativespecies(H20. C02, 02' 03' molecularscatter. and

aerosolscatter)are determined sequentially for a giveninputspectrum. First, spectrafor

the smoothcontinuously varyingelements. molecular scatterand aerosolscatter. are

determined. The calculations forozoneare donesimultaneously with themolecular

scattercomputation becausespectrafor thesetwoelements aredetermined usingfixed

equivalentdensities. Thecombinedspectrum for ozoneand molecularscatteris

computed at the ful12Ocm-1 resolutionand convolved to 210channels. This spectrum is

removedfrom (divided out of) the input spectrum.

Following this the equivalent densityfor theaerosolscattercontribution is

determinedbasedon tabulated valuesof oneof theratios illustratedin Figure4.14 as a

function of equivalent density. This ratio is calculated from theinput spectrum after

removalof the molecularscatterand ozonecontributions. Again.this spectrum, usingthe

determinedequivalent density' value,is computedathighresolution andconvolved to 210

channels. Followingconvolution this spectrumis removedfrom (dividedout of) the

input spectrum.
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Then, because this species dominates the atmospheric spectrum and potentially

affects the determination of spectra for C02 and 02' the spectrum for water vapor is

computed, based on the band depth for the H20 absorption band near 1.13 microns.

This ratio is computed for the input spectrum following removal of the molecular scatter,

ozone, and aerosol scatter contributions. Additionally, because of probable scatter and

continuum absorption effects within a target spectrum which would affect the calculation

of band depth, a straight line is fit across this 1.131lm band and the band depth ratio is

computed relative to this line. The lookup tables relating band depth with equivalent

density are determined in the same manner. Again, the high resolution spectrum is

computed and convolved to 210 channels.

The spectrum for C02' following removal of the H20 component spectrum

from the input spectrum, is then determined in a manner comparable to that for H20,

using band depths determined with a straight line fit across the 2.051lm absorption band.

Based on the calculated equivalent density the high resolution spectrum for C02 is

computed, convolved to 210 channels, and removed.

The final species for which a spectrum component is computed is diatomic

oxygen, 02. This molecule has one narrow absorption feature in the wavelength region

of interest in the present study. Because this absorption band is narrow and easily

affected by a strongly absorbing target, two alternate approaches are taken with this

species. The first approach is to treat 02 the same as for H20 and C02 and calculate a

value for equivalent density based on tabulated values. A check is made on the equivalent

density so determined and if this value is outside of a reasonable range around the value

determined for C02' In such an instance the equivalent density determined for C02 is

also used for 02' (It should be noted that the McClatchey model treats these two species

using the same equivalent density and atmospheric profiles.)

Finally, the high resolution spectrum for Oz is calculated and convolved to 210

channels. Upon removal of this spectrum from the input spectrum (from which all other
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species' contributions have been removed), the final atmospherically calibrated spectrum

is resultant.

To summarize, then, the sequence of operations to perform the atmospheric

calibration developed here is:

1) Determine equivalent density relating to molecular scatter for

appropriate meteorological conditions.

2) Determine equivalent density relating to absorption by 03 molecule

for appropriate meteorological conditions.

3) Calculate combined high resolution spectrum for these two species.

4) Convolve this spectrum to desired resolution (0.0098~m for the

present study).

5) Remove (divide out) this spectrum from input spectrum.

6) Calculate appropriate ratio for aerosol contribution and determine

equivalent density for aerosol scatter using spectrum ratio versus

equivalent density lookup table precalculated for aerosol component.

7) Calculate high resolution spectrum using this equivalent density and

method of Kneizys et aI. for aerosol component.

8) Convolve this spectrum to desired resolution.

9) Remove this spectrum from input spectrum (from which the

contributions of molecular scatter and ozone have already been

removed).

10) Calculate appropriate band depth value for water vapor and

determine equivalent density using band depth versus equivalent

density lookup table precalculated for water vapor.

11) Calculate high resolution spectrum for water vapor using this

equivalent density and the McClatchey lookup table relating

equivalent density to transmission.

12) Convolve this spectrum to desired resolution.

13) Remove this spectrum from input spectrum (from which the

contributions of molecular scatter, ozone, and aerosol scatter have

already been removed).

14) Calculate appropriate band depth value for carbon dioxide and

determine equivalent density using band depth versus equivalent

density lookup table
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15) Calculate high resolution spectrum for carbon dioxide using this

equivalent density and the McClatchey lookup table relating

equivalent density to transmission.

16) Convolve this spectrum to desired resolution.

17) Remove this spectrum from input spectrum (from which the

contributions of molecular scatter, ozone, aerosol scatter, and water

vapor have already been removed).

18) Calculate appropriate band depth value for diatomic oxygen and

determine equivalent density using band depth versus equivalent

density lookup table precalculated for oxygen.

19) Calculate high resolution spectrum for oxygen using this equivalent

density and the McClatchey lookup table relating equivalent density
to transmission.

20) Convolve this spectrum to desired resolution.

21) Remove this spectrum from input spectrum (from which the

contributions of molecular scatter, ozone, aerosol scatter, water

vapor, and carbon dioxide have already been removed).

22) Output atmospherically calibrated spectrum.

4.5 APPLICATION OF TECHNIQUE

To test the effectiveness of this technique, it was applied to five spectra

representative of a diverse range of spectrum properties:

0) A spectrum of atmospheric transmission alone calculated using the

LOWTRAN5B computer code with the mid-latitude summer model

atmosphere, an atmospheric path from sea level to space, and 23km

visibility.

1) The same atmospheric spectrum as in 0), but with a spectrum of

hematite factored in.

2) The same atmospheric spectrum as in 0), but with a spectrum of

montmorillonite factored in.

3) The same atmospheric spectrum as in 0), but with a spectrum of

calcite factored in.

4) The same atmospheric spectrum as in 0), but with a spectrum of

green grass (from Conel et al. 1985, and courtesy of H.Lang)

factored in.
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The results of applying the technique to these five testcases are discussed below. For

Case0 each step is presented; the other four casesare discussedas a set.

4.5.1 APPLICATION TO ATMOSPHERIC

TRANSMISSION SPECTRUM ALONE: (CASE 0)

The resultsof this analysisare presented in the figuresbelow. Thesefigures

illustratethe step-wiseremovalof spectrafor eachof therelevantspeciesfollowing the

sequenceof operationsgivenabove.

4.5.1.1 INPUT

Figure4.1: It wascreatedusingLOWTRAN5B and the mid-latitude summer

meteorological model,witha pathlength from sealevel to spaceand a visibility of 23km.

This spectrumincludescontributions for watervapor,carbondioxide,diatomic oxygen,

and molecularand aerosolscatter; thesecomponents are shownin Figures4.6a-e.

4.5.1.2

(Steps 1-5)

MOLECULAR SCATTER AND OZONE

IL

As describedin the previoussection, thecombinedspectrumof molecular

scatterandozoneis computed usingequivalent densitiesselectedbasedon what

meteorological model is assumed relevant In thiscase the equivalent densities computed

for the mid-latitude summermodelwereused. However, theequivalentdensities for

these two atmospheric components varyonly slightly betweenatmospheric models.

Figure 4.15 shows the input spectrumfrom Figure4.1 (solid line) along with

thecombinedmolecularscatterandozonespectrum (crosses) computedusing the

equivalentdensityvalues for the mid-latitude summermodel. Figure4.16 showsthe

input spectrum following removalof thismolecularscatterplusozone spectrum

contribution.
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INPUT SPECTRUM, ATM. ONLY
VSMOLl!. SCAT. ANDOZONE
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FIGURE 4.15
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Input spectrum from Figure 4.8 (solidline) alongwith the

combined molecular scatterandozonespectrum (crosses) computed

usingtheequivalent density values for theLOWTRAN mid-latitude

summermodel.
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INPUT SPECTRUM
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FIGURE 4.16 Inputspectrum following removal of themolecular scatter plus

ozonespectrum contribution.
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4.5.1.3

(Steps6-9)

AEROSOL SCATTER

The equivalent density for theaerosolscattercomponent is determined with

reference to theratio illustratedin Figure4.13. Figure 4.17 showsin more detail how the

equivalentdensityfor aerosolscattervariesas a function of thisratio. Thepointon the

curvemarkedwitha cross (+) showstheratio andequivalentdensityvaluescalculated for

thepresentcase; thepointmarkedwithan open box showsthe expectedvaluefor the

aerosolscatterequivalent density.

Figure4.18showsthemolecularscatterandozonecalibrated spectrum from

Figure4.16 (solidline)alongwiththe aerosol spectrum determined here(crosses).

Figure4.19 showsthis input spectrum following removalof thecomputedaerosolscatter

component.

4.5.1.4

(Steps 10-13)

WATER VAPOR ABSORPTION

The equivalent density for the watervapor absorption spectrum component is

determined usingthe tablesof banddepthversusequivalent density illustrated in Figure

4.9. Figure 4.20 showsthis relationship in more detail. The pointon the curve marked

with a cross (+) showsthe banddepthandequivalentdensityvaluescalculated for the

present case; the pointmarkedwith an open box showsthe expected values.

Figure 4.21 shows the spectrumfrom Figure 4.19, whichis the input spectrum

with the molecularscatter, ozone,andaerosol components removed(solidline), along

with the computedwatervapor transmission spectrum(crosses). Figure4.22 showsthis

input spectrum following removalof thecomputed watervaporcomponent. Becausethe

input spectrum included only an atmospheric component, the onlyspectrum components
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that shouldbe remainingin this spectrumare thoseresultingfrom carbon dioxideand

diatomicoxygen.

4.5.1.5 DIATOMIC OXYGEN ABSORPTION

(Steps 14-17)

The equivalentdensityfor the absorption spectrum for diatomicoxygenis

determinedusingthe tablesof banddepthversusequivalentdensityillustratedin Figure

4.11; Figure4.23 shows thisrelationshipin moredetail. The point on the curve marked

with a cross (+) showsthe banddepth and equivalentdensityvalues calculatedfor the

present case; the point markedwithan open box shows the expectedvalue.

Figure 4.24 showsthe spectrumfrom Figure4.22, which is the input spectrum

with the molecularscatter, ozone, aerosolscatter,andwater vaporcomponents removed

(solid line) alongwith the computeddiatomicoxygentransmission spectrum(crosses).

Figure 4.25 showsthis input spectrumfollowingremovalof the computeddiatomic

oxygen component.

4.5.1.6

(Steps 18-21)

CARBON DIOXIDE ABSORPTION

The equivalentdensityfor the absorption spectrumof carbondioxideis

determinedusingthe tablesof banddepthversus equivalentdensityillustratedin Figure

4.11; Figure 4.26 showsthis relationshipin more detail. The point on the curve marked

with a cross (+) showsthe banddepth andequivalentdensityvaluescalculatedfor the

presentcase; thepoint markedwith an open box shows the expectedvalue.

Figure 4.27 shows the spectrumfrom Figure 4.25, which is the input spectrum

with the molecularscatter,ozone, aerosolscatter,watervapor, and diatomicoxygen

componentsremoved(solidline)along with the computedtransmission spectrumfor
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AEROSOLS: CASE 0: ATMOSPHERE ALONE
WITH INPUT ANDcoMPUn!Il EQUlV. DENS.
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FIGURE 4.17 lliustration of variance of equivalent densityfor aerosolscatteras a

function of the computed ratio.Thepoint on the cwve markedwith

a cross (+) showstheratio andequivalent densityvaluescalculated

for thepresentcase;thepoint marked with an open boxshowsthe

expected valuefor the aerosolscatterequivalent density.
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VSAEROSOL SPECrRUM1.1 .... --,

:u21.81.61.41.20.80.6
O+-r""T--r.....,r--or-="i""""-r-..,..-r~.....,~r_,....+_T_r~~__,r_,...--j

0.4

1NPtrI'. NO MS.03
WAVELENG1H (MIcroNS)

~. AEROSOL

FIGURE 4.18 Molecular scatterandozonecalibrated spectrum fromFigure4.16

(solid line)alongwiththe aerosol spectrum determined here

(crosses).
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FIGURE 4.19 Inputspectrum following removal of thecomputed aerosol scatter

component.
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WATER VAPOR: CASE 0: ATMOSPHERE ALONE
WlTHINPUTAND CXlMPl11ED EQUIV.DENS.

7

6

s

:;n.6)

.......
..........

~ .

0.92O.G0.140.10.76o:n0.61

O+--,..._...,.-__-_--r-~-,..._...,.-~-r__r-..,....-r__t
0.64

c ISPU1'
TRANSlwIIS510N CONTRAST

CALCD TABLE

FIGURE 4.20 lliustrationof relationship betweencomputed aerosol scatter

componentas a function of equivalent density. The point on the

curve markedwith a cross (+) showsthe banddepth and equivalent

densityvaluescalculated for the presentcase; thepointmarkedwith

an open box showsthe expectedvalues.
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INPUT, NO MSCAT. 03. AEROSOL
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FIGURE 4.21 Spectrumfrom Figure4.19, whichis the input spectrumwith the

molecular scatter,ozone,andaerosolcomponents removed(solid

line),alongwith thecomputed watervaportransmission spectrum

(crosses).
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FIGURE 4.22 Inputspectrum following removal of thecomputed watervapor

component.
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OXYGEN (02): CASE 0: ATMOSPHERE ALONE
WnH INPI1T ANDCOMPU1EJ) EQIJ1V. DENS.
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FIGURE 4.23 illustrationof variance of banddepthfor carbondisoxide (andother

uniformly mixed gases) as a function of equivalent density. The

point on the curve markedwith a cross (+) showsthe banddepth

andequivalent density valuescalculated for thepresentcase; the

point marked with anopen boxshowstheexpected value.
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INPUT, NO MSCAT, 03, AERO, H20
VS OXYGEN(02) SPECJ1lUM
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FIGURE 4.24 Spectrumfrom Figure4.22,whichis the input spectrumwith the

molecularscatter,ozone,aerosol scatter, and watervapor

components removed (solidline) alongwiththe computedcarbon

dioxide transmission spectrum(crosses).
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INPUT SPECTRUM WITH
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FIGURE 4.25 Inputspectrum following removalof the computed carbondioxide

component
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CARBON DIOXIDE: CASE 0: ATMOSPHERE ONLY
WrrH INPUT ANDCDMPUT'ED EQUIV. DENS.
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FIGURE 4.26 IDustration of variance of banddepthfor diatomicoxygenas a

function of equivalent density. The pointon the curvemarkedwith

a cross (+) showsthe banddepthandequivalentdensity values

calculated for thepresentcase; the pointmarkedwithan openbox

shows the expected value.
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INPUT, NO MS, 03, AERO, H20, 02
VS CARBON DIOxmS SPl!CTRUM
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FIGURE 4.27 Spectrum fromFigure 4.25, which is the inputspectrum with the

molecular scatter, ozone, aerosol scatter, watervapor,andcarbon

dioxide components removed (solid line)along withthecomputed

transmission spectrum for oxygen (crosses).
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RESULTANT SPECTRUM
CMSCAT, 03, AERO, H2O,02, CXl21U!M0VI!D1
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Inputspectrum' following removal of thecomputed oxygen

component.
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RESULTANT SPECTRUM
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FIGURE 4.29 Resultant spectrum computed forCase0 at anexpanded scaleto

showdetail.
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carbon dioxide(crosses). Figure4.28 showsthis input spectrum following removalof

the computed carbondioxide component

4.5.1.7 RESULTANT SPECTRUM

(Step22)

If the atmospheric correction wereperfect, thisresultant spectrum wouldbe a

horizontalline witha valueof 1. Thereare, however, someirregularities in this

spectrum. Figure4.29 showsthis samespectrum witha veryexpandedscale. It can be

seenin this spectrum that all theirregularities, which, predictably, occurat thepositions

of atmospheric absorption features, havemagnitudes less than0.2%. Giventhat the

correctionwasperformed on a composite spectrum including all atmospheric

components, thisdegreeof "mis-correction" is insignificant. Indeed,it is believedthat

this spectrumrepresents thebest "blind" atmospheric correction thatcan beperformed.

4.5.2 APPLICATIONS TO HEMATITE,

MONTMORILLONITE, CALCITE, AND GREEN

GRASS, PLUS ATMOSPHERE SPECTRA:

(CASES 1.4)

For these test cases, the atmospheric spectrum usedfor Case0 (Figure 4.1) was

factored with laboratory spectra(convolved to 210channels) for hematite,

montmorillonite, calcite,andgreengrass (shown in Figure4.30a-d); detailsof hematite,

montmorillonite, andcalcitespectraarediscussed in Singeret al., 1984; detailsof the

green grasss spectrum are discussed in Conelet al. 1985.

The spectrum of hematite waschosenforoneof the test casesbecause of the

strongslopechange, resultingfromchargetransfer absorption in the molecule, between

the long and shortwavelength portionsof the spectrum. Thischangein slope,because it

is a dominantspectrum feature, couldpotentially maskthe atmospheric features usedin

thecalibration procedure. Additionally, this spectrum wasselected because ferricoxides
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INPUT SPECTRUM 1: HEMATITE
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FIGURE 4.30a Inputlaboratory spectrum for hematite.
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INPUT 2: MONTMORILLONITE
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FIGURE 4.30b Input laboratory spectrum for montmorillonite.
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CASE 3: CALCITE SPECTRUM
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FIGURE 4.30c Input laboratory spectrumfor calcite.

273

..



CASE 4: GREEN GRASS
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FIGURE 4.30d Inputlaboratoryspectrum for greengrass.
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are a common alteration materialon Earth,occurringvirtuallyeverywherethat iron

bearing materials are exposed to Earth's atmosphere.

The spectrum of montmorillonitewas chosen for one of the test cases for three

reasons: The sample spectrum has a fairly low overall reflectance (around0.5), a factor

which could potentially influence the successof the atmosphericcorrection. Because

montmorillonite is a hydrated clay, having layersof water betweensilicate sheets, the

sample spectrum has absorption features near those of some of the atmosphericwater

vapor absorptions. Additionally,clay mineralsare also a common component of

materials found on Earth's surface.

The spectrum of calcite was chosenfor one of the test cases primarily because

carbonates are a commonly occurringmineralon Earth's surfaceand also because calcite

has a different absorption band structure than the other sample targets used here.

The spectrum of green grass was chosen for one of the test cases primarily for

the following reason: Even though the vegetationoccurring in a region may not hold any

geological significance, spectra obtainedremotelyfor an area of geological interest will

often include a contribution from vegetation. Thus, it is essential that spectra includinga

contribution from vegetation be recognizable and distinguished from spectraof geological

interest. Additionally, this spectrumwas used as one of the target test cases because the

spectrum shape and band features represent somethingof a composite of features

observed in the spectra for the other cases considered here. Thus, this spectrum should

be the most difficult analyze.

The results of the analysis for these four cases are presented in the figures

below. These figures illustrate the step-wiseremoval of spectra for each of the relevant

species following the sequence of operations given above.
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4.5.2.1 INPUT

Figure 4.31a-dshows the 210 channel input spectrato be treated as unknowns.

As describedabove, these spectrawereformedusing theatmosphere spectrum from Case

0, multipliedby laboratoryobtainedspectraforthe four testmaterials. Thesecomposite

spectraillustratewhat spectrafor the four materials wouldresemble, if thosespectrawere

remotelyobtainedthroughEarth'satmosphere. The atmospheric component of this

spectraincludescontributions for watervapor,carbondioxide,diatomic oxygen,and

molecularand aerosolscatter;again,thesecomponents are the sameas thoseshownin

Figures 4.6a-e.

The objective of the atmospheric correction technique developed hereis to

duplicatetheequivalentdensities pertinent to the inputatmosphere spectrum.as shallbe

seen in the succeeding figures, thereis verylittledifference betweenthe input and

computedvalues for the absorbing species: H20, C02, and 02' For these

atmospherically dominantspecies, the atmospheric correction algorithm has been

successful.

Thereis somedifference between theinputandcomputed equivalent densities

for the aerosolscattercomponent. This result is expected,given thatthe ratio usedto

determine the aerosolscatterequivalentdensity willalwaysbe influenced by the target

contribution. The conclusionto be drawn fromtheseresultsis that this technique will

only be able to correctpartiallyfor the aerosol scattercontribution to an inputspectrum;

furtherworkusingactualremotelyobtaineddata will berequiredtodetermine how (andif

it is possible)to improveon this component of thecorrectionalgorithm. It shouldbe

noted, however, that an imperfectcorrrection for the aerosolscattercomponent has not

seriously affectedtheequivalentdensitydeterminations for theotherspecies.

The following figures illustrate in detail thecorrection processfor this testcase.
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HEMATITE WITH ATM. ABSORPTION
(SAM!! AThI. SI'EC'lRUMAS ABOVE)

l.1"'Y'""-------::=.::.:::::.::::.:.:.::...;,;~---------l

0.9

0.11

0.7

0.6

0'"'

0.4

0.3

0.2

0.1

0

0.4 0.6 0.11 1.4 1.6 1.1 2

Wo\VEUNGIH (MIClONS)

FIGURE 4.313 Inputspectum shown in Figure 4.30a,factored with atmosphere

spectrum shown in Figure4.8.
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MONTMORILL. WITH ATMOS. TRANS. SPECTRUM
(SAM!!ASABOVE ATMOS. SPECTRUM)
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FIGURE 4.31b Input spectrum shown in Figure 4.30b, factored with atmosphere

spectrum shown in Figure 4.8.
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CALCITE SPECTRUM PLUS ATMOS TRANS SPEC
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FIGURE 4.31c Input spectrum shown in Figure 4.3Oc, factored with atmosphere

spectrum shown in Figure 4.8.
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CASE 4: GREEN GRASS PLUS ATMOS TRANS
(SAMB AlMOS ntANS SPEClRUM AS ABOVE)
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FIGURE 4.31d Input spectrum shown in Figure 4.30d, factored with atmosphere

spectrum shown in Figure 4.8.
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4.5.2.2

(Steps 1-5)

MOLECULAR SCATTER AND OZONE

As described previously, the combinedspectrum of molecular scatterandozone

is computedusingequivalent densities selected basedon whatmeteorological modelis

assumedrelevant. In thiscase theequivalent densities computedfor themid-latitude

summermodelwereused. Theequivalentdensitiescomputed for these twoatmospheric

components varyonly slightlybetweenatmospheric models.

Figure4.32a-d showsthe input spectrafrom Figure4.31a-d(solidline) along

with thecombinedmolecularscatterandozonespectrum (crosses) computed usingthe

equivalentdensityvaluesfor themid-latitude summermodel.

4.5.2.3

(Steps 6-9)

AEROSOL SCATTER

The equivalent densityfor the aerosolscattercomponent is determined with

referenceto the ratio illustratedin Figure4.13. Figure4.33a-dshowin moredetail how

theequivalentdensityfor aerosolscattervaries as a function of thisratio, ascomputedfor

each sample. The pointson thesecurves markedwithcrosses (+) showtheratio and

equivalent densityvaluescalculated for the fourcases;thepointsmarkedwithan open

box showtheexpectedvalue for the aerosolscatterequivalentdensity.

Figure4.34a-dshowsthe molecularscatterandozonecalibrated spectrum (solid

line) alongwith the aerosolspectradetermined here (crosses).

281



..

HEMATITE WITH ATM. ABSORPTION
wrm MOIA SCAT.ANDOZON'l!
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FIGURE 4.32a Input spectrum from Figure 4.31a (solid lines) along with the

combined molecular scatter and ozone spectrum (crosses) computed

using the equivalent density values for the mid-latitude summer

model.
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MONTMORILL PLUS ATMOS.
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FIGURE 4.32b Input spectrumfrom Figure4.31b (solidlines) along with the

combinedmolecular scatterandozone spectrum (crosses) computed

usingthe equivalent densityvalues for themid-latitude summer

model
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CALCITE+ATMOS INPUT SPECTRUM
WrmMOLE. SCAT. ANDOZClNB SPECI'RUM
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FIGURE 4.32c Input spectrumfromFigure4.31c (solidlines)alongwith the

combinedmolecularscatterandozonespectrum (crosses) computed

usingthe equivalentdensity valuesfor themid-latitude summer

model.
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GREEN GRASS + ATMOS
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FIGURE 4.32d InputspectrumfromFigure4.3d (solidlines)alongwith the

combined molecular scatterand ozonespectrum (crosses) computed

usingtheequivalent density valuesfor themid-latitude summer

model.
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AEROSOLS: CASE 1: HEMATITE SAMPLE
wrm INPUT AND OOMPtrI"ED EQL1V. DENS.
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FIGURE 4.33a lliustration of variance in aerosol ratioasa function of equivalent

density for aerosol scatter. Thepointson thecurvemarkedwith

crosses (+) showtheratioandequivalent densityvalues calculated

for Case 1; thepointmarkedwithan openboxshowstheexpected

valuefor the aerosol scatterequivalent density.
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AEROSOLS: CASE 2: MONTMORILL. SAMPLE
WITHlNPUrANDCOMPUTED IlQUlV.DENS.

0.8

0.7

0.6

0.3

0.2 .~.:

0.1

om0111o.osom
o+-------r--'"'T"'--,....---r--"""---r---r---t

0.01

o INPUT
TRANSMISSION COmRAST

CALC'D TAIlLB

FIGURE 4.33b illustration ofvariance in aerosol ratioas a function of equivalent

densityfor aerosol scatter. The pointson the curvemarkedwith

crosses(+) show theratioandequivalent densityvalues calculated

for Case 2; thepoint markedwith anopen boxshowstheexpected

valuefor theaerosol scatterequivalent density.
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AEROSOLS: CASE 3: CALCITE SAMPLE
wrm INPUTANDa>MPI1t1!D I!QUIV. DENS.
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FIGURE 4.33c illustration ofvariancein aerosol ratioas a function of equivalent

densityforaerosolscatter. The pointson the curvemarkedwith

crosses(+) showtheratioandequivalent densityvaluescalculated

for Case3; thepoint markedwithan open boxshows theexpected

valuefor theaerosolscatterequivalentdensity.
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AEROSOLS: CASE 4: GREEN GRASS SAMPLE
WI1lfINPUI'AND COMl'l1lEDEQUIV. DENS.
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FIGURE 4.33d illustration of variancein aerosolratioas a function of equivalent

densityforaerosolscatter. Thepointson the curve markedwith

crosses(+) show theratioand equivalent densityvaluescalculated

for the fourcases; thepoint marked with an open box showsthe

expectedvaluefor theaerosol scatterequivalent density.
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HEMATITE+ATM, NO MOLE.SCAT. OR 03
Wl1lI AEROSOL SPl!CIRUM
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FIGURE 4.34a Molecular scatter andozonecalibrated spectrum (solid line)along

withtheaerosol spectra determined here (crosses) for Case1.
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MONT+ATM, NO MOLE-SCAT. OR 03
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FIGURE 4.34b Molecular scatter andozonecalibrated spectrum (solidline)along

with the aerosolspectradeterminedhere(crosses) for Case2.
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CALCITE+ATMOS, NO MOLE.SCAT OR 03
wrtH AI!ROSOL SPECrRUM
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FIGURE 4.34c Molecular scatter and Ozonecalibrated spectrum (solid line) along

with the aerosol spectra determined here (crosses) for Case 3.
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GREEN GRASS+ATMOS: NO MSCAT,03
wrmAEROSOL SPEC'mUM
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FIGURE 4.34d Molecular scatter andozonecalibrated spectrum (solid line)along

with theaerosol spectradetermined here (crosses) for Case 4.
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4.5.2.4

(Steps 10-13)

WATER VAPOR ABSORPTION

The equivalentdensityfor the watervapor absorptionspectrumcomponentis

determinedusing the tablesof banddepth versus equivalentdensity illustrated in Figure

4.9. Figure 4.35a-d shows this relationship in more detail. The points on the curve

marked with crosses (+) show the band depth and equivalent density values calculated for

the four cases; the point marked with an open box shows the expected value.

Figure 4.36a-d shows the input spectra with the molecular scatter, ozone, and

aerosol componentsremoved (solid line), alongwith the computed water vapor

transmission spectrum (crosses). The only spectrumcomponents that should be

remaining in these spectra are thoseof the four test materialsand thoseresulting from

carbon dioxide and diatomicoxygen.

4.5.2.5

(Steps 14-17)

CARBON DIOXIDE ABSORPTION

-

The equivalentdensity for the absorptionspectrumfor carbondioxide is

determined using the tablesof banddepth versusequivalentdensity illustrated in Figure

4.11; Figure 4.37a-d shows this relationship in more detail. The points on the curves

marked with crosses (+) show the band depth and equivalentdensityvalues calculated for

the four cases; the point marked with an open box shows the expected value.

Figure 4.38a-d shows the input spectra with the molecular scatter, ozone,

aerosol scatter, and watervapor components removed (solid line) alongwith the

computed carbon dioxide transmissionspectrum (crosses).
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WATER VAPOR: CASE 1: HEMATITE SAMPLE
wrm INPI1I' ANDCCMPtmlD EQUIV. DENS.
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FIGURE 4.35a illustrationof variance in banddepthwithequivalentdensityfor the

watervapor absorption spectrumcomponent. The pointson the

curve markedwithcrosses(+) show the banddepth and equivalent

densityvaluescalculated for Case 1; thepoint markedwithan open

box showsthe expected value.
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WATER VAPOR: CASE 2: MONTMORILL. SAMPLE
wrm INPUr ANDCDMi'UI'ED1!QU1V. DENS.

7

-",."
.,.'...,.........

ono..a0....0.10.760.720.68
04--...-.......----.......-.....--,.-..-,..--,----,r---r---r---,r---f

0.64

1RANSMISSION COmRAST
~ CALC'D ....... .. TABU!

FIGURE 4.35b illustration ofvariance in band depth with equivalent density for the

water vapor absorption spectrum component. The points on the

curve marked with crosses (+) show the band depth and equivalent

density values calculated for Case 2; the point marked with an open

box shows the expected value.
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WATER VAPOR: CASE 3: CALCITE SAMPLE
wrm INPl.TI' ANDCOMl'tTTED EQt1IV. DENS.
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FIGURE 4.35c illustration of variance in banddepth withequivalent densityfor the

watervaporabsorption spectrumcomponent. The pointson the

curve marked withcrosses(+) showthe banddepth andequivalent

densityvalues calculated for Case3; thepointmarkedwith an open

boxshowstheexpected value.
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WATER VAPOR: CASE 4: GREEN GRASS SAMPLE
WTllIINPllT ANDCXlMPl111!D EQUIV. DENS.
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FIGURE 4.35d illustration of variance in banddepthwithequivalent density for the

watervaporabsorption spectrum component. Thepointson the

curvemarked withcrosses(+) showthe banddepthandequivalent

density values calculated forCase4; thepointmarkedwith an open

boxshowsthe expected value.
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HEMATITE+ATM, NO MSCAT,03,AEROSOL
wrm WAlER VAPOR SPEcrRUM
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FIGURE 4.36a Input spectra with the molecular scatter, ozone, and aerosol

components removed (solid line), along with the computed water

vapor transmission spectrum (crosses) for Case 1.
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MONT+ATM, NO MSCAT,03,AEROSOL
WrntWATER VAPOR SI'Ilct'R11M
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FIGURE 4.36b Input spectrawith themolecular scatter, ozone,andaerosol

components removed (solidline),alongwith the computed water

vapor transmission spectrum (crosses) for Case 2.
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CALCITE+ATMOS, NO MSCAT, 03, AEROSOL
WlmWATER VAI'ORSI'I!CT'RllM
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FIGURE 4.36c Input spectra with the molecular scatter, ozone, and aerosol

components removed (solid line), along with the computed water

vapor transmission spectrum (crosses) for Case 3.
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GREEN GRASS+ATMOS: NO MSCAT,03,AEROSOL
wrmWA1l!RVAPORSPBCI'IUlM
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FIGURE 4.36d Input spectra with the molecular scatter, ozone, and aerosol

components removed (solid line), along with the computed water

vapor transmission spectrum (crosses) for Case 4.
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CARBON DIOXIDE: CASE 1: HEMATITE SAMPLE
WITHINPUTAND alMPUT'£1) EQUIV.DESS.
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FIGURE 4.37a illustration of varianceof banddepthwithequivalent densityfor

carbondioxide. Thepointson thecurves markedwith crosses (+)

showthe banddepthand equivalent densityvaluescalculated for

Case 1; the point markedwith an open box shows the expected

value.
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CARBON DIOXIDE: CASE 2: MONTMORILLONITE
wrm Co"PllT ANDcx)MI'lm:D EQUIV. DENS.
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FIGURE 4.37b illustrationofvarianceof banddepth with equivalentdensityfor

carbon dioxide. The points on the curves markedwith crosses (+)

showthe banddepth and equivalentdensityvaluescalculatedfor

Case 2; the point marked withan open box shows the expected

value.
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CARBON DIOXIDE: CASE 3: CALCITE SAMPLE
wrm INPUT AND COMPl1I1!D BQUlV. DENS.
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FIGURE 4.37c illustration of variance of banddepthwithequivalent densityfor

carbondioxide. The pointson thecurves markedwith crosses (+)

showthe banddepthand equivalent densityvaluescalculated for

Case3; thepointmarkedwithan open box showsthe expected

value.
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CARBON DIOXIDE: CASE 4: GRASS SAMPLE
wrmINPlTI'ANDCXlMPl1ll!D EQUIV. DENS.
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FIGURE 4.37d illustration ofvariance of band depth with equivalent density for

carbon dioxide. The points on the curves marked with crosses (+)

show the band depth and equivalent density values calculated for

Case 4; the point marked with an open box shows the expected

value.
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FIGURE 4.38a Input spectrawith the molecularscatter,ozone, aerosol scatter,and

water vaporcomponents removed (solid line) along with the

computedcarbondioxide transmission spectrum (crosses)for

Case 1.
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FIGURE 4.38b Input spectra with the molecular scatter, ozone, aerosol scatter, and

water vapor components removed (solid line) along with the

computed carbon dioxide transmission spectrum (crosses) for

Case 2.
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CALCITE+ATMOS, NO MSCAT, 03. AERO. H20
WrIH CARBON DIOXIDE SPIlClRUMI.I-r--------------------------..,
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FIGURE 4.38c Input spectra with the molecular scatter, ozone, aerosol scatter, and

water vapor components removed (solid line) along with the

computed carbon dioxide transmission spectrum (crosses) for

Case 3.
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GRASS+ATMOS: NO MSCAT,03,AEROSOL,H20
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FIGURE 4.38d Input spectra withthemolecular scatter, ozone,aerosol scatter, and

watervaporcomponents removed (solidline)alongwiththe

computed carbon dioxide transmission spectrum (crosses) for

Case4.
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4.5.2.6

(Steps 18-21)

DIATOMIC OXYGEN ABSORPTION

The equivalentdensity forthe absorption spectrum of diatomic oxygenis

determined usingthe tables of banddepthversusequivalent densityillustrated in Figure

4.11; Figure 4.39a-dshows this relationship in moredetail. Thepointson thecurves

markedwithcrosses(+) showthebanddepthandequivalent densityvaluescalculated for

the four cases; thepoint markedwithan open box showsthe expectedvalue.

Figure4.40a-d showsthe inputspectrawith the molecularscatter, ozone,

aerosolscatter,watervapor, and carbon dioxidecomponents removed(solidline) along

with the computedtransmission spectrum for oxygen (crosses).

4.5.2.7

(Step22)

RESULTANT SPECTRA

If the atmospheric correction wereperfect, theresultant spectrashownin Figure

4.41a-dwouldbe identicalwith the hematite, montmorillonite, calcite,andgreengrass

input spectra shownin Figure4.30a-d. Likewise, the computedatmosphere spectra

would be identicalwith the input atmosphere spectrum. Thereare somedifferences

betweenthe resultantand inputspectra: Figure4.42a-dshowsthecomputed resultant

spectra (solid line) along with theinput spectra(crosses). Figure4.43a-dshowsthe

computedatmosphere spectra(solidline)alongwiththeinputatmosphere spectrum

(crosses).

The atmospheric correction for Case 1,hematite, is verygood: The only

apparent differences between the resultant spectrum and the inputhematite spectrum are

around the two major water vaporabsorption bandsnear 1.4JlID. and 1.9J.1.m. For actual

data obtainedremotely throughEarth's atmosphere, these two bandswillinvariably be

fully absorbing. This means that, in a realisticcase, no signalfrom the targetcan be
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OXYGEN (02): CASE 1: HEMATITE SAMPLE
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FIGURE 4.39a illustration ofvariance ofband depth with equivalent density for the

absorption spectrum ofdiatomic oxygen. The points on the curves

marked with crosses (+) show the band depth and equivalent

density values calculated for Case 1; the point marked with an open

box shows the expected value.
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OXYGEN (02): CASE 2: MONTMORILL. SAMPLE
wrm l!oo'PUJ' ANDOOMPUIED EQUIV. DENS.
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FIGURE 4.39b illustration ofvariance ofband depth with equivalent density for the

absorption spectrum of diatomic oxygen. The points on the curves

marked with crosses (+) show the band depth and equivalent

density values calculated for Case 2; the point marked with an open

box shows the expected value.
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OXYGEN (02): CASE 3: CALCITE SAMPLE
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FIGURE 4.39c illustrationof varianceof banddepth withequivalentdensityfor the

absorption spectrumof diatomicoxygen. The pointson the curves

markedwithcrosses (+) showthe banddepth and equivalent

densityvaluescalculatedfor Case 3; thepointmarkedwith an open

box showsthe expectedvalue.

314



o.l6 • o.ll • ~ • ~o.l4

OXYGEN (02): CASE 4: GREEN GRASS SAMPLE
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FIGURE 4.39d illustration ofvariance of band depth with equivalent density for the

absorption spectrum ofdiatomic oxygen. The points on the curves

marked with crosses (+) show the band depth and equivalent

density values calculated for Case 4; the point marked with an open

box shows the expected value.
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HEMATlTE+ATM, NO MS,03,AEROSOL,H20,C02
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FIGURE 4.40a Input spectrum for hematite withthe molecular scatter. ozone.

aerosol scatter, watervapor,andcarbondioxidecomponents

removed(solidline)along with thecomputedtransmission

spectrumfor oxygen (crosses).
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FIGURE 4.40b Input spectrum for montmorillonite with the molecular scatter,

ozone, aerosol scatter, water vapor, and carbon dioxide components

removed (solid line) along with the computed transmission

spectrum for oxygen (crosses).
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CALCITE+ATMOS, NO MSCAT,03,AERO,H20,C02
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FIGURE 4.40c Input spectrum for calcite with the molecular scatter, ozone, aerosol

scatter, water vapor, and carbon dioxide components removed

(solid line) along with the computed transmission spectrum for

oxygen (crosses).
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GRASS+ATMOS: NO MSCAT,03,AERO,H20,C02
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FIGURE 4.40d Inputspectrum forgreengrasswith the molecular scatter, ozone,

aerosol scatter, watervapor,andcarbondioxidecomponents

removed (solid line)alongwiththe computed transmission

spectrum for oxygen (crosses).
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AESULTANTSPECTRUM
CMSCAT, 03, AERO, mo, 002, 02 REMOVED)
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AU. SPEOES Ol1T

FIGURE 4.41a Input spectrum for hematitefollowingremovalof the computed

oxygencomponent This is the resultantspectrumfor the

calculation.
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CASE 2: MONTMORILL.: RESULTANT SPECTRUM
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FIGURE 4.41b Input spectrum for montmorillonite following removal of the

computed oxygen component. This is the resultant spectrum for the

calculation.
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CASE 3: CALCITE: RESULTANT SPECTRUM
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FIGURE 4.41c Input spectrum for calcite following removal of the computed

oxygen component. This is the resultant spectrum for the

calculation.
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CASE 4: GREEN GRASS: RESULTANT SPECTRUM
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FIGURE 4.41d Input spectrum for green grass following removal of thecomputed

oxygen component. This is theresultant spectrum for the

calculation.
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RESULTANT SPECTRUM WITH INPUT SPECTRUM
CASB 1: HBMATn1!
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FIGURE 4.423 Comparison of the computed resultant spectrum (solid line) along

with the input spectrum (crosses) for hematite.
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CASE 2: MONTMORILL.: RESULTANT SPECTRUM
wrm INPUTSPECIRUM
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FIGURE 4.42b Comparison of the computed resultant spectrum (solid line) along

with the input spectrum (crosses) for montmorillonite.
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CASE 3: CALCITE: RESULTANT SPECTRUM
wrm INPUT CALCml SPECntUM
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FIGURE 4.42c Comparison of the computed resultant spectrum (solid line) along

with the input spectrum (crosses) for calcite.
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CASE 4: GREEN GRASS: RESULTANT SPECTRUM
WITHINPI1T lJRASS SPECrRUM
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FIGURE 4.42d Comparison of the computed resultant spectrum (solid line) along

with the input spectrum (crosses) for green grass.
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COMPUTED ATMOS. TRANSMISSION SPECTRUM
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FIGURE 4.43a Comparison of the computed atmosphere spectrum (solid line)

along with the input atmosphere spectrum (crosses) for

Case 1: Hematite.
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FIGURE 4.43b Comparison of the computed atmosphere spectrum (solid line)

along with the input atmosphere spectrum (crosses) for

Case 2: Monttnorillonite.
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CASE 3: CALCULATED ATMOS TRANS SPECTRUM
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FIGURE 4.43c Comparison of thecomputed atmosphere spectrum (solid line)

alongwiththe inputatmosphere spectrum (crosses) for

Case3: Calcite.
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FIGURE 4.43d Comparison of the computed atmosphere spectrum (solid line)

along with the input atmosphere spectrum (crosses) for

Case 4: Green grass.
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expected to reach the sensor in the wavelength regions of these bands. By the same

token. if these bands are not fully saturated, then the atmospheric correction method used

here should be as effective in calibrating these wavelength regions as for the regions

around the water vapor absorption bands near 0.94 m and 1.13 m.

The atmospheric correction for case 2, montmorillonite, is also quite good: The

only apparent differences between the resultant spectrum and the input montmorillonite

spectrum are in the slight difference in slope at the short wavelength end of the spectrum

and some irregularity around the positions of the carbon dioxide absorption features near

2 urn. The slope difference is the result of the imperfect correction for the aerosol scatter

component as discussed above. The imperfect correction for the atmospheric C02 band

region is due to the fact that these bands fall on the long wavelength wing of the H20

absorption feature in the target spectrum, as well as the long wavelength wing of the

atmospheric water vapor absorption feature in the same wavelength region.

This spectrum region will, in general, be the most difficult to correct for: Not

only are the atmospheric absorption bands saturated and changing, but for target spectra

containing water in some form, there will be absorption features in the target which

overlap with atmospheric bands. Although, the atmospheric bands at these wavelength

positions are not used as calibration points for water vapor under the present technique,

the C02 absorption features do overlap somewhat with these bands and will therefore

necessarily be influenced by the presence of both atmospheric water and water in the

target. Realistically, it may not be possible to correct fully for the region around the

position of these H20 and C02 features.

The atmospheric correction for case 3, calcite, is also quite good. The

differences between the resultant spectrum and the input calcite spectrum are the same as

for the montmorillonite target above: there is a slight difference in slope at the shan

wavelength end of the spectrum and there is some irregularity around the positions of the

carbon dioxide absorption features near 2 um, As for the montmorillonite case, the slope

difference is the result of the imperfect correction for the aerosol scatter component as
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discussed above. The imperfect correction for the atmospheric C02 band region is due to

the fact that these bands fall near the same wavelength position as the C03 absorption

feature in the target spectrum, as well as on the long wavelength wing of the atmospheric

water vapor absorption feature in the atmosphere spectrum.

.
The overlap of the C02 absorption features with these bands means that this

spectrum region will necessarily bedifficult to calibrate. Realistically, because of this

interference, it may not be possible using any technique to correct fully for the C02

contribution to the atmosphere spectrum.

The atmospheric correction for Case 4, green grass, is also quite good,

especially given the complexity of the input spectrum. The differences between the

resultant spectrum and the input green grass spectrum are largely the result of the presence

of water absorption bands in the target as well as the atmospheric spectrum, which

influenced the determination of the H20 equivalent density. This imperfect determination

of the equivalent density appears in the resultant spectrum as irregularities near the

wavelength positions of the water absorption bands.

In general, when absorption features in the target spectrum coincide with points

used for calibration in the atmosphere spectrum, the atmospheric calibration will not be as

accurate. However, as can be seen from the examples presented here, the resultant

calibration can still be quite good.

As for the input spectrum inCase 0, it is believed that these resultant spectra

represent the best "blind" atmospheric correction that can be achieved using any method.

4.6 SUMMARY-FUTURE WORK

Clearly the technique developed here works well for the synthetic spectra used

here as examples. The next important step in developing this technique will be to apply it

to data obtained through Eanh's atmosphere with an actual high spectral resolution

instrument.
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No such instrument exists at the time of this writing. It should have been

possible to test the technique using data obtained with AVIRIS, but this instrument is still

experiencing basic calibration problems. The AVIRIS team's approach to system

calibration has, however. become more rigorous and routine. This instrument may now

be producing data on which a sufficiently accurate primary calibration has been performed

(e.g., see Vane er al. 1989 and Green et al., 1990).

When an instrument becomes available for conducting high spectral resolution

remote sensing in the 0.4-2.5 micron range then it will be possible to improve further the

atmospheric technique developed here. The following is a list of questions which should

be considered when actual data become available:

1) Is the McClatchey model applicable to actual data?

2) If the McClatchey model is not robust enough to use in analyzing

actual data, can it be improved for the purpose, or is there a better

model? Alternatively, what would be required to develop a better

model?

3) How many pixel spectra in an image must be analyzed in order to

perform an accurate atmospheric correction?

4) Should this number be the same for all species?

5) If all the pixel spectra must be analyzed, how can the correction

algorithm be made efficient enough to accommodate this need?

6) How can the aerosol scatter correction be improved?

7) Can data be obtained describing aerosol absorption as well?

8) How can the problem of forward scatter of radiation into the beam

be solved?

9) How much variation can the technique accommodate in the

determination of the equivalent density for each species and still

produce an accurate resultant spectrum?

10) What other atmospheric models exist which might be similarly

exploited?
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CHAPTER 5

CONCLUSIONS

Remote sensing methods have already had a tremendous impact on practical

geology in terms of generalized mapping, the study of faulting and drainage systems, and

the use of radar for studying topographic structure in areas of dense vegetation or heavy

cloud cover. Most of the widely applied uses at present, however, are essentially

extrapolations of the techniques of photogrammetry and aerial photography. Much more

limited use has been made of the potential of multispectral imagery to examine

compositional differences of surface features, perform mineralogical analysis, or identify

particular "targets" within a scene.

One of the greatest hurdles to be crossed in applying multispectral sensors to

compositional problems is developing adequate calibration techniques. A great deal can

be done with images without detailed and consistent calibration, since relative brightness

within a scene, and generalized band ratios, are often enough to bring out features of

interest in color composite images. These kinds of differentiations, however, are

inadequate when seeking particular diagnostic spectra, or when attempting to extrapolate

compositional information from one scene to another.

Chapter 2 of this study showed how multiple data sets from different sensors can

be coregistered and calibrated into a consistent format. In Chapter 3, it was shown how

these data sets can be integrated with topographic data and trend surface analysis to

provide information about the geologic evolution of an area. More important, perhaps, it

was demonstrated how, with adequate calibration, the geological units identified by a

relatively high-spatial-resolution aircraft instrument can be extrapolated on a consistent

basis to the much broader scene obtained from satellite imagery.

Remote sensing technologies are not capable of replacing field geology. Beyond

the problems of calibration and spatial resolution, such instruments are only capable of
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responding to the surface expression of composition. Not all important geological

features are apparent on the immediate surface, and, of those that are, some important

ones, such as ore veins, are not of sufficient spatial extent to show in high-altitude

imagery. Moreover, what is seen in reflectance spectroscopy is strongly dominated by

weathering and surface patinas which may not always be diagnostic of the rock type.

On the other hand, remote sensing technologies are sometimes sensitive to

features that easily evade the human eye. Subtle compositional differences, that to a

human might be masked by similar visible color, are often readily detectable. Diffuse

features, such-as the erosional products of a highly concentrated source rock, can be quite

apparent as a spectral "halo " spreading out from the source. The development of

analytical geochemistry augmented, rather than replaced field studies, and, like laboratory

geochemistry, it seems likely that multispectral remote sensing will not only augment the

skills of the geologist, but will also change our ways of looking at geological problems.

Only limited compositional information can be obtained from broadband

multispectral instruments like those examined in Chapters 2 and 3. The characteristic

spectra of specific minerals are masked by the averaging across wide bandpasses; even a

sharp peak will result only in slight rise in the average value of a broad band. Detailed

mineralogical information can be obtained only from much higher spectral resolution,

comparable to laboratory spectroscopy. Such "hyperspectral" instruments, however,

require even greater precision in calibration, not only because finer detail is being

discerned, but also because the fine spectrum of the atmosphere is interwoven into the

reflectance spectra. Changes in such variables as the humidity of the scene can have a

dramatic effect on the spectra from such instruments.

To date, most atmospheric calibration ofsuch instruments has been carried out by

the use of reference standards-chat is, by finding a feature in the scene of known (or

presumed) composition, and removing its spectrum to infer an atmospheric spectrum that

can then be removed from the remaining pixels in the image. The problems with such an

approach are that a) a suitable reference is not always available in the scene, and b) such a

calibration approach requires a substantial amount of time and human judgment. Typical
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multispectral data sets are very large; hyperspectral data sets are enormous in size.

Simply to cope with the quantities of data involved a high degree of automation will be

necessary if such techniques are to prove practical.

At present, the problem of atmospheric calibration is still overshadowed by the

problems of instrument response; instruments being flown at the time of this study were

still dominated by instrument noise and response drift. These problems are being solved;

therefore, the concluding section of this study was devoted to examining the feasibility of

developing a relatively automated approach to removing atmospheric effects from

hyperspectral data sets.

The detailed spectral signatures of the atmosphere that cause interpretation

problems in hyperspectral data are the same signatures that allow atmospheric corrections

to be made. With high-resolution instruments, when a spectrum is obtained the

instrument is in effect sounding the atmosphere at the same time. The technique

developed in Chapter 4 of this study shows that it is possible to calibrate the data based

on information present in the data itself. Because of the predictable deepening and

broadening behavior of certain absorption bands in atmospheric spectra, it is possible to

use certain diagnostic bands to obtain quantitative estimates of the density of important

atmospheric species along the path of incoming radiation. In principle, the technique

developed here is capable of correcting for atmospheric effects in hyperspectral data sets

without seeking reference standards within the scene.

The ideal test of this technique would require not only a stable and calibrated

instrument, but also, ideally, an area of higher spectral contrast than that used in the

Wyoming test site examined in this study. If the technique is indeed robust, it should be

able not only to distinguish different mineral species in a scene, but should also be able to

identify and "alarm" similar minerals between scenes under very different atmospheric

conditions. Hyperspectral remote sensing is simply not practical unless atmospheric

effects can be corrected for in an efficient and consistent manner; this study has proposed

one workable approach to the problem.
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