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ABSTRACT 

The objective of the study was to study the effects of the atmosphere 

on remote sensing of Earth Resources. In particular, the study made use 

of the SkylabjEREP measurements, especially those obtained by the S192 

Experiment, as base for comparison with model calculations. 

Four test cases over two target areas of Sky lab data were selected 

for analysis. The target areas were (1) in the vicinity of the Great 

Salt Lake and (2) in the vicinity of the Salton Sea. Comparisons of Skylab 

measurements with computation values suggests that, for the purpose at 

hand, the model adequately represents the measurement situation. 

Using the "calibrated" model, computations were made on the effects 

of the atmosphere on certain radiometric parameters commonly used in earth 

resources studies. These parameters include radiance, surface reflectance, 

reflectance contrast, spectral contrast, and other derived parameters. 

Graphs to assist in the correction of atmospheric effects are also provided. 
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10 INTRODUCTION 

Tp~hniques for monitoring earth resources using multispectral sensors 

at visible and near-infrared wavelengths rely on the observer's ability to 

establish a one-to-one correspondence between the spectral properties of 

the surface and those of the reflected solar radiation measured at the 

spacecraft. Unfortunately, the atmosphere between the spacecraft sensor 

and the surface target is an integral, though generally uncontrollable, 

part of the total measurement system. Atmospheric gases and particles ab­

sorb, emit, and scatter solar radiation in a unique and spectrally struc­

tured manner. Consequently, the sensor responds not only to the radiant 

energy reflected by the target surface, but also to the radiative processes 

of the atmosphere within its field of view. In the context of resource 

monitoring, these latter contributions to the measured intensity constitute 

a source of system introduced noise which may effect spectrum matching 

techniques of surface type classification. 

The intensity of the atmospheric noise is dependent on a number of 

factors including the wavelength of measurement, solar elevation angle, 

sensor viewing geometry, and composition of the atmosphere. For most meas­

urement situations, the geometric factors are known or can be readily deter­

mined. The composition of the atmosphere at the time of measurement, how­

ever, is generally unknown. To the extent that this is unknown, the quan­

titative interpretation of the remote measurements must remain ambiguous. 

In the past, .a number of techniques have been proposed and investigated 

to provide atmospheric correction factors to measurements from spacecraft 

sensors. These have ranged in scope from radiative transfer computations 

to the use of strictly empirical correction factors derived from actual 

measurements. In this study, evaluations have been made of the atmospheric 

effects influencing measurements using the 8KYLAB EREP 8192 M88 providing 

high spatial-resolution, quantitative, line scan data on the solar radiation 

that is reflected in twelve spectral intervals in the visible and near­

infrared and emitted radiation in one thermal band covering those regions 

most extensively used in aircraft surveys of earth resources. 

Theoretical calculations have been performed utilizing a simple sur­

face-atmosphere geophysical model and the 8KYLAB EREP 8192 band spectral 
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response functions to reproduce synthetic radiar.ce spectra characteristic 

of given viewing configurations and surface types. Analogous spectra for 

the hypothetical case of no atmosphere are also calculated to provide a 

calibration of the atmospheric correction. The spectral character of the 

results are dependent upon: (1) the atmosphere's transmission and scatter­

ing properties; (2) the surface reflectance spectrum; and (3) the sensor 

response characteristics. The surface is assumed to be a Lambert reflector 

(usually a good assumption at high solar elevation angles) and the atmos­

phere diffuse reflected solar radiation (patll radiance) is interpolated 

from exact radiative transfer calculations. Computations of atmospheric 

transmissivities require a thorough knowledge of the abundances and vertical 

distributions of radiative1y active gases (primarily H20 and 0
3 

in this 

spectral region) in addition to temperature structure and aerosol content. 

This information is input in the form of a finite number of model atmos­

pheres. 

Synthetic radiance values computed using nearby radiosonde data are 

compared with actual S192 digital data measured over selected test sites. 

These include the Salton Sea Desert (#547119) and the Great Salt Lake­

Bonneville region (#547220). Ground truth assembled for the latter site 

include in situ reflectance and incident radiation measurem,:mts in addition 

to basic meteorological parameters. For each test site maps were prepared 

to 'appropriate scale from S190B earth terrain photography to document the 

relative surface homogeneity of the particular area to be investigated and 

serve as base maps. Overlays were prepared to scale which delineate the 

surface distribution of mineralogical species and relate regions of rela­

tively uniform topography. Minero1ogical information (to indicate reflec­

tance properties) has been extracted from appropriate USGS, state, and 

local maps which are available. A geological analysis was prepared for 

each site to accompany and explain the map overlays. These reports dis­

cuss surface minero1ogy, uniformity, and morphology in addition to contain­

ing a key to the overlay. Specific S192 digital data elements are groun~ 

correlated using a two level density slicing technique on chosen S192 MSS 

raw channel counts. Calibrated radiances for specific scan lines and 

pixels are then obtained. Comparison between actual and synthetic radiances 

enables an assessment to be made regarding the accuracy of the model ca1-

culation, 
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2. ATMOSPHERIC EFFECTS 

This study is concerned with the potential effect of the atmosphere in 

degrading the quality of earth resources data obtainable from spectral data 

in the visible and near-infrared regions covered by the EREP S192 MSS. To 

achieve this goal and to ottain synthetic radiance spectra from model cal­

culations due consideration must be taken of those processes influencing 

the reflection of incident solar radiation from the earth-atmosphere system. 

This section will discuss the particular influence of the atmosphere on 

radiation of visible and near-infrared wavelengths. 

The atmosphere is composed primarily of nitrogen, oxygen, and traces 

of carbon dioxide, water vapor, inert gases, and aerosol. As incident 

solar radiation interacts with these atmospheric constituents the trans­

mission of the beam is selectively modified as a function of wavelength due 

to the spectral character of the interaction mechanisms. These include 

both molecular absorptions at specific wavelengths (removal of photons 

from incident beam) and molecular and aerosol scattering (redirection of 

photons in incident beam). 

Figure 2.1 illustrates the relationship between EREP S192 band response 

and the fundamental atmospheric extinction (= scattering + absorption) pro­

perties. Atmospheric transmittance [= exp(-T ), where T is the total atmos­

pheric optical path or the extinction per unit length integrated along the 

geometric path] from sea level to space is plotted against wavenumber 

[wavenumber (em-I) = IDS/wavelength (~m)] for a summer midlatitude atmos­

phere (Selby and McClatchey, 1972). Along the upper part of the figure are 

overlapping wedges delineating the spectral response regions for each of 

the EREP S192 visible and near-infrared bands. Rather than using the nom­

inal band responses [i.e. band 1 (.41-.46 ~m), band 2 (.26-.51 ~m)] which 

are only approximate, maximum sensitivity has been plotted at a response 

weighted mean wavenumber for each band: 

where ~. 
1 

00 00 

v. = fv~. (")dvIJ~. Cv)dv (2.1) 
1 1 1 

o 0 

is the spectral responsivity of the ith band (NASA-JSC, 1973). 

Upper and lower limits are set where response falls to less than approxi­

mately 1.0%. As can be seen there is considerable overlap between the 

bands. In this manner true spectral sensitivity of each band to ~~ atmos-

2-1 
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ph eric extinction mechanism can be seen. Plotted along the middle of the 

figure are the location of significant interaction mechanisms. 

As can be seen from the figure, water vapor bands are plentiful in 

this spectral region (.40-2.50 l-Im:25000-4000cm- l ). Bands in the visible 

are relatively weak ground state transitions while those in the near-infrared 

are quite strong and completely black out the solar spectrum (Goody, 1964). 

The near-IR bands are commonly identified by the Greek letters: n, ~, ~3 p, 

cr, T. Approximate band centers are located by arrows. When transmittance 

is much less than one, very little information concerning the surface can 

be obtained. Al though EREP S192 bands \.,rere chosen to be in "window" or 

relatively transparent regions in the near-IR, it can be seen that some 

band "wings" may be affected by atmospheric absorptions due to the strong 

H
2

0 bands. 

In the visible region there is some weak absorption due to the Chappuis 

bands of ozone between 15,000 and 18,000 cm- l , however, by far the most 

important interaction mechanisms are those due to scattering by molecules 

and aerosol. These processes produce the continuum extini~tion upon which 

the molecular absorptions are superimposed. As can be seen, attenuation 

due to scattering increases markedlY at higher wavenumbers (shorter wave­

length). Thus, we expect the visible S192 bands to be most critically 

affected. 

Figure 2.2 illustrates the spectral modification of incoming solar 

radiation by the atmosphere whose transmittance is plotted above. Also 

included are a set of measurements of the attenuated direct solar beam 

gathered as ground truth during one of the EREP passes (Salt Lake Desert, 

EREP pass 5, Ground Track 34, Rev. 318/319, 6-5-73). Agreement is quite 

good. The reduced solar beam which reaches the surface is available for 

back-reflection to space by the surface. Since it is this back-reflected 

component which is measured, information concerning the surface (as mani­

fested in its reflection properties) is coupled with the atmosphere's 

effect on both the incoming solar beam and the exiting reflected beam. Note 

that scattering (in the visible) and molecular absorption (in the near-IR) 

decrease the available energy by a factor of approximately two. 
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3 0 SIMULATION OF SKYLAB RADIANCES 

A suitable technique was desired to simulate SKYLAB EREP radiances 

over selected target surfaces while taking into account the complicated 

atmospheric attenuation mechanisms in a relatively simple parameterized 

calculation. This tool could then be used to predict the degree of atmos­

pheTic effect over a \\'ide range of surface and atmosphere modeJ.s. For this 

purpos8, a simple surface-atmosphere system was adopted (see Figure 3.1). 

The measured surfac:e reflected solar radiation (sun at elevation angle Go) 
-2 -1 -1 at wavelength A, ~(A) [watts cm ]lm str ] will be dependent on: (1) 

the transmission properties of the atmosphere as defined by the total opti­

cal depth, T*; (2) the surface reflectance properties defined by the sur­

face reflectance spectrum rCA); and (3) the spectral response function 

~. (A) of the ith EREP S192 band. In the simplified geometry illustrated 
1 

the S192 sensor is considered to view nadir and therefore the angular 

dependence inherent in the conical scan sequence is not modeled. The solar 

irradiance, 1(1..), is taken from Thekaekara (1970) and modified by an appro­

priate factor to correct for variation from the mean solar distance. Since 

solar elevation angles are ~~gt for all EREP passes, the viewing geometry 

reduces azimuthal dependence to a minimum. The treatment of potential 

paths available to photons ~eaching the sensor from the surface-atmosphere 

system is limited to two sources: a direct surface reflected beam, Rand s 
a path radiance, R . a The total measured radiance is the product of the sum 

of these source radiances and the sensor response as indicated in Figure 3.1. 

3.1 The DiTect Surface Reflected Component, R s 

The direct surface reflected radiance, Rs' is computed in the follow­
-2 -1 ing manner. The available monochromatic solar flux (watts em ]lm ) at 

optical depth T = 0 for a sun at elevation angle Go is given by: I (A)sinGo. 

The attenuated solar flux at the surface after interaction with an atmos-

pheTe of optical depth T* is: I(A)sinGoexp(-T*/sinGo) or l(A)sinGoTG (A). 
-0 

The amount of energy Teflected from the surface is determined by the sur­

face reflectance spectrum, r(A). The amount of incident flux reflected 

from the surface is given by: r(A)I(A)sinGoTGo(A). Assuming Lambert re­

flectance (equal intensities in all upward directions), the intensity re-
-2 -1 -1 

fleeted to the sensor direction is: r(A)I(A)sinGoT (A)/~ (watts em ]lm str ). Go 
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EREP SI92 Sensor-Bond i 

-A- -Pi ().) 
Rr =(Rs + Ra J,pi 

\ 

,. 

r, = optical depth 
Atmosphere 

Figure 3.1 Schematic of Computation Geometry 
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Finally, additional attenuation occurs as the beam exits the atmosphere by 

a factor: T (A) = exp(-T*). The monochromatic direct surface reflected z 
beam at the sensor is therefore given by: 

R (A) = r(A)I(A)sin80 
S 'IT 

-T* 
eXP(sin8o) exp(-T*) (3.1) 

[The implicit assumption to neglect the surface incident diffuse solar rad­

iation will introduce a small (~ 10%) error in the shorter wavelength spec­

tral regions which is compensated for by the path radiance term.] 

Atmospheric transmissivities for the sun-target and target-sensor paths 

are calculated using the LOWTRAN 2 computer code (Selby and McClatchey, 1972). 

This program is designed to compute transmittances at low spectral resolu­

tion between 350 and 40000 cm- l . Specifiable parameters include the model 

atmosphere (pressure, temperature, water vapor, ozone, and aerosol distri­

butions), type of path traversed (such as that from surface to space at a 

given angle), and spectral resolution. A sample transmittance table ~s 

illustrated in Table 3.1 below . .\ resolution of 50 cm- l was used for all 

calculations. The model atmosphere used to generate the table was a stan­

dard summer midlntitude case (LOWTRAN model atmosphere 2). In performing 

ground truth correlated EREP simulations, nearby radiosonde data of temp­

erature and water vapor vertical distribution were employed. For all cases, 

the aerosol distribution corresponds to Deirmendjian's (1963) Haze Model C 

with a number density verdcal distribution corresponding to the model of 

Elterman (1968, 1970) yielding a ground level visibility of approxi·>lately 

23 km. In general, the accuracy of these computed transmissivities is on 

the order of 10% placing an identifiable limit to the accuracy of the sim­

ulated radiance values. The LOWTRAN 2 program was specially modified to 

compute transmissivities in the format required for this study in addition 

to performing calculations of independent absorber optical depths, total 

optical dep'~h, and single scattering albedo as a function of optical depth. 

3.2 The Atmosphere Reflected Component, R a 

This component of th~ sensor incident radiance is often called the 

"path" radiance and is essentially the intensity of the scattered (by mol­

ecules and aerosols) or diffuse solar radiation. As described in Section 

2, a continuum due to scattering crosses the entire region of the EREP S192's 
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1 "11) 0 0 
1'.I{)50 
1 q 10 () 
1~I'O 
1"120Q 
1'1.25C 
19300 
1"1!. ';, r} 
14uOO 
191.150 
1~500 
19550 
19000 
14b';() 
19700 
1'1750 
19tiQO 
1 <.)5 51) 

1 cfQOO 
1 (F~50 
211000 
200"JO 
2()100 
20150 
21].2 0 0 
20250 
2USC!) 
20350 
21)w 0 f} 
2()-ISO 
2(i50 0 
20,)50 
20000 
20&':>0 
20'100 
207S() 
2,)00 \1 
20850 
2(}"1(}O 
20950 
,; 1 f) 0 0 
2·1 () ~ () 
2110(} 
21150 
2\200 
21250 
(;1.500 
21350 
214()0 
21450 

WAVHE.NGTH TOTAL H2U CU2. OZUNt. N2 CONT H20 CONT MOL SCAT 
MICfWNS T~ANS TRM·IS TRANS TRANS TRANS TRANS TRANS 

0.5c!63 0,6771 1.0000 1,0000 O.9t;2L1 1.(1000 1.0000 0.8912 
'(J.52 1.9 0,6763 1.0000 1.0000 0.9830 1.0000 1,0000 0.t!901 
0.5236 O,67~5 1.0000 1.0000 0.9837 1.0000 1.0000 0.8890 
O. ~222 0.b7q7 1,0000 t.OOOo 0.118/.l,S 1.0000 1.0000 0,8879 
0.5208 0,67.)9 1.0000 1,0000 0.9849 1.0000 1.0000 0.8668 
0.711'15 0.67.)0 1.0000 1'.0000 0.9HSS 1,0000 1.0000 O,UB57 
0.5181 0,6721 1.0000 1.0000 0.9860 1.0000 1.0000 0,8846 
O.~I!'d 0,6713 1.0000 1.0000 0.9866 1.0000 1,vOOO 0.88.55 
0.~155 0,670/,j 1.0000 1,0000 0.9871 1,0000 1.0000 0.8823 
O.':ll/,jl 0.0092 1. 0000 1.0000 0,98-1.5 1.0000 1,0000 0.8812 
0.5128 ()!obbl 1.0000 1,0000 O,907il 1.0000 1.0000 O.t!800 
0.'::1115 0,0669 1.0000 1.0000 0.9H7b 1.0000 1,0000 0.1:1789 
0.5102 0,66:'7 1,0000 1,0000 0,'1877 1.0000 1.0000 0.1:1777 
0.50"9 O.l>bq5 1.0000 1,0000 0.9878 1,0000 1.0000 0,8705 
0.':1076 0.0633 1.0000 1.0000 0.9878 1.0000 1,0000 0.8753 
0.5063 0.6620 1·.00 a 0 1.0000 0,9879 1.0000 1.0000 o .!Hlll 
0.5051 0,0607 1,0000 1.0000 0,91319 1.0000 1,0000 0,8729 
O.~038 0,6':)99 1.0000 1.0000 0.9886 1,0000 1.0000 0,8717 
0.50C!5 0,6591 1,0000 1,0000 0,989.3 1,0000 1.0000 0.ti705 
0.5013 O.6Sti2 1.0000 1.0000 0,9900 1,0000 1.0000 O,B693 
0.5000 (J.657/,j 1.0000 1.COOO 0,9'107 1,0000 1,0000 0,8681 
0.1J9!:18 O.b~65 1.0000 1,0000 0,991.5 1.0000 1.0000 0.1:16(,8 
0.14975 0.0556 1,0000 1,00OU 0.9920 1,0000 1,0000 0.8650 
a .149b3 O.0~48 1,0000 1.0000 0.9'127 1,0000 1.0000 0.8643 
0.4950 0,b~39 1.0000 1.0000 0.99.)1./ 1.0000 1.0000 0.(1631 
o .'493t< O,b527 1.0000 1.0000 0.9936 1.0000 1,0000 0,llb1S 
0.4'120 0.b515 1.0000 1.0000 0.9938 1,0000 1.0000 0.1:16(15 
0.~914 1)_6503 1.0000 1.0000 0.991.j0 1,0000 1.0000 0.8593 
o .IJ 11 OC 0,0491 1.0000 1.0000 0.99/,j.5 1.0000 1.0000 0,1:1580 
0.4/:190 0,0417 1.0000 1,0000 0.9942 1.0000 1.0000 0.!:\50? 
0.487b (J.0463 1,0000 1.0000 0.9941 1~0000 1.0000 O,B5S4 
0.tJBb6 0,6449 1.0000 1.0000 0.9940 1.0000 1.0000 0.8541 
O.I~b54 0.6435 1.0000 1.0000 0.9939 1,0000 1.0000 0.8527 
a .IHi4,S 0.1.>422 1.0000 1,0000 0,9941 1.0000 1.0000 0,8514 
0.4831 0.0410 1,0000 1.0000 0.9QQ,5 1,0000 1.0000 O,!:!501 
o. (j 819 0,0397 I .0000 1.0000 0.99lJ~ 1,0000 1.0000 0.8487 
0.4008 0.1.>385 1.0000 1,0000 0,9947 1,0000 1.0000 0.8474 
o .IU Q6 0,03/3 1.0001) 1.0000 0.99~1 1,0000 1,0000 0.8460 
0.IP85 0.0362 1.0000 1.0000 0,99'.)1) 1, 0000 i. 0000 0.d4l17 
0.IJ173 C).o351 1.0001) 1 • ° () 0 ° O,99S9 1.(1000 1.0(100 0.t1l03 
0.1l762 O~b339 1.0000 1,0000 0.996~ 1,0000 1,0000 0.lH119 
0.lllS1 O.63C7 1.0000 1.0000 0.9960 1,0000 1. 0000 0.8405 
o .IJ 739 0.6315 1,0000 1,0000 0,9969 1,0000 1,0000 0.tU9\ 
o .IU28 0,6303 1,0000 1.0000 0,9972 1,0000 1.0000 0.0.577 
0.4717 0.0291 1.0000 1.0000 0.997'J 1.0000 1.0(\00 0.tl363 
0.'41 06 0.0271 1.0000 I.O(lO(l 0,9<17 7 1.0000 1.0000 0,83119 
o .1~695 0,(21)4 1,0000 I.COOO O.997H 1,0000 1.0000 O,!.1335 
0.lJ6iHI 0.0250 1,0000 I.COOo 0.9979 1.0000 l,COOO' 0,1.1320 
O. I~ 0 73 0.0231 1,0000 1.0000 0.9981 1,01)00 1.0000 0,11300 
O,IH,02 0.b2c!1 1,0000 1.0000 0.9979 1,0000 1,0000 0,/j292 

Table 3.1 Sample LOWTRAN 2 (Selby and McClatchy, 1972) Computations 
Results using Summer Midlatitude Atmosphere with Visual Range 
of 23 km 
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AERUSOL 
TRANS -0.7733 

0.7728 
0.7724 
0.7719 
0.771~ 
0.7'111 
0.710b 'L·l 
0.7702 
0.7697 
0.769.5 
0,7688 
0.7b8Q 
0.7680 
0.7675 
0.7671 
0.7666 
0,7662 
0.7657 
0.7653 
0.7649 
0.76Q4 . 
0.7640 
0,7636 
0,7631 
0,7627 
0,7022 
0.7618 
0.7614 .. 
0.7609 
0.7605 
0.7601 
0.7596 
0.7592 
0,7588 
0.7583 
0,7579 
0.7':>75 
0,7<;'70 
0.7561.> 
0.7'562 
0,7';)57 
0.7555 
0.7S49 
0.7544 
0,7:;40 
0.7:'3b 
0.7'.)3~ 
O. '1'527 
0.7'JL5 
0.7519 
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spectral sensitivity being strongest in 'the shortwave visible (Rayleigh's 

scattering la\'1) and dropping off into the near- IR where aerosols are the 

predominant scattering species. Solution of the radiative transfer equa­

tion for distributions of aerosols at individual wavelengths, and ''lith 

varying vertical temperature and moisture structures is complex and time 

consuming. Additionally, the number of calculations required to simulate 

the twelve EREP 8192 bands prompted adoption of a highly parameterized 

scheme. 

In general, the significance of atmosppere scattered intensity com­

ponents will be a function of geometry, wavelength, optical depth, and 

single scattering albedo. This last parameter is a measure of the impor­

tance of scattering (relative to absorption) as an attenuation mechanism 

(e.g. 0 ~ WO ~ 1.0, WO = 1.0 complete scattering, wO = 0.0 complete absorp­

tion). The scattered intensity is directly proportional to the single 

scattering albedo. The magnitude of these intensities will be of greatest 

significance in spectral regions where Wo -+ 1.0 and T* > 1.0. The EREP 

8192 spectral interval suggests a single scattering approximation since 

this condition is never fulfilled. The table below (Table 3.2) illustrates 

the point. In the near-infrared when the single scattering albedo is large 

(e.g. at 1.0 llm), the optical depth is very small. Conversely, a large 

optical depth (e.g. at 2.0 llm) is due almost entirely to molecular absorp­

tion and the scattered contribution is minimal. Even in the worse case, 

the short wavelength visible (e.g. at .40 )Jm), the optical depth is a res­

pectible .65. (These values were calculated for the summer-midlatitude 

atmosphere described above.) Exact multiple scattering radiative transfer 

calculations at visible and near-IR wavelengths indicate that total sur­

face-atmosphere reflected radiance will be a near linear function of surface 

reflectance (Malila and Nalepka, 1973). Since the direct surface reflected 

component varies linearly with surface reflectance, one expects the path 

radiance to exhibit complementary behavior. In fact, this result is exact 

if single scattering alone is considered. Based on the discussion above, 

the assumption of single scattering and, therefore, linear dependence on 

the surface reflectance appears valid for the spectral region under 

Table 3.2 Characteristic values of Single Scattering Albedo and Optical 
Depth at three \'1ave1engths 

A (11m) 
0.4 
1.0 
2.0 

-1 v(cm ) 
25000 
10000 

5000 

wo 
1.00 

.85 

.02 
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.65 

.07 
1.00 
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discussion except. for absorption l'egions. Based on these considerations, 

the follO\dng parameterization of the path radiance tel'lll is adopted: 

An "atmospheric reflectance", J, is defined as the ratio of the outward 

path radiance and the incident solar l'(J,dinnc~. Its dependence on single 

scattering albedo is modeled ns n function of optical depth as described 

above, i. c. 

J(A, 00, r, wo, T*) + J(A, 00, r, T*) 

For large optical depths, the single scattering albedo is assumed to be 

small and the path radj.ance negligible. For smaIl optical depths, the 

single scattering albedo is presumed to be near unity nnd a lineal' depend­

ence of path radiance 011 sU:l.'face reflecta,ne\. :is computed. This dependence 

is also assumed :in the visible region (;\. < 0.7 J,ll1\) where scattering pre­

dominates. A smooth transition is assumed between these linli ts, the upper 

va.lue being taken at T* :::: 0.4 and the 101"er at T* '" O.J. 

J(A, 00, 1', T*) :::: e{J(A, 00, 0, T*) + r[JCA, 00, 1, T*) - JeA, 00, 0, T*)l} 

where B :::: 1.0 T* <: 0.1 or A < 0.7 pm 

:::: 0.4 - 1'* 
" 1'* < 0.4 . :) -

> 0.1 (3.2) -
:::: 0.0 T* >- 0,4 

Values of J (A~ r = 0.0) and J CA. r :::: 1. 0) are inten'polnted in ,mvelength 

from exact l.'adiati va trnns:tel.' C(l.lCl.llatiol1s by P1nss nnd Ka,tta\l'cn: (1968) at 

.401.lIn (25000 cm- I ), .70 J..lll\ (14286 em-I) and 1.67 ~lIn (5988 cm- l ). Inter­

polation is not extended beyond the 1. 67 J,l11l data point. Calculations chnl'­

ncterize the size and vertical clistl,'ibutions of Diermcnd:i inn and El tel'man, 

respectively, refel:enced nbove. Outside of molecular absorption regions, 

,,,nvelcngth interpolation is valid, as attenuation coefficients for both 

molecular and no:).'osol scattering nre smooth fl.tnctions of wavelength. The 

values fc.r interpolo,tion. nrc obtnined by suhtl'ucting the respective direct 

reflect(;}d component at each \mvelength. Figure 3.2 demonstrates J values 

computed by Ecruntion ;;,:; for a midlatitude summa:!.' atmosphere. Tho v{l.ll1es 

arc generally valid for solar elevation o.ngles grenter tho.n SOD since the 

exact calculations cited exhibit smooth dependence at high solar clevation 

angles. 
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.The atmosphere reflected component, Ra' is the product of the atmos­

pherJ.c reflectance defined above (Eq. 3.2) and the incident solar intensity 
I(A)/rr: 

R = I(A)J(A, 00, r, T*) a rr 

3.3 Total Band-Weighted Radiance 

(3.3) 

The total monochromatic sensor incident radiance is given by the sum 

of the direct surface reflected component, Rs and the path radiance, Ra 

given by equations 3.1 and 3.3, respectively, i.e.: 

(3.4) 

Monochromatic radiances, Rr(A), computed above must be band pass weighted 

to simulate EREP Sl92 data. At each wavelength the product of the mono­

chromatic radiance and the band pass response function for the ith EREP 

Sl92 band is formed. Integrating in wavelength over limits of the ith band 

yields the weighted radiance: 

~(i) = (3.5) 

where ~.(A) is the spectral response function of the ith EREP S192 band 
J. 

[NASA-JSC, 1973] and ~A. is the wavelength interval of non-zero response in 
J. 

the i th band? and is therefore the inferral of the integration. 

In this report the monochromatic expression (3.4) will be used for 

data comparison while band-weighted calculations (3.5) will be Teported as 

theoretical results. In the following sections (4 and 5) SKYLAB EREP S192 

data will be used to verify the validity of the model. 
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4. ANALYSIS OF ,1,KYLAB DATA 

Data from the SKYLAB EREP instruments sensing in the visible, near­

infrared, and thermal infrared was obtained to assist in carrying out this 

study. Imagery from the S190A Multispectral Photographic Camera and S190B 

Earth Terrain Camera were utilized primarily to document the area] homo­

geneity of surface targets and to provide real time base maps upon which to 

portray sensor scan lines, 

face ground truth targets. 

S191 Infrared Spectrometer 

aircraft ground truth data locations, and sur­

Information potentially obtainable from the 

long wavelength (LWL) data (6.6 - 16 11m) was to 

have been used to deduce ground truth data of the atmospheric structure 

over selected test sites. However, instrumental problems encountered de­

graded that segment of the required data such that inference of atmospheric 

vertical structure \vas not deemed feasible. Of significant impact in this 

regard was the incidence of off-band radiation contamination in strongly 

absorbing regions. Ideally, atmospheric vertical structure (i.e. tempera­

ture-water vapor profiles) should be obtainable by inverting radiance 

measurements in the 6-7 11m water vapor and 14-15 11m carbon dioxide absorb­

ing regions. The stability and accuracy of inversion procedures, however, 

are extremely sensitive to noisy data. A statement describing "S191 Ther­

mal Infrared Radiance Accuracies" (NA8A-JSC, TF 6-74-10-38; November 1974) 

states that in profiling spectral regions, radiance accuracies are "uncer­

tain enough to frustrate attempts at inversion for atmospheric profiles". 

Based on these assessm~nts, it was decided to substitute nearby conventional 

radiosonde profiles for 8191 remotely-sensed inversions. It is believed 

that any potential accuracy advantage of simultaneous inversion over con­

ventional sounding is cancelled by the cited noise problem. 

The primary source of 8KYLAB EREP data for this study has been the 

8192 Multispectral Scanner (M8S). This instrument provided measurements 

in twelve bands in the visible and near-infrared regions corresponding to 

those wavelengths most widely utilized in earth resource monitoring applica­

tions. The MSS ciata available in the form of computer compatible tapes of 

calibrated aperture radiances provides measured spectra of solar radiation 

reflected from the earth-atmosphere system. A primary task of this study 

is to evaluate the effect of the atmosphere in these measurements. 
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4.1 EREP Sensor Summary 

A considerable amount of data, both in imagery format and computer 

compatible digital tapes, was received in order to carry out this study. 

The following subsections catalog the data received and analyzed. 

Pass 

2 

5 
20 

37 

39 

43 

45 

Pass 

5 
20 
37 
39 
43 
45 

4.1.1 S190A Imagery 

Magazine 

01/02 
03/04 
05/06 
07/12 
25/26 
28/30 
37/38 
39/40 
41/42 
37/38 
39/40 
41/42 
37/38 
39/40 
41/42 
43/44 
45/46 
47/48 

4.1.2 S190B Imagery 

Magazine 

81 
85 
86 
88 
87 
88 

Frame 

113/120 
129/126 
113/120 
001/010 
186/189 
186/189 
140/150 
140/150 
140/150 
196/205 
196/205 
195/205 
329/335 
329/335 
329/335 
052/058 
052/058 
052/058 

Frame 

001/014 
002/005 
321/333 
010/017 
110/116 
093/101 

4.1.3 S191 Digital Tapes 

Description 

1 ea. Pos/1 ea. neg. 

1 ea. Pos/l ea. neg. 
1 ea. Pos/1 ea. neg. 

1 ea. Pos/1 ea. neg. 
1 ea. Pos 
lea. Pos/l ea. neg. 

(Same) 

(Same) 

(Same) 

Description 

1 each Pos. 
1 each Pos. 
1 each Pos. 
leach Pos. 
1 each Pos. 
leach Pos. 

These data were received in two batches: (a) initial processing (I) 

received prior to a letter of 23 April 1974 describing problems in both SWL 

and LWL data; (b) reprocessed data (R) received in second go-round. 
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Pass OutEut TaEe No. 

2 909166/909167 
909344/909345 
926534/926535 

5 906332/906333 
926488/926489 

12 906225/906/226 
916219/916220 

20 906367/906368 
917747/917751 

37 906400/906401 
916694/916695 
918136/918137 

39 906402/906403 
916689/916617 

43 907217/907219 
916692/916693 

94 922754/922955 

4.1.4 S192 Digital Tapes 

Pass OutEut TaEe No. 

2 921002/921003 
932866/932867 

5 920042/920043 
920044/920045 
921006/921007 

39 934524 
934525 
934526 
934828/934831 

43 932720/932721 

4.2 EREP Test Site Documentation 

Remark (I or R) 

I 
I 
R 
I 
R 
I 
R 
I 
R 
I 
R 
R 
I 
R 
I 
R 
R 

SDO's 

All 
1-14, 17-20, 22 
All 

15, 16, 21 
15, 16, 21 
15, 16, 21 
All 
All 

Validation of atmospheric models and simulated radiance computations 

is to be achieved by comparison with actual EREP S192 measurements within 

the context of a "controlled" experiment. By this is meant documentation 

of as many of the variables as possible which enter into the simulation 

calculations. Potentially, these include such measurable ground truth 

elements as surface reflectance and atmospheric structure to be correlated 

with Sl92 MSS data at the time of overpass. Based on the availability of 

ground truth and screening of S190 imagery two specific test sites were 

selected. These areas were (1) Salton Sea-Sonoran Desert (Site #547119) 

and (2) Great Salt Lake-Salt Lake Desert (Site #547220). Each of these 
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sites provided the following desirable characteristics: 

(a) ease of site acquisition from spacecraft altitudes 

(b) topographical uniformity within definable limits 

(c) a high response (reflectivity) target 

(d) a nearby low response (reflectivity) target 

(e) relative surface areal homogeneity within the target surface 

(f) ground truth and/or correlative aircraft data 

Test site surface characteristics were documented in the following manner: 

Base maps were prepared to appropriate scale from S190B Earth Terrain 

imagery. Overlays \vere prepared to scale which delineate the surface dis­

tribution of minerological species and regions of relatively uniform topo­

graphy. Minerological information was extracted from available appropriate 

USGS, state, and local maps. A geological analysis was prepared for each 

site to explain the map overlays and discuss surface minerology and morpho­

logy. These exhibits were prepared to help choose the surface spectral 

reflectance curves within the EREP S192 MSS bands appropriate to the given 

surface. 

Concurrent S192 MSS data for each test site was located by viewing 

appropriate screening film products [Product No. S055-2] of individual MSS 

channels. Based on the screening film, specific GMT segments of digital 

S192 MSS data [Product No. S05l-3] were ordered. These correspond to EREP 

passes 2 and 43 for site #547119 and 5 and 39 for site #547220. Data 

ordered is cataloged below: 

EREP Pass 2 (2 June 1973) 

GMT Time Interval: 
Location: 
Channels: 

200822.0 - 200828.0 GMT 
33.5 N, 116.0 W (Salton Sea) 
2,3,4,5,6,7> 8, 9, 10,11,12 

EREP Pass 5 (5 June 1973) 

1. Segment A 

GMT Time Interval: 
Location: 
Channels: 

2. Segment B 

GMT Time Interval: 
Location: 
Channels: 

17573'1.0 - 175742.0 GMT 
40.7 N,' 113.8 W (Bonneville Salt Flat) 
2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 

175810.0 - 175814.0 GMT 
39.3 N, 11.4 W (Wasach Range) 
2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 
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EREP Pass 39 (13 September 1973) 

1. Segment A 

G~IT Time Interval: 
Location: 
Channels: 

2. Segment B 

GMT Time Interval: 
Location: 
Channels: 

3. Segment C 

GMT Time Interval: 
Location: 
Channels: 

193404.3 - 193407.0 GMT 
40.7 N, 113.8 \V (Bonneville Salt Flat) 
2,3,4,5,6,7,8,9,10,11,12 

193421.7 - 193424.2 GMT 
41.25 N, 112.6 W (Great Salt Lake) 
2,3,4,5,6,7,8,9,10,11,12 

193416.8 - 193418.9 GMT 
41.1 N, 113.0 W (Desert) 
2,3,4,5,6,7,8,9,10,11,12 

EREP Pass 43 (15 September 1973) 

1. Segment A 

GMT Time Interval: 
Location: 
Channels: 

2. Segment B 

mIT Time Interval: 
Location: 
Channels: 

180504.7 - 180505.9 GMT 
33.3 N, 115.9 W (Salton Sea) 
2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 

180501.5 - 180503.7 GMT 
33.2 N, 116.1 W (Desert) 
2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 

In selecting these digital segments account was taken of the S192 instru­

ment's circular scan mode, specifying start and stop GMT's based on the 

correlating time scale on the screening film product. A base map overlay 

of the corresponding S192 field-of-view was prepared for e~ch pass using 

the G~IT correlated latitude/longitude grid points of the scan line center 

and two end points. Special techniques were developed to identify and 

calibrate S192 digital data pixels (Section 4.3). 

4.2.1 Bonneville Salt Flat-Salt Lake Desert (Site No. 547220) 

Location of EREP S192 data segments selected from the Bonneville Salt 

Flat-Salt Lake Desert are portrayed in Figure 4.1. The instrument field­

of-view for EREP passes 5 (SL2) and 39 (SL3) is delineated by plotting the 

locus of right most (R), left most (L), and center (C) scan pixels against 

a base map (scale ~ 1:1;000,000) prepared from consecutive S190B frames (Pass 

39, Roll 88, Frames 021/013). Four specific surface target pixel subsets 
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are designated as sit\~s A, B, C, D, respectively. These sites were isolated 

using the binary slicing technique described in the following section and 

have the following properties: 

Site Pass # 

A 5 

B 5 

C 39 

D 39 

Surface Target GMT 
Solar 

S192CCT Elevation 

Salt Flat 156:17:57:40.6 9'20042 62.65 

Desert 156:17:57:45.0 921006 62.96 

Desert 256:19:34:20.7 934829 52.57 

Salt Lake 256:19:34:23.9 934829 5.2.45 

Remarks 

High response 
target 

Ground truth 
collected 

High response 
target 

Low response 
target 

Three surface types (salt flat, desert, water surface) are represented 

within this set and concurrent ground truth exists for site B. The character 

of the surface targets selected has been investigated by a literature 

search of relevant geological information. The Bonneville Salt Flats of 

northwestern Utah lie in. the central western portion of the Great Salt Lake 

Desert which extends to the western edge of the Great Salt Lake. Like most 

of the salt flats around the Lake, they are composed of lake bed sediments 

with a good deal of clay and high salt content. Trench-like salt evapora­

tors form a pattern of curves and rectangles in the center of the Bonneville 

Salt Flats as a means of extracting potash. The main geological features 

outside of the Desert itself, are the Wasatch National Fo'rest and Cedar 

Mountains on its eastern side, the Desert Range in the west, the Pilot Range 

in the northwest, and the Hogup and Promentory Mountains to the north. 

Finally, northeast of the Desert, lies the Great Salt Lake bordered by salt 

flats, the remnant of a larger ancient lake. The Great Salt Lake Desert 

and the area immediately surrounding the Great Salt Lake share a fairly 

level terrain ranging from about 3,000 to 5,000 feet above sea level. The 

mountainous areas tend to have an elevation of approximately 7,000 to 10,000 

feet (Figure 4.2). The mineralogy of the region is consiierably homogen­

eous; mostly salty lake bed sediments (Figure 4.3). The lake bed sediments 

of the Desert and salt flats contain a significant amount of clay and have 

very high salt content. Immediately surrounding the Desert, the sediments 

contain clay or rust and enough salt to prohibit ag1'iculture. Sand dunes 

are scattered through a few parts of the Desert. Some spots among the salt 
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flats and an area south of the Salt Lake are marshlands. Mostly colluvium 

and alluvium surround the Cedar Mountains and the Pilot and Desert Ranges. 

A mineral analysis of the Bonneville Salt Flats and Great Salt Lake Desert 

shows a large quantity of clay and calcite and a number of salts: .66% 

calcium, .89% magnesium, 1.67% potassium, 2.74% sulfur and, the prime com­

ponents, 35.65% sodium and 58.39% chlorine as given in weight percents 

(personal con~unication, Geology Department, University of Utah). The 

region of the Bonneville Salt Flats and Great Salt Lake Desert has a rela­

tively level terrain and uniform composition characterized by a great deal 

of salt and clay. 

Surface reflectances are difficult to characterize based on a know­

ledge of surface minerology alone. For this reason recent ground truth 

measurements were used in model calculations when possible. Figure 4.4 

demonstrates three surface reflectance curves typical to sites B, C, D. 

Curve 1 is concurrent with EREP pass 5 for site B [NASA, JSC, (1972) - MSC-

05531]. Curve 2 corresponds to the same site some months later (EREP pass 

39) and demonstrates a "wet" desert reflectance [NASA, JSC, (1974) - MSC-

05537]. Curve 3 is the spectral reflectance of an "inland water body" 

extracted from the literature (Krinov, 1947). These data will be used to 

evaluate model calculated synthetic EREP radiances. 

4.2.2 Salton Sea-Sonoran Desert (Site No. 547119) 

Figure 4.5 demonstrates location of the S192 data segment selected in 

the Salton Sea region. Since line straightened data was cor~elated with 

the left (L) pixel GMT, segments ordered on the basis of the non-straightened 

data (taking account of the instrument's circular scan mode) were effectively 

shifted back along the ground track. Therefore, our digital data for pass 

43 did not reach the Salton Sea as expected. Site E was selected in a 

region of homogeneous alluvium as close to the originally intended area as 

possible. The base map was prepared to a scale of approximately 1:250,000 

from an S190B frame (Pass 43, Roll 87, Frame 112). Digital data is selected 

from pass 43, output tape #932720. The GMT is approximately 258:18:05:02.7 

with a solar elevation angle of 52.49°. 

On the whole, the region of the Salton Trench is a homogeneous one of 

nonmarine sand, silt, and clay with a relatively level terrain. 
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lake bed sediments, mostly clay, high salt content 

dunes, colitic, silicious, gypsiferous 

alluvial surfaces 

like bed sediments, enough salt to prohibit agriculture, 

clay or rust 

marshland, mostly fresh water 

colluvium and alluvium 

rhyolite 

quartzite, schist, dolomite 

quartzite, schist, limestone 

quartzite, limestone, dolomite, sandstone, shale 

shaley limestone, dolomite, silty sandstone, gypsum 

dolomite, silty dolomite, chert 

dark grey limestone, shaley limestone 

quartzite - relatively pure, sandstone, some conglomerate 

lake shore features, gravelly and sandy 

lava 

salt flats 
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The 35-mile long Salton Sea, all that remains of a broader ancient 

lake, lies in Southern California's Imperial Coachella Valley which occupies 

the elongate Salton Trough that extends northwest from the Gulf of Califor­

nia. The trough is fairly uniform in elevation and composition (Figure 4.6). 

Fairly uniform elevation of about 100 to 200 feet below sea level 

characterize the surface encircling the sea. The valley approaches sea 

level at the foot of the Chocolate Mountains and the Superstition Hills. 

Only here do the contour lines begin to become complex. 

The major geological features in or around the valley (Figure 4.7) in­

clude cultivated fields of the southeast, the Superstition Hills in the 

south, the Santa Borrego Desert in the southwest, the Santa Rosa Mountains 

in the \.,rest. The cultivated fields are cut by two rivers: the Alamo and 

the New River. The Sal ton Creek flows from the northeast and the San Felipe 

from the south\.,rest. A number of faults run through the area, notably the 

southern part of the San Andreas which is nearly lost beneath the sediments 

of the Salton Trench. 

Immediately surrounding the almost kidney-shaped Salton Sea are quat­

ernary lake deposits of claystone, sand and beach gravel, and silt on the 

west side. Proceeding further from the sea's banks, there is a great deal 

of alluvium including peat interbedding the alluvial sand, silt, and clay 

on the west side. 

4.3 Technique for Handling EREP S192 Digital Data 

It was desired to formulate an efficient method to ground-correlate 

selected EREP S192 data segments from within the instrument's gross field­

of-view. S192 data was supplied in the form of channel counts accom­

panied by corresponding calibration equations to convert to engineering 

units. In handling computer compatible tapes (CCT's), it was nGt. econo­

mically feasible to perform digital-to-radiance conversions for entire 

ordered GMT segments (see Section 4.2) due to the high data rate of the 

instrument. Therefore, a pre-selection procedure based on analysis of 

channel counts was employed. For a given surface target site (Sites A-E 

above), calibrated radiances were obtained in the following manner: 

(a) Digital counts were read from the appropriate CCT (listed by 

number for each site in Section 4.2) corresponding to the relevant GMT time 

interval which includes the desired test site pixels for a preselected S192 
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recent alluvium-alluvial sand, silt, clay, and gravel, 

including interbedded peat on west side, some older 

alluvium, recent flood plain silt and clay of the 

Colorado River 

quaternary lake deposits-claystone, sand and beach gra­

vel, silt on west side 

quaternary nonmarine terrace deposits-local stream ter­

race deposits 

tertiary lake deposits - tan gray clay, shales, and low 

grade sandstone, interbedded siltstone on west side 

tertiary volcanic-rhyolite, andesite, basalt, pyroclasts 

pleistocene nonmarine sedimentary deposits - older allu­

vium and fanglomerate, red gray clay, sandstone, 

and pebble gravel, some boulder gravel on west side 

pliocene pleistocene nonmarine - conglomerate, schist, 

breccia, arkose, siltstone, sandstone and red clay­

stone on west side 

undivided pliocene nonmarine sedimentary rocks - pink 

gray laminated sandstone, and red clay on west side, 

grayish red to yellowish brown basal conglomerate, 

overlain by yellowish gray arkose and arkose con­

glomerate, shale on west side 

undivided miocene nonmarine - reddish brown arkose sand­

stone, conglomerate, and sedimentary breccia 

oligocene nonmarine sediment - conal sandstone, breccia, 

mudstone, evaporate rocks, siltstone and claystone 

on west side 

mesozoic granitic - undifferentiated granite 

precenozoic granite and metamorphic - foliated migmatites, 

including schist and quartz diorite bodies 

precretaceous metasedimentary - quartzite schist with 

thick beds of gypsum and anhydrite 

igneous metamorphic complex 

andesitic basalt intrUSive 
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channel (SOO). The choice of SOO (1-22) was subjectively based on S190A 

multispectral imagery and/or S192 screening film products to correspond to 

that spectral interval which provided the required image contrast to delin­

eate surface features with which to ground correlate the digital data. 

This choice will in general depend on surface type. 

(b) A threshold value, 0t' was selected within the interval 0 .::. 0t .::. 255 

to facilitate a. binary slicing of the individual raw data counts, 0 (i), p,s 
to form an image of the field-of-view, I (i), according to the condition: p,s 

o (i) < 0, I (i) = 0 p,s - t p,s 

o (i) > 0t' I (i) = 1 p,s p,s 

where 0p (i) is the digital value at scan line s and pixel p and ,s 

(4.1) 

I (i) is the reconstructed image matrix for the chosen SO~. Operationally, p,s 
a hard copy image is printed by assigning a decimal point to all non-zero 

image elements. 

(c) The scan line-pixel correlated image produces a means of locating 

specific surface target pixels within the instrument field-of-view by re­

cognition of available readily identifiable surface features. Once accom­

plished, calibrated radiances for each of the required chanllels can be com­

puted using the appropriate conversion equation of the form: 

R (n) = A n+ 0 (n)AI n p,s 0' p,s , (4.2) 

th where R(n) is the radiance (engineering units) in the n Sl92 channel, D(n) 

is the raw digital count, and Ao,n,Al,nare calibration constants provided 

on each CCT. 

The procedure outlined above has been found to be extremely efficient. 

Typically a G~rr time segment of IV 7 seconds yields IV 107 raw digital values. 

By employing the intermediary binary slicing technique for one SOC, conver­

sion calculations need be performed for only IV 102_103 pixels. This repre­

sents a considerable savings in computation time. 

Table 4.1 below summari~es the parameters used in retrieving 8192 rad­

iances for the selected sites (the figure number refers to the image matrix 

corresponding to each site). 
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Table 4.1 EREP S192 Digital Data Segments for Selected Surface Target Sites 
EREP S192 Output 

°t 
Scan lines Pixels Site Pass It Tape It Figure It SDO/Band (s field) C p field) -'-

A 5 920042 4.7 19/8 250 533/547 235/734 B 5 921006 4.12 19/8 150 360/390 770/829 C 39 934829 4.16 4/4 100 80/100 582/602 0 39 934829 4.16 4/4 100 400/403 375/610 E 43 932720 4.21 19/8 100 330/340 236/393 
Exampl~s of S192 digital data products are given in 
selectel~ site, the following are given: 

the Appendix. For each 

(a) an image matrix for the appropriate GMT correlated CCT using 
parameters given in Table 4.1. 

(b) ephemeris data as a function of scan line within the instrument 
field-of-view given by the image matrix. 

(c) conversion equations for each site by SOO provided on the appro­
priate CCT. 

(d) a sample of radiance data in engineering units (watts cm- 2 ~m-l 
str-

l
) corresponding to the selected site for each S192 band. (Table 

4.2 provides an SOO/Band conversion chart. Output is generated by 
SOD, but results are plotted by band.) 

Table 4.2 Channel/SDO-Band 

R (i) p, s· R (n) p, s 

i = 1 n = 22 
2 18 
3 1, 2 
4 3, 4 
5 5, 6 
6 7, 8 
7 9, 10 
8 19 
9 20 

10 17 
11 11, 12 
12 13, 14 
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In plotting Sl92 radiances in the following sections, data will be refer­

enced to site, scan line, and pixel. These data elements may be located 

\vithin the field-of-view by referring to the appropriate figure designated 

in Table 4.1 and/or utilizing the given ephemeris data.. 
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50 COMPARISION OF DATA WITH MODEL CALCULATIONS 

Calibrated radiances for the tWBlve SKYLAB EREP S192 bands have been 

extracted from available dat~ tapes using the technique described above 

(Section 4.3) for the cit0d test site areas (Section 4.2). These measure­

ments are compared with !3imulated EREP radiances calculated using the model 

described in Section 30 For each test site a mean value is determined for 

each EREP S192 band by a simple averaging of the calibrated pixel radiances 

corresponding to the given surface target. Additionally, high and low values 

within each site are selected to characterized the variability of the data. 

Thus, for each site, the plotted radiances for the ith band are: 

RmaxCi) ::: max[Rp,s(i)] 

R Ci) ::: [(P2 - PI + 1)(s2 - sl + 1)]-1 
P2 

E 
p:::p 

1 

R (i) 
p, s 

Rmin(i) ::: min[Rp,sCi)] (5.1) 

where R p, s (i) ::: calibrated radiance for the i th EREP S192 band for pixel 

p and scanline s (given by image matrix coordinates). 

(PI' P2) = initial and final pixels in target surface. 

(sl' 52) = initial and final scan lines in target surface. 

max, Cmin)::: operation of taking maximum (minimum) absolute value. 

Radiances are plotted at the response weighted mean wave number 

(centroid) for each band [s(~e Equation 2.1] and upper and lower band limits 

as defined in Figure 2.1 are indicated. 

Model calculations are performed using Equation (3.4) to produce 

monochromatic reflected radiances. In e2.~h case, atmospheric temperatures 

and humidity profiles from nearby radiosonde ascents and solar elevation 

angle are input to the atmospheric transmittance programs. Path radiance 

is approximated as described in Section 3.2. The necessary surface re­

flectance spectrum is available only for site B. For other cases, 

calculations are performed for a set of surfaces with constant reflectance 

characterizing the site target surface as given in Figure 4.4. Since only 

a finite variety of surface types (i.e. desert or water) were examined, this 

generalization is deemed acceptable. The results of these comparisons are 

summarized in Figures 5.1-5.4. 
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In Figure 5.1 EREP S192 digital data for bands 3, 7, 8, 9, 10, 11, and 

12 are compared ,\'ith a model calculation eas('.d on CEq. 3.4). Bands 1, 2, 4, 5, 

and 6 'vel'e saturated during this GMT interval, ::tnu so, no data is available. 

!I mo1ever , the respective saturation levels in those bands fall helmo1 the 

radiances predicted by the model, indicating a degree of consistency. 

Since the ground truth surface reflectance spectrum \Vas not measured beyond 

1. 3 ]lm (7700 cm- l ) , meaningful comparisons are not possible using hands 11 

and 12. Examining the fit of the simulated spectTum to the remaining EREP 

bands indicates the following: 

Ca) Hean pixel values lie wi thin + 3.5°0 of the calculated model 

values in bands 8 and 10 consistent \vith model accuracy. 

(b) If data variability is consideTed, bands 3 and 7 \o1ill be \vithin 

10 0
0 of the calculated value consistent w:i th model accUl'acy. 

(c) In band 9, the mean pixel radiance is overest'imatcd by the model 

( ~ 28"0), however, the + 100
" error bars on the calculation bring 

it to within 3°0 of the data value. 

Based on this comparison it may be concluded that the data is generally 

consistent with the adopted model to wi thin the acc'Clracies inherent in the 

model and in the data analysis. The correlation b€ttwecn model and data' 

is certainly very good. 

Although simultaneous ground truth is not available for other test sites, 

the general trends indicated by the site B compm.'ison arc confil'med.. 

Characteristic surface spectra (see Fig. 4.4) may be used to compare the 

model calculations to data in other sites. 

6gure 5.2 examines site C, a desert region near the Great Salt Lake 

(see Pig. 4.1). Data \vas collected for EREP pass 39. Curve 2 in Figure 

4.4 indicates that calculations at r == 0.2, 0.4 shotlltl bracket the data 

points. This behavior is satisfied. Qualitatively, we expect the rcflectances 

manifested by the data to increase from bands 1 tlll'ough 4 and then decrease 

into the rear IR. Although this behavior :is indicated, the magnitude of the 

effect in bands 1, 2, and 3 is questionable .• where data values appear to be 

low for consistency \..,i th the surface reflectance curves in Fig. 4.4. 

This discrepancy is confirmed in Figure 5.3 for test site n over the 

Great Salt Lake. This site provides a test of the model over a low l'C;"l1ons e 

target wherc earlier studies (Fraser, 1973) have suggested thnt atmospheric 

effect will be most pronounced. The true surfnce reflectance curve will 
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approximate that given by Krinov (1947)) (See Fig. 4.4) for an inland water 

body. Sm'face reflectance \\lill be less than 0.05 for bands 4-12 and near 

the 0.00 curve for the near IR \\lhere water absorbs significantly. Reflectanccs 

greater than 0.05 are expected only in bands 1, 2, and 3. Again, these bands 

fall below the expected radiance levels while the others are consistent with 

the model as allO\\led by calculation error and data variability. 

The essential features discussed are confirmed in Fig. 5.4. Bands 1, 

2, and 3 values appear to anomalous compared with 4-12. These latter values 

are at least consistent with the desert surface reflectance spectra typified 

in 6.4, although it appeaJ.·S to be generally brighter. Based on examination 

of the set of figures 5.1 - 5.4, the ability of the model to simulate EREP 

S192 band radiances may be swnmarized in the following way: 

(1) Radiances are seriously overestimated in bands 1, 2, and 3 if the 

calibrated radiances are valid. However, "EREP Sensor Performance 

Report Vol. III, S192" [NASA - .JSC, 1974] indicates that prelaunch 

lamp values in these bands are lo\V'er than thOS0 derived from lunar 

and ground truth calibrations. This is confirmed in these com­

parisons. Therefore, the calibrated radiance data should be 

larger in magnitude in these bands and more consistent "Jith the 

model. 

(2) Fit for the 10\\1 response target (site D) appears satisfactory. 

However, the variability of the data may mask inaccUl'('l.cies. 

Examining the set of figures 5.1-4 further, it is noted that the 

variability of the data is an important factor in determining the 

fi t of the model, particulal'ly for the 10\\1 response target. In 

(3) Although simultaneous ground truth is available only for site B, 

EREP pass 5, Figures 5.1-5.4 indicate a healthy comparison between 

EREP S192 calibrated digital radiance values and model simulated 

spectra calculated as doscribed in Section 3 of this report. 
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6. ATMOSPHERIC ATTENUATION IN SKYLAB DATA 

The model described in Section 3 and examined experimentally in Section 

5 may be used to simulate EREP S192 band radiances for various model atmos­

pheres and surface reflectance types. A primary objective of this study is 

to quantitatively define the magnitude of possible atmospheric attenuation 

effects in remote sensing of earth resources using this sensor and there­

fore, a suitable definition of atmospheric effect is required. 

Monitoring of earth resources requires that an inherent property of 

the surface be identifiable in a one-to-one manner from the reflected solar 

radiation in a particular MSS band. The physics of the problem indicates 

that this property should be the surface spectral reflectivity, rCA), but 

as Eq. 3.4 indicates, a space-based radiance measurement will not be simply 

proportional to the surface reflectance. The space-based sensor responds 

not only to the radiant energy reflected by the target surface, but also to 

the radiative processes of the atmosphere within its fie1d-of-view. Not 

only will the magnitude of the surface reflectance determined from a rad­

iance measurement in a single MSS band differ considerably from the true 

value, but ratioing radiances between adjacent bands will not remove the 

effects since atmospheric gases absorb, emit, and scatter solar radiation 

in a spectrally structured manner. This discussion of atmospheric effects 

will define three fundamental parameters: Ca) the equivalent change in sur­

face reflectance, ~r*; (b) the contrast modification ratio, ~C; and (c) the 

band ratio modification, ~q(i, j). The first two effects are definable with 

a given band, i, while the last pertains to interband Ci vs. j) effects. 

6.1 "Atmosphere1ess" Calculations 

Fundamentally, simulation of space-sensor incident aperture radiances 

will not provide an indication of the effect of the atmosphere unless a 

suitable calibration radiance spectrum is introduced. This calibration 

continuum should be characteristic of available reflected intensities from 

the target surface without the modifying effect of the intervening atmos­

phere. Once defined, the difference between the simulated measured spec­

trum and the hypothetical atmosphereless spectrum will provide a quantita­

tive determination of the atmospheric effect at a given wavelength or with-

in a particular MSS band. 5- 'Ef 

PRECEDll'~3 FI'.'2.?/\ r!..!w:;\: r:OT flU/lED 

s- ~ 
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Examining Eq. 3.4, as the atmosphere becomes more spectrally trans­

parent (i.e. 1'* -+ 0.0), th~ total measured radiance approaches the limit: 

R* (A) =lim Rr (A) -+ r (A) sinGaI (A) 

1'* -+ 0.0 1T (6.1) 

This defines the "atmosphereless" radiance which is simply proportional to 

the available solar radiation and the surface reflectance. Integrated over 

MSS band i, this quantity is (in analogy to Eq. 3.5): 

f~AiR*(A)~i(A)dA 

f~Ai~i(A)dA 

6.2 Equivalent Change in Surface Reflectance, ~r* 

(6.2) 

Although it may be desirable to determine the magnitude of the surface 

reflectivity rCA) from a space-based sensor, the atmosphere will in general 

alter the emergent beam as indicated in Section 2. A quantitative measure 

of this effect is given by the difference between the simulated measured 

radiance, Rr' and the atmosphereless radiance defined above: 

(6.3) 

ICA) [r(A)sin8oCT T8 - 1.0) + J(A, 8o, r, T*)1 
iT z 0 

Depending upon the particular properties of the atmosphere, this quantity 

may assume positive, negative, or zero values as a function of wavelength. 

Since by definition T T8 < 1.0, the first term within the brackets is at 
z -

most zero and usually negative. In absorbing regions, where transmissivities 

are small, the atmosphereless radiance may be larger than the measured rad­

iance, ~R* < 0.0. Conversely, since J is positive definite, in scattering 

regions and/or where surface reflectivity is low, path radiance may be the 

dominant contribution (i.e. ~R* > 0.0). In spectral regions where scatter­

ing is the primary extinction mechanism, a decrease in transmissivity may 

be compensated for by a like increase in path radiance so that the atmos­

pheric effect is minimal (i.e. bR* ~ 0.0). 

A particularly useful parameter is the equivalent change in surface 

reflectance corresponding to the radiance cha.nge defined by Eq. 6.2. The 

equivalent reflectance, r T, corresponding to a simulated radiance, Rr will 

be given by: 

6-2 

r 



i , 

_._''--____ ~'-~' .. '- -,-,,-.~, .. ~.-- .- ,----- ... -"-. "---'''-'-, .. ------.'~'-.!c>.; ----.~ ..... r' -'" 

By Eqs. 6.1 and 6.3 above this reduces to: 

1TlIR* 
rTCA) = rCA) + I(A)sin80 = rCA) + lIr* (A) 

f" 

(6.4) 

(6.5) 

This eA~ression defines ~le equivalent change of surface reflectance, lIr*(A). 

This quantity is the increase (decrease) in surface reflectivity necessary 

with no atmosphere present to yield a radiance value equivalent to that 

measured. A positive (negative) value of lIr* corresponds to a measured rad­

iance of greater (lesser) magnitude than would be measured if no atmosphere 

were present. In analogy to Eq. 3.5, the equivalent change in surface re-

fl b d f th . th 5192 EREP b d ectance may e average or elan. 

6.3 Contrast Modification Ratio, lIC. 

The inherent contrast between two surface types \yith different reflec­

tance properties within a given spectral region may be altered by the at­

mosphere. The inherent contrast between surface reflectivities 1'1 and 1'2 

in band i j s given by: 

R* (i, r 1) - R* (i, 
r ) -

2 - R*(i, r
2

) 
= 

l' - l' 
1 2 

r
2 

(6.6) 

The app~Lrent contrast from space \yill be given by the corresponding rad­

iance ratio: 

~(i, 1'1) - ~(i, 1'2) 

~(i, 1'2) 
(6.7) 

A normalized measure of the atmospheric effect in altering scene contrast 

is the contrast modification ratio: 

(6.8) 

As indicated by the expressions above, both absorption and scattering may 

modify the inherent contrast, as \~ell as the individual surface type re­

flecti vi ties. 
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6.4 Band Ratio r.1odification, t,q. 

Ratioing MSS bands is a common means of differentiating between surface 

types. Indeed, if no atmosphere were present, the ratio of radiances in 

bands i and j would be directly proportional to the ratio of SUl:face reflec­

tances in these bands: 

q ( . J') = const(l', .) rei) * 1, J r(j) (6.9) 

where the constant is simple the ratio of available solar fluxes [= l(i)/ 

l(j)]. This quantity would provide a considerable amount of information 

regarding the surface spectral type. 
However, the corresponding ratio of space-based radiances is in general 

modified by the atmosphere: 

~(i) 

~(j) 
= 

r(i)sineoTz(i)Te(i) + J(i) 
const(i, j) { } r(j)sineoT (j)T (j) + J(j) z e 

(6.10) 

A normalized measure of the modification of the interband ratio will be 

given by the quotient of these expressions: 

= 
TZ(i)Te(i) + J(i)/r(i)sineo 

Tz(j)Te(j) + J{j)/r(j)sineo 
(6.11) 

As the atmospheric effect approaches zero ('r* -+- 0.0), the band l'atio modi­

fication t, appl'oaches unity. Note that even target sUl'faces with constant 

sUl'face spectl'al pl'opel'ties [i.e. rei) = r(j)J will yield values of ~q 

di££el'ing from this limiting value due to the spectl'al nature of atmospheric 

transmissivity. 
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7. DISCUSSION OF COMPUTATION RESULTS 

Calculations were performed for a set of atmospheric models cor­

responding to the test sites denoted in Section 4 in addition to 

standard models for summer and \vinter midlatitude atmospheres with res-
-2 -2 

pective integrated water vapor amounts of 2.40 gcm and 0.90 gcm 

Each atmosphere contained an "average" amount of continental 

[Deirmendjian 1963] aerosol. Computations are valid for high solar 

elevation angles as is the case of most SKYLAB EREP passes. The atmos­

pheric attenuation quantities defined in Section 6 were computed in 

addition to simulated EREP S192 radiances. 

7.1 Magnitude of Atmospheric Effect 

Figure 7-1 demonstrates simulated S192 radiance spectra computed by 

Equation 3.5 and atmosphereless radiances defined by Equation 6.2 for 

surfaces with constant reflectances of r = 0.1, 0.5, and 1. 0 in each of 

the twelve EREP bands. Curves are piecewise connected between bands for 

clarity. The values of RT(i) calculated represent both spectral and 

magnitude modifications of the incident solar radiation. (For compari­

son, each of the R* curves is proportional to the weighted incident 

solar spectrum in each band.) Within a given band, i, the magnitude of 

the measured radiance is a strong function of the surface reflectance, 

r. 

For these calculations, note that the simulated measured radiances 

are lower than the atmosphereless values, indicating negative values of 

equivalent surface reflectance (Equation 6.5). In comparing bet\veen 

bands, curvature modifications are introduced by selective, spectially 

dependent atmospheric effects. For example, there is a change of slope 

in bands 1, 2, and 3 due to enhanced scattering toward the blue (shorter 

wavelength) end of the spectrum. This is especially evident for the 

lowest surface l"eflectance value (r = 0.1) where path radiance is pro­

portionally large. Large path radiance contributions (see Figure 3-2) 

inCl"eaSe the measured energy in these channels above the expected 

attenuated solar continuum. Similarly, the effect of atmospheric water 

vapor absorption is apparent in the near IR EREP S192 bands, parti­

cularly band 8, where a significant absorption feature can be seen, 

appreciably reducing the measured intensity. 
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Dependence of measured radiance on surface reflectance for selected 

EREP S192 bands is demonstrated in Figures 7-2 through 7-8. Calcula­

tions here are performed for the summer midlatitude atmosphere. Indi­

vidual calculations are piecewise connected for clarity. Also indicated 

are the corresponding atmosphereless radiances R*(ij. (Since a radian.::e 

which is identically zero cannot be plotted on these axes, the curve for 

R* (r -+ 0.0) is extrapolated.) The general behavior indicated from cmn­

parison of the t\VO curves (RT and R*) in each band denotes a variaticm 

of the simulated radiance dependence on surface reflectance from the 

direct proportionality predicted for the atmosphereless radiance [see 

Equation 6-1]. This is most pronounced in the visible bands (see 

Band 1, Figure 7-2) where the slope of the t\oJO curves differ consider­

ably. In the near IR bands, although the curves in general differ in 

magnitude, the slopes are similar. The difference between these curves 

(i.e., Equation 6-3) is a fundamental measure of the atmospheric effect. 

Behavior of the atmospheric effect as the surface reflectance approaches 

zero is indicated by the limits: 

or 

lim 

I(i) J(i, e J r = 0, T*) 
r -+ 0.0 RT(i) -+ on 

I(i) J(i, e , r = 0, T*) 
o lim 6R* (i) -+ -------7T-----

r -+ 0.0 

Therefore, the atmospheric effect will always be positive in the limit 

of extremely low reflectance where the measured radiance is charac­

teristic of the atmosphere only and the atmospheric effect is maximum. 

Expressed in terms of the equivalent change in surface reflectance 

6r* (Equation 6-5), these results become most apparent. Figures 7-9 and 7-10 

demonstrates the pet'cent change in equivalent surface rrflectance above 

tlle true surface reflectance, i.e., plotted is [6r*(il/r(i)] x 100% for 

each EREP S192 band. The level of zero atmospheric effect is denoted by 

the dotted line. (The absolute value of the equivalent change in 

surface reflectance is available by multiplying the plotted values by 

r(i)/lOO.) Confirming earlier conclusions, the effect is greatest in 
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all bands at low surface reflectances where the percent error in deter­

mining surface spectral properties becomes considerable. At higher 

surface reflectance values, there is a fundamental difference between 

the behavior of the visible bands and near infrared bands. Most inter­

esting is the differing dependence of the visible (1,3,5) and near IR 

(7,8,10,12) bands on surface reflectance. While the latter bands are 

almost constant at all but the lowest « 0.1) surface reflectances, the 

visible bands possess a distinct curvature approximating an r- l depen­

dence which becomes stronger as wavelength decreases. This suggests an 

effect due to scattering which can be verified by the theoretical 

expression: 

-- ::: 
r 

(T T8 - 1.0) + J/r sin 8 
z 0 

(7-1) 

The first term above is independent of surface reflectance and will 

dominate where path radiance is small (i.e., the near IR at moderate 

surface reflectances). However, where path radiance is a significant 

fraction of the measured radiance (visible and at low surface reflec­

tances), a distinct r-1 behavior will be evident \'ihose magnitude is 

determined by the leading constant term in the expression for J (see 

Equation 3-2). This term is largest in the lowest visible EREP S192 

bands and decreases into the near IR. Behavior at the lower surface 

reflectance values (r ,::. 0.1) is verified in Figure 7-10 calculated for 

the desert atmosphere corresponding to site 0 (Section 4.2.1) with 

integrated water vapor of ~ 0.5 gcm-2 . Again, as the surface reflec­

tance approaches zero, the percent error in determining the magnitude of 

the surface reflectance approaches large positive values. In this low 

reflectance region where path radiance is important, the largest posi­

tive atmospheric effects are in the shortest wavelength v:\s-\ble bands 

decreasing into the near IR. The least affected bands are adjacent to 

\vater vapor absorption featu-res in the near IR (e. g., 8 and 11). 

7.2 Surface Reflection Correction Curves 

The results of the previous section may be expressed in a practical 

manner by plotting curves of equivalent reflectance (Equation 6-4) 

which are directly proportional to band radiances vs. the true surface 
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reflectance. These surface reflectance correction curves would have 

unit slope if there were no atmospheric effect, but differ substantially 

from unity due to attenuation by atmospheric gases and particulates. 

Figure 7-11 is drawn from calculations for the summer midlatitude 

atmosphere. Plotted are selected EREP bands (1,3,5,7,8,9,10,11,12). 

For a given solar evevation angle, the vertical axis of this figures is 

directly proportional to the raw S192 band digital counts (0-255) with 

unique scales for each respective band. As an example of the utj lit}r of 

these curves, consider the following. If atmospheric conditions coinci­

dent with an EREP pass were characterized by the midlatitude summer 

atmosphere described and a reflectance value of 0.50 was determined from 

a radiance measurement in band 7, the true surface reflectance vJI)uld be 

0.83, i. e., we would significantly underestimate based on the uncol'rected 

radiance alone. (Note in Figure 7-9 that the predicted error is IV -409,; 

in band 7 at IV r = 0.80. From above, the error is (0.50 - 0.83)/(0.83) 

x 100% = 39.75%). In a like manner, the reflectance spectrum determined 

from space can be reduced to a corrected spectrum by applying a similar 

procedure in each EREP S192 band. The magnitude of the correction 

applied may be quantified by the variation of each correction curve from 

the "no atmosphere" curve. The least correction for this atmospheric 

model need be applied in band 12, and the greatest in band 8 (which is 

particularly sensitiv~ to water vapor). Intermediate corrections are 

necessary in bands 1,2,3,4,5,6,7,9,10, and 11, the most severe being in 

the short wavelength visible and decreaSing in magnitude into the near 

IR. Note that all curves intersect the no atmosphere curve at low 

reflectances where the sign of the correction changes due to path 

radiance effects (i.e., surface reflectances are over determined due to 

scattering enhancement. 

Similar results for a midlatitude winter atmosphere are demon­

strated in Figu:...'e 7-12. The basic change is a decrease in the lllte­

grated water vapor amount to 0.9 gcm -2 Note particularly the shift in 

all IR bands toward smaller correction values. Band 8 in particular 

becomes less affected by atmospheric effects than most of the visible 

bands when water vapor is diminished. Th:s result indicates that 

although the near IR band filters were chosen to be in spectrally 

7-14 

_-' t 
1D,;;t/Ifio!~-~. ~L,,-,,-,"","",,£ .. _'£.i;~~~".(.,;,j:..w+_1ti:;;:W7·*f'?'~'t T - Wnr"ji.:'H' l 

'"x 



~. 
" '--'t.j~ '"'G"'" 'I ~. _. eo 

, ~ 

~, 

,f ! 

f
! 

(~ 507055 

i: 

r' 
I, 

~ 
t 

~. 
r 
~ 
t; 

~ 
~ 
~1 

~ 
~ 
~ 

~ 
f 
~ r ~ • ~ 
~ 

~ ~. 

f 
~ r 
~ 
i 
l 
I • 
~. 

v·-

-.,.J 
! 

r--' 
U1 

Q) 
0 
c: 

.S? 
"0 
0 
0:::, ..... 
a.. 0 
w CD 
0::: c: 
W en 
X 

t:: 

" 
.!"" 

Q) 
0 
c: 
0 -0 
Q) -Q) 

0::: 
"0 
Q) 
~ 

:::::J 
(/) 

0 
Q) 

~ 

a.. 
w 
0::: 
W 

r'~o 0 

, 

1.0 

No Atmospheric Effect ~ 
0.81 Y 

/ 

/ 
/ 

/ 

12 

I 
0.6 I Y ..,4" ",- '/ 

04 1 I' ./ 10--'''''''- ......... 1 . - ~ .,r 7 

0.21 Y/;/,A 
Midlatifude Summer Atmosphere 

HigIJ Solar Elevation Angle 
-2 

w = 2.4 gcm 
Ozr ________ ~ ________ ~ ________ ~ ________ ~ ________ ~ __ __J 

o 0.2 0.4 0.6 0.8 1.0 

True Surface Reflectance (r) 

Figure 7.11 Surface Reflectance Correction Curves-~lidlatitude 
Summer Atmosphere 

~. ..-..\...~,-",~~~."._. ""\'-~_"'"";-""~L.J04.0~~.~~~~~~:"~·"~~~"_"'" .,_ ••. ",,-,~ .. ;';t;~1~""-'.' ........ .i.wJ.-4.. ....... e' ..... I. »,j d'll \" d» 't t 7 iMeHaH •. tF,r.!-u $"'dtrnt' (wi' Ott' 'M i'bh~' drib i 'I, tC"iMt ... iii 

JI' 

: ~ 

~j 
1 
;~ 

~i 
.~ , 

j 

1 
~ I 

'1 

1 
i ~ 

J. 
-j 

;1 

I 
! 

! 
, d 

,ij 
1i 



--.~~~~~~.- --==~~------

[~"- ~ 

~' 507066 

.' ~'''' 

!: 
! 

t 
~ 

~ 
I 
~ 

F~:,,', .' , 

if 

-..j 

I 
f-' 
Q'I 

Q) 
u 

\ 

51 1.0 1 :A 
"0 

&'IH I I / 
a.. c:8 No Atmospheric Effect---/ 
w 1/ ~/2 
a::: .S 08 I ~ 
~ en . /' / 

~ I L/~r 
0.6 ~ 8 

II -~ 
Q) 
u 
c 
0 -0 
Q) -Q) 

a::: 
"'0 
Q) 
~ 

:::s 
If) 

0 
Q) 

~ 

a.. 
w 
a::: 
w 

04 1 y' -r~ . r ~~ 

0.2 I :I'l~ 

o 0.'2 0.4 

MidlaflllJde Winter Atmosphere 
High Solar Elevation Angle 

-2 
w = 0.9 gem 

0.6 0.8 

True Surface Reflectance (r) 

5 
3 
/ 

1.0 

Figure 7.12 Surface Reflectence Correction Curves-Mid1atitude Winter 

~, 
>._1, " ,!"'~~w;'iil-J"~"~'~.~."'.d,~~;!iirAl."li&-iM-·"'j;'~.d~~.w...t;;~ ... ~l:oL.1l.il;k'~.~;.., ... <'.:I..0....:.,_.·~ .. L;·'_' 

r~ 
11 
lj 
• ,I 

1 
i 

,j 

1 

1 
,j 

" 

4 
.~ 
1 
~ 

1 

J 
" i 
.1 

~ ~ 
:11 

·1 

j 
~ , 
i 



transparent windows, there remains a marked residual dependence of 

radiance response to atmospheric water vapor. No doubt these effects 

are due to the wings of the water vapor rotational bands described in 

Section 2. It must, therefore, be concluded that in this sensor con­

figuration careful note nllist be taken of the atmospheric water vapor to 

interpret results in the near IR bands. Returning to the figure, note 

that the visible bands are not responsive to the change in atmosphere at 

all. 

As an example of a particularly IIc l ean ll atmosphere, Figure 7-13 

illustrates analogous results corresponding to the desert atmosphere of 

site B (Section 4.2.1) with a still lower value of the integrated water 

vapor (rv 0.5 gcm -2). The essential difference beb.'E:<:ln this case and the 

earlier two, however, is the surface altitude. Here, the surface is 

located at 1.3 km, contrasting with previous sea level atmospheres. As 

a consequence, integrated absorber amounts are smaller for all atmos­

pheric constituents, including the integrated density itself which 

determines the magnitude of the scattering effect in the visible bands. 

Note in the figure that the corrections in the visible region are 

markedly decreased, as are all other bands. 

Corrections at lower reflectances are considerably different than 

those at moderate levels as earlier results indicat~. In Figure 7-14, 

sample correction curves are illustrated for the site 0 atmosphere 

(Section 4.2.1). Note that for the most part, reflectances based on 

EREP radiances must be adjusted down in magnitude to account for atmos­

pheric back-scattering. Even when the actual surface is completely 

absorbing (i. e., water in near IR), there is a finite determinabl e 

equivalent surface reflectance due to scattering, whose magnitude 

decreases vJi th increased wavelength (see Section 7.1 for this limit). 

Consequence::: of these results are summarized in Figure 7-15 where 

the slope of each curve in Figures (7-11 through 7-14) is plotted. The 

following conclusions may be drawn: 

1) The visible bands (1,2,3,4,5,6,7) axe generally insensitive to 

absorption by atmospheric water vapor. However, since scat­

tering is significant in these spectral regions, corrections 

to be applied to radiance data will be sensitive to integrated 

density (l.e., surface altitude). 



rr~· -
~' 507067 
~ 

l 
" 

[;1 
~( 

I , 
It I 
~" . 

I 

! 
~ I 

I"" 

~: 
:' 
l 
~. 

f

l
,; 
.~ 

, .. 
•• -j., ;. 

~ : 

t 
~ 
~. ' 

~. 
[' . 

~' 

~ 
t 
~ 
r 
I, . 
, , 
f~ , 

t,' ! 
'. 1 [, ( 

!. 1 
! j 

'il 
r 

-..] 
I 

I--' 
OJ 

'1 -

\_of 

Q) 
o 
c: 
o 
'U 
o 

0::: 

wc8 
O::c: 

~-' ~ ... "",,; "r~-. 

1-
1.0 I --t 

12 

No Atmospheric 
10 a.1 

W (j) 0.8 I Y / " 

x 
I::: 
II -'-
CD 
o 
c: 
o -o 
CD -CD 
0:: 

'U 

~ 
~ 
f/) 
o 
CD 
:E 
a. 
w 
0:: 
W 

3,4,5 
I 

0.6 I 1'/ "~>""l" 

0.4 I i/ /AiJY 

0.2 I VIW' 

Desert Atmosphere w = .5 qcm.- 2 

Surface at 1.35 km. 
a ~K ________ ~ ______ ~ ________ ~ ________ ~ ________ ~ __ ~ 

o 0.2 0.4 0.6 0.8 1.0 

True Surface Reflectance (r) 

Figure 7.13 Surface Ref1ectence Correction Curves-Desert Atmosphere 

if 
~'i' 

" ,,~.~ ... ~:,~j '" 4,~.~-,_,~,~.~~_eWk ""M"'"'' __ .~"'""' .... "" .... ~,~.w~.;j " ... ,... • ""p"";' ",.ws~.::~~~'=:;':;:;;3',"=u;';';~:';~;~7"'t%:t!!'·:;;· ~b;#:;:;-;3iiW 

, 
A 

I 
,1, , 

,-1 

,', 
, ~ 

'I 
.d 

::~ 

l 



\,.i 
~ : 
j 
j 
i 
~ 

: ,~ 

4 

i ~ 
~ . 
,j 

, R 
" "\ 
il 
~ 

~ 
" 

f: 
1 
;r 
'I 

" v , (', 

::' ~' 

"' ,i 

~ -""'"'~~-C~" -T"" " 

It) 

o 
t­o 
It) 

! 

Q) 
0 
C 
.2 
"'C 
0 
0:: 

CL 
W 
0:: 
W 
)( 

l=: 
II -1-

Q) 
0 
c 
0 -0 
Q) -Q) 

0:: 
"'C 
Q) 
1-
::l 
en 
C 
Q) 

~ 

CL 
w 
a:: 
w 

11-1 
0-

CJ:) 

c 
(f) 

( 

0.10 
i",. 

ODS 

0.06 

- No Atmospheric Effect 

0.02 
Desert Atmosphere w=.52 {lcm-2 

13 km Surface Level 

0.02 0.04 0.06 0.08 0.10 

True Surface Reflectance (r) 

Figure 7.14 Surface Ref1ectence Correction Curves for Site liD" 
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All of the near IR bands (8,9,10,11,12) are sensitive to 

atmospheric water vapor absorption with band 8 most affected. 

Since the continuum absorption in this region is largely due 

to scattering, these bands will also be affected by the 

surface altitude. 

3) In general, corrections applied to EREP S192 radiance data 

will be extremely sensitive to the atmospheric conditions 

concurrent with the measurement as the diversity of points in 

Figure 7-15 indicates. As a minimum, the integrated water 

vapor and surface height above sea level should be known. 

Atmospheric Modification of Scene Contrast 

Neighboring surface area elements with distinctly different spectral 

reflectance properties within a given band will be distinguishable by 

their inherent contrast. Viewed from a space-based platform, the nature 

of this contrast may be modified as atmospheric effects alter the 

apparent measured surface reflectivities as discussed in the previous 

section. Calculations based on tl1e definitions of inherent contrast, 

C*, apparent contrast, CT, and the contrast modification ratio I:1C (see 

Section 6.3) were performed for the summer midlatitude atmosphere. 

Results are illustrated in Figure 7-16 where apparent contrasts are 

plotted as a function of EREP S192 band for three values of the inherent 

contrast C* = 2,4,8. These correspond to neighboring surface area 

elements, which are three, five, and nine times more reflective than 

each other, respectively. Two apparent contrast curves are plotted for 

the C* = 2 case, one for neighboring low reflectance surfaces (0.1 and 

0.3) and one for neighboring high reflectance surfaces (0.3 and 0.9). 

The shape of each apparent contrast curve, CT(1,rl ,r2) is similar. 

Contrast is most altered in the visible bands with the magnitude of the 

effect decreasing with increasing \vavelength. In the near infrared, 

contrast modification appears tG' be minimal in all bands. Based on the 

spectral dependence of the effec,:, it is expected that scattering is the 

primary cause. It is expected, therefore, that contrast modification 

will be a function of surface reflectance itself and most pronounced at 

low reflectances. This is confirmed comparing the CT (i, .9, .3) and 
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CTCi,.3,.1) curves. Note that the effect is more pronounced in the 

latter curve, especially in the visible region. 

These results are made most apparent by examining the contrast 

1lI0sification ratio for the cases described above. In Figure 7-17, the 

ratios of the respective curves for CT and C* depicted in Figure 7-16, 

are plotted on the same axes. A characteristic curve for the case r l = 

0.5, r 2 = 0.1 is drawn by piecewise connecting the computed value in 

each band. In the near IR (bands 7,8,9,10,11,12) most points cluster 

closely. Here the contrast reduction is negligible ('V 596) for the cases 

calculated. In the visible, however, the degree of contrast modifica­

tion is a strong function of band ranging from 'V 15% in band 6 to a 

maximum value of 'V 48 96 in band 1 when surfac" reflectances are low (r I = 

0.3, r 2 = 0.1). Contrast reduction in these bands will be weakly 

dependent on surface reflectance and the maximum effect in banJ 1 can be 

reduced to 'V 25 96 when both surfaces are moderately high reflectances (r 1 

= 0.9, r 2 = 0.3). 

7.4 Effects on Band Radiance Ratios 

The ratio of radiances in different spectral bands is often used in 

earth resources remote sensing investigations to TIlake quantitative 

assessments regarding surface target properties. If there is no atmos­

pheric effect, band ratios will be proportional to the ratio of target 

spectral reflectances and a constant defining the solar continuum ratio 

(Equation 6-9). Band ratios using space based measurements will be 

modified by the atmosphere yielding values either higher or lower than 

the corresponding atmosphereless quantities depending on both surface 

reflectance, atmospheric properties, and the particular bands utilized. 

Figure 7-18 plots calculated values of the band ratio modification 

b.q(i,j) given by Equation 6-11 for surfaces with constant reflectances 

in each band [Le., rei) = r(j)]. These values are representative of a 

midlatitude summer atmosphere. Values are given for (i,j) pairs (1,3), 

(3,5), (5,7), (7,9), (9,11) and (3,8). These particular band ratios 

were chosen to include bands in spectral regions with similar atmos­

pheric extinction properties [e.g., (1,3) the visible and (9,11) in the 

near IR] and diverse properties [e.g., (3,8)J. The level of zero 

atmospheric effect is indicated. 
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As might be expected, ratio modification is greatest when surface 

reflectance is low. In the visible bands where the sloping continuum of 

molecular and aerosol scattering determine atmospheric extinction, band 

ratio modification is a strong function of surface reflectance. Values 

range from greater than unity (r ~ 0.6) to less than unity r ~ 0.6. In 

general this is due to the larger proportional path radiance contribution 

at lower surface reflectances for the shorter wavelength visible bands. 

In the near IR where absorption dominates, the band ratio modification 

tends to be independent of surface reflectance [e.g., ~q(7,9), ~q(9,10)] 

depending only on the fundamental transmissivity differences between 

bands. Whether this "constant" value is greater than or- less than one 

will depend on the relative transparence of the particular bands. For 

example in the figure, since band 9 is more spectially transparent than 

either 7 or 11, the "constant" value of ~q(i,j) changes sense depending 

on whether band 9 is in the numerator or demoninator. 

T(i) [e.g., in the near IR ~q(i,j) :t T(j) (see Equation 6-11) 

since path radiance is small. Since 

but 

T(9) > T(7) and T(9) > T(ll), 

llq(7,9) = 

i\q (9,11) = 

T(7) 
T(9) < 1.0 

T(9) 
T(ll) > 1. 0 ] 

In general, the ratjo of two MSS bands will be modified by an 

lntervening atmosphere unless the right hand side of Equation 6-11 is 

identically unity. Since the information required to cOlnpute this term 

is dopendent upon the atmospheric parameters describing fundamental 

absorption and scattering, it will not be possible to specify MSS band -- ~ 

locations beforehand to insure no atmospheric effeE. However, it may . . .--.... 
be possible particularly in the near IR to specify band locations in 

such a manner so as to minimize modifications of band ratios by insuring - . 
that extinction properties in each band are similar. This can be done 
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by appro?riately adjusting band filters between window and absorption 

areas to yield similar integrated extinction properties . 
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SCAN LINE IHOUR 1M IN SECOrmS SUBSAT LRT SLJB SAT LOnG SUN At~GLE FIRST PIXEL LAT LONG 
10 17 57 35.2062 41 0 66 -114 20 223 62 20 88 41 13 35 -114 0 80 
20 17 57 35.3113 41 0 14 -114 20 120 62 20 1S6 41 12 221 -113 59 213 
:::'" 17 5"" ::'5.4176 .l~e 59 203 -114 20 16 62 21 Li3 41 12 168 -113 S9 let=. .' "10 17 57 35.5233 40 59 146 -114 1'3 143 62 21 151 41 12 109 -113 58 228 

~g 
SO 17 57 35.6287 40 59 '34 -114 19 39 E.2 22 8 41 12 55 -113 58 121 
60 17 57 35.7335 40 59 47 -114 18 187 62 ,,"" 96 41 12 7 -113 58 26 c~ 

7.0 17 57 35.8392 40 58 236 -114 18 83 62 22 193 41 11 194 -113 57 159 
t-r;S 80 17 57 ::::5.9449 40 5:3 lE:4 -114 17 220 62 23 51 41 11 140 -113 57 53 

~~ 
90 17 57 36.0Sl)6 40 =,:3 127 -114 17 106 62 23 158 ·41 11 81 -113 56 176 

100 17 57 36. 156r 40 58 75 -114 17 3 62 24 16 41 11 28 -113 56 70 
110 17 57 ::0.2615 --h} 58 23 -lH 16 140 62 24 113 41 10 215 -113 55 205 
12-21 17 57 36.::::674 40 57 217 -114 16 47 62 24 201 41 10 167 -113 55 110 

D~ 
1.:,0 17 57 36 ... 720 40 57 165 -114 15 184 62 25 53 41 10 114-113 55 5 
1-10 17 57 26. 57.7? 40 57 113 -114 15 E:l 62 ""'~ 1S5 41 10 61 -113 54 140 c::' 

~g; 150 17 57 36.6::::34 40 57 56 -114- 14 208 62 26 23 41 10 3 -113 54 24 
lE0 17 57 36.7::::89 40 57 4 -114 14 105 62 26 120 41 9 i90 -113 53 16111 
170 17 57 36.8947 4>J 56 198 -114 14 12 62 26 2(:08 41 9 142 -113 53 66 

,~: 1!='O 17 57 ::;:7.00(13 -10 56 146 -114 13 149 62 27 65 41 9 89 -113 52 202 
1')21 17 57 37.W51· 40 56 94 -114 13 46 62 27 163 41 9 3".7 -11::: 52 9'3 
2(10 17 57 37 .. 21L~8 40 S6 :::7 -11<1 12 172 62 28 313 41 8 219 -113 51 224 
2H.'1 :7 57 ~~." • ":-: 1 f.2 40 ,-C,. 

.J:) 2,;"; -11'1 12 [:3 62 c'8 l?C 41 [) 1(,(; '-113 51 1.",) 
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2~") 17 57 33.1600 40 54 50 -114 8 205 62 31 187 41 6 203 -113 47 211 
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to..) 330 17 57 3:3.5819 40 53 83 -114 7 33 62 ",-. 97 41 5 224 -113 .. 16 18 .:>.:> 

340 17 57 38.6877 40 53 36 -114 6 180 62 33 185 41 5 175 -113 45 150 
:::50 17 57 38.7933 40 5':> 

' '- 224 -114 6 77 62 34 43 41 5 121 -113 45 53 
3£,0 17 57 38. 8';(3(~ 40 52 172 -114 5 214 62 34 141 41 5 67 -113 44 186 
3iO 17 57 39.i:1047 40 52 115 -114 5 101 62 35 8 41 5 7 -113 44 68 
3E.0 17 57 39.11(~2 40 52 63 -114 4 238 62 35 106 41 --1 193 -113 ·13 201 
3'~,:) 17 57 39.2156 40 52 11 -114 4 135 62 35 203 41 4 139 -113 43 94 
400 17 57 39.320'5 40 51 204 -114 4 43 62 36 51. 41 4 91 -'113 42 238 
410 17 57 39."12';1 40 5: 152 -114 3 180 62 36 148 41 4 37 -113 42 132 
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-is\) 17 S? 33.8478 40 50 184 -114 2 9 62 38 58 41 3 64 -113 40 187 
460 17 57 39.9534 .4(1 50 132 -114 1 1-46 62 38 156 41 3 10 -113 40 81 
470 17 57 40.0S92 40 50 80 -114 1 A3 62 39 13 41 2 197 -113 39 215 
4[:,) 17 57 40.11':,49 40 50 23 -114 0 170 62 39 121 41 2 139 -113 39 99 
4'30 17 57 4(1.27\33 40 49 21-1 -lH 0 ';7 62 39 218 41 2 86 -113 38 233 
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530 17 57 40. 692() 40 49 8 -113 58 147 62 41 118 41 1 119-113 37 62 
54{) 17 57 40.7977 40 48 190 -113 58 34 62 41 225 41 1 61 -113 36 186 
550 17 57 40.9()31 40 48 138 -113 57 171 62 42 83 41 1 8 -113 36 81 

Table A.I Ephemeris Data for Site A 
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DmA FOR SCAN LIt'IE rUlBER 5:35 
PD<EL /DATA FOR SDO(S) 

NUMBER/ 1 3 5 7 9 11 13 17 18 19 20 22 

235 
2S6 
287 
28S 
289 
290 
231 
292 
2=33 
294 
2'35 
2% 
297 
238 
2::;,?·l 
300 
3(l1 
3~2 
303 
304 
3~)5 

3Qo 
307 
308 
309 
310 
311 
312 
313 
314 
315 
316 
317 
318 
319 
320 
321 
322 
323 
.324 
YeS 
326 
327 
328 
329 
330 
331 
332 
333 
334 
335 

2. 130E -2 7.504E -3 1.171E -2 1.406E -2 1,767E -2 1.65SE -3 2.920E -4 5.527£ -3 1.244E -2 1.037£ -2 7.012E -3 9.361E -3 
2.1:::;1::; -2 7.504£ -3 1.171E -2 1.4-3'::.E -2 1.7G7E -2 1.880E -3 3.272E -4 6.002E -3 1.244£ -2 1.037E -2 7.012E -3 9. 361E ;-3 
2.1'3(lE -2 7. 504E -3 1.171E -2 1. 406E -2 1. 7E,7E -2 1. 794E -3 3.272E -4 5. 192E -3 1. 24-1E -2 1. 037E -2 7.@12E -3 9.361E -3 
2. 130E -2 7.S04E -3 1.'71E -2 1.405E -2 1.767£ -2 1.643E -3 3.121E -4 5.749E -3 1.244E,-2 1.037E -2 7.012E -3 9.361E -3 
1.911E -2 7.£04£ -3 Li71E -2 1.406E -2 1.767E -2 6.746E -4 1.714E -4 5.052E -3 1.244E -2 1.037£ -2 5.54!::.E -3 9.361E-3 
1.894E -2 7.504E -3 1.171E -2 1.406E -2 1.767E -2 5.024E -4 1.714E -4 3.849E -3 1.244E -2 1.(<37E -2 4.521E -3 9.361E-3 
1.600£ -2 7.504E -3 1.171E -2 1.406E -2 1.767E -2 8.898£ -4 2.066E -4 2.645E -3 1.244E -2 6.644E -3 3.691E -3 9.361E -3 
1.6.SSE '-2 7.504E -3 1. 171E -2 l'.406E -2 1.418E -2 1. 127E -3 2.066E -4 3.4()5E -3 1.244E -2 7.585£ -3 4.162E -3 9.361E-3 
2.054E -2 7.504E -3 1..1:71E -2 1.406E -2 1.767E -2 1.708E -3 2.569E:-4 3.088£ -3 1.244E -2 6.235E -3 4.245£ -3 9.:::61E-3 
2.1:::(1E -2 7.5(;4E -3 1.171E -2 1.406E -2 1.767E -2 1.729£ -3 2.669E -4 3.912E -3 1.244E -2 6.563E -3 4.964E -3 9.3611': -3 
1.8':;.::;'E -2 7.50"'E -3 1.171E -2 1.40E.E -2 1.767E -2 2.009E -3 3.021E -4 5.369E -3 1.244E -2 1.037E -2 7.012E -3 9,361E -3 
1. 869E -2 7. 504E -3 1.171E -2 1. 405E -2 1. 767E "'2 2.809E -3 3.674E -4 5.876E ·-3 1. 244E -2 1. e37E -2 7.1012£ -3 9.361E -3 
1. 424E <-2 7. 504E -3 1. 171E -2 1·.406E -2 1.767E -2 1.751E -3 3.523E -4 6.287P. -3 1.244E-2 1.037£ -2 4.964E -3 9.361E -3 
1_441E -2 7. 504E. -3 1.171£ -2 1.406E -2 1.e28E -2 9.759E -4 2.770E -4 6.319E -3 1.244E -2 1.037E -2 5.767E -3 9.361E -3 
1.600E -2 7.504E -3 1.171E -~ 1.406£ -2 8.329E -3 5.239E -4 2.e16E -4 5.559E -3 1.244E -2 1.037E -2 3.553E -3 9.361E -3 
1.264E -2 7.504E -3 1.171E -2 1.406E -2 1.425E -2 1.579E -3 3 .. 071E -4 5.401E -3 1.244E -2 1.037E -2 4.162E -3 S.361E -3 
1.39(1E:-2 7. 50·lE, -3 1.1,71E -2 1.251E -2 9.1b6E -3 8.683E -4 2.569E -4 3.373E -3 1.058E:-2 6.358E -3 2.114E -3 9.361E-3 
1.617E '-27.504£ -3 l.1.71E -2 1.4()6E -27.981£ -3 3.5:17E -4 !.-915E -4 1.695E -3 1.244E -2 3.495E -3 1.284E -3 9.361E -3 
1.701E -2 7.S04E -3 1.171E -2 1.406E -2 8. 190E -3 1.795£ -4 1.765E -4 2.106£ -3 1. 156E .-2 3.781E -3 1.311E -3 9.361E-3 
1.491£ '-2 7.504E -3 1.171£ -21.406£ -2 8.050E -3 7.192E -5 1.212E -4 1'. 124E -3 1.2+IE -2 2. 268E :"3 9.516E -4 9.361E-3 
1.684£ '-2 7.S(HE -3 1.171E -2 1'.405E -2 7.9:31E -3 3.087E -4 1.76[.E ~4 6.49:::E -4 1.244E -2 1.695E -3 8. 133E -4 9.361E -3 
1.7-13£ -2 .7.5<)4E -3 1.171E -2 1;.'1(15E -2 7.562E -3 1. 150E -4 1.36:::E -4 1.28:::£ -3 1.2·I-1E -2 2.718£ -3 1.118£ -3 9.361E-3 
1.642£ '-2 7.S0'tE -3 1.171E -2 1.405E -2 7. 423E -3 1. 150E -4 1. 162E -4 7.444E -4 1.244E '-2 1.573E -3 1.118E -3 9.361£-3 
1.710£ -2 7.504E -3 1. 171E -2 1.·106E -2 7.632E -3 2.872£ -4 1.262E -4 S.22E,E -4 1.2+1E -2 1.123E -3 1.062E·3 9.361E-3 
1.701£ -2 7.50·tE -3 1.171E -2 1.406E -2 6. 796E -3 1.795E -4 1.011£ -4 1. 156E -3 1.244E -2 2.227E -3 1.201E -3 9.3E.1E '-3 
1.6S9E'-2 7.504E-3 1.171E -2 1.196E -2 6.377E-3 1.79SE -4 8.604E -5 6.811::)E -4 1.244E -2 1.532£ -3 1.118£ -3 9.361E-3 
1.542£ '-2 7.50'JE -3 1.171E -2 1.218E -2 6.377E '-3 1.580E -4 1.363E -4 6.49:::E -4 1.244E ,2 1.286E -3 1.062E -3 9.361E -3 
1. 550E :-2 7. 504E -3 1.171E -2 1. 179£ -2 5.830E -3 1. 15,jE -4 1. 162E -4 8.711E -4 1. 244E -2 1. 818E -3 1. 035E -3 9.351E -3 
1v44'3E -'-2 7.5(,,"\£ -3 1. 171E -2 1.1107E -2 5.610E ,-3 1.795E -4 9.£t9E -5 7.760£ -4 1.244E -2 1.532£ -3 1.2(~lE -3 9.:::61£-3 
1.415E -2 7.504E -3 1.i.71E -2 1.118E -2 5.262E ~3 9.344E -5 9.6(39E -5 9.344E -4 1.244E -2 1.409£ -3 1.1"1!::.E -3 9.36JE -3 
1.474E -2 7.504E -3 1.171E -2 1.074£ -2 5. 12:::E -3 1.150E -4 8.101E -5 8.394E -4 1. 107E -2 1.327E -3 8.963E -4 9.361E -3 
1.449E-2 7.504£ -3 1.171E -2 l'.046E -2 4.844E -3 1.365E -4 8. 101E -5 7.127E -4 1.097£ -2 1.082£ -3 1.062E -3 9.361E -3 
1.3'30E ,2 7.504E -3 1. 171E -2 1.057£ -2 4.7('I4E -3 1.150E -4 1.162E -4 8.394E -4 1.063E -2 1. 164E -3 1.(335£ -3 9.361E -3 
1.407E -2 7.504E -3 1.17~E -2 1.057£ -2 4.356E -3 1.580E -4 1.112E -4 6.810E -4 1.072E -2, 1.16~E -3 1,145£ -3 9.3612 -3 
1.357~· -2 7.504£ -3 1.171E -2 1.040":;: -2 4.147£ '-3 1.580E -4 9. 106E -5 6.810E -4 1.077E -2 1.205E -3 1.062E -3 9.361E -3 
1.382E -2 7.50-":;: -3 1. 171E -2 9.848E -3 435f,E -3 7.1'32E -5 1. 162E -4 7.127E -4 1.058E -2 1. 164E -3 1.E19.3E -3 9.361£ -3 
1.·3'30E -2 7.504£ -3 1.171E -2 1.<329£ -2 4.565E -3 9.344E -5 1.011£ -4 5.226E -4 1.033E -2 1.16·1£ -3 1. 11::::E -3 9.:::61E -3 
1.5ilF,E -2. 7.504E -3 1.171E -2 9.903E -3 4.5651: -3 1.365£ -4 8.1(}1E -5 7. 127E -4 1.058E -2 1.327£ -3 1.201E -3 9.361E-3 
1.483£ -2 7.S04E -3 1. 171E -2 1.018E -2 4.983E -3 5.040E -5 7.097£ -54.910£ -4 1.058E -2 1.327£ -3 1.228E -3 9.3131£-3 
1.457E -2 7.504E -3 1,,171£ -2 1.007E -2 4.983E -3 5 .. 040E -5 7.599E -5 6.4SI3£ -4 1.058£ -2 1.368E -3 1.118E -3 9.:::61E ~3 
1.533E -2 7.504E -3 1.171E -'2 1.051E -2 5.123E -3 9.344E -5 8.604E -5 6.493E -4 1.068E -2 1.450E -3 1.145E -39.361£ -3 
1.5i'5E -2 7.504E -3 1.171£ -2 1.~)52E -2 5.053E -3 9.344E -5 8.6-34E -5 8.394E -4 1.097E -2, 1.491E -3 1.145E -3 9.351£ -3 
1.6(39E -2 7.504E -3 1.171£ -2 1.1I31E -2 5.401E -3 1.150E -47.59'3£ -5 7.444E -4 1.244E -2 1.532E -3 1.052E -:0: 9.361E -3 
1.684E -2 7.5(14E -3 1.1'71E -2 1.140E -2 5.401£ -3 1.795E -4 9.106E -5 6.810E -4 1.244E -2 1.285E -3 1. 173E -3 9.361E-3 
1.567;;: -2 7.504E -3 1.171E -2 1. 148E -25.959£ -3 1.36SE -4 8.604E -5 5.226E -4 1.244E -2 1.409E -3 1.256E -3 9.361E -3 
1..609£ -2 7.504E -3 1. 171E -2 1.129£ -'2 5. 192E -3 1.580E -4 9.609E -5 5.226E -4 1.244E -2 1.368E -3 1.173£ -3 9.361E -3 
1.6\30:;: -2 7.504£ -3 1.171£ -2 1.096£ -2 5. 192E -3 1.58<ZlE -4 8.604E -5 8.711E -4 1.244E -2 1.450E -3 1.090E -3 9.361E -3 
1.642E' ~2 7.534E -3 1. 171E -2 1.101E -2 5. 192E -3 1.795E -4 7.599E -5 8.711E -4 1.244E -2 1.532E -3 1.062E -3 9,361E -3 
1. E.68E:-2 7.504£ -3 1. 171£ -2 1. 146E -2 5.680E -3 2.22E.£ -4 8.1elE -5 6.177E -4 1. 244E -2 1. 532£ -3 :..062E -3 9.361E -3 
1.634E -2 7.504E -3 1.171E -2 1.135f. -2 5.68eE ~3 2.441£ -4 8.101E -5 7.760E -4 1.244E -2 1.491E -3 1.173E -3 9.361E-3 
L 432E -2 7. 504E -3 1.1.71E -21.179E -2 5.680E -3 2.441E -4 7.599£ -5 6.810E -4 1. 244E -2 1. 409E -3 1.118E -3 9.361E -3 

Table A.2 Calibrated S192 Radiances for Site A (Southern Salt Flats) 
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Figure A.2 Processed Image Matrix for Site B (See Text) 
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SCf1t, LINt-: 
10 
204 
3'() 
40 
5(1 
EEl 
7~1 
t:., 
':1.) 

~1~j0 

110 
120 
1::t,?\ 
140 
1'';') 
le.0 
17,.El 
18~ 

~~\) 
c.~~~ 
210 
2.~0 
?:;i} 

2~~~ 
.?s.:o 
~'.:'('1 
2~;~0 

",'c.:) 
2'33 
311)<1 
310 
8C.'0 
3:::0 
3::;0 
3~7t~ 
?,i)t~ 
.?"/~) 
3~30 
3'010-
4')(1 
41.0 
~2(!) 
A"':'0 

440 
4S(;1 
4t:.}) 
470 
4Sf:) 
4':30 
500 
510 
520 
530 
5-10 
550 

IHGtJR 
17 
17 
17 
17 
17 
17 
:17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 .,., 
~ . 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 

·17 
17 
17 

"','; 

Ir11N 5EcorfJ:. SUB::'::JT U1T SUB SAT 
57 '11. 2(193 .. h!J 1, 2:::2 -113 
57 41.3150 40 47 180 -113 
57 41. 41'37 40 47 123 -11.3 
57 41.5252 40 47 71 -113 
57 41.t:,3\~7 4(l 47 19 -113 
57 41. 7366 40 4::, 211 -113 
S7 -11 a 8·1;?4 ~t~ 4t-; 1S'3 -113 
57 41.':I·K~1 40 "15 HX:: -113 
57 -1;~. ,):;35 4.) 46 ~,0 -113 
57 42. Ei'~I() 40 -i5 2:;8 -113 
57 42.2C':':;] 40 -IS E!1 -113 
57 42 .. 31" ... 38 4~) 45 133 -113 
57 42.4754 40 .. 5 81 -113 
57 42.S:::(l3 4;'3 45 34 -1J3 
57 42. 68S!:1 40 44 222 -113 
57 42.;~16 40 44 170 -113 
57 4'::';. :=:973 4() -14 112 -113 
57 43.0028 40 44 60 -113 
57 ·1:.·.t08~ 40 44 8 -113 
57 43.2132 41') 43 201 -113 
57 43.3189 ~O 43 149 -113 
57 43.42 .. 16 4.3 43 91 -113 
5; 43.5301 40 43 3'3 -113 
57 43.6::;56 40 ·;2 226 -113 
67 43.7414 4'1 -;2 1[::1,.) -113 
57 43: • .9460 4,~ .-12 127 -113 
57 43.9517 40 42 75 -113 
57 44.0~~4 40 42 17 -113 
57 44.1629 40 ,1 205 -113 
57 44.2684 40 41 153 -113 
57 44.3';'42 40 -11 106 -113 
57 44.4798 40 41 53 -113 
57 44.6345 40 41 1 -113 
57 44.6903 413 40 lEi3 -113 
S7 44.7957 4;:) 40 131 -113 
57 44. '~')lS 40 40 84 -113 
57 45.(,072 -'1\3 40 31 -113 
S7 45.1123 40 :::9 219 -113 
57 45.2176 40 39 162 -113 
57 45.3231 40 39 109 -113 
57 45,4285 40 39 57 -113 
57 45.5344 43 39 9 -113 
57 45.5~00 40 38 197 -113 
57 45.7457 40 38 144 -113 
57 45.8S14 40 38 87 ~113 
57 45.5569 40 38 34 -113 
57 45.0617 40 37 227 -113 
57 46.1673 40 37 175 -113 
57 ~6.2730 40 37 122 -113 
57 46.3787 40 37 55 ~113 
57 46.4842 40 37 12 -113 
57 46.5897 40 36 2013 -113 
57 46.6945 40 35 152 -113 
57 46.8001 40 36 100 -113 
57 46.9058 40 36 48 -113 

LI.Jril:; 
56 123 
50 21 
5S 149 
55 46 
54 183 
5'1 91 
5.3 228 
53 115 
53 1.2 
S2 15(1 
52 ~~8 
51 165 
51 G2 
5\~ 231 
50 128 
5(1 E6 
49 153 
49 5,) 
48 188 
48 '36 
47 234 
47 121 
47 18 
46 156 
46 64 
45 202 
45 1<!10 
74 227 
44 125 
44 22 
43 170 
43 68 
42 206 
42 93 
41 231 
''11 139 
'11 36 
4-3 174 
40 62 
39 200 
39 98 
39 6 
38 143. 
38 41 
37 16:~ 
37 E:.:f 
36 215 
36 113 
36 11 
35 138 
35 36 
34 174 
34 83 
33 221 
33 119 

SUH AtH .. E FIF'S.T Pl~(EL LflT 
62 
62 
62 
62 
62 
62 
62 
62 
62 
62 
"J o~ 

62 
62 
62 
62 
62 
62 
62 
62 
62 
E.2 
62 
62 
62 
62 
62 
62 
c.2 
62 
62 
-'" 0<-

62 
-." 0_ 

52 
62 
62 
62 
62 
62 
62 
62 
63 
6,3 
63 
6::; 
63 
63 
63 
63 
63 
63 
63 
63 
63 
63 

.l13 
43 
44 
.14 
45 
45 
4S ... 
..,b 
46 
47 
47 
47 
4!3 
-48 
49 
49 
50 
50 
510 
51 
51 
52 
52 
52 
53 
53 
54 
c· 
~ ... 
54 
55 
55 
E6 
56 
56 
57 
57 
58 
58 
58 
5'3 
59 
o 
10 

'" 1 

116 41 ~ 89 -113 
214 41 0 46 -113 

80 40 59 229 -113 
178 40 '::9 176 -113 
3S 40 S9 123 -113 

124 ·10 59 75 -113 
221 ·10 S9 21 -113 
sa 4~\ S:::; 2('3 "'113 

186 ·10 :j8 150 -113 
013 -10 S<:-; 97 -113 

131 40 S8 49 -ll3 
233 40 S7 2::10 -113 

96 40 57 177 -113 
183 4(~ 57 129 .. ·113 

41 40 57 75 -113 
138 40 S7 21 -113 

6 .;t:J 56 202 -113 
103 ~., 56 148 -113 
201 40 55 9·1 -113 

48 40 56 46 -113 
145 40 5S 232 -113 

13 413 55 172 -113 
110 40 55 118 -1t3 
208 4121 55 63 -113 

S6 40 55 14 -113 
153 ·10 54 193 -1~3 

10 40 54 144 -~13 
118 40 54 ~3 -113 
215 40 54 28 -113 

73 40 53 212 -113 
160 40 53 162 -113 
18 40 53 107 -113 

115 40 53 Sl -113 
223 40 52 228 -113 
80 'K) E.2 172 -113 

168 -<0 S2 124 -113 
26 40 52 69 -113 

124 40 52 15 -113 
230 40 51 196 -113 

S3 -10 51 112 -113 
185 40 51 88 -113 
33 40 51 39 -113 

131 40 50 22S -113 
228 40 50 171 -113 

96 40 50 111 -113 
1 
2 
2 
2 

193 40 50 57 -113 
41 40 50 9 -113 

138 40 49 194 -113 
236 40 49 1410 -113 

3 103 40 49 80 -113 
3 200 40 49 26 -113 
4 58 40 48 212 -113 
4 145 40 48 163-113 
5 3 410 48 1109 -113 

lee ~0 48 55 -113 5 

Table A.4 Ephemeris Data for Site B 

fi;::'," 

Li)~;G 

JS 25 
34 160 
34 45 
"'::3 lE0 
=:3 'is 
32 2ctf) 
32 115 
31 2::3 
:'11 1.34 ?1 .:r·, 

211 17~ 
3(\ 58 
29 193 
::'3 
2:3 
28 
28 
27 
27 
26 
26 
25 
2£ 
24 
24 
2 .. ; 
2'3 
23 
22 
22 
21 
21 
20 
~:0 
20 
19 
19 
t8 
18 
17 
17 
17 
16 
16 
is 
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1.-"1·)7E -2 7.S(vIE -3 1. 171E -2 1.41)1;E -2 
1. 3102 -2 7.S04E -3 1. 171E -2-8.30·IE -5 
1.'::'S"'2 -2 7.S0-iE -3 1. 171E -2-8.304E-5 
1.25E,E -2 7.50'tE -,:.) L1712 -2-8.3~)4E -5 
1.3(,5E -2 7. 130'12 -'-3 1. 171E -2-8.::':0-"IE -5 
L3'?.c1E -2 7.S(1'l2 -3 1.. 171E -2 1.26EE -2 
L 4';"3£ -2 7. 5(~<iE -3 1. 171E -2 1. 27:::E -2 
1. 4'31 'E -2 7.50-1£ -3 1. 171 E -2 1. 40E-£ -2 
1.516£ -2 7 .S~H£ -3 1. 171£ -2 1. .!J06E -2 
1. 42·~F. -2 7. so·t£ -3 1.171£ -2 1. 312E -2 
LS:;::SE -2 7.51-)4£ -3 1.171£ -2-8 .. 30-lE -5 
L 5':'5£ -2 7. SeHE. -3 1. 171E -2 1. <lt~\,;£ -2 
1. 238£ -2 7. 5t.:HE -3 1.171£ -2 1. 33'1£ -2 
1.233£ -2 7.S01i!: -,3 1.171£ -2-8.30<1£-5 
1..31~::-.E -2 7.50,12 -3 1..171£ -2 1.223E -2 
L432E -2 7.~10-1E -3 1.171E -2-'8.304E -5 
1. 4S?E -2 7.50'1£ -3 1.171£ -2-8. ]i(:HE -5 
L62E,E -2 7.S04£ -3 1.171E -2 1.4t35E -2 
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L52SE -2 7.S0·-t£ -3 1.171£ -2-8.304£ -5 
l.St)PE -2 7.SlHE: -3 .1.171E -2-8.304E -5 
1.5!):)E -2 7.SI)·1E -3 1.171£ -2-8 .. :304£ -5 
1.51E,E -2 7.S0--1E -3 1. 171E .-'2 1..-106£ -2 
1.516£ -2 7.S(lolE -3 1. 171E -2 1.4(1oE -2 
1..63-1E -2 7.S0·tE -3 1. 171E -2 1.'105£-2 
1.6(;(1E -2 7.50·IE -3 L 171£ -2-8.3l)4£ -5 
1.64=:E ..... 2 7.~;0·iE -3 1..171£ -2-8.304E -5 
1.6\:':'E -2 7. 50-IE -3 1. 171E -2-8.30<1£ -5 
1..5"::-2E -2 7.S0·rF. -3 1..171E -2-8.3l)4£ -5 
1. S'::'SE -2 7. 50'IZ -3 1. 171E -2 L 4l:)E,E -2 
1.5?~E -2 7.50'lE -3 1.171£ -2 1."i06E -2 
1.5335: -2 7.5(;4E -3 1. 171E -2 1.;I,~ll:.E -2 
l.~'·tE -2 7.SQ·I!~ -.::> 1.171£ -2-8.304£ -5 
1.553E -2 7.~O'IE -3 1..171E -2-8.:':;.21,m -5 
1.~;I1"S -2 7.504£ -6 1..171£ -2-'8.304£ -5 
1. 40-;'E -2 7. St)4E -3 1. 171£ -2-8.3(;4£ -5 
1.~~9E -2 7.S0~E -3 1.171£ -2 1.~06E -2 
1...:1E';:,E -2 7.S0-IE -3 1 .. 171E -2 L358E -2 
1. S::'SE -2 7.5 .. )·; E -3 1. 171E -2 1. 4~:'=,E -2 
1.57SE -2 7.5,)·1E -3 1...171E -2--8.30'tE -5 
1.5SSE -2 7.50-4£ -3 1..171£ ~2-B.30-tE -5 
1.558£ -2 7.504E -3 1.171£ -2 1.406E -2 
l.57SE ""2 7.504£ -3 1 . ..171E -2 1.406£ -2 

1.314£ -2 2.1.38£ -3 5.18J.E -4 4.862E -3 1.2'14E -2 6.931E ·-3 4.6:::2E -3 9.:::51E -3 
1 3'=Il':'E -2 2 2-1F.k' -3 5 ':::~;:l£ -4 5 1-17E -':/ 1 24'11;" -? 7 C"l12"~ -3 4 qr~;-Ir: _"J 9· -:::,1 -;;- -3 
1:321E -2 :2: l81E -3 "1:9?0IE -4 4:862E -3 l:(::"{'iE -2 7:i:-;;d: -3 4:S3~'~ -3 9:3i!.lE -3 
1. 3tJl.'E -2 2. c~67E -3 '1. ';:C,,)E -4 <l.7EH£ -3 1. 2·1'1£ -2 6. 97::E -3 .1. 771 E -3 9. 361E -3 
1.28C.E -2 2.2-1GE -3 4.9::::(,,£ -4 4.672£ -3 1.244E -2 6.:=:08£ -3 4.771E -3 9.351E -3 
1. 3E17£ -2 2.203£ -3 4. 9::::0E -4 4.7'39£ -3 L 24~E -2 7. (~':)4E -3 4. 9:::7E -3 9.361;::: -,3 
1. 342£ -2 2.181£ -3 4.9:30£ -4 4.609E -3 1. 244E -2 6.767E -3 4.5,)5£ -3 9.3c.n: -3 
1.300E -2 2.24';E -3 4.'3;](:£ -4 4.6~1(\E -3 1.122£ -2 6.972E -3 4.90?£ -3 9 .. 351£ -3 
'1.300£ -2 2.t9'J!;E -3 ~L9;]~:>E -4 4.~119E -3 1.24/1E -'2 2.7H3E -3 4.S(Y'E -3 9.3E,12 -3 
1.2~,8E -:-'2. 2.074£ -3 4.E2(:!E -4 4.609E -3 1.112E -2 5.55.3E -3 4.3:=:::::£ -3 9.3E.1C:-3 
1 .. 223£ -2 2.07·4E -3 4.578E -4 4.672E --3 1.244E -2 6.2J5E -3 4..;411£ -3 9.3EIE -3 
1.1::11E -2 1.9·\5£ -'3 4.570E -4 4.197£ -3 1.01-1E -2 E..t'j31E -3 4.33::::£ -3 9.361E-3 
1..11.2E -2 1.923£ -3 4.67'9E -4 4.2'32E -3 1.11;)2£ -2 6.563£ -3 4.3.~2.E -3 9.':::01£ -3 
1.1:33£ -2 2.0l~j'jE -3 4.52:'3E -"1 4.229E -3 1. 126E -2 6.317E -3 4.3':)(:E -3 9.3f,12 -3 
1..258£ -2 2.(174£ -3 4.377£ -4 4.545E-3 1.126E -2 6. 15-1E -3 4.355£ -3 9.::::51~ -3 
1.27'3E -2 2.160E -3 4.47:3E -4 4.4::::2£ -3 1.244E -2 6.522E -3 4.E,E.t)E -3 9.361E -3 
1.3,12£ -2 2. 138E -3 4.57::::E -4 4.7flLl£ -3 1. 2+1E -2 6.685£ -3 4.60·lE -3 9. 36LE --3 
1.25:;::£ -2 1.9E:t:E -3 4.47E:E -4 4.51~£ -3 1.24,"E -2 6.603£-3 4.S-EI'E -3 9.3t":.1£ -3 
1.2~·O£ -2 2.181E -3 4. 930E 0-4 4.419E -3 1.244E -2 6.35:3E -3 4.743£ -3 9.351E -3 
1.23'r'E -2 2.117E -3 4.9:::0E -4 4.450E -3 1.24-1E -2 6.3':-1':3£ -3 4.632£ -3 '3.3E.1E -3 
1.(2::'38£ -2 ·1.9:3E:E -3 4.277£ -4 4.229£ -3 1.(1.:::£:E -2 6.1132 -3 4.1::::.1E -3 ·3.361E -3 
1. 181E -2 1.9(11E -3 4.427£ -4 4.229£ -3 1.03~iE -25.7--lSE -3 4.217E -:::: 9.3E.IE-3 
1..126£ -2 2.(:)(:)'3£ -3 3.975E -4 3.7ect:;.E -3 1.(:16f;11: -2 5. 66.:::E -3 4.383£ -3 9.361E -3 
1. 1'35£ -2 2. v;r:;2E -3 4.427'2 -4 3.9';'5£ -3 1.1~)2E -';::l 6.03'LE -3 4. 6';:·(:E -3 9.361£ -3 
1.279E':"2 1.98;3E -3 -L5;-:::::::£ -4 4.E.\:\·:;:lE -3 1.2+1£ -2 6.6 .. 1-1E -3 4.3:33E -3 9.36lE -3 
L2Ef.E -2 2.1::11£ -3 4.679E -4 4.609£ -3 1.2+1£ -2 6.603£ -3 JL49"lE -3 9.36E -3 
1.3t::0E -2 2.22AE -3 4.72'3E -4 4.514,2 -3 1.24'1£ -2 6.52,::E -3 4.7'3:::-:£ -3 ·3.3E,lE -3 
1.280£ -2 2.2'16£ -3 4.57:=:2 -4 "LE.(!19£ -3 1.2--HE -2 6.:::e;:::E -3 ~1.E,32E -3 9.:::5E -3 
1.342£ -2 2.2--16E -3 4.52t::£ -4 4.672E -3 1.2'1'1£ -2 7.012£ -3 4.587£ -3 9.:'::E.1E -3 
1.3f:H~£ -2 2.267£ -3 4.8::::0£ -4 4.577E -3 1.24':;£ -2 6.972E -3 4.660£ -3 9.:'::SlE -3 
1.31-1£ -2 2.160£ -3 4.4782: -4 4.4::::2£ -3 1.24'1£ -2 6.6-HE -3 4.79:::-!~ -3 9.::::612 -3 
1.31·1£ -2 2.2E7£ -3 4.578£ -4 4.545E -3 1.244E -2 6 .. 563E -3 4.75'=:£ -3 9.361£ -3 
1.321£ -2 2.31(11-: -3 4.7'7'3£ -4 4.7::::5£ -3 1.2+m -2 6.::::0::;:5: -3 4.9~:AE -3 9.:::61E -3 
1. 35E,E -2 2.267£ -3 4.578£ -4 4. 79'3E -3 1. 24-1£ -2 7. 135E -3 4.937£ -3 9. 3e,1 £ -3 
1. 32:1 £ -2 2. 2:3'~IE -3 4. 77'.::m -4 4. 7'3SI£ -3 1. 2+1E -2 6. 8-1'3E -3 4. 8-;·~E -3 9. :;'f,lE -3 
1..3'::,3£ -2 2.:lFliE -3 4.829E -4 4.6-10E -3 1.2+1£ -2 7.421£ -3 4.82f.E -3 9.351E -'3 
1.2B6E -2 2.181£ --3 5.El:·H£ -4 4.767E -3 1.2+IE -2 7.-4(,2£ -] 4.6:3('£ -3 9.::·SlE -3 
1.3.?f:E -2 2.2'16£ -3 4.7~:SI£ -4 4.767E -3 1.2-HE -2 7. 17e,£ -3 4.771£ -3 S.3f,l!::-3 
1.31-1E -2 2.2·15£ -3 4.'72':'IE -4 4.7·~~'J£ -3 1.2·HE -2 7.012£ -3 5.0:::0E -3 9.361E -::J 
1.:'::~101E -2 2.310E -3 4.930E -4 4.482£ -3 1.2-H£ -2 6.931E -3 4.9']2£ -·3 9.3t:.1.E -3 
1.31'1E -2 2.31(1£ -3 4.47:-::E -4 4.672E -3 1.2·HE -2 7.,299£ -3 -<1.6:37£ -3 9.2::'1E -3 
1.335£ -2 2.2::>1£ -3 4.779£ -4 4.6-10£ -3 1.2:;·:;E -2 6.8"19£ -3 4.90'3£ -3 9.3e.1E -3 
1.328E-2 2.2·~e.E -3 4.5"19£ -4 4.:33")£ -3 1.2+1E -2 6.7G7E: -3 4<9'32E -3 9.::'~.lE -3 
1.::1-1'3E -2 2.117£ -3 4.478E -4 4.::::30E -3 1.2-H£ -2 f,.BOE:E -3 4.854E -3 9.3S1E -3 
1.~:S6E -2 2.203£ -3 4.277E -4 4.60S1£ -3 1.2+IE -2 6.:=:0::::£ -3 4.8£::1£ ~3 '3.3612 -3 
1.293£ -2 2.2fi3E -3 4.6282 -4 4.51<IE -3 1.24·~E -2 5.603E -3 4.9.)S'E -3 ~.3S1E -3 
1.29:::£ -2 2.:=~;'3E -3 5.131E -4 4.<182E -3 1.2 .. HE -·2 6.7675: -3 4.9fA2 -3 9.3E·IE-3 
1.335£ -2 2.353£ -3 5.03~,)E -4 4.8G2£ -3 1.244£-2 7.094E -3 4.8BlE -3 9,;:::61E -3 
1.363E -2 2.310E -3 4.:779E -4 4.B52E -3 1.244£ -2 7.012E -3 4.881£ -3 9.251E -3 
1.3?4£ -2 2.375E -3 4.930£ -4 4.925E -3 1.244J~ -2 7.135E -3 4.937E -3 9.3GIE --3 
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19 
19 
19 
19 
19 

'ji·~'-,·:', 

IMI' 
34 
34 
34 
34 
3-1 
3·~ 
3 .. 1 
34 
34 
34 
34 
34 
34 
3A 
34 
34 
34 
34 
34 
34 
34 
34 
3-1 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
3-1 
34 
34 
34 
~4 
34 
34 
3·'1 
34 
34 
34 
34 

SIJBSRT LfiT 
40 59 SECONDS 

19.8389 
19.9446 
2\j.'O~;('ti 

20.1~.55 
2ft) .. 2613 
:=!). :::r:.7(} 
20.4727 
2fl.S7?4 
20.6829 
20.78:33 
20.E{3·12 
20.9998 
21.1055 
21.2112 
21. 3 U-;t7 
21. 4221 
21. ::·271 
21.6328 
21.7383 
21.8439 
21. 9495 
22,0543 
22.11399 
22.2,355 
22.3713 
22.4763 
22.C::·320 
22.E.878 
22.7932 
22.8'::·87 
23.0\:'44 
23.1')'31 
23.2149 
23.::;~205 

23. 42G0 
23.5314 
23.6375 
2-3.7422 
23. ~::"'~79 
23" "SS·'34 
2""1.0t:.G8 
24.1647 
?-L2?,)3 
.7E4.:.it't60 
24.~i807 #" 

24.5~:t.2 
24.6'317 
24.7975 
24. S.:'31 
25. 0~)38" 
25.1145 
25.2189 
25.32-43 
25.4:;:04 
25.~.36i 

"to E.g 
40 59 
41 ~) 

4~ 0 
41 0 
41 0 
41 0 
41 1 
41 1 
41 1 
41 1 
41 1 
41 2 
41 2 
41 2 
41 2 
41 3 
41 3 
41 3 
41 3 
41 3 
41 4 
41 -\ 
41 -\ 
41 4 
41 -\ 
41 5 
41 5 
41 5 
41 5 
41 6 
41 Eo 
41 6 
41 6 
41 6 
41 7 
41 7 
41 7 
41 7 
41 7 
41 8 
41 8 
41 8 
41 8 
41 9 
41 9 
41 9 
41 9 
41 '3 
41 10 
41 1(1 
41 113 
41 10 
41 10 

SUB SRT LOI'IG 
81 -113 

138 -113 
190 -113 

2 -113 
4'3 -113 
94 -113 

153 -113 
210 -113 

22 -113 
74 -113 

121 -113 
1.73-113 
224 -113 

42 -113 
93 -113 

1"15 -113 
192 -113 

4 -113 
55 -113 

112 -113 
164 -113 
211 -lt3 

23 -113 
74 -113 

131 -113 
178 -113 
230 -113 

47 -113 
98 -113 

150 -113 
197 -113 

8 -113 
60 -113 

1l7-11.3 
169 -113 
220 -113 

27 -113 
78 -113 

135 -113 
187 -113 
239 -112 

45 -112 
97 -112 

1"19 -112 
21i)5 -112 

17 -112 
613 -112 

115 -112 
167 -112 
218 -112 

35 -1:2 
86'; ~':::! 

J\~1 .... , 
.1.,--'..... r --:.. 

185 ... 12 
236 -112 

17 5 
"16 130 
16 27 
15 153 
15 69 
14 221 
14 101 
13 228 
13 124 
13 21 
12 166 
12 6:~ 
11 199 
11 84 
1~} 220 
10 117 
lG 23 

159 
56 

181 

9 
9 
8 
8 77 
7 224 
7 120 
7 16 
6 141 
.:; 48 
5 184 
5 69 
4 205 
4 101 
4 8 
3 144 
3 
2 
2 
1 
1 

40 
h::05 
61 

197 
103 

o 23'3 
o 124 
() 20 

59 lS6 
59 6'3 
'3,8 197 
<=8 C(' 

57 219 
57 115 
57 11 
56 156 
56 S,? 
55 lea 
55 
54 
54 
54 
53 

73 
210 
120 

11 
1·i6 

SUI'! ANGLE 
52 35 
f.2 36 
52 36 
52 36 
52 35 
52 35 
52 35 
E.2 35 
52 34 
52 34 
52 34 
52 3"1 
52 34 
52 3:3 
52 33 
52 33 
52 33 
52 32 
52 32 
52 32 
52 32 
52 32 
52 31 
52 31 
52 31 
52 31 
52 30 
52 30 
52 30 
52 30 
52 2'3 
52 2'3 
52 29 
52 29 
52 29 
52 28 
52 28 
52 28 
52 28 
52 27 
52 27 
52 

FIRST PIXEL LRT 
206 41 21 85 -113 

145 41 21 142 -113 
90 41 21 194 -113 

3S 41 22 6 -113 

225 41 22 53 -113 
178 41 22 97 -113 
115 41 22 157 ·-113 

55 41 22 213 -113 
239 41 23 25 -113 
184 41 23 77 -113 
134 41 23 124 -113 

79 41 23 176 -113 
24 41 23 228 -113 

203 41 24 45 -113 

148 41 24 97 -113 
92 41 24 149 -113 

43 41 2'1195 -113 

227 41 25 7 -113 
172 4t 25 59 -113 
111 Ll 25 116 -113 

56 41 25 168 -113 
6 41 25 215 -113 

191 41 26 27 -113 
136 41 26 79 -113 
75 41 26 136 -113 
25 41 26 183 -113 

210 41 26 234 -113 
148 41 27 52 -113 
93 41 27 104 -113 
38 41 27 155 -113 

228 41 27 202 -113 
172 41 28 14 -113 
117 41 28 65 -113 
56 41 28 122 -113 

1 41 28 174 -112 
185 41 28 226 -112 
135 41 29 32 -112 
80 41 29 84 -112 
19 41 2'3 1·11 -112 

203 41 29 192 -112 
148 41 30 4 -112 

98 41 30 50 -112 
co:; 
-''­
c:-:; 
-''-
52 
52 
52 
S2 
52 
52 
52 
52 
52 
52 
52 

27 
27 42 ''il 30 JQ.3 -112 

26 2215 41 30 154 -112 
26 155 41 30 210 -112 
26 110 41 31 22 -112 
26 54 41 31 74 -112 
26 4 41 31 120 -112 

25 188 41 31 172 -112 

25 133 41 31 224 -112 
25 71 41 32 40 -112 
25 16 41 32 91 -112 
24 203 41 32 136 -112 
2"; 150 41 32 190 -112 

24 95 41 33 1 -112 

Table A.6 Ephemeris Data for Sites C and 0 

l.O",G 
124 

9 
145 

40 

1't 
14 
13 
13 
12 186 
12 96 
11 217 
11 102 
10 237 
11.1 133 
10 37 

'3 
9 
8 
8 
7 
7 
7 
6 
6 

1 ,,;> 
,~ 

67 
191 

£:6 
220 
12G 

2(1 
154 
38 

5 173 
5 79 
4 215 
4 111? 
3 234 
3 141 
3 36 
2 161 
2 57 
1 1'32 
1 98 
o 233 
o 128 
o 14 

59 149 
59 '14 
58 190 
58 85 
57 21(1 
57 106 
57 1 
!,".E, 147 
~G "';1 
~};; 177 
SS 62 
54 198 
5·4 93 
C"~ -I~O 
._ • .:J C>JO 

53 133 
53 28 
52 153 
!,".:2 49 
51 199 
51 89 
50 c'24 

~ 

... 

··""'''';;~~'~~~~.i.;..;k~'ili..U~..h., .. ~."i.1' 'j;f>'''''';;'",;;.:,,~~",--~:':'''"
., 'h~""~";''''~''"''''''''''';(''';;Mt ;,·," .......... , .... 'Hori·r:iet #1' 'If.I,,*,;~IlIo...'~'_i,,i!y .... tiH . ' .... w., "w'ni,"~'ri:"Awt Min If 1 

,­
I 

OJ 

:1 



r,' ;''', ", ~,V~ s::y:. ......-..:.-S-_ $ , • :: " ~; 
a 

~;\ti""1. "l 

\ 
-::.~;;: 

J' f'-·~r"·=""·":""~-:~.- .~-, 

r.~".i 
i!W • 

~J 
(1 
~" 
! . • 
" 0 \ J..;:;.O ~ .~. f:Et 

~. "J:J ts ~' gB 
~'. f:a,~ ~ c; t:-1 

r:,' {B fE· r: f:-r' 0 
~' t::1 t:r; 

t"1 ~& 
f . 

~. 
~' 

>-
J 

f-' 
o 

~: 
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:u.t:r**:tXl:~':"~*~*.f.~r.:r**:i8!';r.:t%h~~~:t%:i';j:%~*Y.::*~*~*~:lCt;:r-¥$)'cKt.:r..t;t::i:.:i:*nJ,."·!j(~:~:j.,**~~*!K:r.;!::f-*:t*~;f-*;;::j::r.:t.j:*;r.::;;:r.t%:t~:j.*:t.:a'i::t.;r.f,*,a.t:~::r.!j( 

DATA FOR SCm! UHE NUIIBER '30 
PL"~EL /DATA FOR SDOCS} 

NUi$2R/! 3 5 7 9 11 13 17 18 19 20 22 

592' 1.013.:1: -21.332£-2 1.27SE: -29.2,,;2£ -3 7.93[;)': -J ".60SE -3 2.52~;E -4 3.7.:(17Z -3 8.82')E -3 4.'7S8E -3 2.754E -3 7.750E-3 
c;:o~ 
....;.11...",..,1 1 .. 0~3,~E ...... 2 1 .. 311E -2 1.275E -2 9.610E -3 8.0?2E -3 1~68;'E. -3 2 .. 751E -4 3,.2·~OE -3 9.0S?E -·3 4.SE;9E "~3 2.678E -3 7"E(~0E -3 
594 1 .. 0~~£.£ -2 1. ?;':-:S£ -2 1.:;?:!F;E --2 9,72E.E -3 8.1~~E.E -3 1_624E -3 2.619£ -4 3.t=:79E -3 9.11fE -3 4.t.:8'JE -3 2.703E -3 7.787E -3 
5JS 1~~,(t6E -2 1 .. 4{~~~E -2 1.~~t~:EE -;~ S't~~>tlE -3 8.1t)t:.E: -3 1.G24E -3 2 .. E.L3E -4 3.422E -3 8. 42.11E -3 4.::::89E -3 2.72E:E -3 7 .. 638E-3 
SSG l""€)Sl~S -2 1,,2~.l£!E -2 1.2E;4E -2 9.6(,(,E -3 8.3'':')£ -3 1.66.:~E -3 2.5;:-:"E -4 3.6f:OE -3 J3.721E -3 "'L";'9SE -3 2.72i?E -3 7.89StE--3 
S';~'7 1.0~::~~~ -2 1.3(:.4£ -2 1 .. 2'02£ -2 9.6(:'8£ -3 8.10'::,E -3 1~624E -3 3 .. 0l1. ... E -A 3.6~,lE -3 8.82l·'E -3 4.9f!r~£ -3 2.72tiE -3 7.824B: -3 
5''',3 l .. €ll·:;·f,E .-2 L.32:'E '-2 1.~·~)?E ~2 9.S~;:;E -3 8. 190E -3 1.62.:}E -3 2 .. 52':IE - .. 4 3,.422E -3 8.67.'1£ -3 "L8"1:1E -3 2.SC4E -3 7.2~·7J.~ _~' 
5,~.~ l .. f!".l:-:E -2 1 .. 2':'+lE -2 1-Z:lfr: -2 9.~,~t~"iE -':1 8.02~ .. IE -:::. 1.Sff/E -3 2.70E,F: -4 3.c-seE -3 S ... 671E -3 4.[~.;.;3E -3 2.72E:E -·3 7. ·r'E.7E -:;-. 
E:~;'~) l~i:t;.'iE: -~2 i.:';t:~~ &-2 1.2);::::: -2 S.yOb:~:_:F; -3 8.27<£ -3 1.5-19E -3 2.7l:r:.E --4 3.164E,.....3 8 .. 9£·8E -3 4.::i3"lE -3 2.6t;:,3E -·3 B.12:--· tf. ~<:: 
5-:"1 l .. ()'i~.IE ~2 l ... d~i'<·~ -2 L.:1~ilS -c' 5.S~-;::'::~ -:-:; 8 .. 1l;f~'~E -3 1.5~T:IE -3 c~.7~~~t..E -4 3.221£ -3 ;3.G71E -3 S.lf .. 2E -3 2,t~l<3E .... ·37.59':'£-3 
S".=t2 1_0:;,::;£ ~2 1 .• 43·l£ -2 1.311£ -2 9.5~;?E -2 7.p;)t~J': -3 lw60l:·E -3 2.41t:·~·E -.; 3 ::;F·5S -3 8.671E -3 5.:16E -3 2.7~;·lE -3 7.S2E.E .-3 
E:33 1.054E -2 1_353E -2 1 .. 311E -2 9.S53E -3 7.;?7~~E -3 1.SSr;'~E ....:3 2.39:=,E -4 3 .. ':;'.:(::E -3 G.I?0E -3 S.116£ -3 2.S.~--iE -3 7.7b?E-3 
S~.f4 1.0"',6;:: -2 1.2::,::;:£ -2 1.275E -2 9.6fBE -3 8 .. 022E -3 1.f.24E -3 2.61.1:::£ -4 3.51?·8£ -3 ·:3.017E -3 4.9::::,,):;: -3 2.7','9E -3 8.011E -,3 
S~5 1 ... ·042E -2 1.343E -2. ~_2S3E: '-2 9",379E -37.928:2 -3 ·1.568E -3 2.7S!.E -4 3.336E -3 '3 .. 116E -3 5~('2SE -3 2.673£--3 7.'336E-3 
5'?6 L.(i14;:: -2 1.27C\E -2 1.275E -c' 9.49;;;;: -3 7.68SE -3 1.530E --3 2.529E -4 3.3()7E -3 8.671E -3 5.\371E -3 2. 804E -3 7.;:.03E -3 
537 1.O ... 1.;:,E -2 1 .. 3"1:1E, -2 1.2~,3E -2 9·.4f~E -3 7.77t~E -3 1.S1tE -3 2 .. 618E --4 2.9S"2E -3 8.<721E -3 5.025£ -3 2.829E -3 7. 750E -3 

·593 l.fm::E -2 1..3S32: -2 1.2::;,';£ -2 9.4~;'5E -3 7.85·1£ -3 1.474E -3 2. 396E -4 :::'.107E -3 8.82~£ -3 5.116E -3 <::.829E-3 7.42.8£ -3 
··S:':) 1..)7'::'£ -2 1.42E,2 -2 LH3E -2 9.78::JE -3 7.S0lE: -3 1.587E -3 2.662£ -43.135£ -3 B.t-,71£ -3 5.344E -3 2.804E -37.451£-3 
6~I;j 1,,"07~)E -2 1 .. 2222 -2 1 .. 187E -2 9.4'35E -,3 8. 022E .-3 .1_643E -3 2~751E -4 3.193£ -3 8.820E --3 5.116E -3 2.804E -3 7 .. 7S0E-3 
601 1.062E :-2 1. .. 374E. -:2 1 .. 195E -2 9.553E -3 8.527E -3 1.699E _":.l 3.05iE -4 3.250E -3 8 .. 622!!: -3 5.299E -3 2. 829E -3 7.526E -3 
6'32 1.046E -2 1.291£ -2 1.2;6E -2 9.610E -3 8,022£ -3 1.624E -3 2.618E -4 3. 479E -3 8.622E -3 5.344£ -3 2.8C4£ -3 7.376E -3 

Table A.7 Calibrated S192 Radiances ·for Site C 

~i 
;,'." 

~·i./­• -..... ,~:,;~;~ W"""'l'"t~.~,,:~,,:.~~,.,..~""t'"!;!tt.,~~,:;::-X,;:.-~ ... ;::·'·; _~·I~:!~'y."tA')-;';:-~'"'~".'.""~"~"'" ,'-' 

A_, ...... '~"'~:"._-~~~ 

::it<i::--

}1-1 
r ~ 
l j 
~~~ 
! j 

1 
~ , 

~ 

i 

J , 

.~ 
1 
~ 
1 
! 
J 
1 



f
~"J,'~'.y~· - • j 

, , 
~,:.. J., 

~. 

~ 

\ .... ,,'::'" 

i; 
L~', 
_:\:. 

;J:> 
I 
f-' 
f-' 

C "" ~~:5 t:--I 1t1 "'1.1 &t 
-D 
~~ 

j= 

o (;; l)';:F"3 rON o. (I:' ! ,).I 0/ (3 PI~;';E 9 
::u;,::.i :i::';f:j;.l ~·,i~Li!"t.:J(.I:.~ L";:~ r;;, ~_~~:'!;:j:~;U i.:,j.l';,:~;j<.t:P.;f:.f.t:i,;' ),.:;,.:j:.l' U:f:,¥;t:-l,~;...q:;t:.'t*,.¥;r:~ t"t-**n;.;! i-Ix ~;.7 J:.:r::U~;#;t:,!-l;:j:;.,;.f; t-¥;!: P~i ,Kl~J:*·r.,;.j;;j:;1 ;!-:j';.¥;t.;+* I;! ~,>.'*J_t"n ~:.~.f."~:p: 

m:(;R FOR SCAr1 LH1:': liUlBEF: 401 
P::·';;;L /DhTA FOR SDC.(SJ 

NU;1:'''::RI 1 3 c .' 

425 
4:-26 
42;' 
4:"::: 

~~~: 
·r::L 
4?~ 
.,',,-:, 
-,~-

,.:;34 
4~S-
426 
~.17 
·1'::;3 
4:-;':~ 
4-1:;' 
4"11 
442 
443 
44·1 
44[1 , ,'-
""'0 
4'-17 
4':;~~ 
4·'13 
..:;.;~.) 

L!;::·l 
4S:::! 
4153 
454-
-iSS 
4':"> 
4f::.7 
4S~~ 
4~:'3 
4';'0 
-To1 
462 
4S3 
4(4 
4:-:,S 
40:", 
4:.;-,1 
4"'.:~ 
·E:· 
4~'0 
471 
4?2 
4""'-'oJ 

474 
475 

3.672E -3 2.AE6E -3 2.011E -3 
3 .. 4~3::'lE -3 2~779E -3 1 .. 5r.SE-3 
2.511;:; -3 2,7"1':91:: -3 1. 4';:':12 -;::, 
3 .. 5~'lE -3 2 .. --'iE,SS -:; 1,0 4"'3'~-,E -3 
3*83.4E -3 ::: .. :~£.1E -3 1.t'~-::1<: -:1 
3 .. SI~'·~E -3 2·.:·:;:.1~ -.3 2.::::.~~-·;': -7: 
3 .... 1.::~E -: 2.(r;~A·~ -3 2. :r/t,:;E -3 
3 .. 7~.>.~: ~ 2.t:~7.tt"?: -3 1.E,·F.·.~ -3 
3.~:-:tl~ -3 3~l()£'2E -.; 2~:=;76E -3 
3.S.:'LE: -3 3~\:';~12E -3 2.1S7E-3 
3.S"~IlE -3 3~71::-E --3 1 ... 7l';H~ -3 
3 .. 753£ -3 3.~~·~~-:E -3 l .. E:i:.ST~ -3 
3.S7£'E -3 3. '].:'lE -3 2.0UE -3 
3. '31£:·E -:~ :2, S;:'.~.:,E -3 C:: .. O:=,4F: --3 
3 .. ;;.".'';'E ..... 3 3 .. ~l·~.:2E --3 '~~E,:··,;·.:E -3 
3.1::;1:E -'.) 2~ 7·~l:~E -3 2. ~;l~~':f\ -~:. 
3. :;~E'E -3 a:'" tJ-?--U!: -j 1 .. L! .. IE -3 
3.4;;("tE -3 :2~ 4t3[-.E -3 1 .. 71·;:i£ -1 
3 .. -:-i':":';E -3 3 .. ')~~12E. ..... 3 1 .. b·;S~E -~j 
3 .. 51~,F. -3 2 .. ('''t'9~! -3 2.c:;:!:;>E -:: 
~ .. S11E -3 2-f:2;3~ -3 1.(\~.lE -3 
3 .. r::r:f l E -3 2 .. ,";r,··:·E -3 2 .. I2IJ 1£ -'2: 
3 .. S;::tlE --3 2.3i ..... 1E -3 1 ... 719£ -3 
J .. C ::4E -3 2. E70E -3 2.1 S7E --3 
3. E~':'itE --~ 2. ['7!';:;~ -3 2 .. 0~i·1E -3 
3,,91~':: -3 3.(1~1.:'E -3 1.';:·:SE -3 
3. G3 .. 1E -3 2. t.,7"U~ -3 2 .. 74:E -3 
3.-;'j~:E -,: 3 ... S1l)E -3 :!..8~~SE -3 
4.319£ -;3 1?'.8c:2E -3 1 .. S(.~:3E -3 
4.23'::E -3 3.4';'i1.:~E -3 2.1':;:;·E -3 
4.2?S?: --; 3 .. 1r.;;~,E -3 2 .. :;?6E -3 
3.83·IE -3 2.({;' .. iE -3 2 .. 1~,!·E -3 
3..,8J~fE -3 2 .. ~:?':';E -3 2 . .l~.-:E -3 
3 .. 7S:!:!:: -3 2. J·';;.E -3 1 .. 4:::l;;~~?: -; 
3 .. B::;·1E -3 3 .. 1"=:6:: --3 1.E:(':IE -? 
3. 7E·:~E -3 3 . .::,-,;'~·E -3 1.S:r::,~:)E -3 
~: .. 9!SE -;3 3.G'~~21 -s 2.e'llE -;, 
:=:_C:;4E -3 2.o74~ -3 1 __ 4)?E -3 
3. S(~~,E -3 3. ?OlE -3 1.715£ -J 
3 .. f~7.:-'E -3 2.6";"-iE -3 2 .. C)11E,-3 
3.G'i'::?S -3 3. ~::~)12 -3 :-~.lrj·("E -:~ 
3.c·~.1:": -; 2 .. -;:::~:~E -::, Z!q';J_~,:(E -?: 
3.~;,:,c.E -2. :~ :':,(,E -3 1. .. 7~1 .. ·'a: -3 
J. '':''jSC: -:; :i,. 4~'~:.E -3 C:~ 0 t:E -3 
3. ;.~!I.":~ -3 ~,,~~,~:'£ -::: 2_2~<\~E ..... 3 
-1 .. 1 :..I~;h: -~ 3,. "t~';SE -3 1 .. S""'2E -3 
3.83-!E -3 3.0?",.~E -3 1 .. 2f:.,\.1E -3 
3 .. 83"~E -3 2_G~~3E -3 2 .. 011E -3 
4 .. 376!-: -3 2 .. 570:£ -3 2 .. f~11E -.3 
3 .. 7S::''E "'3 3 .. 510E -3 1.3S3E -3 
3.753£ -3 2.674~ -3 1.71SZ-3 

7 9 11 13 17 18 

1.413~ -3 7.851E -4 2.135E -4 6.251E -5 4.1S1E -." 4.27-1E-3 
1.EA?!': -3 8.6':'3£ -4 1.5701£ --4 4.4::0E -5 2.146~ -43.7;:;;;\£ -3 
1.3S'S-e -3 8.6S::;'E -4 1.194£ -4 4.9.o;~;E ·-6 1.5"i'3E -4 3.6['~E -3-
1.~':~,SE -3 7 .. 0.1.("'J£ -4 1 .. S7\";E -4 1 .. 380E -5 3.2'31E -.o:} 3.S"f'·,'E -,3 
1.~::'(::E~;' 6.1E:~.;.E -4 1.:l94E -4 -t..948E -6 3.231E -4 3.8?·?E -3 
1.c--i·~'E -::; 7.01~:E -4 2 .. 13S£ -4 4.9"~8E -6 2.1~6~: -4 3.8,;·f:'~: -:3 
1~(A3:'~ -'3 7.0t(oE -4 1.E·"";')£ -4 1.E~::·~3E -5 4.~S1:;: -4 3.'£((·(E "-.3 
1.41.2;E -3 4.-42~,E -4 ·1.: .. -:':2E -4-8 .. '3~i~E -b 3.~;··if.~1~ ..... ""l 3.97?E -3 
.l .. E,43E -3 5.327E -4 1.38.:'£ ---4 9. 37bi!: -6 3.~-~alE -..:; 4 .. 1~·:.iE-3 
1.-113£ -3 4.4:;;5E -4 1.570£ -4 4.4;::;r'E -5 3.578::: --1 4.;;'(''E -3 
1.S8f.E -3 7.010E -4 1.E7~jE -4 4 .. .tit':\JE -15 3.~:·78E -4 4 .. 2';'?:~.E -3 
1 .. [.43£ -3 7 .. 01f.1E -4 1 .. 5";(1£ -4 5.31':.f-':,E -Lj 5.2,1t,S -·4 4.1"tSE -3 
1 .. r<:::,E -3 4 .. 4£:~;E --4 1. 19-iE -4 5. :;:E.t;r:: -S 3., ~,cl'~:E -"f 3 .. 37"{;'£ .... 3 
1.t~A,'3~~ -,3 3.&}11E -4 1.:::32E -4 2.:'i~::-,E -·s 3.}~·~·"H·: -4 3 .. (:"~~E --3 
1 . E:4:::F -3 -1.4;?SE -4 1. ()(l6Z -..q 3. S')~'t E - S 1. 2:;.... .. ,~E -4 ... 1 .. "\·.~"?E -3 
l~r~~.,t~:E -~~ 2.f:1.-'('E -.:.'r 1.'~~~['E --4 .-:!.~·>tE ··5 "l~ 1.;i2f.: -~j ~.~~:·';I7. -.. 3 
1 .. ~-,~~~~~JF -:.. 2. f:~"~':E --4 1.19"iE -4 S. 2~~I.,'E -"/ 2 ... l.:! .. ~£ -'4 3 .. '/ :-:iE - J 
1.'05:'82 -::;: 2.8·)2£ -4 1.1':HE -4 9. T;(iE -6 l.S7JE -4 3.[':';'£ '-3 
1.-}7(~E -3 3.6"t4E -4 8 .. 1f{lE -5 1. '.::;·~('E -5 2 . .:1::2E -4 2.,t?';:~iE -3 
1.~:'?i?E -3 4.-iCSE -4 1."5r::!~ -4 1.3::0£ -5 5.0.itlr-; -4 3.J~·"'1E-3 
1. -';~;SE -3 4" 4~;SE -4 i .. ~13c..·E -4 3. SS-=iE -5 2. 4-~:2E -4 3. t?,:'~::E -3 
1.35SE -:3 4.48SE -4 1.0(,6E -.' 2.7139£ -5 3.231£ -4 3.917£-3-
1.2S7E -3 6.1t5E:lF. -4 1. (\(,,6£ -4 2.709£ -5 2. 146E -4 3. S2SE -3 
1. 12.t.iE -3 4.a:;:3SE -41.006£ -4 1 .. 2~:X'E -5 3;0~)5E -4 4.1c.i:'Z~.3 
1.35SE -3 6 .. 1E::::E -4 1 .. 31:'?.E -w4 2.ct:E.E -5 3.5"7'"8~ -4 4.2::.5£ -·3 
1. 413£ -3 7.8'31£ -4 1. s:;.'OE --'T 2. 2i-:':;,;£ -5 2. 4'::::::;;; -4 3. '3 C',SE -3 
1.81?E -3 3 .. 644£ -4 1 .. (~0E.E -4 5.~.':;:;E -5 3.t:.(t5~ -4 "1.37':::;': -3 
1.52:::E -3 7.01<;IE -4 1.:Je2E -4 1.82.JE -5 2.719£ -4 3.'377E --3 
1.41?E -3 7.e10E -4 1.006£ -4 3834E -5 3.578E -4 3.8:-;;;:: -3 
l.,:,eSE -3 8.1O:·93E -4 1.7S5E -4 3.59-1E -5 2.71·:'E -4 4,225E -3 
1 .. 6432 -3 S~5?2E .... 4 1.('a3hE -4 rt.4S.)E -5 3.\~l(~~.E -4 4 .. S21E -3 
1.S8·:E -3 7.£.S1E -4 1.7S9'3.: -4 ~.-.~~~t:~E -.. 5 1 .. ~~Ct?i£ .... 4 4.3-;~::E-3 
LEA:,:::::: -3 7.~)lOE -·4 1.S·,'0£ -4 4.4:30£ -5 3.0:.5E -4 'LEt.E -3 
1.-T7':~E -.3 4.4'~SE -4 1 . .i.94E -4 2.2~f-E -'3 1 .. ;Jlj~~E -4 4.2~.:;~·E -3 
l ... r/')E -:, 5.::;.?'E -0:;. 8 .. lE~lE -s 2.7"·~':1£ -·5 1~.=-)?7E -4 4 . ..:t:?:-S ...... 3 
1 • ;::'3'jE -:3 6. 168,2 -4 6 ... -:--'C0E -5 2 .. 2f:·t:,E -5 3 .. L" ':J52 -4 4" ~'~':'SE -3 
1 .. 4"?CE -3 B.6:'3E -4 1. 3E.:~?'E ~4 2 .. 2Sf;.E -1'5 2 .. 7: 92 - .. 1 4 .. 1':-'''~,E -3 
1.701E -3 7.SS:E -4 1.570E -4 2.7.~:;;E -5 1.1::'::0<': -4 4.i2e.::: -3 
1.70:E -'3 7.010E -4 1.57~'E -4 4.4:';::;£ -S 2.719E -4 4.2~SE -3 
lD41~::C: -3 7.01\.1£ -..!f 1.570£ ..... 4 3.5'34£ -~5 2."l19E - .. t 4.1 ~'I_-;E -3 
1.:::.[C2 -3 4.4i:DE -4 1.S";,OE -4 3.1S2E --5 3.~0S'.!: -4 4.22r:E -3 
1.~~~~·£,E -3 f..li~t;E -4 1 .. 194E -4 3.1~:,?E -E 1.S",·:.!!: -4 ~Ll~~-.S-3 
l .. ~;·J.::;E -3 ? .. E~l(lE -4 1.?S~~S -";--8.3~·;;E -5 2.7l~E -~l 4.3",:2 -·3 
! .. ~i:=.;;;: -2. 7. 0 ~.(,E -4 1 ... /S-:~"S ..... 4 4'1. S.:132 -5 1. :?;(:.O:;; -4 4 .. :i'";"' ]i!: -3 
1.7~()f: -~ S.3~(?E -4 1 ... ...,5·:12 -4 1 . .3·~;:~":r: -s 3.0~)5"S -4 ::',':-f"{?E -3 
1. 70lE -3 S.:::2-"E -4 1.0':'62 -4 3.1~:E -S 3.(I,)SE -4 'L27·.;i:; -·3 
1.7'39E -3 4.-Ig5;;: -4 1.570£ -4 4. <l.::t?-F. -5 2.4J2E -4 4.373E,-3 
: .. 701?- -3 3.6~':;E --4 t.3S2E -"t 3.iSe:E -S 2.719E -4 ~L07E.E-3 
1.SSSK -3 4.4~SS -4 1.7SSE -4 2.2€oE -5 2.719E -4 4.12SE-3 
1 .. 759£ -·3 7. 01.)E -4 i . 382E --4 ... L 923E -5 1.2E?E -4 4 .. 126E -·3 
1.556E -3 5.168£ -4 1.194£ -4 4.037£ -·S 7. 142E -5 3. '323E -3 

Table A.8 Calibrated Radiances for Site D 

" 

1'3 2::" 22 

6. S35E -4 2. 'JE;?E -4 2.783!!. 
S.f,?4E: -4 c..o 3E:::E -4 2,,6~SE -.. :-.. 
1. E-;2~~.E -4 1. :':,~~_:E -4 2.93:;,7 - .. :' 
1 t._1 -'h;': -~ 1 "LfA:"::,}f" -4 2 Q?';"I~~ ~1 

1 :~i:;iE -4 3.: 1,,,,",[ - 4 2: 93:~:E -3 
1 .. ~'1:..1£ _.IT ::'. SE::E -S 2.IJl)9E ·-3 

§~-G~.~?~ :j t:~fl~~,~ =~ ~:~I~~ =§ 
1.~j7~~E -4 .!..f":;"~I-~ -4 2 .. ES·fE -3 
2.8"i"~~'?e: -...; 1 .• ::;~:·(lE -+ 2.:";,::;:·8;: -3 
2 ~ 4:,7i.: -4 1 ... ~T:,bE -4 2. 78::~ -3 
:> f"'::-,::'''' -4 ':! 1 F'E -4 ? 7,\(;"" - '1 
4:Z~S~ -4 '3: ~f7[~E -4 2: 746E -3 
2.):.'~~~:t-: --1 c~.(;lSE -4' 2.63~E-3 
4.'_O:-<'!E -4 1 .. EC·:";E -.t..1 2.7l;'~·E-3 
S.t.-··t\:: -4 ~~.:-~ ... ·~:E -4 2.7U=il~-3 
5 .. j,~·):tE --"1 21.111~ --4 2.S;!.::-: -3 
2.E-/':::2 -4 1.r:'~I)E -4 2.21.1£ -3 
3. t~(~?::: -4 2. 2~:=-?E -4 2 .. st:-,~E -~:. 
2.-r::;'?J!: -4 1.~:::t~lf·E ··j1 3.:;:,:·SE -2 
..:.1.f'i.8E -4 1.f,.~~:::·E -4 3.11S;E: -~.:-
3. E;~.)3E -4 1.3tjf:.,E -4 3 .. 1 ]4E -3 
2 .. A.';:7E -.., 1.1(:':-:£ -43.11=':'-:; 
2.E;'':;2E -4 J.:::.::;E -4 :;.2.~~c.r~-3 
3.3~7E -4 1 .. 11. .. jt.~E -4 3.r~:=:':·E -3 
2 .. .J;j~?~ --4 2.11:i.~ -43.4';:'::2:-3 
4. 2~.:,:.;t: -4 2 .. 3-?-JE -4 3~ 022£ -3 
3 .. 347E -4 1 .. 3';,:.?: -4 2. ",'83E -3 
5 .. 1':';'3£ -4 1 .. 8~':(!2 -4 2.73';:E -3 
s.lt/;'E -4 1. £" 2·(~E -4 3.232£ -3 
E..S;:SZ -oj 1.EI:-;',E -4 3.0:)7E -3 
.It., 714£ -4 3.118E .... 4 3 .. 1S7E -3 
4. 2S'3E -~! 3. Et?-:;r: -4 2. 8;~lE -3 
3. F():<~ - ... ; 1. t::(~SE -4 3. 0,~~2E -3 
3. £,\·:'3=: -~l 1. E:.":t)E -4 :3. '};=;2~ -3 
3. :AIE -4 1. 1Co'"E -.; 2, :::212 -3 
3 .. ::..47£ -~ 3.~?·1E -5 2.7;~:;: -3 
4 . t~:'SE -4 8. S22:E -,=. 3 .. ~(,6E -3 
6. Ll:::'(!E -4 1.8~:;('E -.; 2.671~ -3 
5. f,';'4E -4 1. E'J:.\>E -4 2.8::;£ -3 
5. ~f.~~l: -J't 1 .. (,i\~:E -4 2. --1'~:c-;! -::' 
6 .. \~~~.\2:Z -4 2 .. ;;t-.:'E -"t "';;.:(-€,E -3 
4. "",'142 -~ 2. t-';:':~'E .. -4 2 .. ;;: .:.~ 
6. 0~: .):=: ~4 :. 3'-'-'~: -4 ::;:. c-::;.:'S ,. 
7.O:-h)lE _.oj 1.3~t.E -4 3 . .3~1t.'Z -2 
5.S24E - .. i 1.35£.E -4 3.0;"'*~:S- -3 
4.714E -4 1.1t:;.SE -4 3.0~l2E -8 
4 .. 71-4E -4 1 .. .!.e·SE -4 3.007£ -3 
4.~S:::'£ -4 2.111E: -4 3.119E: -3-
4.258£ -4 2.515E -4 3.119E -3 
4.714~ -4 2.363E -4 3. 119E -3 
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