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ABSTRACT 

Three different techniques were employed to calibrate in an 

absolute sense a multiband field radiometer. The three techniques were 

a source-based one using a calibrated standard lamp as a reference, a 

detector-based one using a collimated monochromatic source, and a 

detector-based one using an extended uniform source. Because of the 

optical system of the radiometer, the detector-based technique using the 

monochromator system was inappropriate for absolute calibration. Based 

upon the uncertainties associated with the other two techniques, the 

detector-based one using the extended source was preferred for 

determining an absolute calibration factor. However, the monochromator 

system was also used to get the shape of the responsivity as a function 

of wavelength. This technique yielded an absolute calibration with an 

uncertainty of +/- 4.5%. 

Using the same radiometer, an experiment was conducted to test 
s. 

the influence of "surround spectral reflectance" upon the measured ratio 

of the diffuse component of solar radiation to the direct component. A 

comparison was made of the measured ratio to the ratio determined by an 

atmospheric radiative transfer program. The comparison showed similar 

trends in 3 visible bands, but showed disagreement in a near infra-red 

band. 

viii 



CHAPTER 1 

INTRODUCTION 

The purpose of the first part of this thesis project is to 

calibrate, in absolute terms, a multiband field radiometer. Radiometers 

are often calibrated with respect to one another, or the bands of a 

given radiometer are calibrated relative to each other, for the purpose 

of comparing field measurements, but these do not require absolute 

calibration. Radiometers or other remote sensing instruments that are 

radiometrically calibrated in an absolute sense are needed for the 

validation and use of scene radiation models and atmospheric radiative 

transfer programs.1 As an example of the latter, an absolutely 

calibrated radiometer, mounted in a helicopter, is used to verify that 

the appropriate aerosol characteristics have been assumed as part of the 

input to a radiative transfer program (referred to as "the Herman code") 

that is being used to predict the radiance levels in the various bands of 

the Landsat Thematic Mapper. The main inputs to the Herman code are the 

results of atmospheric and surface measurements made at White Sands, 

New Mexico.2 

The purpose of the second part of the thesis is to measure in 

the field two of the output parameters from the atmospheric radiative 

transfer program mentioned above. The two output parameters of 

interest are the direct and diffuse components of solar irradiance at a 

1 



point on the ground. A comparison of field measurements with the data 

that the atmospheric radiative transfer program predicts indicates 

whether or not the correct input parameters are being used in the 

program. 

The test of the accuracy of the predicted diffuse and direct 

components does not require absolutely calibrated radiometers because 

the ratio of the diffuse to direct radiation is taken for each spectral 

band, and all calibration factors are cancelled out in the ratio. In the 

first part of the thesis, however, a technique for calibrating the 

radiometer in absolute terms was developed so that the radiometer could 

be used to measure the radiance of the ground from several altitudes 

above the ground. 

Review of Radiometry 

The transfer of radiant power between two surfaces is governed 

by the equation 

* = LA.fi, (1) 

where $ is the flux (watts), L is the radiance (w/mz-sr) at one surface, 

A is the projected area (mz) of one surface, and 8 is the projected solid 

angle (steradians) subtended by the other surface from a point on 

surface A. This equation is valid for small angles (fifteen degrees or 

less). 

Figure 1 shows the application of the radiometric equation to 

our particular situation, where Aj is the entrance aperture and A2 is the 

detector of the radiometer. "MMR" refers to the radiometer that was 
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4 

calibrated, a Barnes Model 12-1000 Multi Modular Radiometer7. The flux 

incident on the detector surface (A2) can be related to the radiance, L, 

of the source by either of the area-solid angle products, Ajflj or 

The characterization of the product of area times solid angle (or 

"throughput") requires straightforward geometrical measurements, and is 

necessary to complete the calibration. 

The responsivity of the radiometer, R (volts/watt), defined as 

the output voltage divided by the radiant flux incident on the entrance 

pupil of the radiometer within the detector's field of view, is 

determined by use of one of the detector-based techniques or the source-

based technique, described in the next section, for each spectral band. 

If V is the measured voltage, then the flux incident on a radiometer is $ 

= V/R. Substituting this into the basic radiometric equation yields 

L = V/RAfl. (2) 

The goal of absolute calibration of a radiometer is to determine 

the exact relationship between the radiance at the entrance pupil of the 

radiometer and the output signal of the radiometer viewing the source. 

To this end, the specific goal is to characterize R, A and J1 of the 

radiometer so that L may be determined for any target with as small an 

uncertainty as possible. 

Source-based Versus Detector-based Techniques 

Currently, the most widely used method for the absolute 

calibration of photo-electronic detectors is the source-based technique, 

in which the response of the radiometer is measured when the radiometer 
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is exposed to the irradiance of a secondary standard tungsten lamp at an 

accurately measured distance from the lamp. In our case, the irradiance 

was converted to radiance by reflecting the light off a surface of known 

reflectance. The detector-based technique compares the measured 

responsivity of the radiometer with that of a reference detector to 

yield the absolute spectral responsivity of the radiometer; this method 

is relatively new"'5 and is not yet a routine method of calibration. 

The requirements for the source-based technique are that the 

spectral irradiance on a reflecting surface a known distance from the 

source, and the spectral bi-directional reflectance factor of the 

surface be known. The accuracy of the calibration depends upon the 

accuracy with which these three parameters are measured. The distance 

between the source and the surface can be measured to within an 

uncertainty of 0.5%. The reflectance properties of the surface have 

uncertainties of at least 1% and the uncertainty increases with 

increasing illumination and viewing angles. The best standard lamps 

available have uncertainties on the order of 1% to 1.5%. When 

transferred to a secondary standard, the uncertainties increase to 

between 1% and 2% and can be-as large as 8 % in the ultra-violet. 

The requirements for the detector-based technique are that the 

source be stable and monochromatic, and that the same amount of power 

fall on the reference detector as on the radiometer entrance aperture. 

The accuracy of the calibration depends upon the accuracy to which the 

quantum efficiency of the reference detector is known and on how stable 

and nearly monochromatic the source is. The best available reference 
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detectors® have quantum efficiencies of 0.999, yielding uncertainties of 

only 0.1 %. 

The first two methods of absolute calibration described below 

are detector-based techniques. The first one is used to measure the 

radiometer's responsivity to power. The second method is used to 

measure its responsivity to radiance. The power incident on a surface is 

related to the radiance by the throughput, as was discussed in the 

review of radiometry. Therefore, the first method also requires the 

measurement of the throughput of the radiometer whereas the second 

method yields a responsivity which already contains the throughput. 

The first method uses a collimated monochromatic beam to 

irradiate the detectors. The wavelength of the beam can be changed to 

cover the entire visible range so that each of the visible bands of the 

radiometer can be scanned. The spectral output of the source is 

measured as a function of wavelength by the reference detector. Then 

the spectral responsivity as a function of wavelength is calculated for 

the radiometer by dividing the radiometer response by the power in the 

beam at each wavelength. This spectral responsivity represents the 

entire optical system of the radiometer. 

The beam is collimated and stopped down so that neither the 

reference detector nor the radiometer detector is overfilled. This 

ensures that both devices receive the same power so that a comparison 

between responses is valid. This method requires the detectors to be 

large enough or the optical system to be such that the entire beam is 

collected. 
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The second detector-based method uses a bright stable source to 

irradiate a near-lambertian reflecting surface. Both the reference 

detector and the radiometer view the surface to obtain radiance values. 

The response from the radiometer is divided by the radiance measured by 

the reference detector to obtain the responsivity of each radiometer 

band. This differs from the first method in which power and not 

radiance was measured with the reference detector. The reference 

detector must be adapted in order to measure radiance. This is 

accomplished by placing a throughput adaptor and the radiometer filters 

over the entrance aperture of the reference detector. Another 

difference between this method and the monochromator method is that the 

measured response is already integrated over the entire band. The 

mathematics involved in the,data reduction will be presented in 

Chapter 2. 

The third method uses source-based calibration and is similar to 

the second detector-based method, except that a standard reference lamp 

is used to irradiate the panel so that the radiance at Che panel can be 

calculated from the known spectral irradiance from the source, the bi­

directional reflectance factor of the panel, and the distance between 

the panel and the source. Then, the measured response from the 

radiometer is divided by the calculated radiance to determine the 

responsivity of the radiometer. The responsivity measured in this manner 

represents the entire band and yields no information about the 

responsivity as a function of wavelength. This is also true of the 

second detector-based method. To completely characterize the spectral 
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responslvity in each band, the shape of the spectral responsivity curve 

must be measured. The shape can be obtained from the first detector-

based method; only the magnitude of the responsivity will be obtained by 

the other two methods. The next section explains why the first method 

cannot always be used alone. 

Description of the Radiometer and Reference Detector 

The three absolute calibration techniques were applied to a 

Barnes Model 12-1000 Modular Multiband Radiometer (MMR)7. The 

radiometer has eight spectral bands, seven of which coincide with the • 

seven bands of the Thematic Mapper on the Landsat 4 and 5 satellites. 

Each band contains an entire radiometer unit including individual 

entrance aperture, filter, optical system, detector, and gain control. 

The filters are arranged in a circle as viewed from the face of the 

radiometer. The optical systems can be used with either a one-degree or 

a fifteen-degree field of view. A complete description of th.e MMR is 

given by Robinson et al.1* 

The optical system for each band of the radiometer is shown in 

Figure 2. The filter is easily removed so that the field of view can be 

changed by placing a lens between the filter and the detector. The 

signals from all eight bands can be recorded within three seconds by a 

recording device called a Polycorder7, or the individual signals can be 

read by attaching separate leads to the back of the radiometer. The 

three visible bands of the radiometer were calibrated using the 
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Figure 2. Optical System of Barnes 
Model 12-1000. 
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fifteen-degree field of view for four gain settings. The responsivity of 

each band was calibrated separately as was the throughput of each band. 

From Figure 2, it is clear that if a collimated beam is incident 

upon the entrance aperture of the radiometer, then the beam will still 

be collimated at the detector surface because there are no optical 

elements to focus it. The diameter of the MMR detector is 0.5 mm, so 

only a beam that has been stopped down to a diameter of less than 0.5 

mm would be useful because any larger diameter beam would overfill the 

detector. Such a condition would render a comparison between the 

radiometer detector and the reference detector invalid, because the 

actual fraction of the beam being collected by the radiometer detector 

would be unknown. Conventional white light sources cannot deliver 

enough power in a 0.5 mm diameter collimated monochromatic beam to 

produce a signal above the noise. A source that could deliver enough 

power monochromatically throughout the visible (such as a tuneable dye 

laser), is very expensive and difficult to operate. Therefore, another 

method was needed to measure the responsivity of the radiometer. This 

problem motivated the use of the detector-based calibration using the 

extended source. 

The reference detector is a UDT Model QED-1007 silicon 

photodiode, illustrated in Figure 3. Each detector is made of silicon 

and has an area of approximately 1 cm2. The first detector is placed 

at a 45-degree angle from the incoming beam so that light that is 

specularly reflected off the first detector surface is directed toward 

the second. The second and third detectors are placed in similar 
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configurations. The fourth detector is placed such that any light 

reflected off its surface will return to the third detector, etc. The 

signals from the four detectors are added so that 99.9% of the light is 

detected. Each detector has a front inversion layer and is back biased 

such that recombination is suppressed. Thus, virtually all of the 

incident photons are absorbed yielding internal quantum efficiencies of 

0.999.5 



CHAPTER 2 

MEASUREMENTS 

This chapter describes in detail the three different methods 

used for the absolute calibration of the MMR. For each method, the 

optical arrangement is described first, followed by descriptions of the 

measurements and subsequent data reductions. Error analysis is 

addressed in Chapter 3. 

Detector-based Method Using a Monochromator 

Optical System for Measuring 
Spectral Responsivity 

Figure 4 shows the optical arrangement used in the calibration. 

The source was a 100-W tungsten-halogen lamp that was focused on the 

2.2-mm-diameter entrance aperture of an Instruments SA Model HR-320 

monochromator7 fitted with a 1200-lines/mm holographic grating. The 

monochromator wavelength scale was calibrated to an accuracy of +/- 0.2 

nm. Light leaving the 2.2-mm-diameter exit aperture was approximately 

collimated by a lens, and the beam diameter was controlled by a variable 

aperture. The boxes containing the optics and the detector were 

blackened to reduce stray light effects. 

Since the light undergoes several reflections in the QED before 

reaching the last detector surface, the beam must be collimated to 

within 4 degrees for the visible wavelengths and the beam size must be 

small enough so as not to overfill any detector.6 This requirement 

13 
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ensures that the QED measures the total power in the beam at each 

wavelength. In the case where the radiometer detector is large enough, 

the beam should be such that the same amount of light falls on the 

radiometer detector as falls on the reference detector. This is a 

necessity for the absolute calibration to be complete and valid. 

Once the light was appropriately collimated and the variable 

aperture size was selected, the radiometer was aligned. The height was 

set so that the beam was centered on the entrance aperture of the 

radiometer with the face of the aperture perpendicular to the beam. 

Then slight adjustments in position were made to maximize the signal 

output. This procedure was repeated for each of the visible bands of 

the radiometer and for the QED. 

Spectral Responsivity Measurements 

The limits and profiles of each spectral band of the radiometer 

were determined in the following way. Light from the monochromator was 

blocked by an opaque panel, and a dark reading was taken. The panel was 

then removed and the monochromator was scanned across each radiometer 

band until dark readings were again encountered. Once the limits of the 

range were determined, readings of dark level and signal were 

alternately made at 5-nm intervals across each band. A dark reading was 

recorded both before and after each signal reading, and the average dark 

level was subtracted from the signal. Because the spectral bands are 

arranged in a circle on the face of the MMR, the radiometer had to be 

repositioned for the responsivity measurement of each band. The 



procedure was the same for the QED except that the entire wavelength 

range was recorded in one run, without moving the device. 

The MMR output was directly measured with a six-place digital 

multimeter, and the QED signal was fed to a transimpedance preamplifier 

with a transfer function of 10s V/A. By repeating the QED measurements 

and comparing them with the first set, the instability of the light 

source was determined to be less than 0.1%. 

Spectral Responsivity Data Reduction 
and Mathematical Operations 

The signals recorded by both the QED and the radiometer were 

responses to the tungsten-halogen source modified by the transmittance 

of the monochromator. The monochromator actually has a finite non-zero 

bandwidth, so the light is not truly monochromatic. To determine the 

response from a truly monochromatic source, the monochromator aperture 

function was deconvolved from the recorded signal. 

The bandwidth of the aperture function was approximately 4 nm, 

which was less than one wavelength increment over which the signal was 

measured. Therefore, the signals were interpolated to 0.5-nm intervals 

using a second-order Lagrange interpolation routine.® A simple iterative 

deconvolution (SID) routine5 was used to deconvolve the aperture function 

from the interpolated signal. 

The responsivity of the radiometer over a given band can be 

represented by 

resb • «' 

where R(X) is the response function, to be determined, of the radiometer 
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and $(x) is the power from the source calculated as a function of 

wavelength. 

The responsivity function of the radiometer can be determined 

from 

R(X) - SIGB(X)/$(X), (4) 

where SIGB(X) is the deconvolved radiometer signal (volts) and $(X) is 

the power (watts) in the beam at each wavelength. For the QED, the 

responsivity is defined by the equation6, REQ(X) = nqX/hc, where ti is the 

quantum efficiency (0.999), c is the speed of light (3.0 * 10" m/s), q is 

the electron charge (1.602 * 10-19 coul), and h is Planck's constant 

(6.63 * lO-'* joule-sec). Thus, REQ(X) = X/1238 (amps/watt), with X in 

nanometers. To determine $(X), the deconvolved QED signal (volts) was 

divided by the known responsivity of the QED (REQ(X)), and by the 

transimpedance preamplifier function (PG = 10® volts/ampere): 

«(X) = SIGQ(x)/(REQ(X) x PG) (watts). (5) 

The responsivity function of the Model 12-1000 can be 

approximated by a rectangular function in which the responsivity is a 

constant, R, within the wavelength limits of the band and zero outside 

the limits. Using such an approximation, we can rewrite Eq. (3) as 

RESB " 7$03r " R- (6) 

rendering the responsivity independent of the source function. R was 

obtained using a moments method of normalization10: 

R = (/R( X)dX)/(X2 - Xj (volts/watt). (7) 

To determine the normalized wavelength limits, Xx and X2, we let 
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F =• /XR(X)dX and G =• f \ * R(x)dx .  (8) 

Then, 

Xc = F/ (/R(X)dX), (9) 

a2 = G/ (/R(X)dX) - Xc2, (10) 

AX = 2/3a", (11) 

and 

Xx = xc - /3CT; X2 =» Xc + /3a. (12) 

Interpolation and Deconvolution Problems 

The Lagrange interpolation routine is based on the principle that 

for every set of sequential values in a curve, a unique polynomial exists 

that passes through each of the points in the curve. Once the 

polynomial is established, values can be accurately assigned to points 

between the original sequential values on the curves so long as (N + 1) 

sequential values have been provided for an Nth-degree polynomial fit. 

The subroutine used in the calibration data reduction is listed in the 

Appendix. 

The interpolation routine requires as input the number of terms, 

V, already defined in the curve, and the order, N, of the interpolation. 

It assigns the values of the (V-N)th term to all the remaining terms 

after (V-N) in the curve. Those terms create a discontinuity in the 

function. When the deconvolution routine encounters the discontinuity, 

it begins "ringing" and all values beyond (V-N) are meaningless. 

Therefore, zeroes or the numbers that the curve was approaching were 

added to the end of all of the responsivity files. Then for the 



19 

deconvolution routine, only the original number of terms, where the 

interpolation had been performed correctly, was entered. This 

manipulation of the files did not alter any of the original data points 

and introduced no errors into the calculations. 

The deconvolution routine reduced the magnitude of the 

responsivity curves by a factor of approximately 4.7, because the area 

under the monochromator function was not unity. Each file was affected 

uniquely. Because the reduction factors were not all identical, and 

because the responsivity of the radiometers was divided by the 

responsivity of the QED, the ratio of factors of the radiometer to the 

QED was used as the normalizing coefficient in each curve. 

Field-of-View Optical System 

Figure 5 illustrates the arrangement for measuring the field of 

view (FOV). The radiometer was placed on the turntable so that the 

center of the entrance aperture was directly over the center of the 

turntable. The turntable could be read to 1 arc minute. For a 15 

degree FOV, 1 degree increments were used. 

The light source was a tungsten filament lamp from a microscope 

illuminator. In front of the lamp was placed an aperture of small 

enough diameter that the angular subtense of the source at the image 

plane of the radiometer was on the order of 6 arc minutes. The angular 

subtense was kept to less than 1% of the total ,FOV so that a 

deconvolution of the aperture function from the radiometer signal was 

not necessary. The aperture was placed at the focus of a paraboloidal 
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mirror to collimate the beam. The light beam overfilled the entrance 

aperture, simulating field conditions. 

The alignment procedure was essentially the same as that for 

the spectral responsivity measurements. The task was one of simple 

geometric alignment following the criteria that the light beam had to be 

horizontal and perpendicular to the entrance aperture. 

Field of View Measurements 

Starting at normal incidence, measurements were taken at 1 

degree intervals in one direction away from center until the signal 

dropped to the dark level. To ensure that the measurements were 

repeatable, the signal was noted and compared to the previously recorded 

signal at each 1 degree interval going back to normal incidence. The 

same procedure was used in the other direction, and the process was 

repeated for each spectral band. The radiometer was then turned on its 

side, and the measurements were taken over a vertical profile. 

Field of View Data Reduction 

The data (voltage versus degrees away from normal) were plotted 

to show the rough shape of the field. An ideal FOV and an example of 

actual data are presented in Figure 6. To determine the effective FOV, a 

peak normalization procedure was used.11 The method first calculates 

the average cross section of a rotationally symmetric curve and 

determines the volume of the figure. Then it takes a cylinder with a 

height equal to the peak of the FOV data and finds the radius, r, needed 

to yield the same volume. The horizontal and vertical profiles were 

symmetrical and nearly identical, so an average of the two profiles was 
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taken as the angular responsivlty function. The normalization was 

performed separately for each of the measured directions of each profile 

and then the average was taken: r = (r+ + r_)/2. The solid angle 8 is 

then, 

fl =» ir sin2(r), (13) 

where r is the half angle (degrees). 

Area of Entrance Aperture 

The diameter of the entrance aperture of the radiometer was 

measured with vernier calipers. No data reduction was required as this 

was a straightforward measurement. The area is calculated as A = ird2/4 

where d is the diameter of the entrance aperture. 

Detector-based Technique Using an Extended Source 

Optical Arrangement 

The optical arrangement is illustrated in Figure 7. The BaSO,, 

panel was placed perpendicularly to the source beam at a distance of 

308.5 cm. To obtain radiance values from the QED, a throughput 

assembly, shown in Figure 3, was designed to accurately define a field 

of view and entrance aperture, thus converting the QED into a 

radiometer. The radiometers were placed at an angle of approximately 40 

degrees to the normal of the panel. 

The QED is responsive with an efficiency of 0.999 to radiation in 

the entire visible and near IR regions of the electromagnetic spectrum. 

The responsivity had to be limited to each of the three visible bands of 

the MMR so that radiance values within each band could be determined 
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accurately. Therefore, each visible MMR filter was placed over the 

aperture of the throughput assembly to measure the radiance of the 

panel in that- band alone. 

Measurements 

The addition of the filter to the QED optical system required 

the transmittance of each filter to be measured as a function of 

wavelength. This measurement was performed on a Cary 14 

spectrophotometer7, and the results are shown in Figure 8. 

The responsivity and field of view measurements were performed 

in a black room so that stray light was eliminated. Because of low 

light levels, the preamplifier gain was increased to PG = 10s V/A. The 

field of view measurements for both radiometers were performed just as 

they were for the monochromator method. The responsivity measurements 

were very simple. The radiometers were placed in front of the panel 

with the same viewing geometry. Voltage responses were recorded for 

each of the visible bands. The areas used in the calculation of 

throughput were measured with vernier calipers. 

Data Reduction 

The area measurements required no data reduction. The field of 

view profiles were peak normalized according to the method described in 

the monochromator section. The transmittances of the filters and the 

spectral responsivity of the QED were multiplied at each wavelength 

because the QED response was modified by the transmittance of the 
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filter. A moments normalization was performed on the product as a 

function of wavelength: 

RQ'(X) - REQ(X)T(X) = XT(X)/PG (14) 

RQ' - /REQ(X)T(X)dX/(X2-X,) = /RQ*(X)dx/(Xl-Xl), (15) 

where REQ(X) is the same as in the first method and T(X) is taken from 

Figure 8. The normalization process is the same as that described in the 

first method. The integrals were replaced by sums with dX = 10 

nanometers. Lists of data used here are given in the Appendix. 

Once RQ1 was calculated for each band, the radiance of the BaSO* 

panel could be calculated according the the equation, 

VQ(X2-Xl) 
L - VQ/RQ'Aqflq - Aqflq/RQ.(X)T(x)dx » <16) 

where VQ is the voltage response of the QED for each band, and Aqftq is 

the throughput of the QED assembly. The throughput was measured both 

with vernier calipers and using the turntable for measuring the FOV. 

Both methods yielded a value of 2.88 * 10-7m*-sr. Finally, the 

responsivity of the MMR could be calculated for each band using the 

equation, 

Rmmr = VM/L = (VM/VQ)(RQ'AqJJq), (17) 

where VM is the voltage response of the MMR for each band. Notice that 

Rmmr contains the throughput of the radiometer as well as the 

responsivity, so this is the complete calibration factor used to 

determine the radiance in each band of any target. 

Because Rmmr is determined using the spectral transmittance of 

each MMR filter, this method is complete as was the first method. It is 





virtually source-independent because RQ' was determined by a method 

which was source-independent. 

Source-based Technique 

Optical System 

The optical arrangement for the source-based technique is the 

same as that for the detector-based technique using an extended source. 

The source for this method was a 1000-watt standard lamp, Standard HTS-

75, from Optronics Laboratories, Inc.7 The spectral irradiance per am 

wavelength interval at a distance of 40 cm from the lamp was given by 

Optronics12 for a constant operating current of 8.3 amperes. The power 

supply used in this method was set to a constant operating current of 

8.3 +/- 0.01 amperes so that the information given was appropriate for 

our applications. The BaSO,, panel was placed at a distance, of 308.5 cm, 

so a correction factor of (41.2/308.5)2 was applied to account for the 

1/r2 drop in irradiance. The value of 41.2 was used instead of 40 

because of the lamp design, as explained in the reference on the use of 

the standard lamp.11 

Measurements • 

Voltage responses to the irradiated BaSO., panel were recorded in 

each of the three bands. The angle between the normal to the 

radiometer entrance aperture and the normal to the BaSO., panel was 

measured so that the directional reflectance of the BaSO,, panel could be 

ob tained. 
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Data Reduction 

The spectral irradiance of the lamp was given in 50 nanometer 

increments, so values in between had to be interpolated. Figure 9 shows 

the irradiance curve and the total irradiance of each band. The total 

irradiance of the lamp was determined for each band by calculating the 

area under the curve and dividing by the bandwidth: 

E = /E( X)dX/A X. (18) 

The bandwidth was determined by performing a moments normalization on 

the transmittance curve of each filter. The radiance of the panel in 

the direction of the MMR was then calculated using the equation, 

L = (p(9)E/ir)(4i. 2/308.5)1, (19) 

where p(9) is the reflectance factor of the BaS0„ panel in the direction 

of the MMR. The responsivity in each band of the MMR is then calculated 

using the equation, Rmmr = V/L, where V is the MMR voltage response to 

the radiance of the BaSO,, panel. 
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CHAPTER 3 

ERROR ANALYSIS AND RESULTS 

The uncertainties associated with each part of each method are 

described and quantified in this chapter. The total error for the 

calibration is determined by taking the root sum square (RSS) of the 

measurement uncertainties, the uncertainty associated with the 

reference, and the uncertainties introduced in the mathematical 

operations. The results of each method are then listed and the 

agreement among the methods is assessed. An independent test of the 

absolute accuracy of the calibration is described and the results 

analyzed. 

Estimated Uncertainties 

Table 1 lists the estimated uncertainties in each of the three 

categories mentioned above for each method. 

Because even the best standard lamps have at least a 1% 

uncertainty associated with them, it is impossible to test the claim of 

0.1% uncertainty in the QED throughout the visible. Therefore, the 0.1% 

uncertainty is accepted. The literature13 on the particular standard 

lamp used here states that the uncertainty in spectral irradiance at 300 

nm is 8 % but that it drops to 5 % in the visible and near 1R. Lamps are 

available that have lower uncertainties, but were not available for this 

measurement. 

31 



Table 1. Expected uncertainties. 
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Method Reference Measurements Data Reduction 

Mono 0.1% response thruput 
0.5% 2% 

RSS = 3% 

interp. deconv. normalization 
0.5% 1% 1% 

Extnd. 0.1% transmit thruput V normalization 
2.0% 3% 0.5% 2% 

RSS = 4% 

Source 5.0% distance p(0) 
1.0% 2% 

RSS = 6% 

interp. V bandwidth 
2.0% 0.5% 2% 
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The field of view of the MMR was about twice that of the QED, 

so a given measurement uncertainty in the FOV gives rise to a larger 

percentage error for the QED than for the MMR. That is why the 

uncertainty in the throughput is larger for the QED than for the MMR. 

Errors due to peak normalization processes are included in these 

numbers. 

The interpolation used in the first method was a second-order 

Lagrange interpolation and the uncertainty was very small. A linear 

interpolation was used in the third method and since the information was 

given in such large increments, the estimated uncertainty is twice that 

of the first method. These uncertainties are obtained as part of the 

final output from the interpolation routine. 

Deconvolution was used only in the first method. It introduces 

an estimated uncertainty of 1%. The moments normalization routine 

increases in accuracy as the number of data points increases. At least 

ten data points should be used and in the transmittance normalization 

fourteen points were used. The bandwidth is determined using the 

moments-normalization process and therefore has the same uncertainty of 

2% associated with it. 

Results 

The detector-based calibration using the monochromator was 

inappropriate for the optical system of the MMR. Therefore, no 

calibration factors were determined using this method. 
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In the other two methods, calibration factors were calculated 

from radiance values of the panel. Those values are listed in Table 2, 

along with the voltage responses to the radiance of the BaSO* panel and 

the final calibration factors. 

The estimated uncertainties listed in Table 1 serve only as a 

measure of the precision and not necessarily of the absolute accuracy of 

the calibration methods. This is because the comparisons are only 

between methods and not between the results of a method and an absolute 

number. An independent test was conducted to assess the absolute 

accuracy of the calibration factors. The MMR and another independently 

calibrated radiometer, referred to as the "Castle radiometer"17, were 

placed at normal incidence to a sun-illuminated BaSOi, panel. The Castle 

radiometer was calibrated using the detector-based technique with the 

monochromator. The uncertainty of the calibration was estimated to be 

3%. Measurements were taken simultaneously to eliminate differences 

due to a changing solar zenith angle. 

The two radiometers have different spectral bands and 

bandwidths. Therefore, to make a comparison of the two, the spectral 

radiances were calculated per nanometer wavelength interval at the 

central wavelength of each band and plotted as functions of wavelength. 

The expected solar radiance reflected from the panel was calculated at 

the central wavelength of each of the second radiometer's bands. A 

comparison of the three curves was performed to determine the agreement 

between the two radiometers and the absolute accuracy of both 

calibrations. However, the solar radiance could only be determined with 
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Table 2. Calibration factors for the MMR: R = V/L. 
Notice that the subscripts refer to the method that was 
used to determine the value, i.e., Lqed is the value of 
the radiance determined by the QED and Rqeĉ  is the 
responsivity of the MMR as determined by the QED. 

7o Differences 
between Rqed 

Voltage kqed ^qed ^source Rsource and Rgource 

Band 1 
G=0.5 0.0043 0.0437 0.0358 18 
G=1.0 0.0095 0.0983 0.0967 0.120 0.0792 18 
G=l.5 0.0139 0.1414 0.1158 18 
G=2.0 0.0188 0.1913 0.1567 18 

Band 2 
G=0.5 0.0076 0.0429 0.0359 16.5 
G=l.0 0.0156 0.177 0.0881 0.212 0.0736 16.5 
G=1.5 0.0238 0.134 0.1123 16.5 
G=2.0 0.0315 0.178 0.1486 16.5 

Band 3 
G=0.5 0.0130 0.0613 0.0485 21 
G=1.0 0.0280 0.212 0.1321 0.268 0.1045 21 
G=1.5 0.0431 0.2030 0.1608 21 
G=2.0 0.0579 0.2730 0.2160 21 
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an accuracy of 80%, compared to the radiometers which are believed to 

be calibrated to an accuracy of at least 95%. This means that the 

absolute accuracy of the magnitude of the solar radiance curve could not 

be tested. Even so, the shape of the curves should be closely alike, 

and this was found to be the case. 

Using the calibration factors calculated for the two 

radiometers, the radiance of the BaSO., panel was calculated according to 

the equation, L = V/R, where V is the voltage response of the radiometer 

to the panel and R is the calibration factor. The expected solar 

radiance at the ground was estimated using solar data from Neckel and 

Labs1" and atmospheric extinction coefficients typical for the clear 

atmosphere of that day. The results of this test are listed in Table 3 

and illustrated in Figure 10. 

The radiance values listed are in units of W/m2-sr-nm. The 

calibration factors, RAft, are in units of V-m2-sr-nm/W for the Castle 

radiometer, but are in units of V-m2-sr/W for the MMR radiometer. 

Therefore, the factors for the MMR must be multiplied by the bandwidths 

to put them in the same units as the Castle factors. 

The curves in Figure 10 overlap at approximately 540 nm and 

never depart from each other by more than 8%. The single points marked 

with an "x" are from the source based calibration. The values are far 

outside the expected range and no satisfactory explanation has been 

found. It is unlikely that the lamp had deteriorated in its spectral 

output or that the lamp was operated improperly. The root sum square 

of uncertainties in the distance measurements and in the reflectance 
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Table 3. Results of independent test for absolute accuracy. 
L = V/RAft; Castle gains = 1.0; MMR gains = 1.5. 

MMR Castle Solar 
Xc X RAfi V L Xc RAfi V L L 

491. 4 76.27 0.1414 3. 958 0. 367 402 1.454 0 .341 0.234 0.244 

563. 4 79.61 0.1341 3. 811 0. 357 421 2.073 0 .541 0.248 0.267 

666. 4 64.44 0.203 4. 088 0. 313 440. 3 3.101 0 .883 0.285 0.302 

525. 4 4.105 1 .486 0.362 0.362 

605. 4 6.149 2 .234 0.364 0.358 

662. 1 6.605 2 .272 0.344 0.332 





39 

factor of the panel cannot account for the discrepancy seen in Figure 10 

and listed in Table 2. 



CHAPTER 4 

VERIFICATION OF TEE HERMAN CODE 

An atmospheric radiative transfer program (referred to as "the 

Herman code")1 is used to help assign radiance values to the scenes imaged 

by the Landsat satellites. Two of the output parameters from the 

program are the direct and diffuse components of the solar irradiance at 

a point on the ground. 

To verify that the correct input parameters are being used in the 

program, an attempt was made to independently measure the direct and 

diffuse components of solar irradiance at the ground in the first four 

bands of the Landsat Thematic Mapper (TM). The measurement required 

clear skies. The first attempt was performed on the roof of the Optical 

Sciences Center and the second attempt was performed in Maricopa, 

Arizona. 

Experiments 

In September of 1983, measurements were made on four separate 

days, none of which were completely cloud-free. On the clearest day, 

there were a few high, thin cirrus clouds close to the horizon. ' On the 

cloudiest day, a few small cumulus clouds developed over the mountains 

about mid-morning and remained until noon. For the comparison of real 

data to Herman code results to be meaningful, the sky should be 

completely cloud-free. Otherwise, the water vapor absorption is difficult 

to characterize and cannot be adequately accounted for in the Herman 

40 
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code. Because of this, we relied most heavily on the data that were 

collected on the clearest day. 

To measure the diffuse and direct components, a 0.61m x 0.61m 

BaS0„ panel was placed horizontally on a stand which was about 1.5 meters 

below a Barnes Model 12-10007 radiometer. The arrangement is illustrated 

in Figure 11. Measurements were taken of the fully sunlit panel, and of 

the panel when shaded by a parasol at 12-minute intervals throughout the 

morning. The parasol consisted of an umbrella mounted on a wooden pole. 

The pole was 3.7 meters long to subtend a solid angle of only 0.028 

steradians (0.4% of the sky). Also, the side of the parasol facing the 

BaS0„ panel was covered with black felt in order to eliminate reflections 

from the parasol back onto the panel. 

The panel was alternately shaded, sunlit, and then shaded again 

so that an average of the shaded readings could be made to account for 

the change in sun angle during the measurement. Readings from all eight 

bands of the MMR were recorded in rapid sequence on a Polycorder which 

also recorded the exact time of each measurement to allow calculation of 

the solar zenith angle. 

The difference between the sunlit panel (total global radiation) 

and the shaded panel (diffuse radiation only) yielded the direct component 

of solar radiation reflected at normal incidence off the panel. 

Measurements were made throughout the morning so that the ratio of the 

diffuse component to the direct component could be plotted for several 

solar zenith angles. 

Also during the morning, a solar radiometer was used to measure 

the direct solar radiation. These measurements were taken from about 
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7:00 a.m. (air mass =*4.6) until noon (air mass =1.2). The data collected 

were used as input to a Langley plot routine15'16 which determined the 

total atmospheric extinction coefficient at the central wavelength of 

each band. The components of the extinction coefficient due to Rayleigh 

scattering, Mie scattering and ozone absorption were calculated by 

another computer program. The results are listed in Figures 12 and 13. 

In Figure 12, NOZ is the concentration of ozone in the atmosphere for that 

day, WAV is the central wavelength of the band, TEXT is the total 

atmospheric extinction coefficient, TMIE is the extinction coefficient due 

to Mie scattering; TRAY, Rayleigh scattering; TOZ, ozone scattering; 0Z 

ABS, the aborption by ozone. 

These components of the extinction coefficient as a function of 

wavelength were used as input to the Herman code. Other input parameters 

of importance to the Herman code are atmospheric pressure and the 

reflectance of the surround. The results from the Herman code are shown 

in Figure 14. 

The ratios of the diffuse to direct components calculated by the 

Herman code did not agree with those actually measured on. the Optical 

Sciences Center roof. Not only were there differences in absolute values, 

there were also differences in the relative values between bands. The 

ratios calculated by the Herman code were more or less evenly distributed 

relative to each other. The ratios measured by the MMR were also evenly 

distributed for bands 1-3, but the band 4 ratio was almost equal to Che 

band 3 ratio. 

The discrepancies between the distributions prompted some 

speculation about the reflectance values used as input to the Herman 
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1 0 - 0 2 - 1 9 8 4  
00:01:22 

WAV TMIE THAI TABS Z 1EFL ED 13. EDiy L2AXH LT 

0 .486 0 .2082 0 .1562 0 .0064 45 0 .060 0 .4135 0 .  1626 0 .0203 0 .0279 
0 .020 0 .  1587 0 .0190 0 .0215 

0 .486 0 .2082 0 .1562 0 .0064 35 0 .069 0 .5209 0 .  1740 0 .0227 0 .0332 
0 .019 0 .  1682 0 .0207 0 .0236 

0 .571 0 ,  1654 0 .0809 0 .0271 45 0 .086 0 .4804 0 .1291 0 .0125 0 .0252 
0 .029 0 .  1250 0 .0110 0 .0152 

0 .571 0 .  1654 0 .0809 0 .0271 35 0 .  100 0 .5867 0 .  1380 0 .0142 0 .0318 
0 .030 0 .  1320 0 .0121 0 .0173 

0 .661 0 .  1341 0 .0446 0 .0133 45 0 .124 0 .5390 0 .1162 0 .0086 0 .0299 
0 .017 0 .  1108 0 .0059 0 .0088 

0 .661 0 .  1341 0 .0446 0 .0133 35 0 .147 0 .6480 0 .  1234 0 .0103 0 .0401 
0 .017 0 .1157 0 .0065 0 .0099 

0 .838 0 .0955 0 .017 1 0 .0015 45 0 .165 0 .6017 0 .0713 0 .0058 0 .3374 
0 .438 0 .0824 0 .0110 0 .  1058 

0 .  338 0 .0955 0 .017 1 0 .0015 35 0 .137 0 .  7 126 0 .  07 56 0 .0069 0 .0438 
0 .478 0 .0873 0 .0123 0 .  1209 

Figure 14. Results of Herman code. 



code. Vegetation is known to have a higher reflectance in band 4 than in 

the other 3 bands. This would lead to a higher diffuse component in band 

4, thus making the ratio higher than it would be if the reflectance in 

band 4 were the same as the reflectance in band 3. The only problem is 

that there is no vegetation on the roof of the Optical Sciences Center. 

There is vegetation all around the building and that could have increased 

the diffuse component in band 4. But there is also asphalt from parking 

lots and roads, and there are other buildings nearby. It became evident 

that describing the spectral reflectance of the surrounds was an 

impossibility. 

The problem encountered in defining the spectral reflectance of 

the surround motivated a second attempt at the verification of the Herman 

code. The diffuse to direct ratio was measured in two fields of different 

reflectances simultaneously, while a solar radiometer measured the direct 

component as a function of solar zenith angle. One radiometer was placed 

in the middle of a 100-acre wheat field and the other was placed in the 

middle of 100 acres of plowed bare soil. Because ratios were taken, the 

radiometers did not need to be calibrated, as all calibration factors were 

cancelled in the ratio. 

The spectral reflectances of wheat and soil were also measured 

with the MMR radiometers. After each set of diffuse to direct 

measurements was made, the radiometer was moved so that it viewed either 

the soil or the wheat. Measurements of the field and then the panel were 

taken in each field, and the reflectances were calculated according to 

the equations, 
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Rwheat = RBaS04 * (WAS/BAS), 

Rsoil = RBaS04 * (SAS/BAS), 

where Rwheat is the reflectance of wheat, Rsoil is the reflectance of 

soil, RBaS04 is the bi-directional reflectance factor of BaSOt, measured in 

the laboratory, WAS is the average signal from wheat as measured by the 

MMR, BAS is the average signal from BaSOi,, and SAS is the average signal 

from soil. Again, since ratios are taken, the radiometers need not be 

calibrated. The spectral reflectances are listed in Table 4. 

Discussion of Results 

Based on the spectral reflectances, one would expect the diffuse 

component to be higher over the soil field than over the wheat field for 

bands 1-3. In band 4, the diffuse component should be higher over the 

wheat field than over the bare soil. This is clear in the Herman code 

results but not in the measurements (see Figures 15 and 16). The relative 

spacing of the ratios over the four bands is different in the Herman code 

than in the measured data, just as it was for the data taken on the roof 

of the Optical Sciences Center. . Again, the ratio in band 4, measured by 

the Barnes, is higher than the ratio in band 3 for the wheat but not for 

the soil. In contrast, the Herman code results show that, although the 

ratio is higher for wheat than for soil in band 4, the ratio for wheat in 

band four is not as high as the ratio for wheat in band 3. 

There are two important differences in the data collected by the 

MMR and the data input into the Herman code. The first is that the 

Herman code assumes that the reflectance used as input is the reflectance 
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Table 4. Reflectances of wheat and bare soil. 

Wheat soil Solar zenith angle 

Band 1 

Band 2 

Band 3 

Band 4 

0.019 0.069 

0.020 0.060 

0.030 0.100 

,0.029 0.086 

0.017 0.147 

0.017 0.124 

0.478 0.187 

0.488 0.165 

35 degrees 

45 degrees 

35 degrees 

45 degrees 

35 degrees 

45 degrees 

35 degrees 

45 degrees 



for an infinite, flat earth, whereas the reflectance actually measured is 

only for the immediate surround. 

The second difference is that the bandwidths of the MMR filters 

are approximatley 70 nanometers while the bandwidths of the solar 

radiometer are about 10 nanometers. Although all the bands are designed 

to avoid regions of high absorption, the wider band has a greater 

likelihood of overlapping absorption bands. The results from th« Herman 

code are only for the central wavelength of each band whereas the 

results from the MMR are for the entire band. The consequence is that 

small atmospheric features may be overlooked by the solar radiometer, but 

may be integrated into the signal of the MMR. 

The measured data suggest that the diffuse component may be 

dominated by atmospheric scattering at shorter wavelengths and by 

atmospherically scattered ground reflected flux in the immediate vicinity 

at longer wavelengths. More multiple scattering occurs at shorter 

wavelengths so that, at these shorter wavelengths, there is a 

correspondingly greater probability that the light reflected from areas 

far away could find its way back to the panel via this multiple 

scattering. Since the longer wavelengths undergo fewer scattering 

events, the' reflectance of the immediate surround dominates at longer 

wavelengths; less scattering means that light reflected from areas far 

away from the panel is less likely to get rescattered onto the panel. 

The reflectances of areas at a distance will all tend to get averaged 

into the diffuse signal at shorter wavelengths, but for longer 

wavelengths, only the reflectance from the immediate surrounds affects 
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the signal. This would cause the difference between the ratios at 

shorter wavelengths to be less than theory predicts. 

There is a possibility that the method of measuring the diffuse 

component in the field (shading the panel with a parasol), cuts out a 

significant portion of the sky near the sun. If this is true, then the 

consequence would be that the measurement yields too low a value for the 

diffuse component and too high a value for the direct component because 

the direct is the difference between total and diffuse. Then when the 

ratio is taken, the ratio is much smaller than expected. The data show 

that in bands 1 and 2, the measured ratio is about half that predicted by 

the radiative transfer program. There is better agreement in the longer 

wavelength bands which would be expected if the effect of blocking 

diffuse radiation around the sun (the solar aureole) is also wavelength 

dependent. Indeed, the solar aureole is brighter in the blue than in the 

infra-red, so this argument has validity. 

There is also concern that the tau values used in the Herman code 

were incorrect. Based on a visibility of 100 kilometers, the predicted 

ratio of diffuse to direct agrees with the measured ratio. The tau values 

used in the Herman code correspond to a visibility of 51 kilometers at a 

wavelength of 550 nanometers, as determined by an inversion program which 

predicts visibility based upon tau values. The lower visibility implies 

more scattering elements which would increase the diffuse component of 

solar radiation. Indeed, the Herman code results show a higher diffuse to 

direct ratio than the measured data show. Recall that the tau values 

used in the Herman code are derived from the solar radiometer data. The 

solar radiometer was set up on a dirt road and if dust was blown up in 



front of the radiometer during measurements, then the data would predict 

a lower visibility. Obviously, the placement of the solar radiometer is 

important in order to make a valid comparison. 

Another experiment was conducted at the White Sands Missile Range 

(WSMR), to measure the diffuse to direct ratio and compare to Herman code 

predictions. The reflectance of the alkali flats at WSMR, where the 

measurements were made, is roughly .45 - .50 in all four bands. The data 

are presented in Figure 17 and show very good agreement with the Herman 

code (dashed lines) in bands 2 and 3. The prediction in band 1 is too high 

and in band 4 is too low, but the overall agreement is much better than 

for the other experiments. 

The area over which the reflectance is roughly uniform is much 

larger at WSMR than at Maricopa or the OSC roof. Also, the solar 

radiometer was placed very close to the ratio measurement area. These 

two factors plus the fact that the reflectance is fairly high at WSMR may 

be the reasons for better agreement with the Herman code. 



CHAPTER 5 

CONCLUSIONS 

Calibration 

The estimated uncertainties in the calibration factors for the 

detector-based method using a raonochromator, the detector-based method 

using an extended source and the source-based method are 3%, 4%, and 

6%, respectively. Based upon expected uncertainties, the first method 

is preferred. Unfortunately, the optical system of the MMR is 

inappropriate for the first method because the radiometer detectors are 

always overfilled. Therefore, the calibration factors obtained using the 

second method were chosen. 

The independent test for absolute accuracy shows good agreement 

between the two radiometer curves. The greatest difference between the 

two radiometer curves is 8% at 660 nm. It appears that the .rss 

expected uncertainties in Table 1 may be a bit optimistic. Based upon 

the results of the independent test the uncertainties should be 3.5% and 

4.5% for the Castle calibration factors and MMR calibration factors, 

respectively. 

Recommendations 

The largest uncertainties in the two detector-based methods of 

calibration come from the measurement of throughput and from the 

moments normalization. Both of these could be improved substantially by 

using measuring tools with finer gradations, and by making enough 
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measurements of a given parameter that statistical analysis could be 

applied. The main problems with these solutions are time and money. 

There is a trade-off between the accuracy of the calibration and the 

time and money spent on the calibration. To achieve absolute accuracies 

of 99% or greater, a well-equipped optics laboratory is needed as well 

as at least one full man-month just to make the measurements. This is 

not unreasonable in most cases. 

A better method is needed to test the absolute accuracy of the 

calibration. A source is needed which is calibrated more accurately than 

the radiometer and which has enough' power to produce a signal above the 

noise. High accuracy 1000-Watt lamps do exist, but there is a question 

as to whether or not they emit enough radiation within the field of view 

of the radiometer to produce a sufficient signal. This is a good subject 

for further investigation. 

Another way of testing the absolute accuracy would be to 

measure the radiance of a target with another independently calibrated 

detector (other than the one used in the actual calibration procedure), 

and test the newly calibrated radiometer against it. Such a detector 

might be an electrically calibrated pyroelectric radiometer. This 

detector-based method is again preferred for the same reasons that it is 

preferred in the actual calibration procedure; the detector-based test 

would provide better accuracy than trying to predict the output of the 

sun or a standard lamp in absolute terms. 

An assumption of uniform response over the area of the MMR 

detector should be checked in any further calibration studies. This is a 

difficult task because of the size of the detector. 
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Although the independent test of absolute accuracy was not 

definitive, the agreement between the two independently calibrated 

radiometers indicates that the estimated uncertainty of the calibration 

of the MMR is on the order of 4-5%. It is encouraging that even with 

less-than-ideal laboratory equipment, accuracies of >95% are achievable 

using detector-based techniques for absolute calibration. 

Maricopa Experiment 

The ratio of diffuse to direct solar radiation measured in 

Maricopa was not in good agreement with the ratio predicted by a 

radiative transfer program. Not only were the magnitudes of the ratios 

different in each of four spectral bands, but the trends between bands 

were also different. Both sets of data did show that the diffuse 

component of solar radiation increases locally as the immediate ground 

reflectance increases. An experiment at White Sands Missile Range 

showed better agreement in all four bands, particularly bands 2 and 3. 

Atmospheric scattering influences the measurement of the diffuse 

component at shorter wavelengths in two ways: 1) light reflected from 

areas far away gets averaged into the signal from the panel because of 

multiple scattering at shorter wavelengths, and 2) the solar aureole is 

brighter at shorter wavelengths than at longer wavelengths. Ground 

reflectance of the immediate surrounds contributes more to the amount 

of diffuse radiation reaching the panel at longer wavelengths than at 

shorter wavelengths. Therefore, the method of measuring the diffuse 

component of solar irradiance may have introduced more error at shorter 



wavelengths than at longer wavelengths, thus causing greater 

disagreement between predicted and measured ratios in the shorter 

wavelengths. 

The smaller diffuse to direct ratio should result in the 

scattered ground reflection irradiance component being a larger fraction 

of the total diffuse irradiance on the panel. The effect of a change in 

ground . reflectance should therefore be more noticable in the 

experimental results than in the Herman code results. The data in 

Figures 15 and 16 have shown that this is not the case. The argument 

presented in the paragraph above can explain this. The difference in 

reflectance of wheat and soil at shorter wavelengths is on the order of 

a few percent, which is within the range of variability of measured 

reflectance. At shorter wavelengths, the reflectances from far away 

contribute so that differences of a few percent in the reflectances of 

the immediate surround would be buried in the overall average. Again, 

the atmospheric scattering which is independent of ground reflectance is 

the dominant factor in the diffuse component at shorter wavelengths. 

Only in the longer wavelengths is there a significant difference in the 

reflectances of wheat and soil, and reflectance of the immediate 

surrounds is more important at these wavelengths. Therefore, the 

agreement between predicted and measured ratios is better at these 

wavelengths. 

Recommendations 

This experiment did not validate or invalidate the accuracy of 

the Herman code. It did raise questions, however, about the assumptions 



made in determining the diffuse component of solar radiation. More 

study is needed in this area in order to rely on the diffuse to direct 

ratio as a check on the assumptions made in the radiative transfer 

programs used for calibration. 

In the discussion in Chapter 4, it was suggested that the parasol 

was sufficiently large that it interfered with the measurement of the 

diffuse component because it blocked out a significant portion of the 

solar aureole. In the future it may be advisable to perform an all-sky 

scan of the atmosphere in the vicinity of the sun to determine the 

aureole dependence upon wavelength and to determine the error introduced 

by the parasol. If the scan shows that indeed the parasol blocks too 

much of the atmosphere, then perhaps a smaller panel should be used so 

that a smaller parasol would be sufficient to shade the panel, thereby 

reducing the occulted solid angle. A series of data sets should be 

collected with different occulted solid angles so that the theoretical 

result could be obtained by extrapolation. 
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APPENDICES 

This appendix contains the raw data of the three calibrations 

and of the field experiments for the measurement of the ratio of dif­

fuse to direct solar radiation. Also contained is the computer program 

used to process the detector-based calibration data. As all of the 

mathematical equations were explained in the main body of the thesis, 

they will not be presented here. The processed data is also contained 

in the main body along with graphs of the processed data, and there is 

no need to repeat that here. The data presented in the appendix are 

intended to accommodate anyone wishing to go through the data process­

ing procedures to verify the work presented in the main body of the 

thesis. 
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APPENDIX A 

CALIBRATION DATA 

The first column lists the wavelengths, and the subsequent 

columns list the voltages read from the MMR at each wavelength and 

at four different gains. Each page is for one band. 

The data for the source-based calibrations and for the spec­

tral filters were presented in the main body of the text and will not 

be presented here. However, the spectral irradiance data of the Stan­

dard HTS-75 lamp are presented. 

The last item presented for the calibration data is the com­

puter program for data processing. This is a basic program and can be 

run compiled or uncompiled, although the compiled version runs about 

four times faster. 
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W A U E  
4 4 8  
4 4 5  
4 5 0  
4 5 5  
4 6 0  
4 6 5  
4 7 0  
4 7 5  
4 3 0  
4 8 5  
4 9 0  
4 9 5  
5 0 0  
5 0  5  
5 1 0  
5 1 5  
5 2 0  
5 2 5  
5 3 0  
5 3 5  
5 4 0  
5 4 5  
5 5 0  
5 5 5  
5 6 0  

B s P 0 5 1 A . D A T  
0  . 0 0 0 0  
0  . 0 0 0 0  
0 . 0 0 0 0  
0.0011 
0 . 0 0 5 2  
0 . 0 0 9 0  
0 . 0 1 0 5  
0 . 0 1 1 7  
0 . 0 1 3 2  
0 . 0 1 4 3  
0 . 0 1 6 2  
0 . 0 1 6 3  
0 . 0 1 5 4  
0 . 0 1 5 2  
0 . 0 1 5 7  
0 . 0 1 8 3  
0 . 0 2 5 9  
0 . 0 3 0 7  
0 . 0 1 6 7  
0 . 0 0 5 0  
0  . 0 0 1 4  
0 . 0 0 0 4  
0 . 0 0 0 1  
0 . 0 0 0 1  
0.0000 

Band 1 
Gain=0.5 

B :  P I  0 1 A .  
0 . 0 0 0 0  
0 . 0 0 0 0  
0  .  0002  
0 . 0 0 2 5  
0  . 0 1 0 7  
0 . 0 1 8 6  
0 . 0 2 1 7  
0 . 0 2 4 3  
0 . 0 2 6 9  
0 . 0 3 0 0  
0 . 0 3 3 0  
0 . 0 3 3 1  
0 . 0 3 1 4  
0 . 0 3 0 7  
0 . 0 3 1 9  
0 . 0 3 7 3  
0 . 0 5 2 1  
0 . 0 6 1 8  
0 . 0 3 4 2  
0  . 0 1 0 7  
0 . 0 0 3 2  
0.0010 
0  . 0 0 0 4  
0 . 0 0 0 2  
0  . 0 0 0 1  

Band 1 
Galn=l.0 

B :  P 1 5 1 A . D A T  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 3  
0 . 0 0 3 8  
0 . 0 1 6 4  
0.0281 
0 . 0 3 2 8  
0 . 0 3 6 8  
0 . 0 4 0 5  
0 . 0 4 5 2  
0 . 0 4 9 9  
0 . 0 5 0 2  
0 . 0 4 7 3  
0 . 0 4 6 4  
0 . 0 4 8 1  
0 . 0 5 6 1  
0 . 0 7 8 4  
0 . 0 9 3 4  
0 . 0 5 1 7  
0 . 0 1 6 3  
0 . 0 0 4 9  
0  . 0 0 1 7  
0  . 0 0 0 6  
0 .0002 
0  . 0 0 0 1  

Band 1 
Gain=1.5 

B i P 2 0 1 A . D A T  
0  . 0001  
0.0001 
0 . 0 0 0 4  
0 . 0 0 5 0  
0 . 0 2 2 0  
0 . 0 3 7 7  
0 . 0 4 3 9  
0 . 0 4 9 1  
0 . 0 5 4 1  
0 . 0 6 0 5  
0 . 0 6 6 7  
0 . 0 6 6 9  
0 . 0 6 3 4  
0 . 0 6 2 1  
0 . 0 6 4 6  
0 . 0 7 5 4  
0 . 1 0 4 8  
0 . 1 2 4 9  
0 . 0 6 9 1  
0 . 0 2 2 0  
0 . 0 0 6 7  
0 . 0 0 2 1  
0  . 0 0 0 7  
0  . 0 0 0 3  
0  . 0 0 0 2  
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W A V E  B : P 0 5 2 A . D A T  B : P 1 0  2 A .  
5 0 0  0 . 0 0 0 0  0  . 0 0 0 0  
5 0 5  0  . 0 0 0 0  0 . 0 0 0 1  
5 1 0  0  . 0 0 0 2  0  . 0 0 0 8  
5 1 5  0 . 0 0 2 7  0 . 0 0 5 6  
5 2 0  0 . 0 0 8 8  0 . 0 1 7 9  
5 2 5  0 . 0 1 2 5  0 . 0 2 5 7  
5 3 0  0 . 0 1 4 8  0 . 0 2 9 8  
5 3 5  0 . 0 1 7 7  0 . 0 3 5 6  
5 4 0  0 . 0 2 0 3  0 . 0 4 1 2  
5 4 5  0 . 0 2 4 4  0 . 0 4 9 3  
5 5 0  0 . 0 2 8 7  0 . 0 5 8 2  
5 5 5  0 . 0 3 1 8  0 . 0 6 4 0  
5 6 0  0 . 0 3 2 4  0 . 0 6 5 7  
5 6 5  0 . 0 3 2 2  0 . 0 6 5 0  
5 7 0  0 . 0 3 3 0  0 . 0 6 6 7  
5 7 5  0 . 0 3 3 8  0 . 0 6 8 3  
5 8 0  0 . 0 3 4 3  0 . 0 6 9 2  
5 8 5  0 . 0 3 6 5  0 . 0 7 3 7  
5 9 0  0 . 0 3 9 9  0 . 0 8 0 7  
5 9 5  0 . 0 3 7 7  0 . 0 7 6 1  
6 0 0  0 . 0 2 5 5  0 . 0 5 1 4  
6 0  5  0 . 0 1 2 3  0 . 0 2 5 4  
6 1 0  0 . 0 0 5 2  0 . 0 1 1 2  
6 1 5  0 . 0 0 2 2  0 . 0 0 5 2  
6 2 0  0 . 0 0 0 9  0 . 0 0 2 6  
6 2 5  0  . 0 0 0 4  0  . 0 0 1 3  
6 3 0  0 . 0 0 0 1  0  . 0 0 0 6  
6 3 5  0  . 0 0 0 0  0  . 0 0 0 3  

B a n d  2  
G a i n = 0 . 5  

B a n d  2  
G a i n = l . 0  

B : P 1 5 2 A . D A T  B :  P 2 0  
0 . 0 0 0 0  0 . 0 0 0 0  
0  . 0 0 0 1  0  . 0 0 0 1  
0 . 0 0 1 4  0  . 0 0 1 8  
0 . 0 0 8 7  0 . 0 1 1 7  
0 . 0 2 7 2  0 . 0 3 6 6  
0 . 0 3 8 9  0 . 0 5 2 1  
0 . 0 4 5 3  0  . 0 6 0 4  
0  . 0 5 4 0  0  •  0  7  2  3  
0 . 0 6 2 1  0  . 0 8 3 0  
0 . 0 7 4 6  0 . 0 9 9 7  
0 . 0 8 8 2  0 . 1 1 7 8  
0 . 0 9 6 6  0 . 1 2 9 3  
0 . 0 9 9 0  0 . 1 3 2 2  
0 . 0 9 8 1  0  . 1 3 1 1  
0  . 1 0 0 6  0 . 1 3 4 3  
0 . 1 0 3 1  0 . 1 3 7 6  
0 . 1 0 4 5  0 . 1 3 9 4  
0 . 1 1 1 3  0 . 1 4 8 9  
0 . 1 2 1 7  0 . 1 6 2 8  
0 . 1 1 5 3  0 . 1 5 3 9  
0 . 0 7 8 0  0 . 1 0 4 6  
0 . 0 3 8 7  0 . 0 5 1 8  
0 . 0 1 6 9  0 . 0 2 2 6  
0 . 0 0 7 7  0  . 0 1 0 3  
0 . 0 0 3 8  0 . 0 0 5 1  
0 . 0 0 2 0  0 . 0 6 2 6  
0  . 0 0 0 9  0  . 0 0 1 4  
0 . 0 0 0 5  0  . 0 0 0 8  

B a n d  2  B a n d  2  
C a i n = 1 . 5  G a i n = 2 . 0  

cr\ 
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WAVE 
6 1 5  
6 2 0  
6 2 5  
6 3 0  
6 3 5  
6 4 0  
6 4 5  
6 5 0  
6 5 5  
6 6 0  
6 6 5  
6 7 0  
6 7 5  
6 8 0  
6 8 5  
6 9 0  
6 9 5  
7 0 0  
7 0 5  
7 1 0  
7 1 5  
7 2 0  

B i P 0 5 3 A . D A T  
0  . 0 0 0 0  
0 . 0 0 0 0  
0  . 0 0 0 7  
0 . 0 0 5 7  
0 . 0 1 7 2  
0 . 0 3 4 5  
0 . 0 5 1 3  
0 . 0 6 2 2  
0 . 0 6 7 5  
0 . 0 6 9 6  
0 . 0 6 0 7  
0 . 0 5 0 6  
0 . 0 4 5 6  
0 . 0 4 6 2  
0 . 0 5 0 7  
0 . 0 4 8 9  
0 . 0 3 1 6  
0 . 0 1 3 8  
0 . 0 0 5 1  
0  . 0 0 1 3  
0  . 0 0 0 1  
0 .0000 
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0 . 1 0 2 8  
0 . 0 9 2 7  
0 . 0 9 3 8  
0 . 1 0 3 0  
0 . 0 9 9 3  
0 . 0 6 5 0  
0 . 0 2 9 7  
0 . 0 1 2 1  
0 . 0 0 4 6  
0  . 0 0 1 5  
0  . 0 0 0 4  
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B z P 1 5 3 A . D A T  
0  . 0 0 0 2  
0  . 0 0 1  1  
0 . 0 0 6 1  
0  . 0 2 0 9  
0 . 0 5 5 5  
0 . 1 0 6 9  
0 . 1 5 7 2  
0 . 1 9 0 4  
0 . 2 0 6 6  
0 . 2 1 2 0  
0 . 1 8 5 8  
0 . 1 5 5 5  
0 . 1 4 0 7  
0 . 1 4 2 4  
0 . 1 5 6 1  
0 . 1 5 0 7  
0 . 0 9 8 9  
0  . 0 4 6 0  
0 . 0 1 9 5  
0 . 0 0 8 2  
0 . 0 0 3 1  
0 . 0 0 1 0  

B a n d  3  
G a i n = 1 . 5  

B : P 2 0 3 A . D A T  
0  .  0 0 0 4  
0  . 0 0 1 9  
0  . 0 0 8 6  
0 . 0 2 8 4  
0  . 0 7 3 9  
0 . 1 4 2 5  
0  . 2 1 0 3  
0 . 2 5 4 7  
0 . 2 7 6 4  
0 . 2 8 4 2  
0 . 2 4 8 6  
0 . 2 0 8 4  
0 . 1 8 8 3  
0 . 1 9 0 8  •  
0  . 2 0 9 2  
0 . 2 0 1 8  
0  . 1 3 2 2  
0 . 0 6 2 1  
0 . 0 2 6 3  
0 . 0 1 1 6  
0  . 0 0 4 7  
0  . 0 0 1 9  

Band 3 
Gain=2.0 
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QpmOMIC LABORATORIES, IMC 
7674 FENTON STREET • SILVER SPRING, MARYLAND 2091Q 

(301) 587-2255 

Emphasizing Pnciiiair and Accuracy 

REPORT OF CALIBRATION 

of • 

One High Intensity Standard of 
Total and Spectral Irradiance 

Customer: University of Arizona 
Tucson, Arizona 85719 

P.O. No: 1-342.76 

1. Material 

One high intensity standard o£ total and spectral irradiance was supplied 
by Optronic Laboratories, Inc. and bears the designation HTS-75. 

2. Methods of Calibration and Standards 

See "Instructions for Using the High Intensity Standard of Total and 
Spectral Irradiance", a copy of which is enclosed. See particularly the 
paragraphs relating to orientation and alignment of the standard. 

3. Results 

The total irradiance at a distance of 40 cm from the standard when opera­
ting at a set current of 8. 30 amperes is 140 mW cm~^. Spectral irradiance 
values are given in Table I. Information pertaining to the uncertainties 
associated with the reported values and to the useful life of the s-ar .C2 .rds 
are given in the enclosed paper "A One-Solar Constant Irradiance Standard' 

Calibration Certified by: 

William £. Schneider 
OPTRONIC LA3ORATOR C. 

Proj. No: 500-3 1 1 
Date: 26 Oct 73 



~~L OPTOOMIC LABORATORIES, INC. 
( fr 7676 FENTON. STREET - SILVER. SPRING, MARYtAND 209Ta 

• (301) 537-2255 

EmphMiiinfl Precisian arid Accuracy 

TABLE I 

Spectral Irradiance o£ Standard HTS-75 in microwatts/ cm^ per nm wave­
length interval at a distance of 40 cm-when operated at S. 30 amperes. 

Wavelength (nm) Spectral Irradiance 

300 0.551 
320 1. 11 
350 2.77 
370 4. 55 
400 8. 56 

450 18. 1 
500 31.8 
550 46. 6 
600 61.8 
650 76. 0 

700 90.0 
750 97. 9 
800 103 
900 105 

1000 102 

1100 9.6. 1 
1200 87. 9 
1300 79. 1 
1400 71. 0 
1500 62. 6 

1600 55.2 
1700 47. 8 
1800 41. 4 
1900 35.7 
2000 30. 9 

2100 26. 9 
2200 23. 7 
2300 21. 1 
2400 19. 1 
2500 17. 4 

Proj .  No:  500-31  1  
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10 REM THIS IS A PROGRAM TO PROCESS RAW CALIBRATION DATA 
20 REM FOR ANY WAVELENGTH REGION SPECIFIED. YOU SUPPLY THE 
30 REM INPUT DATA AS A FUNCTION OF WAVELENGTH AND THE FINAL 
40 REM RESULT IS A CALIBRATION FACTOR FOR THAT 3AMD. 
20 PRINT "PLEASE SPECIFY THE DESIRED FUNCTION: 
60 PRINT 
70 PRINT • 1000 =» INPUT SUBROUTINE" J 
30 PRINT 
90 PRINT " 2000 = INTERPOLATION. SUBROUTINE"; 
100 PRINT 
110 PRINT "3000 =» DECONVOLUTION SUBROUTINE" j 
120 PRINT 
130 PRINT "3000 =» SPECTRAL RESPGNSIVITY SUBROUTINE" 
140 PRINT 
150 PRINT "4000 = EXIT"; 
160 PRINT 
170 INPUT ROUTE 
ISO IF<ROUTE"I000) THEN GOSUB 1000 
190 IF(ROUTE=2000) THEN GOSUB 2000 
200 IFCROUTE=»3000) THEN GOSUB 3000 
210 IFCROUTo-SOOO) THEN GOSUB 3000 
220 IF<R0UTE«o000> THEN GOTO 3540 
230 GOTO 50 
1000 REM INPUT SUBROUTINE 
1010 DIM DARK<2,200),SRCC2,200>,ASIG<2,200) 
1020 PRINT "NAME OF FILES FOR DARK, SOURCE?"; 
1030 PRINT 
1040 INPUT DARKS,SRC3 
1030 PRINT "STARTING WAVELENGTH, ENDING WAVELENGTH, AND INCREMENT""' ; 
1060 INPUT START, LAST, INC 
1070 NTERMS = <<LAST - START)/INC) * 1 
1030 OPEN " 0" , t*l , DARKS 
10 90 FOR 1=1 TO NTERMS 
1100 DARK (1,1) = START -» < I — 1 ) *INC 
1110 PRINT "INPUT DARK LEVEL SIGNAL"; 
1120 INPUT DARK< 2,1) 
1130 PRINTttI ,DARK<2,1 ) 
1140 NEXT I 
1150 CLOSE #1 
'.60 OPEN " 0" , t*l , SRCS 
1170 FOR J=1 TO NTERMS 
1130 3RC< 1 , J) =» START * < J-1 i * IMC 
I * PC PRINT "INPUT SOURCE SIGNAL"; 
1200 INPUT 3RC< 2,J) 
1210 PRINT41,3RC<2,J) 
1220 NEXT J 
1230 CL03EB1 
1240 PRINT "NAME OF FILE FOR ACTUAL SIGNAL?"; 
1250 PRINT 
1260 INPUT ASIGS 
1270 OPEN "0" ,#1 ,*313* 
1230 FOR K=1 TO NTERMS 
1290 ASI G( 1 , K) = 3RCC 1 ,K) 
1 300 A3IG(2,K) — 3RC^2,K: - DARK'2,K"' 
'310 BOIMTSI ,sS!3'2,K.i 
1320 ME(T X 
1330 CLOSE 31 
1340 RETUPN 





2610 PRINT "NAME OF FILE TO HOLD INTERPOLATED DATA?" 
2620 INPUT NTRPS 
2630 GPEN"0",#1,NTRP$ 
2640 FOR 0 = 1 TO INCTRM 
2650 PRINTttl,TERP<0> 
2660 NEXT 0 
2670 CLOSES 1 
2680 PRINT "DO YOU-WANT A LIST OF THE INTERPOLATED DATA? 1 = YES, 0 = NO": 
2690 INPUT ANSR 
2700 IF ANSR = 0 THEN GOTO 2750 
2710 LPRINT NTRP$ 
2720 FOR L = 1 TO INCTRM 
2730 LPRINT WAVECL),TERP<L),EROR<L) 
2740 NEXT L 
2750 RETURN 

-j 

o 
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3000 REM A PROGRAM FOR SIMPLE ITERATIVE DECONVOL.LT: ON 
3010 P.EM READ SLIT "UNCI ON DATA 
3020 DIM P<400> ,3<700; ,E< 400.'> .UK60C) 
3030 PRINT "STARTING WAVELENGTH, ENDING WAVELENGTH, AND INCREMENT 
3040 PRINT "FOR SLIT FUNCTION'"; 
3050 PRINT 
30 60 INPUT START,LAST,D 
3070 NWFN = CCLAST - START5/D) + 1 
3030 R9=NWFN 
3090 PRINT "NAME OF SLIT FUNCTION FILE?" ; 
3100 INPUT FSLITS 
3110 OPEN "I",#1,F3LIT4 
3120 FOP. J=1 TO R? 
3130 INPUT#1,R<J> 
3140 PRINT R<J> 
3150 NEXT J 
3160 CL03E#1 
3170 R2 = CR9-1)/2 
3180 REM INPUT MEASURED SIGNAL DATA 
3190 PRINT "NAME OF DATA FILE FOR DECONVOLUTION?"; 
3200 INPUT FSID® 
3210 OPEN "I",#1,F3ID« 
3220 PRINT "STARTING WAVELENGTH, ENDING WAVELENGTH FOR DATA?"; 
3230 INPUT DSTRT,DEND 
3240 E9 = < < DEND - DSTRT>/D> *1 
3250 39 = E9+R9-1 
3260 FOR 1=1 TO 39 
3270 SCI>=0 
3230 NEXT I 
3290 FOR 1=1 TO E9 
3300 INPUTttl,S<I + R2> 
3310 PRINT SCI+R2) 
3320 NEXT I 
2330 CLQSE#1 
3340 R0=0 
3350 R1=0 
2360 FOR 1 = 1 TO P.9 
3370 RO = RO+RCI; 
2380 R1 = R1+R<I>'2 
3390 NEXT I 
3400 A = R< R2+1)/Rl/D 
3410 32 = C 39—1)/2 
3 4 2 0  E 2  =  <  E 9 - 1 ) / 2  
3430 REM CALC ZEROTH ESTIMATE OF E 
3440 FOR J =-E2 TO E2 
3450 EC J+E2+ 1 ) = 3C J-S2+ 1 ) .'RO/D 
3460 NEXT J 
3470 N=0 
3430 REM CONVOLVE R WITH E AND CALC W=5-D*R*E 
3490 X=0 







APPENDIX B 

DATA FOR THE RATIO OF DIFFUSE TO DIRECT SOLAR RADIATION 

The first set of data contains the reflectance factors as a 

function of illumination angle of the two BaSO^ panels used in Maricopa. 

The next set presented is from Maricopa, Arizona taken in March of 1984. 

This set is presented in the form of a spreadsheet. The data were orig­

inally recorded on paper and then typed into a spreadsheet. The first 

five columns of the spreadsheet contain a description of the object 

followed by the signals from the first four channels of the MMR. The 

next four columns contain those same signals with the respective dark 

currents subtracted out. The next column describes the values listed 

in the following four columns. "Diffuse" means the average of shaded 

values surrounding a sunlit value; "Direct", the sunlit value minus the 

diffuse value; "Ratio", the diffuse value divided by the direct value; 

"Reflectance", the reflectance factor of the BaSO^ multiplied by the 

ratio of the average signal from wheat (soil) to the sunlit signal 

from BaSO.. The time at- which each measurement was taken is listed in 
4 

the last column to facilitate plotting the ratios and reflectances as 

functions of time of day. 

Finally, the atmospheric data from March 20, 1984 are presented 

for the sake of completion. These data are essential for anyone wishing 

to reconstruct the data processing. 
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The Reflectance Factor of BaSOt/ Panel Mo.l 

Irradiance 430-470nm 530-570nm 630-670run 830-870run 
Angle(deg.) 

10 1.0902 1.0882 1.0694 1.0375 
IS 1.0658 1.0621 1.0412 1.0216 
20 1.0450 1.0396 1.0225 0.9944 
25 1.0250 1.0209 1.0036 0.9748 
30 1.0052 1.0005 0.9845 0.9S70 
35 0 . 9 8 3 9  0.9803 0.9611 0.9369 
40 0.9647 0.9596 0.9453 0.9169 
45 0.9432 0.9392 0.9246 0.8990 
50 0.9214 0.9176 0.9037 0.3785 
55 0.8983 0.8945 0.3770 0.8563 
60 0.3729 0.8701 0.8589 0.8334 
65 0.8432 0.8421 0.8313 0.8068 
70 0.8099 0.8125 0.8014 0.7801 
75 0.7748 0.7765 0.7650 0.7444-

Data: April 2,1984 
Sample: BaSO^ Panel No.1 
Reference: Halon calibrated(45/0) by NBS (Feb. 3,1984] 
Location: Infra. Lab.,0SC 
Viewing Zenith Angle: 0 deg. 
Irradiance .Angle: 10-75 deg. 

U1 



The Reflectance Factor of BaSOu Panel No.3 

Irradiance 
Angle(deg.) 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 

430-470nm 

1.0854 
1.0602 
1.0380 
1.0185 
0.9965 
0.9768 
0.9595 
0.9385 
0.9165 
0.8971 
0.8753 
0.8560 
0.8202 
0.7801 

530-570nm 

1.0766 
1.0519 
1.0310 
1.0112 
0.9980 
0.9752 
0.9563 
0.9368 
0.9196 
0.8972 
0.8759 
0.8518 
0.8141 
0.7843 

630-670nm 

1.0638 
1.0402 
1.0187 
1.0021 
0.9861 
0.9660 
0.9489 
0.9297 
0.9111 
0.8916 
0.8687 
0.8435 
0.8173 
0.7791 

830-870nra 

1.0347 
1.0127 
0.9937 
0.9762 
0.9580 
0.9448 
0.9262 
0.9098 
0.8925 
0.8730 
0.8543 
0.8332 
0.8045 
0.7690 

Data: March 26,1984 
Sample: BaSOw Panel No.3 
Reference: Halon calibrated 
Location: Infra. Lab.,0SC 
Viewing Zenith Angle: 0 deg. 
Irradiance Angle: 10-75 deg. 

(45/0) by NBS (Feb.8,1984) 



Ray's Barnes, Set 11, 3-20-84, Wheat Field 
BANDl BAND2 BAND3 BAND4 BANDl BAND2 

dark 0.00139 0.00119 0.00107 0.00217 -Signal 
Nheat 0.04897 0.06649 0.0417 1.11453 0.048 0.065 
itheat 0.04898 0.06643 0.0412 1.09606 0.048 0.065 
shade 0.56768 0.39896 0.31249 0.27572 0.566 0.398 
sun 2.01455 1.82844 1.8738 1.77247 2.013 1.827 
shade 0.56821 0.39948 0.3129 0.27637 0.567 0.398 
shade 0.57098 0.40106 0.31306 0.27708 0.570 0.400 
sun 2.06545 1.87624 1.92128 1.81546 2.064 1.875 
shade 0.57191 0.40196 0.31395 0.27722 0.571 0.401 
shade 0.57445 0.40347 0.31379 0.27799 0.573 0.402 
sun 2.11042 1.91626 1.95935 1.85368 2.109 1.915 
shade 0.57531 0.40402 0.31394 0.2787 0.574 0.403 
GAIN 2 1 2 2 

8AND3 BAND4 BANDl BAND2 BAND3 BAND4 
Dark 
0.041 1.112 avg refl 0.022 0.034 0.020 0.592 
0.040 1.094 TIME 
0.311 0.274 diffuse 0.567 0.398 0.312 0.274 
1.873 1.770 direct 1.447 1.429 1.561 1.496 
0.312 0.274 RATIO 0.392 0.278 0.200 0.183 8:44 
0.312 0.275 diffuse 0.570 0.400 0.312 0.275 
1.920 1.B13 direct 1.494 1.475 1.608 1.538 
0.313 0.275 RATIO 0.382 0.271 0.194 0.179 8:47 
0.313 0.276 diffuse 0.573 0.403 0.313 0.276 
1.958 1.852 direct 1.536 1.513 1.645 1.575 
0.313 0.277 RATIO 0.373 0.266 0.190 0.175 8:50 

"-J 
-4 



Phil's Barnes (116) , set 12, bare soil, 3-20-84 
BAND1 BAND2 BAND3 BAND4 Signal 

dark 0.00223 0.00262 0.00179 0.00211 BAND1 BAND2 
soil 0.16916 0.23277 0.36362 0.42734 0.167 0.230 
soil 0.20109 0.25176 0.3622 0.47616 0.199 0.249 
soil 0.11405 0.13836 0.20144 0.25007 0.112 0.136 
soil 0.16851 0.2071 0.28682 0.38582 0.166 0.204 
soil 0.19761 0.26756 0.41455 0.49744 0.195 0.265 
shaded 0.63899 0.44769 0.35369 0.25831 0.637 0.445 
sunlit 2.68381 2.4194 2.52029 2.25726 2.682 2.417 
shaded 0.63996 0.448B 0.35454 0.25885 0.638 0.446 
shaded 0.64064 0.44931 0.35393 0.25916 0.638 0.447 
sunlit 2.73829 2.47187 2.56916 2.30621 2.736 2.469 
shaded 0.6442 0.45208 0.35694 0.26152 0.642 0.449 
shaded 0.64397 0.45219 0.35622 0.26166 0.642 0.450 
sunlit 2.78928 2.51853 2.61497 2.34935 2.787 2.516 
shaded 0.64742 0.45504 0.35866 0.26371 0.645 0.452 
soil 0.18507 0.25247 0.39218 0.46619 0.183 0.250 
soil 0.21825 0.29054 0.44623 0.54553 0.216 0.288 
soil 0.22121 0.28141 0.4089 0.53305 0.219 0.279 
soil 0.15289 0.18562 0.25732 0.3418 0.151 0.183 
soil 0.11017 0.1443 0.22714 0.26592 0.108 0.142 

Dark -
BAND3 
0.362 
0.360 
0.200 

0.285 
0.413 
0.352 
2.519 
0.353 
0.352 
2.567 
0.355 
0.354 
2.613 
0.357 
0.390 
0.444 
0.407 
0.256 
0.225 

BAND4 
0.425 
0.474 
0.248 
0.3B4 
0.495 
0.256 
2.255 
0.257 
0.257 
2.304 
0.259 
0.260 
2.347 
0.262 
0.464 
0.543 
0.531 
0.340 
0.264 

BAND1 BAND2 BAND3 BAND4 TIME 
Averaged Reflectance for Soil 

0.059 0.085 0.122 0.171 9:10 

diffuse 0.637 0.446 0.352 0.256 
direct 2.044 1.971 2.166 1.999 
RATIO 0.312 0.226 0.163 0.128 9:11 
diffuse 0.640 0.448 0.354 0.258 
direct 2.096 2.021 2.214 2.046 
RATIO 0.305 0.222 0.160 0.126 9:14 
diffuse 0.643 0.451 0.356 0.261 
direct 2.144 2.065 2.258 2.087 
RATIO 0.300 0.218 0.158 0.125 9:17 

Averaged Reflectance for Soil 
0.060 0.086 0.125 0.173 9:18 

00 



Set IS, 3-20-04, Maricopa, AZ 
Ray's Barnes, Hheat Field, BaSD4 II 

BAND1 BAND2 BAND3 BAND4 -Signal - Dark-- BAND1 BAND2 BAND3 BAND4 TIME 
shaded 0.61659 0.43161 0.32658 0.29325 0.615 0.430 0.326 0.291 diffuse 0.616 0.431 0.326 0.291 
sunlit 2.77206 2.52385 2.52736 2.39214 2.771 2.523 2.526 2.390 direct 2.155 2.091 2.200 2.098 
shaded 0.618B3 0.43319 0.32777 0.29408 0.617 0.432 0.327 0.292 ratio 0.286 0.206 0.148 0.139 9:26 

shaded 0.61825 0.43277 0.326B9 ' 0.29394 0.617 0.432 0.326 0.292 diffuse 0.618 0.432 0.326 0.292 

sunlit 2.79894 2.54893 2.54872 2.41225 2.79B 2.548 2.54B 2.410 direct 2.180 2.116 2.221 2.118 
shaded 0.62024 0.43407 0.32802 0.29441 0.619 0.433 0.327 0.292 ratio 0.283 0.204 0.147 0.138 9:28 

shaded 0.61951 0.43309 0.3269 0.29351 0.618 0.432 0.326 0.291 diffuse 0.620 0.433 0.327 0.292 
sunlit 2.B3916 2.58415 2.58264 2.44575 2.838 2.583 2.582 2.444 direct 2.218 2.150 2.255 2.151 
shaded 0.62356 0.43594 0.32898 0.2951 0.622 0.435 0.32B 0.293 ratio 0.2BO 0.202 0.145 0.136 9:30 

wheat 0.06548 0.08773 0.05289 1.47321 0.064 0.087 0.052 1.471 refl 0.021 0.032 0.019 0.572 

GAIN 2 1 2 2 

Set 13, 3-20-84, Phil's Barnes, Bare Soil, BaS04 13 
TIHE 

shaded 0.66456 0.46605 0.36305 0.26976 0.662 0.463 0.361 0.268 diffuse 0.663 0.464 0.362 0.269 

sunlit 3.16758 2.85492 2.93023 2.65656 3.165 2.852 2.92B 2.654 direct 2.502 2.388 2.566 2.386 
shaded 0.66647 0.4681 0.3651 0.27155 0.664 0.465 0.363 0.269 ratio 0.265 0.195 0.141 0.113 9:37 

soil 0.18866 0.26469 0.40694 0.46258 0.106 0.262 0.405 0.460 
soil 0.24992 0.32704 0.48723 0.6144 0.248 0.324 0.485 0.612 average 0.196 .0.256 0.380 0.470 
soil 0.20654 0.25444 0.35097 0.46408 0.204 0.252 0.349 0.462 refl 0.058 0.085 0.122 0.167 9:38 

soil 0.14709 0.18883 0.28181 0.3457 0.145 0.186 0.280 0.344 
shaded 0.6712 0.47353 0.37206 0.27996 0.669 0.471 0.370 0.27B diffuse 0.671 0.473 0.372 0.279 
sunlit 3.21592 2.90023 2.97503 2.69997 3.214 2.898 2.973 2.698 direct 2.542 2.425 2.601 2.418 
shaded 0.67588 0.47775 0.37578 0.2831 0.674 0.475 0.374 0.281 ratio 0.264 0.195 0.143 0.116 9:39 

GAIN 1.5 1.5 1.5 1.5 

V£> 



Set 14, Ray's Barnes, Hheat Field, GaSQ4 11, 3-20-84 
Signal - Dark-

BAND1 BAND2 BAND3 BAND4 BAND1 BAND2 BAND3 
shaded 0.64134 0.45311 0.344 0.31714 0.640 0.452 0.343 
sunlit 3.09402 2.82039 2.80019 2.66304 3.093 2.819 2.799 
shaded 0.64362 0.45532 0.34614 0.31903 0.642 0.454 0.345 
shaded 0.64207 0.45296 0.34263 0.31585 0.641 0.452 0.342 
sunlit 3.13031 2.B5259 2.82824 2.69053 3.129 2.851 2.827 
shaded 0.64229 0.453 0.34276 0.31585 0.641 0.452 0.342 
shaded 0.64495 0.4548 0.3435 0.31671 0.644 0.454 0.342 
sunlit 3.176B1 2.89656 2.86969 2.72B7 3.175 2.895 2.869 
shaded 0.64767 0.45607 0.34446 0.31715 0.646 0.455 0.343 
wheat 0.07133 0.09381 0.05501 1.60764 0.070 0.093 0.054 
GAIN 2 1 2 2 

Set 14, Phil's Barnes, Bare Soil, BaSQ4 13, 3-20-84 

shaded 0.63389 0.48237 0.37439 0.28247 0.682 0.4B0 0.373 
sunlit 3.52682 3.18362 3.23561 2.95009 3.525 3.181 3.234 
shaded 0.68628 0.4842 0.3757 0.28349 0.6B4 0.482 0.374 
soil 0.24277 0.33018 0.49B59 0.59409 0.241 0.328 0.497 
soil 0.28098 0.36091 0.51899 0.66185 0.279 0.358 0.517 
soil 0.23116 0.28884 0.40363 0.5228 0.229 0.286 0.402 
soil 0.18421 0.24346 0.37173 0.4535 0.182 0.241 0.370 
shaded 0.69072 0.48899 0.3B109 0.28951 0.68B 0.4B6 0.379 
sunlit 3.59464 3.24455 3.29467 3.00309 3.592 3.242 3.293 
shaded 0.69421 0.49212 0.3B362 0.29185 0.692 0.490 0.382 

BAND4 BAND1 BAND2 BAND3 BAND4 TIHE 
0.315 diffuse 0.641 0.453 0.344 0.316 
2.661 direct 2.452 2.366 2.455 2.345 
0.317 RATIO 0.262 0.191 0.140 0.135 9s 46 
0.314 diffuse 0.641 0.452 0.342 0.314 
2.688 direct 2.488 2.400 2.486 2.375 
0.314 RATIO 0.258 0.188 0.137 0.132 9:48 
0.315 diffuse 0.645 0.454 0.343 0.315 
2.727 direct 2.531 2.441 2.526 2.412 
0.315 RATIO 0.255 0.186 0.136 0.131 9:51 
1.605 refl 0.021 0.030 0.018 0.559 9:51 

0.280 diffuse 0.683 0.481 0.373 0.281 
2.948 direct 2.842 2.700 2.861 2.667 
0.281 RATIO 0.240 0.178 0.130 0.105 9:58 
0.592 
0.660 average 0.233 0.303 0.446 0.556 
0.521 refl 0.062 0.090 0.130 0.178 10:01 
0.451 
0.287 diffuse 0.690 0.488 0.3B1 0.289 
3.001 direct 2.902 2.754 2.912 2.712 
0.290 RATIO 0.238 0.177 0.131 0.106 10:02 



Set 15, Ray's Barnes, Wheat Field, BaS04 tl, 3-20-84 
Signal - Dark— 

BAND1 BAND2 BAND3 BAND4 BAND1 BAND2 BAND3 
shaded 0.65554 0.46272 0.34803 0.32706 0.654 0.462 0.347 
sunlit 3.47708 3.16918 3.12175 2.97262 3.476 3.168 3.121 
shaded 0.66156 0.4674 0.35219 0.33009 0.660 0.466 0.351 
shaded 0.65841 0.46505 0.3501 0.32939 0.657 0.464 0.349 
sunlit 3.51226 3.20214 3.15178 3.00175 3.511 3.201 3.151 
shaded 0.66106 0.46733 0.35197 0.33128 0.660 0.466 0.351 
shaded 0.66185 0.46801 0.35284 0.33287 0.660 0.467 0.352 
sunlit 3.5406 3.22784 3.176 3.02623 3.539 3.227 3.175 
shaded 0.66156 0.4681 0.35285 0.33293 0.660 0.467 0.352 
Mheat 0.08182 0.10921 0.065 1.7B404 • 0.080 0.108 0.064 
GAIN 2 12 2 

Set 15, Phil's Barnes, Bare Soil 

shaded 0.70254 0.4983 0.38659 
sunlit 3.87568 3.50212 3.53402 
shaded 0.70807 0.50297 0.39046 
soil 0.28413 0.38031 0.56988 
soil 0.30706 0.3957 0.56854 
soil 0.26323 0.32783 0.46213 
soil 0.21982 0.29133 0.43952 
shaded 0.70309 0.49891 0.38676 
sunlit 3.9268 3.54357 3.57435 
shaded 0.70785 0.50277 0.39012 
shaded 0.70974 0.50433 0.39185 
sunlit 3.9563 3.57355 3.59998 
shaded 0.71302 0.50733 0.39438 
GAIN 1.5 1.5 1.5 

, BaS04 #3, 3-20 

0.29668 0.700 0.496 0.385 
3.2385 3.873 3.500 3.532 

0.29976 0.706 0.500 0.389 
0.68881 0.282 0.378 0.568 
0.72323 0.305 0.393 0.567 
0.58835 0.261 0.325 0.460 
0.54588 0.218 0.289 0.438 
0.29708 0.701 0.496 0.385 
3.27476 3.925 3.541 3.573 
0.29976 0.706 0.500 0.388 
0.30116 0.708 0.502 0.390 
3.29819 3.954 3.571 3.598 
0.30379 0.711 0.505 0.393 

1.5 

BAND4 
0.325 diffuse 0.657 0.464 0.349 0.326 
2.970 direct 2.819 2.704 2.772 2.644 
0.32B RATIO 0.233 0.172 0.126 0.123 
0.327 diffuse 0.65B 0.465 0.350 0.328 
3.000 direct 2.853 2.736 2.801 2.671 
0.329 RATIO 0.231 0.170 0.125 0.123 
0.331 diffuse 0.660 0.467 0.352 0.331 
3.024 direct 2.B79 2.760 2.823 2.693 
0.331 RATIO 0.229 0.169 0.125 0.123 
1.782 refl 0.022 0.032 0.019 0.560 

TIHE 

10:10 

10:12 

10:14 
10:15 

0.295 diffuse 0.703 0.498 0.387 0.296 
3.236 direct 3.170 3.001 3.145 2.940 
0.298 RATIO 0.222 0.166 0.123 0.101 10:21 
0.687 
0.721 average 0.266 0.346 _ J?508 0.634. 

10:22^. X| 0.586 refl (0.931 0.892 . Q.860 0.878] 10:22^. X| 
0.544 

V 

0.295 diffuse 0.703 0.498 0.387 0.296 
3.273 direct 3.221 3.043 3.186 2.976 
0.298 RATIO 0.218 0.164 0.121 0.100 10:23 
0.299 diffuse 0.709 0.503 0.391 0.300 
3.296 direct 3.245 3.068 3.207 2.996 
0.302 RATIO 0.219 0.164 0.122 0.100 10:26 



Set 16, Ray's Barnes, Hheat Field, BaS04 II, 3-20-84 
-Signal - Dark-

BAND1 BAND2 BAND3 BAND4 BAND1 BAND2 BAND3 

shaded 0.6B3 0.48673 0.36872 0.35248 0.682 0.486 0.36B 

sunlit 3.82834 3.49275 3.41446 3.25774 3.B27 3.492 3.413 
shaded 0.68183 0.48572 0.36758 0.35154 0.680 0.485 0.367 

shaded 0.68177 0.48618 0.36776 0.35223 0.680 0.485 0.367 
sunlit 3.85229 3.5143 3.43419 3.27B38 3.B51 3.513 3.433 
shaded 0.6BB95 0.49211 0.3733 0.35746 0.6B8 0.491 0.372 
shaded 0.6B133 0.48497 0.36614 0.350B3 0.680 0.484 0.365 
sunlit 3.B9338 3.55251 3.47122 3.3091 3.B92 3.551 3.470 
shaded 0.6839 0.48691 0.36764 0.35204 0.683 0.486 0.367 
nheat 0.08644 0.11577 0.06989 1.9362 0.085 0.115 0.069 
wheat 0.08756 0.11312 0.06696 1.88451 0.086 0.112 0.066 
wheat 0.07BB7 0.10529 0.05876 2.0202 0.077 0.104 0.058 
GAIN 2 1 2 2 

Set 16, Phil's Barnes, Bare Soil, BaS04 

shaded 0.71861 0.51193 0.39577 0.30814 0.716 0.509 0.394 
sunlit 4.27817 3.B6591 3.87555 3.57079 4.276 3.863 3.874 
shaded 0.72684 0.51B32 0.4013B 0.31288 0.725 0.516 0.400 
shaded 0.73196 0.52348 0.40746 0.31896 0.730 0.521 0.406 
sunlit 4.29963 3.8B753 3.89291 3.58714 4.297 3.BB5 3.891 
shaded 0.73231 0.52467 0.40942 0.32145 0.730 0.522 0.408 
shaded 0.73706 0.52885 0.41361 0.32571 0.735 0.526 0.412 
sunlit 4.30142 3.8B566 3.88897 3.5835 4.299 3.883 3.8B7 
shaded 0.74172 0.53254 0.41623 0.32834 0.739 0.530 0.414 
soil 0.32409 0.4295 0.63277 0.76913 0.322 0.427 0.631 
soil 0.34293 0.4473 0.65383 0.8124 0.341 0.445 0.652 
soil 0.34335 0.44096 0.62532 0.78451 0.341 0.438 0.624 
soil 0.28999 0.37842 0.54B33 0.67541 0.2BB 0.376 0.547 

BAND4 BAND1 BAND 2 BAND3 BAND4 T1HE 
0.350 diffuse 0.681 0.4B5 0.367 0.350 
3.256 direct 3.146 3.007 3.046 2.906 
0.349 RATIO 0.216 0.161 0.120 0.120 10:35 
0.350 diffuse 0.684 0.488 0.369 0.353 
3.276 direct 3.167 3.025 3.064 2.924 
0.355 RATIO 0.216 0.161 0.121 0.121 10:3B 
0.349 diffuse 0.681 0.485 0.366 0.349 
3.307 direct 3.211 3.067 3.104 2.958 
0.350 RATIO 0.212 0.158 0.118 0.118 10:40 
1.934 Average Reflectance of Nheat 
1.8B2 
2.018 0.020 0.029 0.018 0.559 10:41 

0.306 diffuse 0.720 0.513 0.397 0.308 

3.569 direct 3.555 3.351 3.477 3.260 

0.311 RATIO 0.203 0.153 0.114 0.095 10:49 

0.317 diffuse 0.730 0.521 0.407 0.31B 
3.585 direct 3.567 3.363 3.484 3.267 
0.319 RATIO 0.205 0.155 0.117 0.097 10:51 
0.324 diffuse 0.737 0.528 0.413 0.325 

3.581 direct 3.562 3.355 3.474 3.256 
0.326 RATIO 0.207 0.157 0.119 0.100 10:53 

0.767 
0.B10 Average Reflectance for Soil 
0.782 
0.673 0.071 0.103 0.150 0.201 10:54 

oo 
N5 



Set 17, Ray's Barnes, Wheat Field, BaS04 11, 3-2 
—Signal - Dark-

BAND! BAND2 BAND3 BAND4 BAND1 BAND2 BAND3 BAND4 BAND1 BAND2 BAND3 BAND4 TIME 
shaded 0.71291 0.51235 0.39052 0.37914 0.712 0.511 0.389 0.377 diffuse 0.712 0.512 0.390 0.377 
sunlit 4.11506 3.74886 3.6415 3.47618 4.114 3.748 3.640 3.474 direct 3.402 3.236 3.250 3.097 
shaded 0.71416 0.51322 0.39149 0.37921 0.713 0.512 0.390 0.377 RATIO 0.209 0.158 0.120 0.122 11:03 
shaded 0.70659 0.50501 0.38145 0.36944 0.705 0.504 0.380 0.367 diffuse 0.707 0.505 0.382 0.369 
sunlit 4.15833 3.79331 3.68721 3.526 4.157 3.792 3.686 3.524 direct 3.450 3.287 3.304 3.155 
shaded 0.70948 0.50779 0.38424 0.37227 0.708 0.507 0.383 0.370 RATIO 0.205 0.154 0.116 0.117 11:06 
shaded 0.71143 0.50839 0.38417 0.37161 0.710 0.507 0.383 0.369 diffuse 0.708 0.505 0.381 0.367 
sunlit 4.18013 3.81261 3.70534 3.54309 4.179 3.812 3.704 3.541 direct 3.471 3.307 3.324 3.174 
shaded 0.70643 0.50369 0.3794 0.36626 0.705 0.503 0.378 0.364 RATIO 0.204 0.153 0.115 0.116 11:09 
wheat 0.09658 0.12906 0.07739 2.05018 0.095 0.128 0.076 2.048 Average Reflectance of Hheat 
wheat 0.0947 0.12294 0.07382 2.01939 0.093 0.122 0.073 2.017 
wheat 0.08939 0.11976 0.07038 2.11B49 0.088 0.119 0.069 2.116 0.021 0.031 0.019 C.553 11:10 
dark 0.00131 0.00099 0.00113 0.00213 0 0 0 0 
GAIN 2 1 2 2 

Set 17, Phil's Barnes, Bare Soil, BaSD4 13, 3-20-84 
Signal - Dark— 

BAND1 BAND2 BAND3 BAND4 BAND1 BAND2 BAND3 BAND4 BAND1 BAND2 BAND3 BAND4 TIDE 
shaded 0.73743 0.52561 0.40232 0.31381 0.735 0.524 0.401 0.312 diffuse 0.736 0.524 0.400 0.311 
sunlit 4.56866 4.13011 4.10864-3.81136 4.567 4.129 4.107 3.809 direct 3.831 3.605 3.707 3.498 
shaded 0.73752 0.52503 0.40133 0.31247 0.736 0.523 0.400 0.311 RATIO 0.192 0.145 0.108 0.089 11:15 
shaded 0.73395 0.52153 0.39784 0.30892 0.732 0.520 0.396 0.307 diffuse 0.733 0.521 0.397 0.307 
sunlit 4.58634 4.14707 4.12304 3.82116 4.584 4.146 4.121 3.819 direct 3.852 3.625 3.725 3.512 
shaded 0.73531 0.5227 0.39921 0.30969 0.733 0.521 0.397 0.308 RATIO 0.190 0.144 0.107 0.088 11:17 
shaded 0.73367 0.52054 0.3959 0.30624 0.732 0.519 0.394 0.304 diffuse 0.732 0.519 0.394 0.304 
sunlit 4.61377 4.17248 4.14621 3.84387 4.612 4.171 4.144 3.842 direct 3.880 3.652 3.750 3.538 
shaded 0.73464 0.52098 0.39599 0.30597 0.733 0.519 0.394 0.304 RATIO 0.189 0.142 0.105 0.086 11:19 
soil 0.36354 0.47836 0.69199 0.84723 0.362 0.477 0.690 0.845 Average Reflectance of Soil 
soil 0.32405 0.42898 0.62874 0.77399 0.322 0.427 0.627 0.772 0.070 0.103 0.151 0.200 11:20 
dark 0.00196 0.00157 0.00176 0.00188 0 0 0 0 

oo 
u> 



Set IB, Ray's Barnes, Bare Soil, BaS04 13, 3-20-84 
The radioeeters have been switched. Signal - Darl: 

BAND1 BAND2 BAND3 BAND4 8AND1 BAND2 BAND3 
dark 0.0014 0.00082 0.00108 0.0019 0 0 0 
soil 0.33913 0.46107 0.65844 0.81743 0.338 0.460 0.657 
soil 0.34021 0.44898 0.63933 0.78713 0.339 0.448 0.638 
soil 0.35909 0.47801 0.683B2 0.85716 0.358 0.477 0.683 
shaded 0.70233 0.50471 0.3849 0.30419 0.701 0.504 0.384 
sunlit 4.4B288 4.11655 3.98441 3.78845 4.481 4.116 3.983 
shaded 0.7065 0.50835 0.38808 0.30725 0.705 0.508 0.387 
shaded 0.7075 0.50959 0.38936 0.3085 0.706 0.509 0.388 
sunlit 4.48944 4.12229 3.98869 3.79395 4.488 4.121 3.988 
shaded 0.70846 0.51036 0.38979 0.30872 0.707 0.510 0.389 
shaded 0.71015 0.50955 0.3882 0.30657 0.709 0.509 0.387 
sunlit 4.4967 4.13044 3.99459 3.79995 4.495 4.130 3.994 
shaded 0.70584 0.50762 0.38722 0.30654 0.704 0.507 0.386 
G A I N  2  1 2  2  

Set 18, Phil's Barnes, Hheat Field, BaSQ4 il, 3-20-84 

dark 0.00159 
dark 0.00147 
wheat 0.06886 
shaded 0.49521 

sunlit 3.1326 
shaded 0.49516 
shaded 0.48947 
sunlit 3.12942 
shaded 0.49371 
shaded 0.49331 

suniit 3.13343 
shaded 0.49328 
GAIN 1 

0.0013 0.00167 
0.00108 0.00176 
0.14102 0.08305 
0.5241 0.39073 
4.25583 4.2082 
0.52445 0.39089 
0.51745 0.38446 
4.2598 4.20771' 
0.52196 0.38867 
0.52132 0.38787 
4.26476 4.21554 
0.52036 0.38686 

1.5 1.5 

0.00202 0.000 

0.00186 0.000 
2.19265 0.067 
0.34225 0.494 
3.94486 3.131 
0.34126 0.494 
0.33645 0.488 
3.94358 3.128 
0.33913 0.492 
0.3384 0.492 
3.94734 3.132 
0.33788 0.492 

1.5 

0.000 0.000 
0.000 0.000 
0.140 0.081 
0.523 0.389 
4.255 4.206 
0.523 0.389 
0.516 0.383 
4.259 4.206 
0.521 0.387 
0.520 0.386 
4.264 4.214 
0.519 0.385 

BAND4 BAND 1 BAND2 BAND3 BAND4 TIME 
0 

0.816 Average Reflectance of Soil 
0.785 0.073 0.107 0.157 0.205 11:30 
0.855 
0.302 diffuse 0.703 0.506 0.385 0.304 
3.787 direct 3.778 3.610 3.598 3.483 
0.305 RATIO 0.186 0.140 0.107 0.087 11:31 
0.307 diffuse 0.707 0.509 0.388 0.307 
3.792 direct 3.781 3.612 3.599 3.4B5 
0.307 RATIO 0.187 0.141 0.108 0.088 11:32 
0.305 diffuse 0.707 0.50B 0.3B7 0.305 
3.798 direct 3.789 3.622 3.607 3.493 
0.305 RATIO 0.187 0.140 0.107 0.087 11:34 

0.000 
0.000 
2.191 REFL 0.020 0.031 0.018 0.528 11:41 
0.340 diffuse 0.494 0.523 0.389 0.340 
3.943 direct 2.637 3.732 3.817 3.603 
0.339 RATIO 0.187 0.140 0.102 0.094 11:42 
0.335 diffuse 0.490 0.519 0.385 0.336 
3.942 direct 2.638 3.740 3.821 3.606 
0.337 RATIO 0.186 0.139 0.101 0.093 11:43 
0.336 diffuse 0.492 0.520 0.386 0.336 
3.945 direct 2.640 3.744 3.828 3.609 
0.336 RATIO 0.186 0.139 0.101 0.093 11:45 



Set 19, Ray's Barnes, Bare Soil, BaS04 13, 3-20-84 
—Signal - Dark-

BAND1 BAND2 BAND3 BAND4 BAND 1 BAND2 BAND3 
shaded 0.71B79 0.51724 0.393 0.30996 0.717 0.516 0.392 
sunlit 4.65154 4.26192 4.11323 3.92021 4.650 4.261 4.112 
shaded 0.71B37 0.51745 0.39344 0.30975 0.717 0.517 0.392 
shaded 0.71584 0.51516 0.39141 0.30907 0.714 0.514 0.390 

sunlit 4.65223 4.26799 4.11541 3.9273 4.651 4.267 4.114 
shaded 0.718B1 0.51746 0.39341 0.31074 0.717 0.517 0.392 
shaded 0.7422B 0.54292 0.42102 0.34069 0.741 0.542 0.420 
sunlit 4.62213 4.2447B 4.0934 3.90348 4.621 4.244 4.092 
shaded 0.73499 0.53478 0.41207 0.3307 0.734 0.534 0.411 
soil 0.37529 0.49652 0.70592 0.88569 0.374 0.496 0.705 
soil 0.37055 0.49051 0.68568 0.84393 , 0.369 0.490 0.685 
soil 0.37677 0.50169 0.71347 0.88896 0.375 0.501 0.712 
soil 0.37957 0.5114 0.72136 0.B9037 0.378 0.511 0.720 
GAIN 2 1 2 0 A 

Set 89, Phil's Barnes, Wheat Field, 6aS04 <1, 3-20-84 

shaded 0.49982 
sunlit 3.20213 
shaded 0.501B1 
shaded 0.50253 
sunlit 3.20666 
shaded 0.50185 
shaded 0.50441 
sunlit 3.21058 
shaded 0.50763 
wheat 0.07194 
wheat 0.07089 

wheat 0.06667 

0.52888 0.39442 
4.35476 4.30507 
0.53181 0.39748 
0.5325 0.39805 
4.36213 4.31226 
0.53231 0.39846 
0.53605 0.40291 
4.36847 4.31877 
0.54029 0.40624 
0.14948 0.09118 
0.14439 0.08481 
0.1395 0.0B17 

0.34357 0.49B 
4.0146 3.201 
0.346 0.500 
0.3469 0.501 
4.02116 3.205 
0.34736 0.500 
0.35198 0.503 
4.02306 3.209 
0.3545B 0.506 
2.25B04 0.070 
2.29135 0.069 

2.20867 0.065 

0.528 0.393 
4.354 4.303 
0.531 0.396 
0.531 0.396 
4.361 4.311 
0.531 0.397 
0.535 0.401 
4.367 4.317 
0.539 0.405 
0.14B 0.0B9 
0.143 0.0B3 
0.138 0.080 

BAND4 BAND1 BAND2 BAND3 BAND 4 TIHE 
0.308 diffuse 0.717 0.517 0.392 0.308 
3.918 direct 3.933 3.745 3.720 3.610 
0.308 RATIO 0.182 0.138 0.105 0.085 11 :54 
0.307 diffuse 0.716 0.515 0.391 0.308 
3.925 direct 3.935 3.752 3.723 3.617 
0.309 RATIO 0.182 0.137 0.105 0.085 11 :56 
0.339 diffuse 0.737 0.538 0.415 0.334 
3.902 direct 3.883 3.706 3.677 3.56B 
0.329 RATIO 0.190 0.145 0.113 0.094 11 :57 

0.884 Average Reflectance of Soil 
0.B42 
0.887 
0.888 

0.077 0.112 0.164 0.213 11 : 58 

0.342 diffuse 0.499 0.529 0.394 0.343 

4.013 direct 2.701 3.824 3.909 3.670 
0.344 RATIO 0.185 0.138 0.101 0.093 12:04 
0.345 diffuse 0.501 0.531 0.397 0.345 

4.019 direct 2.704 3.830 3.914 3.674 
0.345 RATIO 0.185 0.139 0.101 0.094 12:05 
0.350 diffuse 0.504 0.537 0.403 0.351 

4.021 direct 2.705 3.830 3.914 3.670 
0.353 RATIO 0.1 B7 0.140 0.103 0.096 12:06 

2.256 Average Reflectance of Hheat 

2.289 
2.207 0.020 0.031 0.019 0.532 12:07 

00 
Ui 



Set 110, Ray's Barnes, Bare Soil, BaSQI 13, 3-20-B4 
Signal - Dark 

BAND1 BAND2 BAND3 BAND4 BANDI BANB2 BAND3 
shaded 0.7531 0.5459 0.41559 0.33143 0.752 0.545 0.415 
sunlit 4.63493 4.24859 4.08334 3.92824 4.634 4.248 4.082 
shaded 0.75607 0.5493 0.41B62 0.3337 0.755 0.548 0.41B 
shaded 0.74781 0.54028 0.4096B 0.32567 0.746 0.539 0.409 
sunlit 4.62096 4.2386B 4.07235 3.91775 4.620 4.238 4.071 
shaded 0.75526 0.54772 0.4164 0.330BI 0.754 0.547 0.415 
shaded 0.74695 0.53954 0.4093 0.32559 0.746 0.539 0.408 
sunlit 4.60841 4.22849 4.0658 3.91176 4.607 4.228 4.065 
shaded 0.7518 0.54458 0.41428 0.3292 0.750 0.544 0.413 
soil 0.36509 0.4BI72 0.67833 0.85643 0.364 0.481 0.677 
soil 0.34116 0.45493 0.63835 0.79726 0.340 0.454 0.637 
soil 0.41179 0.55381 0.78168 0.98103 0.410 0.553 0.781 
soil 0.405B4 0.53562 0.74022 0.91808 0.404 0.535 0.739 
GAIN 2 12 2 

Set #10, Phil's Barnes, Uheat Field, fiaSQ4 11, 3-20-84 

shaded 0.51497 0.54403 0.40711 
sunlit 3.1128 4.21051 4.16882 
shaded 0.51399 0.542B1 0.40652 
shaded 0.51284 0.541510.40581 
sunlit 3.10394 4.19823 4.15589 
shaded 0.51349 0.54214 0.4061 
shaded 0.51254 0.54083 0.40526 
sunlit 3.10188 4.19511 4.15359 
shaded 0.51542 0.54474 0.40839 
wheat 0.06926 0. 14474 0.0861 
wheat 0.06791 0.14085 0.08513 
nheat 0.06039 0.126510.07231 
GAIN 1 1.5 1.5 

0.35493 0.513 0.543 0.405 
3.9063 3.111 4.209 4.167 

0.35444 0.512 0.542 0.405 
0.35415 0.511 0.540 0.404 
3.89421 3.102 4.197 4.154 
0.3542 0.512 0.541 0.404 

0.35369 0.511 0.540 0.404 
3.89334 3.100 4.194 4.152 
0.35557 0.514 0.544 0.407 
2.14401 0.068 0.144 0.084 
2.21633 0.066 0.140 0.083 
2.05615 0.059 0.125 0.071 

1.5 

BAND4 BAND I BAND2 BAND3 BAHD4 TIME 
0.330 diffuse 0.753 0.547 0.416 0.331 
3.926 direct 3.BB0 3,701 3.666 3.596 
0.332 RATIO 0.194 0.148 0.113 0.092 1:18 
0.324 diffuse 0.750 0.543 0.412 0.326 
3.916 direct 3.869 3.695 3.659 3.590 
0.329 RATIO 0.194 0.147 0,113 0.091 1:21 
0.324 diffuse 0.748 0.541 0.411 0.325 
3.910 direct 3.859 3.686 3.654 3.584 
0.327 RATIO 0.194 0.147 0.112 0.091 1:24 
0.855 
0.795 Average Reflectance for Soil 
0.979 
0.916 0.078 0.114 0.166 0.215 1:25 

0.353 diffuse 0.513 0.542 0.405 0.353 
3.904 direct 2.598 3,667 3.762 3.552 
0.353 RATIO 0.197 0.148 0.108 0.099 1:32 
0.352 diffuse 0.512 0.541 0.404 0.352 
3.892 direct 2.591 3.656 3.750 3.540 
0.352 RATIO 0.197 0.148 0.108 0.100 1:34 
0.352 diffuse 0.512 0.542 0.405 0.353 
3.B91 direct 2.5BB 3.652 3.747 3.539 
0.354 RATIO 0.198 0.148 0.108 0.100 1:35 
2.142 Average Reflectance for Uheat 
2.214 
2.054 0.020 0.031 0.018 0.522 1:36 co 

ON 



Set 111, Ray's Barnes, Bare Soil, BaSD4 S3, 3-20-84 
Signal - Dark 

BAND1 BAND2 BAND3 BAND4 BAND1 BAND2 BAND3 
shaded 0.75253 0.54449 0.41347 0.33011 0.751 0.544 0.413 
sunlit 4.47167 4.10657 3.94493 3.B0085 4.470 4.106 3.944 
shaded 0.7470B 0.54041 0.40993 0.32695 0.746 0.540 0.409 
shaded 0.74349 0.53851 0.40941 0.327 0.742 0.538 0.408 
sunlit 4.45853 4.09827 3.94242 3.796BB 4.457 4.097 3.941 
shaded 0.74625 0.54025 0.41044 0.32765 0.745 0.539 0.409 
shaded 0.74904 0.54314 0.41351 0.33118 0.748 0.542 0.412 
sunlit 4.44656 4.08713 3.92598 3.78682 4.445 4.086 3.925 
shaded 0.7457 0.5404 0.41133 0.32932 0.744 0.540 0.410 
soil 0.31129 0.40945 0.58186 0.7348 0.310 0.409 0.581 
soil 0.31863 0.43844 0.61801 0.76593 0.317 0.438 0.617 
soil 0.40076 0.53509 0.75518 0.95B4B 0.399 0.534 0.754 
soil 0.39005 0.51428 0.70937 0.8B566 0.389 0.513 0.708 
6AIN 2 12 2 

Set 111, Phil's Barnes, Wheat F: 

shaded 0.51464 0.54537 0.41003 
sunlit 2.9842 4.03B8B 3.99654 
shaded 0.51421 0.54478 0.41006 
shaded 0.51232 0.54229 0.40B3B 
sunlit 2.9707 4.01911 3.97593 
shaded 0.51389 0.54421 0.40941 
shaded 0.51216 0.54254 0.40809 
sunlit 2.96106 4.00652 3.96774 
shaded 0.51292 0.54303 0.40872 
tiheat 0.06344 0.13159 0.0797 
Kheat 0.06382 0.1317 0.07551 
wheat 0.057 0.11895 0.067 
SAIN 1 1.5 1.5 

, BaSQ4 II, 3-20-B4 

0.35876 0.513 0.544 0.408 
3.76127 2.9B3 4.038 3.995 
0.35823 0.513 0.544 0.408 
0.35727 0.511 0.541 0.407 
3.74306 2.969 4.018 3.974 
0.35786 0.512 0.543 0.408 
0.35679 0.511 0.541 0.406 
3.7378 2.960 4.005 3.966 

0.35719 0.511 0.542 0.407 

2.04662 0.062 0.130 0.078 

2.19823 0.062 0.131 0.074 
1.94013 0.055 0.118 0.065 

1.5 

BAND4 BAND1 BAND2 BAND3 BAND4 TIME 
0.328 diffuse 0.740 0.542 0.411 0.327 
3.799 direct 3.722 3.564 3.533 3.472 
0.325 RATIO 0.201 0.152 0.116 0.094 1:44 
0.325 diffuse 0.743 0.539 0.409 0.325 
3.795 direct 3.714 3.559 3.532 3.470 
0.326 RATIO 0.200 0.151 0.116 0.094 1:47 
0.329 diffuse 0.746 0.541 0.411 0.328 
3.785 direct 3.499 3.545 3.514 3.457 
0.327 RATIO 0.202 0.153 0.117 0.095 1:4B 
0.733 Average Reflectance for Soil 
0.764 
0.957 
0.884 

0.079 0.115 0.168 0.21B 1:49 

0.357 diffuse 0.513 0.544 0.408 0.357 
3.759 direct 2.470 3.494 3.586 3.403 
0.356 RATIO 0.208 0.156 0.114 0.105 1:55 
0.355 diffuse 0.512 0.542 0.407 0.356 
3.741 direct 2.45B 3.476 3.567 3.385 
0.356 RATIO 0.20B 0.156 0.114 0.105 1:57 
0.355 diffuse 0.511 0.542 0.407 0.355 
3.736 direct 2.449 3.464 3.559 3.381 
0.355 RATIO 0.209 0.156 0.114 0.105 1:58 

2.045 Average Reflectance for Wheat 
2.196 
1.938 0.019 0.030 0.017 0.524 1:59 

00 



Set 112, Ray's Barnes, Bare Soil, BaSD4 13, 3-20-84 
Signal - Dark 

BAND1 BAND2 BAND3 BAND4 BAND I BAND2 BAND3 
shaded 0.74&33 0.54045 0.41199 0.33097 0.745 0.540 0.411 
sunlit 4.26153 3.90489 3.75616 3.64388 4.240 3.904 3.755 
shaded 0.7453 0.54 0.41215 0.33107 0.744 0.539 0.411 
shaded 0.74648 0.53B18 0.40908 0.32979 0.745 0.537 0.40B 

sunlit 4.24393 3.8B977 3.74543 3.43397 4.243 3.889 3.745 
shaded 0.7453 0.53839 0.40979 0.3307 0.744 0.538 0.409 
shaded 0.74698 0.54 0.41123 0.3307 0.746 0.539 0.410 
sunlit 4.23212 3.B7822 3.73596 3.62266 4.231 3.877 3.735 
shaded 0.74B79 0.54117 0.41198 0.33135 0.747 0.540 0.411 
soil 0.27301 0.36351 0.5147 0.65022 0.272 0.343 0.514 
soil 0.31338 0.43901 0.61999 0.741B2 0.312 0.438 0.619 
soil 0.37615 0.49962 0.70227 0.90253 0.375 0.499 0.701 
soil 0.36596 0.48614 0.67274 0.83754 0.345 0.4B5 0.472 
G A I N  2  1 2  2  

Set 112, Phil's Barnes, Wheat Field, BaS04 II, 3-20-84 

shaded 0.51652 
sunlit 2.B1041 
sunlit 2.B211 
shaded 0.53347 
sunlit 2.74455 
shaded 0.51888 
shaded 0.520B 
sunlit 2.7752 
shaded 0.51498 
wheat 0.0400B 
wheat 0.0535B 
wheat 0.04963 
GAIN 1 

0.552BB 0.42257 
3.B0795 3.74B54 
3.8254 3.79014 
0.5754 0.44502 
3.71422 3.47745 
0.55713 0.42BB3 
0.55744 0.424BB 
3.75994 3.72414 
0.55005 0.4198 
0.12539 0.07255 
0.10931 0.04114 
0.10602 0.05937 

1.5 1.5 

0.37379 0.515 
3.54809 2.B09 
3.58451 2.820 
0.3945 0.532 
3.47739 2.743 
0.3813 0.517 
0.3745B 0.519 
3.52377 2.774 
0.37057 0.513 
2.04424 0.059 
2.018B4 0.052 
1.83707 0.04B 

1.5 

0.552 0.421 
3.807 3.747 
3.824 3.788 
0.574 0.443 
3.715 3.474 
0.556 0.427 
0.556 0.425 
3.759 3.722 
0.549 0.418 
0.124 0.071 
0.108 0.059 
0.105 0.058 

BAN04 BAND! BAND2 BAND3 BAND4 TIME 
0.329 diffuse 0.744 0.539 0.411 0.329 
3.642 direct 3.516 3.365 3.344 3.313 
0.329 RATIO 0.212 0.160 0.123 0.099 2:07 
0.328 diffuse 0.744 0.537 0.408 0.328 
3.632 direct 3.498 3.351 3.336 3.304 
0.329 RATIO 0.213 0.140 0.122 0.099 2:09 
0.329 diffuse 0.744 0.540 0.411 0.329 
3.421 direct 3.4B4 3.33B 3.324 3.292 
0.329 RATIO 0.214 0.142 0.123 0.100 2:10 
0.448 Average Reflectance for Soil 
0.740 
0.901 0.074 0.109 0.159 0.206 2:11 
0.834 

0.372 diffuse 0.515 0.552 0.421 0.372 
3.544 direct 2.294 3.255 3.346 3.194 
3.583 RATIO 0.225 0.169 0.126 0.116 2:16 
0.393 diffuse 0.525 0.565 0.435 0.3B6 
3.475 direct 2.218 3.150 3.241 3.089 
0.379 RATIO 0.236 0.179 0.134 0.125 2:19 
0.375 diffuse 0.516 0.553 0.422 0.372 
3.522 direct 2.257 3.206 3.301 3.150 
0.349 RATIO 0.229 0.172 0.128 0.1 IB 2:20 
2.044 Average Reflectance for Hheat 
2.017 
1.835 0.01B 0.028 0.016 0.532 2:21 



Set #13, Ray's Barnes, Bare Soil, BaS04 13, 3-20-84 

BAN01 
shaded 0.74628 
sunlit 4.00572 
shaded 0.75001 
shaded 0.74904 
sunlit 3.98845 
shaded 0.74397 
shaded 0.74278 
sunlit 3.93925 
shaded 0.74387 
soil 0.217B5 
soil 0.32008 
soil 0.3497 
soil 0.34B23 
GAIN 2 

BAND2 BAND3 
0.5426 0.41551 
3.68253 3.54983 
0.5453 0.41791 
0.54501 0.41778 
3.66935 3.53616 
0.5408 0.4143 
0.53975 0.41279 
3.62053 3.48671 
0.5407 0.41394 
0.30724 0.43332 

0.45 0.63703 
0.46965 0.665 
0.45673 0.62222 

1 2 

BAND4 BANDl 
0.33613 0.745 
3.44124 4.004 
0.33831 0.749 
0.3381B 0.748 
3.4274B 3.987 
0.33521 0.743 
0.33392 0.741 
3.3B393 3.938 
0.33469 0.742 
0.53677 0.216 
0.79915 0.319 
0.B599B 0.348 
0.77906 0.347 

2 

Set 113, Phil's Barnes, Wheat Field, BaS04 II, 3-20-B4 

shaded 0.50035 0.5317 0.4033 0.35436 0.499 
sunlit 2.61532 3.5419 3.5107 3.3301 2.614 
shaded 0.50465 0.53738 0.40805 0.35657 0.503 
shaded 0.50219 0.53401 0.40515 0.35487 0.501 
sunlit 2.60363 3.53166 3.49917 3.32189 2.602 
shaded 0.50092 0.53286 0.40399 0.35375 0.499 
shaded 0.50282 0.53478 0.40577 0.35402 0.501 
sunlit 2.59626 3.51582 3.49046 3.31368 2.595 
shaded 0.50039 0.53167 0.40321 0.35313 0.499 
wheat 0.05076 0.10912 0.06482 1.69322 0.049 
Nheat 0.05069 0.10466 0.05822 1.93702 0.049 
Hheat 0.04586 0.09B6 0.05429 1.74138 0.044 
GAIN 1 1.5 1.5 1.5 

-Signal - Dark-
BAND2 BAND3 BAND4 BANDl BAND2 BAND3 BAND4 TIME 
0.542 0.414 0.334 diffuse 0.747 0.543 0.416 0.335 
3.682 3.549 3.439 direct 3.258 3.139 3.133 3.104 
0.544 0.417 0.336 RATIO 0.229 0.173 0.133 0.108 2:29 
0.544 0.417 0.336 diffuse 0.745 0.542 0.415 0.335 
3.669 3.535 3.426 direct 3.242 3.126 3.120 3.091 
0.540 0.413 0.333 RATIO 0.230 0.173 0.133 0.108 2:30 
0.539 0.412 0.332 diffuse 0.742 0.539 0.412 0.332 
3.620 3.4B6 3.382 direct 3.196 3.080 3.073 3.050 
0.540 0.413 0.333 RATIO 0.232 0.175 0.134 0.109 2:33 
0.306 0.432 0.535 Average Reflectance of Soil 
0.449 0.636 0.797 
0.469 0.664 0.858 0.074 0.110 0.160 0.208 2:34 
0.456 0.621 0.777 

0.531 0.402 0.352 diffuse 0.501 0.533 0.404 0.354 
3.541 3.509 3.328 direct 2.113 3.007 3.105 2.975 
0.536 0.406 0.355 RATIO 0.237 0.177 0.130 0.119 2:40 
0.533 0.403 0.353 diffuse 0.500 0.532 0.403 0.352 
3.530 3.497 3.320 direct 2.102 2.998 3.095 2.968 
0.532 0.402 0.352 RATIO' 0.23B 0.178 0.130 0.119 2:41 
0.534 0.404 0.352 diffuse 0.500 0.532 0.403 0.352 
3.515 3.489 3.312 direct 2.095 2.983 3.086 2.960 
0.530 0.401 0.351 RATIO 0.239 0.17B 0.131 0.119 2:43 
0.108 0.063 1.691 Average Reflectance of Nheat 
0.103 0.057 1.935 
0.097 0.053 1.739 0.017 0.028 0.016 0.513 2:44 

00 
vo 



Set 114, Ray's Barnes, Bare Soil, BaS04 13, 3-20-84 
Signal 

BANDl BAND2 BAND3 BAND4 BANDl BAND2 
shaded 0.72756 0.5292B 0.40597 0.32872 0.726 0.529 
sunlit 3.6974 3.40278 3.28321 3.19828 3.696 3.402 
shaded 0.72554 0.52743 0.40379 0.32672 0.724 0.527 
shaded 0.72649 0,52803 0.40493 0.32766 0.725 0.527 
sunlit 3.67292 3.38136 3.26714 3.18212 3.672 3.381 
shaded 0.7263 0.52828 0.40533 0.327B6 0.725 0.528 
shaded 0.72334 0.5254 0.40257 0.32556 0.722 0.525 
sunlit 3.65741 3.36466 3.25296 3.17193 3.656 3.364 
shaded 0.72263 0.52504 0.402 0.32469 0.721 0.524 
soil 0.20089 0.30117 0.42938 0.52986 0.200 0.300 
soil 0.31139 0.42742 0.61138 • 0.79446 0.310 0.427 
soil 0.32293 0.42359 0.5774 0.72744 0.322 0.423 
dark 0.00132 0.00077 0.00078 0.00179 0.000 0.000 
GAIN 2 1 2 2 

Set 114, Phil's Barnes, Nheat Field, BaS04 II, 3-20-84 

shaded 0.4978 0.53306 0.41062 0.35888 0.496 0.532 
sunlit 2.38333 3.22904 3.21392 3.06168 2.382 3.228 
shaded 0.49504 0.52982 0.40784 0.35722 0.494 0.529 
shaded 0.49503 0.52951 0.40734 0.35649 0.494 0.529 
sunlit 2.37188 3.21144 3.19717 3.04557 2.371 3.211 
shaded 0.49475 0.52909 0.40671 0.35593 0.493 0.52B 
shaded 0.49422 0.52848 0.4064B 0.35564 0.493 0.528 
sunlit 2.35198 3.18392 3.17173 3.02232 2.351 3.183 
shaded 0.49384 0.52802 0.40611 0.35525 0.492 0.527 
nheat 0.04766 0.09925 0.05512 1.78238 0.046 0.098 
Nheat 0.04181 0.09195 0.0501 1.65192 0.040 0.091 
dark 0.00138 0.00083 0.00166 0.00214 0.000 0.000 
GAIN 1 1.5 1.5 1.5 

- Dark-
BAND3 BAND4 BANDl BAND2 BAND3 BAND4 TIME 
0.405 0.327 diffuse 0.725 0.528 0.404 0.326 
3.282 3.196 direct 2.971 2.874 2.878 2.871 
0.403 0.325 RATIO 0.244 0.184 0.140 0.114 2:52 
0.404 0.326 diffuse 0.725 0.527 0.404 0.326 
3.266 3.180 direct 2.947 2.853 2.862 2.854 
0.404 0.326 RATIO 0.246 0.185 0.141 0.114 2:53 
0.402 0.324 diffuse 0.722 0.524 0.401 0.323 
3.252 3.170 direct 2.934 2.839 2.851 2.847 
0.401 0.323 RATIO 0.246 0.185 0.141 0.114 2:54 
0.428 0.528 Average Reflectance of Soil 
0.610 0.793 
0.576 0.726 0.072 0.108 0.157 0.20441 2:55 
0.000 0.000 

0.409 0.357 diffuse 0.495 0.531 0.408 0.356 
3.212 3.060 direct 1.887 2.698 2.805 2.704 
0.406 0.355 RATIO 0.262 0.197 0.145 0.132 3:04 
0.406 0.354 diffuse 0.494 0.528 0.405 0.354 
3.196 3.043 direct 1.877 2.682 2.790 2.689 
0.405 0.354 RATIO 0.263 0.197 0.145 0.132 3:05 
0.405 0.354 diffuse 0.493 0.527 0.405 0.353 
3.170 3.020 direct 1.858 2.656 2.765 2.667 
0.404 0.353 RATIO 0.265 0.199 0.146 0.132 3:06 
0.053 1.780 Average Reflectance of Hheat 
0.048 1.650 0.018 0.028 0.015 0.539 3:07 
0.000 0.000 

VD 
O 



Set 115, Ray's Barnes, Wheat Field, BaS04 11, 3-20-
Radiometers have been switched again. 

BAND! BAND? BAND3 BAND4 
dark 0.00132 0.00045 0.000B7 0.00183 
xheat 0.04544 0.08494 0.04845 1.59555 
wheat 0.04432 0.08323 0.0448 1.51098 
shaded 0.49833 0.49987 0.3728 0.35594 
sunlit 3.21979 2.9438 2.82733 2.81554 
shaded 0.49822 0.50041 0.37331 0.35599 
shaded 0.49112 0.49425 0.34845 0.35295 
sunlit 3.198 2.92481 2.8141 2.80183 
shaded 0.49153 0.49475 0.3494 0.3530B 
shaded 0.49148 0.49497 0.34999 0.35248 
sunlit 3.17313 2.90221 2.79474 2.7B424 
shaded 0.48707 0.49119 0.34717 0.35187 
GAIN 2 1 2 2 

Set 115, Phil's Barnes, Bare Soil, BaS04 13, 3-20-
Gain for Band 1 has been changed to 1.5. 

dark 0.00191 0.00095 0.00151 0.00213 
soil 0.27705 0.34504 0.51913 0.44701 
soil 0.09198 0.14439 0.23329 0.24829 
sail 0.19102 0.23447 0.34078 0.44997 
shaded 0.71579 0.51348 0.3981 0.31431 
sunlit 3.25144 2.95124 2.95474 2.B1574 
shaded 0.71144 0.51104 0.39433 0.31594 
shaded 0.71335 0.51224 0.39731 0.31444 
sunlit 3.23249 2.93314 2.93874 2.80094 
shaded 0.71757 0.51575 0.40059 0.31891 
shaded 0.71379 0.51391 0.40009 0.31925 
sunlit 3.19699 2.9013 2.90915 2.77241 
shaded 0.71023 0.51019 0.39444 0.31411 
SAIN 1.5 1.5 1.5 1.5 

84 
—Signal - Dark-

BANDI BAND2 BAND3 BAND4 BANDI BAND2 BAND3 BAND4 TIME 
0.000 0.000 0.000 0.000 
0.044 0.0B4 0.04B 1.594 Average Reflectance of Wheat 
0.043 0.083 0.044 1.509 0.019 0.027 0.014 0.524 3:14 
0.497 0.499 0.372 0.354 diffuse 0.497 0.499 0.372 0.354 
3.218 2.943 2.824 2.814 direct 2.522 2.444 2.454 2.440 
0.497 0.500 0.372 0.354 RATIO 0.274 0.204 0.152 0.144 3:17 
0.490 0.494 0.348 0.351 diffuse 0.490 0.494 0.348 0.351 
3.197 2.924 2.813 2. BOO direct 2.507 2.430 2.445 2.449 
0.490 0.494 0.349 0.351 RATIO 0.275 0.203 0.151 0.143 3:18 
0.490 0.494 0.349 0.351 diffuse 0.488 0.492 0.34B 0.350 
3.172 2.902 2.794 2.782 direct 2.484 2.409 2.428 2.432 
0.484 0.491 0.344 0.350 RATIO 0.277 0.204 0.151 0.144 3:20 

0.000 0.000 0.000 0.000 
0.275 0.344 0.518 0.445 Average Reflectance of 
0.090 0.143 0.232 0.244 
0.189 0.234 0.339 0.448 0.054 O.OBO 0.117 0.153 3:26 
0.714 0.513 0.397 0.314 diffuse 0.712 0.511 0.396 0.314 
3.250 2.950 2.955 2.814 direct 2.538 2.439 2.540 2.500 
0.710 0.510 0.395 0.314 RATIO 0.280 0.210 0.155 0.126 3:28 
0.711 0.511 0.394 0.315 diffuse 0.714 0.513 0.397 0.316 
3.231 2.932 2.937 2.799 direct 2.517 2.419 2.540 2.4B3 
0.714 0.515 0.399 0.317 RATIO 0.283 0.212 0.154 0.127 3:29 
0.712 0.513 0.399 0.317 diffuse 0.710 0.511 0.397 0.316 
3.195 2.900 2.908 2.770 direct 2.4B5 2.389 2.511 2.455 
0.70B 0.509 0.395 0.314 RATIO 0.284 0.214 0.15B 0.129 3:31 



Set 416, Ray's Barnes, Hheat Field, BaS04 II, 3-20-84 
-Signal - Dark-

BAND1 BAND2 BAND3 BAND4 BAND1 BAND2 BAND3 BAND4 BAND1 BAND2 BAND3 BAND4 TINE 
shaded 0.6676 0.47722 0.35974 0.34133 0.666 0.477 0.359 0.340 diffuse 0.666 0.477 0.359 0.340 
sunlit 2.86381 2.61902 2.5427 2.52635 2.862 2.618 2.542 2.525 direct 2.196 2.142 2.183 2.1B4 
shaded 0.66726 0.47717 0.35991 0.34254 0.666 0.477 0.359 0.341 RATIO 0.303 0.222 0.164 0.156 3:38 
shaded 0.66547 0.47566 0.35888 0.3401 0.664 0.475 0.358 0.338 diffuse 0.664 0.475 0.358 0.339 
sunlit 2.B2074 2.57849 2.50486 2.48809 2.819 2.578 2.504 2.486 direct 2.156 2.103 2.146 2.148 
shaded 0.66494 0.47539 0.35883 0.3405B 0.664 0.475 0.358 0.339 RATIO 0.308 0.226 0.167 0.158 3:40 
shaded 0.6621 0.4728 0.356B3 0.33B17 0.661 0.472 0.356 0.336 diffuse 0.662 0.473 0.357 0.337 
sunlit 2.78764 2.54957 2.4B068 2.46544 2.786 2.549 2.480 2.464 direct 2.125 2.076 2.123 2.126 
shaded 0.66394 0.474B4 0.3592 .0.33992 0.663 0.474 0.358 0.338 RATIO 0.311 0.228 0.168 0.159 3:42 
Mheat 0.04909 0.06578 0.0353 1.11118 0.048 0.065 0.034 1.109 Average Reflectance of Hheat 
wheat 0.05324 0.0751 0.04354 1.39625 0.052 0.074 0.043 1.394 
wheat 0.05333 0.06995 0.03B98 1.1756B 0.052 0.069 0.03B 1.174 0.017 0.026 0.015 0.473 3:43 
GAIN 2 1 2 2 

Set 116, Phil's Barnes, Bare Soil, BaSQ4 13, 3-20-84 

shaded 0.68285 0.48925 0.38171 0.30524 0.681 0.4BB 0.380 0.303 diffuse 0.682 0.489 0.381 0.303 
sunlit 2.B5641 2.59136 2.6141 2.49847 2.855 2.590 2.613 2.496 direct 2.173 2.102 2.232 2.193 
shaded 0.68421 0.49037 0.38296 0.30589 0.682 0.489 0.381 0.304 RATIO 0.314 0.233 0.171 0.138 
shaded 0.68525 0.49117 0.3839 0.30636 0.683 0.490 0.382 0.304 diffuse 0.684 0.491 0.383 0.305 
sunlit 2.83604 2.57352 2.59861 2.4B329 2.B34 2.573 2.597 2.4B1 direct 2.150 2.0B2 2.214 2.176 
shaded 0.68709 0.49287 0.38567 0.3077B 0.685 0.492 0.384 0.306 RATIO 0.318 0.236 0.173 0.140 
shaded 0.6B195 0.48861 0.38235 0.30492 0.680 0.488 0.381 0.303 diffuse 0.681 0.489 0.3B2 0.304 
sunlit 2.80408 2.54353 2.56992 2.45534 2.B02 2.543 2.568 2.453 direct 2.121 2.054 2.186 2.149 
shaded 0.68421 0.49113 0.3B506 0.3075 0.682 0.490 0.384 0.305 RATIO 0.321 0.238 0.175 0.141 
soil 0.19391 0.23844 0.34142 0.46449 0.192 0.237 0.340 0.462 Average Reflectance of Soil 
soil 0.24334 0.31886 0.45686 0.57366 0.241 0.318 0.455 0.572 
soil 0.24824 0.32284 0.47177 0.61865 0.246 0.322 0.470 0.617 0.074 0.106 0.150 0.202 
soil 0.19962 0.25542 0.3565 0.44278 0.198 0.254 0.355 0.441 
6AIN 1.5 1.5 1.5 1.5 





REFERENCES 

1. Slater, P. N., "The Importance and Attainment of Accurate Absolute 
Radiometric Calibration," Proc. SPIE, Vol. 475, pp. 34-40, 1984. 

2. Herman, B.M, Browning, S.R., "The effect of aerosols on the earth-
atmospheric albedo," J. Atmos. Sci., Vol. 32, p. 1430, 1975. 

3. Castle, K. R., Holm, R. G., Kastner, C. J., Palmer, J. M., Slater, P. 
N., Dinguirard, M., Ezra, C. E., Jackson, R. D., and Savage, R. K., 
"In-Flight Absolute Radiometric Calibration of the Thematic 
Mapper," in V. V. Salomonson, ed., IEEE Trans. Geoscience Remote 
Sensing, Vol. GE-22, pp. 251-255. May 1984. 

4. Robinson, B. F., Buckley, R. E., and Burgess, J. A., "Performance 
Evaluation and Calibration of a Modular Multiband Radiometer for 
Remote Sensing Field Research," Proc. SPIE, Vol. 308, pp. 146-157. 
1981. 

5. Duggin, M. J., Slater, P. N., and Somers, S. L., "A Method for 
Calibrating Multispectral Scanners to Allow for the Spectral 
Dependence of the Instrument Response," AIAA Sensor Systems for 
the 80's Conference, 80-1935-CP, Colorado Springs, Colo. 1980. 

6. Zalewski, E. F., and Duda, C. R., "Silicon Photodiode Device with 
100% External Quantum Efficiency," Appl. Opt., Vol. 22, pp. 
2867-2873. 1983. 

7. This reference to a commercial product does not imply endorsement 
by the University of Arizona nor that the product is necessarily 
the best available for the particular application. 

8. Ruckdeschel, F. R., Basic Scientific Subroutines, Vol. II, pp. 
285-310, McGraw-Hill 1981. 

9. Shumaker, J. B., "Deconvolution," Chapter 8 in Self-Study Manual on 
Optical Radiation Measurements, Part 1, Concepts, National Bureau 
of Standards, U.S. Technical Note 910-2. June 1979. 

10. Palmer, J. M., and Tomasko, M. G., "Broadband Radiometry with 
Spectrally Selective Detectors," Opt. Lett., Vol. 5, p. 208. 1980. 

11. Wyatt, C. L., Radiometric Calibration: Theory and Methods, pp. 
114-118, Academic Press 1978. 

94 



95 

12. Optronic Laboratories, Inc. "Report of Calibration of One High 
Intensity Standard of Total and Spectral Irradiance", Project No. 
500-311, Oct. 26, 1973. 

13. Schneider, W.E., "A One-Solar-Constant Irradiance Standard", Applied 
Optics, Vol. 9, pp. 1410-1418, June 1970. 

14. Neckel, H., and Labs, D. "Improved Data of Solar Spectral 
Irradiance from 0.33 to 1.25 microns, "Solar Physics", Vol. 74, p. 
231, 1981. 

15. Slater, P. N., Remote Sensing—Optics and Optical Systems, pp. 
126-135, Addison-Wesley 1980. 

16. Reagan, J., Private Communication. 

17. Castle, K. R., Dissertation, to be published. 


