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ABSTRACT 

Two methods are described for calibrating the 48 inch 

integrating sphere used to radiometrically calibrate the 

Landsat Thematic Mapper. The output of the sphere was first 

measured monochromatically by engineers at the Santa Barbara 

Research Center. The author of this thesis reduced these 

monochromatic data such that they coincided with the 

spectral bandpasses of a calibrated radiometer. The second 

calibration method used this radiometer to measure the 

output radiance of the sphere. The reduced monochromatic 

and radiometric data sets were compared. The results show 

that the radiance of the integrating sphere measured with a 

monochromator and a radiometer agreed within the limits of 

the uncertainties of the measurements. The radiometer was 

calibrated against the same reference standard as used for 

calibrating the monochromator. In addition, the 

monochromatic versus radiometric sphere calibration results 

show good agreement with other independent source-based and 

detector-based calibrations of the radiometer. 

viii 



CHAPTER 1 

INTRODUCTION 

This thesis concerns the absolute radiometric 

calibration of an integrating sphere source that was used 

for the calibration of the Thematic Mapper (TM). In 

introducing the subject, the definition of and need for 

absolute radiometric calibration are first discussed and 

then the Thematic Mapper and its calibration are described. 

At the end of this chapter the contents of the rest of the 

thesis are briefly outlined. 

Absolute calibration is essential for a variety of 

scientific studies and image analysis applications in remote 

sensing (Slater, 1980). Absolute radiometric calibration of 

a satellite sensor may be defined as the ability to relate 

the voltage or digital count output of the sensor to the 

input radiance. For systems like the Landsat multispectral 

scanners, the calibration must provide this relationship in 

each spectral band. Absolute calibration demands the use of 

a carefully controlled and monitored standard source or 

detector. 

Absolutely calibrated image data allow the scene 

spectral radiance as modified by the intervening atmosphere 

to be determined. With known exoatmospheric solar 

1 
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irradiance in the bandpasses and known atmospheric 

characteristics, the scene reflectance may be determined 

(Barker et al., 1983a). Radiometric accuracy is one of the 

most important issues addressed in the calibration of 

satellite sensors, both preflight and in orbit. Considerable 

attention continues to be paid to the absolute calibration 

of the Thematic Mapper (Barker et al., 1983b). 

Thematic Mapper Description 

The Thematic Mapper is a scanning optical sensor 

operating in the visible and in the infrared. It provides 

spatial and radiometric data in seven spectral bandpasses. 

There are currently two Thematic Mappers in near-polar, sun-

synchronous, circular orbits around the earth aboard Landsat 

satellites 4 and 5 (Slater, 1980). The Landsat 4 and 5 

satellites are part of the remote sensing program initiated 

by NASA in 1972 with the launch of Landsat 1. The goal of 

the Landsat TM program is to provide radiometrically and 

geometrically accurate imagery of the earth's surface at 30 

meter resolution (120 m, Band 6) to be used for feature 

identification in a variety of land uses or 'themes', for 

example: agriculture, forestry, geology, cartography and 

hydrology (Castle, 1985; TM Final Report, 1984). 

The TM operates as an object-plane electromechanical 

scanner (Figure 1). Radiant flux from the earth and the 
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intervening atmosphere is reflected off the scan mirror and 

focused by a Ritchey-Chretien telescope onto the detectors 

of bands 1, 2 ,  3, and 4 at the prime focal plane, and via 

relay optics onto the detectors of bands 5, 6, and 7 at the 

cold focal plane. The TM employs a set of 16 detectors in 

each of the six solar reflective bands and 4 detectors in 

the thermal band. The portion of the electromagnetic 

spectrum within which the instrument is sensitive is 

determined by the detector material and a spectral filter 

placed in front of each detector. See Table 1 for nominal TM 

band characteristics (TM Final Report, 1984). 

Table 1 

TM Band Characteristics 

Band Spectral Range 

(Um) 
Detectors 

Type/Number 

Spatial 
Resolution 

(m) 

1 
2 
3 
4 
5 
6 
7 

0.45 to 0.52 
0.52 to 0.60 

0.63 to 0.69 
0.76 to 0.90 
1.55 to 1.75 
10.4 to 12.5 
2.08 to 2.35 

Si/16 
Si/16 
Si/16 
Si/16 

InSb/16 

30 
30 
30 
30 
30 

120 
30 

HgCdTe/4 
InSb/16 

A scan line corrector within the telescope keeps the scan 

lines perpendicular to the spacecraft velocity vector. The 
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scan-line corrector is followed by an internal calibrator 

(IC) that provides known reference sources to the detectors. 

Each full scene image of a 185 x 185 km area of the earth 

Q 
consists of 2.30 x 10° individual pixels produced by 

continuous scanning of the earth scene. Each detector 

converts the sampled scene energy into an analog electrical 

signal (TM Final Report, 1984). The analog signals are 

digitized with 8-bit resolution and these image data are 

transmitted to earth over an 85 Mbps telemetry link (Slater, 

1980). 

The Internal Calibrator 

The IC is an oscillating shutter mechanism used to 

provide calibration sources for all 100 detector-spectral 

filter-electronic circuit combinations; it is referred to as 

a 'flag' because of its action. The flag oscillates back 

and forth at the same frequency as the scanning mirror. 

During the 10.7 ms of scan mirror reversal time, the flag 

blocks the scene radiant flux from the detectors and 

provides various levels of irradiance for the calibration 

(Slater, 1984). 

Figure 2a shows the internal calibrator flag. It 

consists of three light sources whose radiant output is 

transmitted by optical fibers to a prism and lens 

arrangement that projects radiant flux uniformly onto the 96 
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detectors in bands 1 to 5 and 7. In addition, a toroidal 

mirror collects and redirects the output from a temperature-

controlled blackbody source onto the four detectors in band 

6 (TM Final Report, 1984; Slater, 1984). 

The illumination system for the IC is shown in Figure 

2b. The three stationary, miniature tungsten filament lamps 

are at 120° intervals about the flag rotation axis. Prisms 

are used to arrange the images of the three filaments into a 

delta pattern, as seen in Figure 2c. Attenuating masks, 

which follow the prisms as shown in Figure 2d, modify the 

outputs of the lamps so that they are in the ratio 2:3:4 on 

entering the circular fiber bundle. The lower end of the 

fiber bundle is uniformly irradiated by the radiant flux 

from each filament. Thus, as the lamps are turned on in 

different combinations, irradiance levels in the ratio 

0:2:3:4:5:6:7:9 can be obtained. The circular fiber bundle 

is divided into six rectangular bundles, each providing flux 

to a different TM band (Slater, 1984). 

Behind each source is a silicon PIN detector to 

monitor the source output and thereby control the current 

input to maintain constant source radiance, and therefore 

compensate for buildup of tungsten inside the lamp envelope 

and increase in filament resistance (Slater, 1984). 

Internal Calibrator Limitations. The IC system 

contains long glass paths and more than 20 glass-vacuum 
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interfaces. To the extent that these are not affected by 

the condensation of outgassed materials and high energy flux 

in the space environment, the IC should prove a stable 

reference because of its use of stabilized sources. It 

should then be useful as an accurate reference for 

calibration purposes (Slater, 1983; Slater, 1984). The main 

limitation of the TM in-flight calibration with the IC is 

that it checks the calibration of only the filters, 

detectors, and electronics of the system. The IC does not 

provide a measure of the change in the reflectance of the 

image-forming mirrors or the scanning mirrors due to the 

deposition of outgassed materials and degradation of the 

components from high energy particle bombardment. 

Accuracy Requirements 

The relative accuracy requirements for the TM are 

quite stringent; the signal drift of a detector channel with 

a constant radiance input must be less than one-quarter of 

the RMS noise of the band from one scan to the next ("VO.75% 

of full scale). The maximum allowable signal level drift 

a f t e r  f o u r  m i n u t e s  o r  l e s s  o f  w a r m u p  m u s t  n o t  e x c e e d  2 %  o f  

full scale per 25 hours (including five on-and-off cycles), 

and must not exceed the RMS noise level in any 30-second 

time period. Relative radiometric accuracy between bands 

operating in the reflective region must be better than 2%. 
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The overall absolute accuracy specified for the TM is 10 

percent of the full scale radiance (Barker et al., 1983b; 

Osgood, 1980). To achieve absolute radiometric accuracy, 

frequent in-orbit recalibration of the sensor system is 

necessary. The TM attempts to meet this need with the 

internal calibrator system described earlier in this 

chapter. 

Thematic Mapper Calibration 

The radiometric calibration of TM bands 1 through 5 

and 7 and the IC was performed by aligning-the TM with the 

aperture of the 48 inch integrating sphere (48-SIS) as shown 

in Figure 3. The sphere is a calibrated light source 

containing 12 tungsten-halogen lamps, each operating at a 

color temperature of 3100 K; the lamps can be turned on and 

off individually. The 48-SIS exit port is 45.7 cm (18 in.) 

in diameter and the TM primary mirror is 40.6 cm (16 in.) in 

diameter. At the outset of the TM calibration, all SIS 

lamps were turned on. The lamps were then turned off in a 

specified order, and data were taken at each of 19 radiance 

levels. As the sphere lamps were being sequenced, the 

internal calibration lamp-sequencer was turned on and data 

were taken simultaneously in order to calibrate the IC (TM 

Final Report, 1984). 
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The root sum of the squares (RSS) of the 

uncertainties associated with the measurements using the 

above procedure for calibration of TM are estimated to be 

between ±4.1% (Slater, 1983) and 6.8% (Norwood and Lansing, 

1983). These errors are an estimate only of the uncertainty 

in the precision, not of the absolute accuracy of the 

calibration of the TM calibrator. These errors are random 

and do not include possible systematic errors such as 

traceability of the lamps to the NBS, distance dependence of 

calibration of the integrating sphere (see the following 

paragraph), temperature dependence of the IC, vacuum shift, 

and differences in conditions at times of pre-launch tests -

and in-orbit observations (Slater, 1983; Barker et al., 

1983c). The vacuum shift problem is referred to later in 

this chapter in the discussion on vacuum chamber tests. 

The TM and the 48-SIS were placed about 5 meters 

apart during calibration. This arrangement does not simulate 

the orbital imaging conditions of the TM, and can introduce 

a systematic error into the TM calibration. This error is 

due to the fact that the solid angle subtended by the 

integrating sphere (AgiS ^ m s r) a t  the entrance pupil of 

the TM is much less than that subtended by the earth (ftg ̂  

2.8 sr). Radiant flux from outside the field of view of the 

sensor could be scattered off optical components that have 

become contaminated in the space environment and off the 
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supporting structure of the optical components, ultimately 

falling on the detectors and causing an increase in signal 

by at least a few percent (Slater, 1984). If there is a 

separate ground test to determine whether there is far field 

response, then this error may be able to be characterized 

and accounted for. 

Calibration Stability Problems 

Vacuum chamber tests of the instrument with its 

calibrator are necessary for instruments which are to be 

used in space. Discrepancies have been found between 

calibration tests that have been conducted in ambient 

laboratory conditions and in vacuum. The difference may 

arise because moisture adsorbed during ambient exposure is 

deadsorbed in vacuum, causing changes in the refractive 

indices of the dielectrics used in thin film interference 

filters and anti-reflection coatings. Both the calibration 

equipment and the sensor are susceptible to vacuum shift 

(Norwood and Lansing, 1983). 

Alternate Calibration Methods 

The original design of the TM considered both an 

internally generated calibration source and an external 

source, the sun, as a cross-reference. The sun-source 

calibrator scheme would have provided a once-per-orbit check 

of the complete optical train of the TM. Because of the 
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configuration of the spacecraft, it was found that an 

external calibrator could not be used with the TM (TM Final 

Report, 1984). A drawback to solar calibration can be 

referenced to the systematic error mentioned earlier. The 

sun's solid angle is very much smaller than the earth's as 

seen by an orbiting earth sensor (ftguN ^ Usr). The solar 

beam passes through only a small portion of the aperture of 

the system, whereas radiant flux from the earth may be 

scattered off optical components and structures - causing a 

possible systematic error in the solar calibration of the 

sensor (Kastner and Slater, 1982). 

An alternative sun calibration method involves using 

a sun-irradiated white diffusing panel in front of the 

entrance pupil of the system. A self-calibrated detector in 

a radiometer that is spectrally filtered in the same way as 

the system to be calibrated is used to determine the 

radiance of the panel. This method is potentially more 

accurate, in that self-calibrated detectors have an 

uncertainty in absolute calibration of about ±0.1%, an order 

of magnitude less than that of standard sources. 

Simultaneous measurements of the radiances of the panel are 

made with the radiometer with the self-calibrating detector 

and the system to be calibrated. It is estimated that this 

technique is capable of an absolute accuracy of ±1.4% 

(Keene, 1981). 
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The use of a ground reference area for in-flight 

absolute calibration is being evaluated. White Sands, New 

Mexico is being tested as a calibration site for the Landsat 

4 and 5 sensors because this area provides a large, flat, 

uniform target, and the reflectance of the gypsum sand is 

close to Lambertian for the solar angles of interest. To 

compute the radiance at the sensor, a set of ground-based 

reflectance and atmospheric measurements is used as input to 

a radiative transfer model. The instrument that is used for 

the ground-based atmospheric measurements is the Castle 

radiometer which will be described in Chapter 3 (Slater, 

1984). The main uncertainty in this approach is associated 

with determining the atmospheric aerosol characteristics 

(Kastner and Slater, 1982). 

The use of self-calibrated detectors promises the 

achievement of pre-flight and on-board in-flight absolute 

calibration of future systems to an uncertainty of less than 

±1.5%. Without appropriate pre-flight and in-flight 

calibration, it now appears possible that present earth 

resources satellite systems can be radiometrically 

calibrated in absolute terms with an uncertainty of less 

than ±3% by reference to ground targets. This conclusion is 

based on recent advances in the establishment of self-

calibrated detectors as accurate absolute radiometric 

standards together with the development of atmospheric 
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radiative transfer codes that account for multiple 

scattering and include all relevant atmospheric parameters 

(Kastner and Slater, 1982). One problem with self-

calibrated detectors is that at present their spectral range 

is limited: 360 - 800 nm. 

It is the object of this thesis to compare the 

calibration of the 48-SIS with a self-calibrated detector 

and standard lamp using the radiometer that is being used 

for the ground-based measurements at White Sands. The rest 

of this thesis contains a description ,of the calibration of 

the 48-SIS with a calibrated monochromator and the (White 

Sands) radiometer, followed by a comparison of the results. 

The method used to calibrate the radiometer is described in 

Chapter 4. 



CHAPTER 2 

CALIBRATION OF THE 48-INCH SIS WITH A MONOCHROMATOR 
AT THE SANTA BARBARA RESEARCH CENTER (SBRC) 

This chapter delineates the measurement procedure 

followed by the staff of the Optics Department at Santa 

Barbara Research Center for the radiometric calibration of 

the NASA 48-inch Diameter Spherical Integrating Source 

against a standard lamp of known spectral irradiance. The 

48-SIS was calibrated so that it could be used as the source 

for the calibration of TM. The calibration results were 

recorded as spectral radiance versus wavelength over the 

spectral region 0.40 to 2.5 um, which includes TM bands 1-5 

and 7 (Campbell, 1980a). 

Radiometric Calibration 

The spectral radiance, 48-SIS' w a s  m e a s u r ed for 

wavelengths between 0.40 and 2.5 um at intervals of 0.05 um. 

The radiance values obtained had to be sufficiently accurate 

to permit subsequent TM sensor calibration accurate to 

within ±10 percent absolute and ±2 percent relative as 

required by TM sensor specifications. An initial set of 

data was taken by the test method described below and 

designated as "baseline". Repeat measurement results 

compared to "baseline" were required to agree to within ±2 

16 
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percent of initial values as indicated by their standard 

deviation. 

Calibration Equipment Configuration 

The calibration equipment configuration is shown in 

Figure 4 (Campbell, 1980a). Light from either the standard 

source or the sphere to be calibrated travels to a folding 

mirror through an arrangement of shields and baffles. The 

beam is reflected and passes through two collecting lenses 

(with an iris aperture) and a chopper to the monochromator 

where the signal is spectrally analyzed. Two detectors can 

be selected for use in the monochromator, a silicon 

photodiode (SiPD) sensitive to visible and near infrared 

wavelengths between 0.40 and 1.15 um, and a lead sulfide 

detector (PbS) sensitive to mid infrared wavelengths between 

1.20 and 2.50 um. Detector voltage outputs are measured 

using a lock-in amplifier and a digital voltmeter (DVM). 

Test data are obtained as detector outputs for a standard 

source and the 48-SIS. 

The standard source consists of a calibrated quartz-

halogen lamp used in conjunction with a (lambertian) 

diffusing Halon* plate. The standard source lamp is 

calibrated against an Optronics irradiance standard lamp, 

1. Halon is a registered trademark of Allied 
Chemical Corporation. 
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S466; the Optronics standard is traceable to NBS. The 

reflectance of Halon was measured and compared to NBS values 

(Campbell, 1980b). This was done for two different packing 

densities (0.8 and 2.0 gm/cm^), for 0.40 - 2.5 ym 

wavelengths: all measured values agreed to within the 

uncertainties of the NBS Halon measurements for the 0.8 

gm/cm^ sample (the same density of Halon that SBRC has). 

The Halon diffuser target is placed between the source and 

the folding mirror. The standard source irradiates the 

Halon diffuser at normal incidence, which in turn irradiates 

the folding mirror; the Halon is the observed object of 

spectral radiance. 

The source to be calibrated is the 48 inch diameter 

integrating sphere. It is coated with barium sulfate 

(BaSO^) paint, has 12 tungsten-halogen lamps internal to 

it, and has a 45.7 cm (18 inch) exit port. The lamps are 

powered by four power supplies. The lamps' voltages are 

monitored on a DMM; the current across a shunt (which is 

accurate to .03 percent) is adjusted if the power supplies 

drift. Lamp locations within the sphere are shown in Figure 

5, as seen from the vantage point of the rotating mirror in 

Figure 4. For the 48-SIS no external diffuser is used. 

Light travels from the sphere directly to the folding mirror 

where it is reflected into the collecting lenses and 

monochromator. 
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100-1 25-3 
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25-4 100-2 
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600 all 200 W lamps on 020 both 100's on 
500 all 200B's and 200A-1&2 on 010 100-1 on only 
AOO all 200B 1s and 200A-1 on 004 all 25's on 
300 all 200B's on (no 200A's) 003 25-1,2,43 on 
200 200B-1&2 on 002 25-1&2 on 
100 200B-1 on only 001 25-1 on only 
224 200B-1&2, 100-1&2, and 25-1,2,3,&4 on 

Figure 5. 48-SIS Lamp Configuration 
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By rotating the folding mirror about its vertical 

axis, sampling is alternated between the standard lamp and 

the 48-SIS (preferably within a very short time-frame for 

the two readings, to minimize thermal drifts in detector 

response over time). 

Light from either source reflected off the folding 

mirror travels to a lens-aperture arrangement. The lens 

closest to the folding mirror collects light from either the 

halon or the 48-SIS. The light is then collimated towards 

the lens closest to the monochromator. This second lens is 

positioned with its focal plane at the monochromator's 

entrance slit. The area-solid angle product (Aft) of the 

monochromator is determined by the entrance slit of the 

monochromator and the 2 cm diameter aperture between the 

lenses. The monochromator Aft product is completely filled 

by both the illuminated halon and the 48-SIS exit port. The 

2 cm (0.8 inch) diameter aperture and lenses permit the 

monochromator to sample an expanded section of the 48-SIS 

wall over a region with a diameter of approximately 23.6 cm 

(9.3 inches). 

The light from the lens-aperture arrangement is 

focused onto the monochromator entrance slit after being 

modulated by a 100 Hz frequency chopper. For a 0.50 mm slit 

width at a wavelength of 0.5 um, a spectral resolution (AX) 

of 0.01 um is obtained; for X = 1.0 ym, AX = 0.04 u m; for 
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X = 1.5 un, AX • 0.045 iim; and for X » 2.5 um, AX = 0.02 |im, 

The entrance slit width is adjusted to give an adequate 

signal-to-noise ratio (SNR), but is never greater than 0.50 

mm. Too narrow a slit gives a small SNR, too wide a slit 

results in a smoothing of the lamp's spectral radiance and 

results in less accurate measurements. The monochromator is 

a Perkin-Elmer model 98; the dispersing element is a fused 

silica prism. 

Optical Calibration Procedure 

Thirteen radiance level measurements were required to 

meet TM calibration specifications; these are given as ABC 

combinations in the columns of Table 2: 

TABLE 2 

Radiance Levels 

Lamps 1 2 3 4 5 6 7 8 9 10 11 12 13 

A 6 5 4 3 2 2 1 0 0  0  0  0  0  

B 0 0 0 0 0 2 0 2 1  0  0  0  0  

C 0 0 0 0 0 4 0 0 0  4  3  2  1  

Where: A is the number of 200 W lamps on 
B is the number of 100 U lamps on 
C is the number of 25 W lamps on 

For example, the 224 radiance level is that obtained 

when two 200W lamps, two 100W lamps, and four 25W lamps are 
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operated concurrently in the 48-SIS. Lamp levels 7 and 8 

have the same 200 W power, lamp levels 9 and 10 have the 

same 100 W power; the reason for the overlap is to maintain 

symmetry as the lamps are turned off during calibration. 

Thirteen lamp levels were calibrated in the 48-SIS. These 

individual lamp levels were added together to give 19 

different radiance combinations for the calibration of the 

Thematic Mapper. These 19 levels are 624, 524, 424, 324, 

224, 124, 024, 023, 022, 012, 011 , 010 in the first 

calibration sequence, and 224 (again), 214, 114, 014, 004, 

003, 002, 001 in the second calibration sequence; where 624 

= 600+020+004. These 19 discrete energy levels present a 

large dynamic range to TM during calibration. Nineteen 

levels were chosen so that each spectral band had several 

levels distributed through its dynamic range. Lamp 

placement within the sphere was determined such that the 

order in which the lamps were turned off would give an 

approximately symmetric distribution to the lamps still left 

on. 

Initially the monochromator slit was set to a width 

of 0.50 mm or less to give an adequate signal-to-noise ratio 

as discussed earlier. The monochromator drum was set in the 

position corresponding to a wavelength of 0.40 ym. 

The next step was to set the 48-SIS lamp radiance 

level to 600 and select the SiPD detector. The signals for 
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the data points were read on the DVM, first for the signal 

due to the standard source and then for that due to the 48-

SIS. Signals were recorded in millivolts (mV). The 

procedure was repeated for all spectral data points from 

0.40 iim to 1.15 um in steps of 0.05 ym, adjusting the 

monochromator slit width for an adequate SNR as necessary 

(as mentioned previously). Next the detector selector 

switch was set to the PbS position. The procedure was 

continued for the spectral region from 1.20 p to 2.50 um in 

steps of 0.05 um. The procedure was repeated for all the 

radiance levels as given in Table 2. 

Spectral radiance values for the 48-SIS 

were calculated for each data point from the equation: 

LX,48-SIS * PC A.;01 »®2^Halon EX,SL I S (  A )SIS 
11 s(*)sL 

where: 

X = wavelength (um), 

p(A;0j»02^Halon a  sP e c t r al reflectance of Halon at the angle 
of incidence and reflectance used (Note: 
P/tt » BRDF(X; 0 ^  .Go) » the bidirectional 
reflectance distribution function of Halon 
at the angle of incidence and reflectance 
used) , 

^X SL ™ spectral irradiance from standard lamp 
' (mW/cm 2«um), 

S(A)gjs =  signal from 48-SIS (volts), 

S(X)gL" signal from standard lamp (volts), 
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and 48-SIS ™ sP e c t r3^- radiance of 48-SIS 
' (mW/cm 'sr^ym). 

The values for P(^»©i»©2^Halon a n (* ®A,SL w e r e  known: 

the reflectance of Halon was measured as mentioned 

previously, the distance between the source and the Halon 

was measured accurately and the standard lamp irradiance has 

NBS traceability. The values derived for L(X)^g_gjg were 

the values that were used to calibrate the TM. 

The above set of spectral radiance data were referred 

to as "baseline". To verify that the baseline data were 

indeed precise, the entire preceding test procedure was 

repeated and designated as the test or comparison data. The 

ratio of the radiance values at each wavelength and each 

lamp level was computed by dividing the comparison data 

value (L\ t C) by the baseline data value (L^.b^ a n c* t* i e  

standard deviation, a, computed. The calibration 

specification required a ±2 percent or less standard 

deviation, when omitting the 0.40 ym data point. 

The 0.40 ym data point was omitted for several 

reasons: the spectral responsivity of the SiPD detector is 

low at 0.4 ym (Wolfe and Zissis, 1978). The nominal cuton 

edge of the TM bandpass filters is at 0.45 ym as calculated 

by the moments method of bandpass normalization (Palmer, 

1984). Also, the spectral radiance of the lamps is low at 

0.40 ym. 
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Discussion of Experimental Results and Error Analysis 

As previously described, the output of the 48-SIS was 

measured and the spectral radiance calculated for the 

wavelength region 0.40 to 2.5 ym in steps of 0.05 urn; 

spectral resolutions ranged from 0.010 ym at A=0.5 to 0.045 

ym at A-1.5 ym. These results which were obtained by staff 

members at SBRC had to be put in terms of the Castle 

radiometer spectral bandpasses (reference Table 4), which 

are on the order of 10 - 15 nm full width at half maximum 

(FWHM). This step required some mathematical analysis. 

The first step was to calculate the actual bandwidths 

of the Castle radiometer spectral bands. The profiles of 

the spectral filters were determined by the filter 

manufacturer using a Cary 14 spectrophotometer. These 

profiles were then analyzed using the Palmer and Tomasko 

moments method of bandwidth normalization (Palmer, 1980). 

This method calculates an equivalent rectangle function of 

defined wavelength limits and passband responsivity for the 

spectral filter bandpass by determining the first and second 

moments of the spectral response curve. Steps of 1.25 nm 

were used to calculate the spectral responses of the 

filters. From these measurements the wavelength limits of 

the passbands were calculated; the wavelength limits were 

not found to be coincident with the 50 percent bandwidth 
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points which is typical with the moments method. The 

results of these calculations are listed in Table 3: 

TABLE 3 

Castle Radiometer Spectral Filter Bandpasses 

Bandpass Wavelength Limits (nm) Bandpass (nm) 

Band 

A j X2 AX 

3 434.70 + 0.05 446.03 + 0.05 11.33 + 0.06 

4 519.84 + 0.05 529.78 + 0.05 9.94 + 0.07 

5 599.29 + 0.05 609.73 + 0.05 10.44 + 0.08 

6 655.74 + 0.06 665.82 + 0.06 10.08 + 0.08 

7 773.29 + 0.07 784.90 0.07 11.61 + 0.10 

8 853.17 + 0.11 867.96 + 0.11 14.79 + 0.15 

The uncertainties listed are those associated with 

the precision to which the wavelength and bandpass 

responsivity could be determined from the Cary 14 filter 

plots using the moments method. These uncertainties were 

RSS throughout the moments method calculations to arrive at 

the above listed values. 

The next step was to plot the spectral radiance of 

the 48-SIS as measured by the monochromator versus 

wavelength. This was done on high resolution graph paper so 
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the interpolation errors would be small. Spectral radiance 

values from the July-August 1984 monochromator calibration 

of the 48-SIS (Fulton and Young, 1984) were used and plotted 

against wavelengths from 0.40 to 0.90 ym. A smooth curve 

was drawn to connect the discrete data points that are 0.05 

lim apart. The radiances of the various lamp levels were 

then calculated in the spectral bandpasses of the Castle 

radiometer. This was done using Simpson's Rule of numerical 

integration for 11 lamp levels in six bandpasses. The 

resultant radiance values are precise to less than ±1.5% 

uncertainty for all lamp levels in all bands. These results 

are listed in Chapter 5. 



CHAPTER 3 

CALIBRATION OF THE 48-INCH SIS 
WITH THE CASTLE SPECTROPOLARIMETER 

Description of the Castle Spectropolarimeter 

The Castle instrument (Castle, 1985) is a ten 

spectral-channel spectropolarimeter. It is refered to here 

as a radiometer since it is in this capacity that the device 

was used for the measurement of the 48-SIS' radiance. The 

instrument was designed to aid in the in-flight absolute 

radiometric calibration of the Thematic Mapper systems on 

Landsats 4 and 5, and the French SPOT system. White Sands 

Missile Range, New Mexico is used as the ground site. A 

spectropolarimeter was developed, rather than just a 

radiometer, in order to make polarization measurements of 

the sky in an attempt to characterize atmospheric aerosols. 

The instrument is primarily used for ground spectral 

radiance and reflectance measurements and as a solar 

radiometer. 

The Castle radiometer can be absolutely calibrated 

and can collect polarization data automatically at known 

time intervals in ten spectral bands over the solar 

reflective spectral range with a large signal-to-noise 

ratio. The instrument can operate over a wide dynamic range 

29 
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(achieved by using ND filters), with multiple fields of 

view, and is portable. 

The radiometer is of a refractive design (Figure 6). 

Light enters the system and is immediately attenuated as 

needed by an appropriate neutral density filter. Next, a 

spectral filter selects the wavelength region of interest 

and the entrance pupil defines the clear aperture. The 

imaging lens is the entrance pupil of the system. The 

imaging lens images a distant source onto a defining 

aperture, the field stop. The field lens is located near 

the field stop and images the imaging lens onto the 

detector. The detector is uniformly illuminated, and any 

nonuniformities in response across the detector's surface 

are averaged out. 

Between the two lenses the light passes through the 

waveplate module, consisting of a real and a dummy 

waveplate. The dummy waveplate provides the same optical 

path length as the real waveplate. The field stop, behind 

the second lens, limits the angular extent observed. The 

field stop aperture is selected from a rotatable disk with 

precisely sized holes. The light then passes through the 

polarizer, striking the detector. A provision has recently 

been made to incorporate a second detector to measure 

wavelengths between 1.0 and 3.0 ym. 
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The detector is heated to a temperature of 

approximately 42°C to prevent response fluctuation due to 

changes in the outside air temperature. The detector 

specifications indicate that the detector noise doubles for 

every 10°C increase in temperature, however cooling the 

detector was determined to be too difficult for a field 

radiometer. Heating the detector increases noise, but to an 

acceptable level for a tradeoff with ease-in-temperature 

control. A Radio Shack TRS-80 Model 100 controls the 

stepper motors driving the neutral density filter wheel, the 

spectral filter wheel, the field stop apertures, the 

waveplates, and the polarizer. As the computer records a 

datum point, an internal clock records the time. At the 

same time the computer records the position of all the 

optical components: the spectral filters, ND filters, field 

stop, waveplate and polarizer. 

The radiation incident onto the detector is converted 

into a signal current then amplified by a pre-amplifying 

circuit that also converts the current into a voltage. This 

voltage is digitized and recorded by the computer as digital 

counts: 1000 counts are equal to 1.000 volts. 

The detector is a silicon photodiode; it has a large 

dynamic range and a spectral range of 0.35 to 1.10 um. 

Bandpass filters cover the range from 0.4 to 1.04 um in 

discrete intervals of between 10 and 20 nm. A Glan-Thompson 
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polarizer and a mica retarder are used for the polarization 

measurements. Four fields of view are available: 1, 2, 5, 

and 15 degrees. Neutral density filters are used to 

attenuate incident radiation, thus using a smaller portion 

of the detector's dynamic range and reducing any possible 

nonlinear effects. ND's of nominally 0, 1, 2, 3, and 4 

densities are used. 

Experimental Procedure 

The procedure used to calibrate the radiance output 

of the 48-inch Spherical Integrating Source was to measure 

the output with the Castle Radiometer, which provided an 

electrical signal that was read out on a voltmeter or 

recorded into the computer memory (see Figure 7). The 

radiometer's output is in volts which is converted to 

radiance (W/cm *sr) using the calibration factor determined 

for the radiometer during its calibration. The radiance of 

the 48-SIS was determined for six visible bands of the 

radiometer. 

The radiometer actually has space for 12 spectral 

bands. The two longest wavelength filters were not used 

because they are for use with the long wavelength detector 

(1.0 - 3.0 ym), and neither the filters nor the detector had 

been added to the system at the time of the calibration. Of 

the 10 available filters, the two shortest wavelength 



Voltmeter 

Castle 
Radiometer 

TRS 80 
(Model 100) 

Rechargeable 
Batteries & 
Computer 
Interface 

I 

II 

II 

II 

|| 1.15m 

48-SIS 

Figure 7. 48-SIS/Radiometer Experimental Setup 



35 

filters, 0.400 and 0.420 urn, were not used because they do 

not overlap any TM band. In addition, the radiometer's 

output in these two bands typically has a low SNR. 

Band 9 was not used because it is centered on a water 

vapor absorption band and the results would be variable on 

this account. Another reason Bands 9 and 10 were not used 

was that the detector heater was not functioning at the time 

of the calibration. As mentioned previously, the heater 

prevents fluctuations in response due to variations in the 

outside air temperature and the detector noise doubles for 

every 10°C increase in temperature; these effects are 

particularly pronounced at the higher wavelengths, 0.850 ym 

and above. Band 8 (0.860 ym) was included in the 

measurements with this kept in mind. Listed in Table 4 is 

a comparison of the Castle radiometer bands used in these 

measurements, with those of the Thematic Mapper. 

The Castle radiometer and TM spectral bandpasses were 

both calculated using the moments method (Palmer, 1980; 

1984). Castle bandpasses 3 through 8 overlap TM bandpasses 

1 through 4. Direct comparison of the two instruments' 

radiance measurements cannot be made without interpolation. 
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TABLE 4 

Comparison of Radiometer and TM Spectral Bands 

Flight Model 
Band Castle Radiometer Thematic Mapper 

Bandpass A(um) Bandpass X(ym) 

1 - 0.451 - 0.521 

2 - 0.526 - 0.615 

3 0.435 - 0.446 0.623 - 0.699 

4 0.520 - 0.530 0.771 - 0.905 

5 0.599 - 0.610 1.564 - 1.790 

6 0.656 - 0.666 10.45 - 12.47 

7 0.773 - 0.785 2.080 - 2.351 

8 0.853 - 0.868 -

The radiometer 5° field of view (FOV) was used 

because during the calibration of the radiometer, the 5° FOV 

had a constant solid angle for bands 1 through 10. The 1° 

and 2° FOV's varied by as much as 6.7%. The differences in 

the two smaller FOV's are due to small variations in the 

reflectance of the barium sulfate panel used to originally 

calibrate the radiometer. Non-uniformities in the barium 

sulfate panels are more likely to show up when small surface 
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areas are measured. Larger FOV's allow large scale 

averaging when making surface radiance measurements. 

Initially a determination was made of how far in 

front of the sphere the Castle Radiometer should be placed. 

This was accomplished by first calculating at what distance 

the field of view of the radiometer just subtended the exit 

port of the 48-SIS. The FOV of the radiometer is 

approximately 5°-full angle and the diameter of the exit 

port of the 48-SIS is 45.72 centimeters. This results in a 

sphere-radiometer distance of approximately 5.23 meters. If 
m 

the radiometer was placed any farther away than 5.23 m, edge 

effects would begin to contribute and the radiance measured 

would be affected. 

It was thought that if the radiometer was placed too 

close to the sphere, then the white body of the radiometer 

would increase the radiant output of the sphere. As seen in 

Figure 8, when the radiometer was moved from 2.75 meters to 

0.28 meters from the 48-SIS, the sphere radiance increased 

by only 1.7%. This increase was not linear as can be seen 

from the figure. There was a slight decrease in slope at a 

distance of 1.15 meter. An increase in output of 0.06% 

occured over the range from 0.95 meters to 1.25 meters. 

Since the least change in radiance took place in this range, 

the radiometer was placed at a distance of 1.15 meters from 

the exit port of the 48-SIS. 
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An additional experiment was performed tc determine 

whether even this small difference in radiance over the 

distance range could be further reduced, or maybe the slight 

plateau at 1.15 meter extended. A black cloth was placed 

over the white body of the radiometer with a hole cut for 

the viewing port of the instrument. The radiance 

measurements were repeated at 1.15 meters only. The results 

showed a negligible change. A difference of only 0.04% 

occurred with or without the black cloth. At 1.15 meters 

the radiometer was close enough not to vignette the exit 

port of the SIS and far enough away such that the body of 

the radiometer did not act as a second source. 

The calibration area was in a light-tight, curtained 

laboratory. A test was run to determine if room lights 

affected the radiance measured by the radiometer. Again 

differences were negligible; 0.06% difference between 

readings with the room lights on and with the room lights 

off. Apparently the 5° FOV of the radiometer is well defined 

and suppresses most of the out of field radiation. In spite 

of the results of the two previous tests, the room lights 

were kept off while readings were being taken. This served 

to keep the room slightly cooler; at times 1500 watts of 

light was on inside the SIS - this tended to warm up the 

room, and with the detector heater not operating it was 

advantageous to keep the room as cool as possible for more 
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stable radiometer operation. The cloth was left off the 

radiometer. It was easier to operate the instrument without 

the cloth, in addition the black cloth absorbed radiant 

heat, and acted as a thermal blanket over the radiometer 

tending to heat the detector. 

Another aspect of the experimental setup that had to 

be considered was the positioning and alignment of the 

radiometer with respect to the integrating sphere. Since all 

of the radiometer's spectral bands use the same entrance 

ap„erture, once the radiometer was aligned, it could be left 

for the duration of the tests. The radiometer was mounted* 

on a sturdy tripod, leveled and aimed at the center of the 

integrating sphere's exit port. 

Discussion of Experimental Results and Error Analysis 

Two tests were performed while the calibration was in 

progress. One test was to determine how accurately 

measurements could be repeated after moving the radiometer. 

This was a check on how well the alignment could be 

performed. Another test was to gauge temporal stability of 

the radiometer readings. Alignment repeatability data are 

shown in Table 5. 



TABLE 5 

Repeatability of Data with respect to Radiometer Alignment 

Lamps Percentase Differences 

ABC Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 

624 0.84 0.44 0.34 0.37 0.17 0.38 

424 0.77 0.39 0.35 0.33 0.27 0.32 

324 0.68 0.11 0.33 0.24 0.10 0.17 

224 1.18 0.17 0.24 0.01 0.03 -0.18 

124 0.80 0.04 -0.15 -0.12 -0.21 -0.30 

114 0.98 0.41 -0.01 -0.10 6.26 -0.10 

014 1.27 0.25 0.09 0.03 0.02 -0.04 

200 0.88 0.59 0.44 0.46 0.27 0.34 

020 0.45 0.20 0.06 0.06 0.10 0.06 

004 1.83 0.34 0.19 0.16 0.12 0.04 

Where: Lamps is the configuration of the lamps 

during the test, ABC, A • number of 200 watt lamps on, B = 

number of 100 watt lamps on, and C - number of 25 watt lamps 

on. See Figure 5 for lamp configuration. Band 3. 4. 5. 6. 

7. ji refers to the percentage difference between data sets 

before and after the radiometer was moved and repositioned 

(minus the dark noise level). 
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As can be seen, the data are very repeatable, proving 

that even when the radiometer is moved between data sets, 

it can be repositioned very precisely, as long as some care 

is taken to align it. The method used to align the 

radiometer and the sphere was to use a large card to block 

off half of the sphere's exit port, take a reading, block 

off the other half of the port, take another reading and 

adjusting the radiometer until both readings agreed. This 

was performed for both the elevation and azimuth directions. 

It was not necessary to move the radiometer during testing 

at all except for this repeatability test. The face of the 

radiometer and the sphere's exit port were checked to be 

parallel by suspending a plumb-bob on either side of the 

sphere and radiometer and using the lines between the tiles 

on the floor as a gauge. The radiometer was leveled using a 

bubble level and the sphere-radiometer distance was checked 

(1.15 meter). 

Two criticisms of the above data should be noted. 

One data point did not repeat well - band 7, lamp level 114. 

Since this is the only point where the differences are of 

this magnitude, it is reasonable to assume that there was an 

error during the taking of the data or perhaps an electrical 

surge. The second criticism is that only band 3 has 

differences in data significantly greater than half a 

percent, particularly the 224 (700W), 014 (200W), and 004 
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(100W) lamp levels. This may be due to the fact that 

silicon photodetectors typically have higher responsivities 

towards the longer wavelengths (Bands 7 and 8) of the 

spectrum than they do toward the shorter end (Band 3). 

Since the responsivity is higher in the red, it is 

reasonable to assume that the detector would also be more 

stable in that region since the signal-to-noise ratio (SNR) 

is larger. Hence, the apparently more stable readings for 

the longer wavelength bands. Worst case SNR is 55:1 (1.83% 

difference), band 3, 004 lamp level. 

The above discussion assumes that the radiometer is 

the variable and that the SIS lamps are stable throughout. 

This may not be a very good assumption. The SIS lamps may 

have a spectrally variable output, dependent upon current 

induced temperature variations. There will be a larger 

radiant change at the shorter wavelengths then at longer 

wavelengths if the lamps' currents are not stable (if lamp 

temperature changes because of current drift). 

In conjunction with the instability discussion, an 

interesting trend to notice is for the data with only one 

wattage of lamps on: the lamp levels 200 (only 200W lamps 

on), 020 (only 100W lamps on), and 004 (only 25W lamps on). 

There are four power supply-amplifier combinations, one 

combination controlling each set of lamps. One power supply 

and amplifier combination controls the four 25W lamps, and 



another power supply and amplifier combination controls the 

two 100W lamps. In the case of the 200W lamps, two supplies 

and amplifiers are used, one combination for each set of 

three lamps. So for the 200, 020, and 004 lamp levels, 

there is only one power supply-amplifier combination on, and 

no other lamps on to compensate if there is a variation in 

the one power supply that is on. As can be seen from the 

data, the 200 lamp level power supplies seem to be the least 

stable. The 020 and 004 lamp level power supplies appear to 

be very stable, with most differences less than 0.20% 

(except for the band 3, 004 data point whose instabilities 

were discussed previously). 

In summary, the results of the repeatability test 

show that, if enough care is taken, better than 99% 

repeatability can be obtained when the Castle radiometer is 

repositioned between measurements. 

The second measurement performed was to determine how 

stable the Castle/48-SIS setup was over time. The results 

are listed in Table 6. 

Band 3 seems to have the same noise problem as in the 

repeatability tests. The 5 hour data are slightly less 

stable than the 2.5 hour data. The trend is generally for 

the later set of data to have decreased in output from the 

first set, hence the negative percentage differences. This 

is most likely due to the SIS lamp instabilities rather than 
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fluctuations in the radiometer detector. The controlling 

factor of stability for our measurements was the ability of 

the lamps' power supplies to regulate current; to a lesser 

degree the length of time in which data are taken. 

TABLE 6 

Castle Radiometer Stability Measurements 

Lamps 

Time 
Between 
Readings Band3 

Percentage 

Band4 Band5 

Differences 

Band6 Band7 Band8 

624 2.0 hours 0.33 -0.12 -0.01 -0.03 -0.05 -0.07 

424 2.5 hours 0.27 -0.08 -0.02 -0.06 -0.09 -0.10 

324 2.5 
0.5 

hours 
hours 

0.13 
-0.10 
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-0.01 
-0.03 

-0.06 
-0.06 

-0.07 
-0.14 

224 5.0 hours 0.68 0.02 -0.04 -0.22 -0.17 -0.47 

124 5.0 hours 0.39 -0.07 -0.23 -0.27 -0.28 -0.49 

114 5.0 hours 0.86 -0.08 -0.19 -0.22 -0.24 -0.41 

014 5.0 hours 0.93 -0.17 -0.21 -0.26 -0.19 -0.37 

004 5.0 hours 1.33 -0.15 -0.14 -0.23 -0.16 -0.32 

The next task performed was the measurement of the 

integrating sphere in order to determine its radiance in the 

bandpasses of the Castle radiometer. Three sets of data 

were taken. Each set of data consists of ten 48-SIS 
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lamp levels. Measurements made at each lamp level were for 

all six bands (bands 3 through 8). Each individual 

measurement (i.e. Lamp Level 114, band 7) was comprised of 

two datum points: one datum point at 90° polarization and the 

other datum point at 0° polarization. The radiometer was 

preset to take data with the waveplate in place during every 

other band's reading. Bands 4, 6, and 8 were with the 

waveplate, bands 3, 5, and 7 had a dummy plate in place in 

order to keep the same optical path length. The radiometer 

and computer were set up to use the polarizer and waveplate 

this way. During the calibration of the radiometer all 

these factors were automaticaly included in the responsivity 

calculation. 

All the data were recorded twice, once by the 

computer and once manually using a voltmeter connected to the 

radiometer (see Figure 7). This served two purposes. One 

was to see how close the two data sets agreed, the other was 

just in case the inexperienced radiometer operator erased 

the data in the computer's memory. All three sets of data 

were taken using both recording methods without mishap. 

After subtraction of the dark noise from each data point and 

addition of the 90° and 0° polarizations, the three computer 

data and voltmeter data sets were averaged separately and 

their standard deviations calculated. Next the radiance of 
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each lamp level in the radiometer bandpasses was calculated, 

using the formula: 

L - V • ND / R 

Where: V » the voltmeter reading in volts or the 
computer reading in counts (1000 counts : 

1.000 volts), 

ND » the neutral density filter that the 
radiometer chose to attenuate the incident 
radiation; values determined during the first 
calibration of the radiometer in terms of 

attenuation: 10" , 

R = the responsivity of the radiometer in 
V»cm 'sr/mW as calculated in the appendix, 

and L = the radiance of the 48-SIS in the bandpasses 
of the Castle radiometer in mW/cm^sr. 

The uncertainties involved in this calculation 

correspond to the standard deviation of the averages for the 

voltage readings. Five of 120 readings had a greater than 

1.00% uncertainty. Four of these were at low lamp levels 

and in band 3. The fifth one was at lamp level 114 and band 

7 - this the largest uncertainty of 3.72%, was mentioned 

previously in the repeatability data. The majority of the 

rest of the uncertainties were less than half a percent. 

The uncertainties associated with the radiometer 

responsivities are discussed in the next chapter. The 

voltage and responsivity uncertainties were root sum squared 

(RSS). 
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A comparison of the 60 radiances, as calculated using 

the voltmeter readings with the 60 radiances as calculated 

using the computer counts, shows only one datum point not 

agreeing within the margin of the uncertainties. This point 

is the 014 lamp level in band 3, again a low lamp level in 

the least stable band. The radiance values as calculated 

using the voltmeter data and the computer data are precise 

to within ±1.40%, except for five out of the 120 data points 

measured. 



CHAPTER 4 

CALIBRATION OF THE CASTLE RADIOMETER 

The Castle radiometer had been calibrated at the 

Optical Sciences Center using a detector-based method by 

K.R. Castle before it was taken to Santa Barbara Research 

Center. After its return, it was calibrated using a 

source-based method at OSC by Stuart Biggar. While at SBRC 

the author calibrated the Castle radiometer using the 

standard lamp and Halon target described in Chapter 2. The 

results of these calibrations are compared at the end of 

this chapter. 

Experimental Setup 

The standard lamp used at SBRC is designated SS13 and 

was set up normal to the 10.2 cm (4 inch) lambertian Halon 

target, as shown in Figure 9. The standard lamp-to-Halon 

distance was set at 50 cm as specified by the manufacturer 

of the lamp, in order for the lamp irradiances as traced to 

NBS to be valid (Optronic Laboratories, Inc., 1974; Walker, 

1982a). The radiometer was set at an angle 0 from the 

normal and a distance 'x' from the Halon, such that the 

radiometer did not interfere with the light from the 

standard lamp but was close enough so the FOV of the 
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radiometer subtended less than the projected 10.2 cm Halon 

disk. Standard lamp radiances were measured at two 

different angles, 22° and 26°, and three different distances 

•x', 64.1, 79.4, and 93.3 cm (25.25, 31.25, and 36.75 

inches respectively). These different setups were to ensure 

that at no time did the radiometer FOV subtend larger than a 

10.2 cm disk. The radiometer 5° FOV was used. At 116.3 cm 

(45.8 inches), the 5° just subtends 10.2 cm. If the 

radiometer field of view is well defined, then the 64.1, 

79.4, and 93.3 cm distances should be satisfactory and this 

was found to be so. 

Experimental Results and Error Analysis 

Voltage readings were taken for the three 

combinations of 0 and 'x': x » 79.4 cm, 0 • 22°; x * 93.3 

cm, 0 - 22°; x - 64.1 cm, 0 ® 26°. Bands 3 through 8 were 

recorded. The standard deviations of the average of the 

three sets of data are all less than ±0.95%, proving that in 

all three of the arrangements the Halon always subtended a 

greater angle than the FOV of the radiometer. 

The next step in the determination of the radiometer 

responslvities involved the calculation of the standard lamp 

radiances in the bandpasses of the radiometer. The standard 

lamp output was given in terms of spectral irradiance at a 
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distance of 50cm, E^, in wavelength steps of 0.05 ym. The 

formula: 

LX « p(X;0j,02) • / ir 

was used to calculate the Halon spectral radiance, L^, 

detected by the radiometer, where p(X;0j,©2) is the 

reflectance of the Halon target, as measured by NBS, for a 

specific packing density of the Halon. These spectral 

radiances were plotted versus wavelength; the radiances in 

the bandpass of the radiometer spectral filters were 

determined using Simpson's Rule of numerical integration. 

The results were precise, with uncertainties of less than 

± 1 . 2 0 % .  

The radiometer voltages of the standard lamp/Halon 

arrangement are divided by the Halon radiances in the 

spectral bandpasses of the radiometer with the results shown 

in the Halon-source based column of Table 7. See Table 3 

for Castle radiometer spectral bandpass limits. 

The uncertainties in the Halon-source based column 

were determined by calculating the RSS of the uncertainties 

associated with the radiometer voltages and standard lamp 

voltages. As can be seen, the uncertainties comprise errors 

of less than ±1.40% of the responsivity value. 

Of considerable interest is the comparison of the 

Castle radiometer responsivities as calculated in Table 

7, (H) column, using a Halon-source based calibraton with the 
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responsivities calculated when the radiometer was first 

built (using a detector based calibration at the University 

of Arizona). The results are shown in the QED detector 

based column of Table 7. 

TABLE 7 

Castle Radiometer Responsivity (V»cm *sr/mW) 

Halon - Source QED Detector BaSO/ - Source 
Band Based Based Based 

(H) (D) (D-H)/D (B) (B-H)/B 

3 15.95 ± 0.16 18.51 (13.8%)* 18.23 (12.5%)* 

4 26.63 ± 0.26 28.10 (5.2%)* 27.55 (3.4%) 

5 38.90 ± 0.44 40.01 (2.8%) 38.65 (-0.6%) 

6 43.35 ± 0.59 43.99 (1.5%) 42.80 (-1.3%) 

7 57.79 ± 0.65 58.61 (1.4%) 57.16 (-1.1%) 

8 47.35 ± 0.59 43.54 (-8.8%)** 46.14 (-2.6%) 

* low SNR 
** detector working with QED, not with Ralon-source based 

calibration 

The large differences in bands 3 and 4 can most 

likely be attributed to the instabilities of the lower 

wavelength bands as seen in Chapter 3: the radiometer 

detector has a low SNR at low wavelengths. Band 8 fringes 
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on the part of the spectrum that is affected by temperature 

changes of the detector. The detector heater was operative 

for the radiometer's first calibration, but not for the 

Halon-source based calibration. This is probably the reason 

for the large difference in responsivities. Another 

calibration of the radiometer was performed at the 

University of Arizona just after the radiometer was brought 

back from SBRC. This calibration used a similar setup as 

that used at SBRC, except a 3'x3f barium sulfate panel was 

used instead of the 10.2 cm diameter Ralon disk. These 

results are shown in the BaSO^-source based column of Table 

7. The irradiance standards were the same FEL type lamps. 

The results were more encouraging, a 2 to 3% difference in 

responsivities for bands four through eight. Band three 

exhibits the same instability mentioned throughout this 

thesis. 

The three described calibrations of the Castle 

radiometer used three different calibration techniques and 

achieved the same responsivities within 5%. There were 

larger disagreements, but these were caused by a 

nonfunctioning detector heater and low SNR conditions of the 

detector at lower wavelengths over a period of time. If the 

radiometer is calibrated before use, then the data acquired 

should be very accurate. The BaSO^ method of calibration is 

simple to do and could be performed in less than a day. The 
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self-calibrating detector method (Castle, 1985) takes more 

time, but is theoretically capable of greater accuracy. 

This calibration should possibly be performed on a less 

frequent basis in order to verify the BaSO^ calibrations. 



CHAPTER 5 

COMPARISON OF RESULTS: SBRC MONOCHROMATOR VERSUS 
CASTLE RADIOMETER 

Discussion of Data and Error Analysis 

Ten lamp levels were measured by the Castle 

radiometer. During the monochromator calibration of the 48-

SIS, 13 other lamp levels were measured, as described in 

Chapter 2. The reason these two sets of radiance levels do 

not coincide, but can still be compared, is discussed below. 

The ten lamp levels as measured by the radiometer 

should be considered as two sets of data. The first set of 

data is comprised of the following lamp levels and combined 

lamp power, respectively: 624 (1500 Watts), 424 (1100 W), 

324 (900 W), 224 (700 W), 124 (500 W), 114 (400 W), 014 (200 

W), and 004 (100 W), where power per lamp is explained in 

Chapter 2. This combination of lamp levels samples the 

whole dynamic range of the 48-SIS radiance. 

The second set of lamp level values 224, 200, 020, 

and 004 were selected in order to prove (or disprove) that a 

calculated lamp level is equal to the sum of the individual 

lamp levels. For example, the lamp level 624 has six 200 W, 

two 100 W, and four 25 W lamps on at once. Typically the 

monochromator is used to measure the levels 600, 020, and 

56 
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004, but not the 624 combination. Instead the individual 

measured levels are added to result in the combined, 

calculated 624. Note the usage of the terminology 

'measured' and 'calculated', as it will be used frequently 

in the ensuing discussion. 

Engineers at SBRC measured four lamp levels to prove 

that the measured sum and the sum of the measured individual 

levels (calculated sum) are all equal. These levels are the 

measured 224, 200, 020, and 004 and the calculated 224. The 

Castle radiometer was used to measure this second set of 

lamp levels. The comparison that will result is the 

intercomparison of all the measured and calculated, single 

and summed 224 lamp levels in order to show that they all 

agree within their uncertainties. 

This will prove two points. First that the 

assumption made at SBRC of only measuring individual lamps 

and then adding them to attain whatever level is required to 

calibrate the TM, is valid. Second that the values measured 

by the Castle radiometer (624, 424, etc.) can be compared to 

the calculated monochromator radiances (600 + 020 + 004 =» 

624, etc.). Reiterating, the procedure followed was to 

measure 224, 200, 020, 004 with both the radiometer and the 

monochromator, calculate 224 from the measured individual 

values of both instruments, then show the extent to which 

they agree and the extent to which the individual lamp 



levels, added, equal the measured combinations of values. 

This is one of the things that this thesis will ultimately 

show: that radiances measured by the Castle radiometer are 

equal to the radiances calculated by the monochromator at 

SBRC to within the calibration uncertainties of both 

instruments. 

Listed below are the measurements that were 

intercompared in all six bands: 

- Castle radiometer measurement of 200 + 020 + 004 
(individual levels measured and added), 

- Monochromator measurement of 200 + 020 + 004 (individual 
levels measured and added), 

- Castle radiometer measurement of 224, 

- and monochromator measurement of 224. 

These four methods comprise a total of eight 

measurements in each band. All agree with each other to 

within their uncertainties except for two measurements. 

Castle-measured 200 + 020 + 004, monochromator-measured 200 

+ 020 + 004, and Castle-measured 224 do not agree within 

their uncertainties with monochromator-measured 224 for band 

3. Also, Castle-measured 224 does not agree within its 

uncertainty with the monochromator measured 224 for band 5. 

However, all these 'calculated* and 'measured' values do 

agree to within ±3.05 percent. Within this degree of 

agreement, it can be said that the radiances as measured by 

the radiometer can be equated to the radiances as calculated 
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from the monochromator measurements. Also the engineers at 

SBRC have been correct in saying that there is little 

difference between the measured sum of the lamp levels and 

the calculated sum from individual lamps. 

Listed in Tables 8 through 18 are the results of the 

radiometric calibration of the 48-SIS by the Castle 

radiometer and by the monochromator at SBRC in the 

bandpasses of the Castle radiometer. Both the radiometer 

voltmeter and computer data are given. Also listed is 

information as to whether the radiometer and monochromator 

radiances agree to within their uncertainties, and the 

percentage by which the radiance values differ. The 

uncertainties are listed along with the radiances in the top 

part of the tables. The calibration of the Castle 

radiometer as given in Table 7, (H) column, was used to 

compute the radiances in Tables 8 through 18. 
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TABLE 8 

Radiances of the 48-SIS for Lamp Level 624 (W/m^»sr) 

Castle Radiometer Castle Radiometer 
Band (voltmeter) (computer) Monochromator 

3 0.634 ± 0.007 0.638 ± 0.007 0.633 ± 0.005 

4 1.633 ± 0.017 1.634 ± 0.017 1.642 ± 0.016 

5 3.024 ± 0.035 3.029 ± 0.042 2.996 ± 0.031 

6 3.711 ± 0.051 3.712 ± 0.051 3.694 ± 0.043 

7 5.616 ± 0.063 5.615 ± 0.064 5.588 ± 0.066 

8 7.486 ± 0.095 - 7.330 ± 0.105 

Castle Voltmeter Castle Computer 
Band versus Monochromator versus Monochromator 

Agree Agree Agree Agree 
within within what within within what 

uncertainty? percent? uncertainty? percent? 

3 yes -0.16 yes -0.79 

4 yes 0.55 yes 0.49 

5 yes -0.93 yes -1.10 

6 yes -0.46 yes -0.49 

7 yes -0.50 yes -0.48 

8 yes -2.13 
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TABLE 9 

Radiances of the 48-SIS for Lamp Level 424 (W/m^*sr) 

Castle Radiometer Castle Radiometer 
Band (voltmeter) (computer) Monochromator 

3 0.470 + 0.005 0.469 + 0.005 0.472 ± 0.004 

4 1.211 + 0.012 1.211 + 0.013 1.224 ± 0.012 

5 2.240 + 0.026 2.241 + 0.027 2.239 ± 0.023 

6 2.751 + 0.038 2.748 + 0.038 2.757 + 0.032 

7 4.164 + 0.047 4.168 + 0.048 4.172 + 0.049 

8 5.560 + 0.071 - 5.495 + 0.078 

Band 
Castle Voltmeter 

versus Monochromator 
Castle Computer 

versus Monochromator 

Agree 
within 

uncertainty? 

Agree 
within what 

percent? 

Agree 
within 

uncertainty? 

Agree 
within what 

percent? 

3 yes 0.42 yes 0.64 

4 yes 1.06 yes 1.06 

5 yes -0.04 yes -0.09 

6 yes 0.22 yes 0.33 

7 yes 0.19 yes 0.10 

8 yes -1.18 — — 
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TABLE 10 

Radiances of the 48-SIS for Lamp Level 324 (W/m^#sr) 

Castle Radiometer Castle Radiometer 
Band (voltmeter) (computer) Monochromator 

3 0.380 ± 0.004 0.381 ± 0.004 0.381 ± 0.003 

4 0.981 ± 0.0010 0.982 ± 0.010 0.994 ± 0.010 

5 1.786 ± 0.020 1.786 ± 0.020 1.825 ± 0.019 

6 2.239 ± 0.030 2.236 ± 0.036 2.253 ± 0.026 

7 3.398 ± 0.038 3.390 ± 0.040 3.412 ± 0.040 

8 4.546 ± 0.057 - 4.502 ± 0.064 

Castle Voltmeter Castle Computer 
Band versus Monochromator versus Monochromator 

Agree Agree Agree Agree 
within within what within within what 

uncertainty? percent? uncertainty? percent? 

3 yes 0.26 yes 0.00 

4 yes 1.31 yes 1.21 

5 yes 2.14 yes 2.14 

6 yes 0.62 yes 0.75 

7 yes 0.41 yes 0.64 

8 yes -0.98 -
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TABLE JJ, 

Radiances of the 48-SIS for Lamp Level 224 (W/m^*sr) 

Castle Radiometer Castle Radiometer Moaochromator 
Band (voltmeter) (computer) (224 calc) 

3 0.288 ± 0.003 0.288 ± 0.003 0.295 ± 0.002 

4 0.750 ± 0.008 0.750 ± 0.008 0.765 ± 0.008 

5 1.372 ± 0.016 1.371 ± 0.016 1.406 ± 0.014 

6 1.701 ± 0.023 1.701 ± 0.023 1.743 ± 0.020 

7 2.631 ± 0.030 2.630 ± 0.030 2.658 ± 0.031 

8 3.536 ± 0.045 - 3.511 ± 0.050 

Castle Voltmeter Castle Computer 
Band versus Monochromator versus Monochromator 

Agree Agree Agree Agree 
within within what within within what 

uncertainty? percent? uncertainty? percent? 

3 no 2.37 no 2.37 

4 yes 1.96 yes 1.96 

5 no 2.42 no 2.49 

6 yes 2.41 yes 2.41 

7 yes 1.02 yes 1.05 

8 yes -0.71 
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TABLE 12. 

Radiances of the 48-SIS for Lamp Level 224 (W/m^*sr) 

Castle Radiometer Castle Radiometer Monochromator 
Band (voltmeter) (computer) (224 meas) 

3 0.288 ± 0.003 0.288 ± 0.003 0.295 ± 0.002 

4 0.750 ± 0.008 0.750 ± 0.008 0.765 ± 0.008 

5 1.372 ± 0.016 1.371 ± 0.016 1.406 ± 0.014 

6 1.701 ± 0.023 1.701 ± 0.023 1.730 ± 0.020 

7 2.631 ± 0.030 2.630 ± 0.030 2.640 ± 0.031 

8 3.536 ± 0.045 - 3.488 ± 0.050 

Castle Voltmeter Castle Computer 
Band versus Monochromator versus Monochromator 

Agree Agree Agree Agree 
within within what within within what 

uncertainty? percent? uncertainty? percent? 

3 no 2.37 no 2.37 

4 yes 1.96 yes 1.96 

5 no 2.42 no 2.49 

6 yes 1.68 yes 1.68 

7 yes 0.34 yes 0.38 

8 yes -1.38 



65 

TABLE 13 

Radiances of the 48-SIS for Lamp Level 124 (W/m^«sr) 

Castle Radiometer Castle Radiometer 
Band (voltmeter) (computer) Monochromator 

3 0.196 ± 0.002 0.197 ± 0.005 0.200 ± 0.002 

4 0.516 ± 0.005 0.515 ± 0.005 0.529 ± 0.005 

5 0.950 ± 0.011 0.951 ± 0.011 0.981 ± 0.010 

6 1.184.+ 0.016 1.184 ± 0.016 1.219 ± 0.014 

7 1.846 ± 0.021 1.845 ± 0.021 1.876 ± 0.022 

8 2.494 ± 0.032 - 2.487 ± 0.036 

Castle Voltmeter Castle Computer 
Band versus Monochromator versus Monochromator 

Agree Agree Agree Agree 
within within what within within what 

uncertainty? percent? uncertainty? percent? 

3 yes 1.75 yes 1.25 

4 no 2.46 no 2.65 

5 no 3.16 no 3.06 

6 no 2.87 no 2.87 

7 yes 1.60 yes 1.65 

8 yes -0.28 
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TABLE 14 

Radiances of the 48-SIS for Lamp Level 114 (W/m^*sr) 

Castle Radiometer Castle Radioireter 
Band (voltmeter) (computer) Monochromator 

3 0.161 ± 0.002 0.160 + 0.002 0.164 ± 0.001 

4 0.422 + 0.004 0.420 + 0.005 0.433 ± 0.004 

5 0.773 + 0.009 0.772 + 0.009 0.796 ± 0.008 

6 0.960 + 0.013 0.960 + 0.013 0.988 ± 0.012 

7 1.519 + 0.059 1.484 + 0.017 1.513 ± 0.018 

8 1.997 + 0.025 - 1.996 ± 0.029 

Band 
Castle Voltmeter 

versus Monochromator 
Castle Computer 

versus Monochromator 

Agree 
within 

uncertainty? 

Agree 
within what 

percent? 

Agree 
within 

uncertainty? 

Agree 
within what 

percent? 

3 yes 1.83 no 2.44 

4 no 2.54 no 3.00 

5 no 2.89 no 3.02 

6 no 2.83 no 2.83 

7 yes -0.40 yes 1.92 

8 yes -0.05 — — 
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TABLE 15. 

Radiances of the 48-SIS for Lamp Level 014 (W/m^*sr) 

Castle Radiometer Castle Radiometer 
Band (voltmeter) (computer) Monochromator 

3 0.074 ± 0.001 0.071 ± 0.001 0.077 ± 0.001 

4 0.198 ± 0.002 0.198 ± 0.002 0.205 ± 0.002 

5 0.371 ± 0.004 0.371 ± 0.004 0.387 ± 0.004 

6 0.464 ± 0.006 0.464 ± 0.006 0.484 ± 0.006 

7 0.726 ± 0.008 0.725 ± 0.008 0.744 ± 0.009 

8 0.981 ± 0.012 0.976 ± 0.012 1.003 ± 0.014 

Castle Voltmeter Castle Computer 
Band versus Monochromator versus Monochromator 

Agree Agree Agree Agree 
within within what within within what 

uncertainty? percent? uncertainty? percent? 

3 no 3.90 no 7.79 

4 no 3.41 no 3.41 

5 no 4.13 no 4.13 

6 no 4.13 no 4.13 

7 no 2.42 no 2.55 

8 yes 2.19 no 2.69 
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TABLE 16 

Radiances of the 48-SIS for Lamp Level 200 (W/m^*sr) 

Castle Radiometer Castle Radiometer 
Band (voltmeter) (computer) Monochromator 

3 0.178 ± 0.002 0.179 ± 0.002 0.179 ± 0.002 

4 0.458 ± 0.005 0.458 ± 0.005 0.460 ± 0.005 

5 0.824 ± 0.010 0.822 ± 0.010 0.839 ± 0.009 

6 1.011 ± 0.014 1.011 ± 0.014 1.031 ± 0.012 

7 1.539 ± 0.018 1.541 ± 0.017 1.548 ± 0.018 

8 2.038 ± 0.026 - 2.020 ± 0.029 

Castle Voltmeter Castle Computer 
Band versus Monochromator versus Monochromator 

Agree Agree Agree Agree 
within within what within within what 

uncertainty? percent? uncertainty? percent? 

3 yes 0.56 yes 0.00 

4 yes 0.43 yes 0.43 

5 yes 1.79 yes 2.03 

6 yes 1.94 yes 1.94 

7 yes 0.58 yes 0.45 

8 yes -0.89 
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TABLE 17 

Radiances of the 48-SIS for Lamp Level 020 (W/m^'sr) 

Castle Radiometer Castle Radiometer 
Band (voltmeter) (computer) Monochromator 

3 0.070 + 0.001 - 0.070 ± 0.001 

4 0.192 + 0.002 0.192 + 0.002 0.200 + 0.002 

5 0.362 + 0.004 0.362 + 0.004 0.379 ± 0.004 

6 0.456 + 0.006 0.456 + 0.006 0.473 + 0.006 

7 0.725 + 0.008 0.725 + 0.008 0.742 + 0.009 

8 0.994 + 0.012 - 1.017 + 0.015 

Band 
Castle Voltmeter 

versus Monochromator 
Castle Computer 

versus Monochromator 

Agree 
within 

uncertainty? 

Agree 
within what 

percent? 

Agree 

within 
uncertainty? 

Agree 
within what 

percent? 

3 yes 0.00 - -

4 no 4.00 no 4.00 

5 no 4.49 no 4.49 

6 no 3.59 no 3.59 

7 yes 2.29 yes 2.29 

8 yes 2.26 _ 
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TABLE 18 

Radiances of the 48-SIS for Lamp Level 004 (W/m^*sr) 

Castle Radiometer Castle Radiometer 
Band (voltmeter) (computer) Monochromator 

3 0.038 ± 0.001 0.038 ± 0.001 0.037 ± 0.0004 

4 0.100 ± 0.001 0.101 ± 0.002 0.103 ± 0.001 

5 0.186 ± 0.002 0.186 ± 0.002 0.194 ± 0.002 

6 0.232 ± 0.003 0.232 ± 0.003 0.240 ± 0.003 

7 0.356 ± 0.004 0.356 ± 0.004 0.367 ± 0.004 

8 0.475 ± 0.006 - 0.485 ± 0.007 

Castle Voltmeter Castle Computer 
Band versus Monochromator versus Monochromator 

Agree Agree Agree Agree 
within within what within within what 

uncertainty? percent? uncertainty? percent? 

3 yes -2.70 yes -2.70 

4 no 2.91 yes 1.94 

5 no 4.12 no 4.12 

6 no 3.33 no 3.33 

7 no 3.00 no 3.00 

8 yes 2.06 
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The lack of radiometer computer data in band 8 is due 

to operator error. The computer stores data for the current 

band after the computer has been told to proceed to the next 

band. Since band 9 was not being measured, the program was 

aborted after the band 8 voltmeter data were taken, before 

the computer recorded the band 8 data. 

As can be seen by the tables, generally when there is 

a disagreement between the data, both the voltmeter and the 

computer data disagree with the monochromator data. This 

shows that the data taking capability of the human-voltmeter 

system and the computer are consistent. The voltmeter data 

provided a backup in case of an error occurring in the 

computer recording and printing. 

The following are comments on the results. First 

notice that the band 3 instabilities that were observed 

earlier with the voltage data do not occur. This is because 

the uncertainties calculated for the voltages are a lower 

percentage of the actual value than the uncertainties 

calculated for the responsivity of the radiometer. When 

these two uncertainties were combined (V/R - L), the 

resultant uncertainty of the radiance was larger than either 

of the single uncertainties. This gave the band 3 values 

the extra margin they needed to agree within the uncertainty 

for seven of the eleven lamp levels, even if the individual 

components were out of tolerance. 
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Second it is interesting to note that all the 

discrepancies occur at lamp levels with two or less 200 W 

lamps: 224, 124, 114, 014, and 020. If there is a slight 

variation in one of the lower wattage lamps, there is more 

of a chance of the variation being detected, since the 200 W 

lamps are not there to compensate for the variation. Notice 

that there are no discrepancies at the 200 lamp level. Even 

though there are only two 200 W lamps, there are no lower 

wattage lamps in this combination to vary. 

Lastly, one-third of the data in Tables 8 through 18 

does not agree within the limits of the uncertainties. All 

the data agrees to within a +4.5, -2.7 percent tolerance. Of 

the data that agrees within their uncertainties, a +2.4, -2.7 

percent tolerance is held. The integrating sphere was 

calibrated by the monochromator several months before the 

radiometer calibration. The BaSO^ coatings yellow with age, 

which might account for the +4.5, -2.7% asymmetry. The 

+4.5% means the monochromator measured a higher radiance 

than the radiometer, agreeing with the previous statement. 



CHAPTER 6 

CONCLUSION 

Two calibration methods have been used to determine 

the radiant output of the Thematic Mapper 48 inch 

integrating sphere. A Perkin-Elmer Model 98 monochromator 

and the Castle radiometer were used. The monochromator data 

had to be reduced to determine the 48-SIS' radiance in the 

bandpass of the radiometer. The radiometer had to be 

calibrated and its responsivity determined in order to 

calculate the sphere's radiance. It was shown that two-

thirds of the radiance values from the two methods of 

calibration agreed to within the limits of their 

uncertainties (±2.70%), and all the data agreed to within 

±4.50%. These results substantiate the original calibration 

of the integrating sphere and therefore the preflight 

calibration of the Thematic Mapper. They also show that a 

filter radiometer can be conveniently used to calibrate the 

spectral radiance output of integrating spheres used for the 

pre-flight calibrations of multispectral imaging systems. 

The Castle radiometer was calibrated using three 

different techniques, by three different people. Two source 

based methods were employed, one using a FEL standard lamp 

and Halon as the radiance standard, the other using a 
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similar FEL standard lamp and BaSO^. The third calibration 

was detector based using a QGD detector and BaSO^. All 

three calibrations agreed to within ±3.4%. This means we 

have a reliably calibrateable radiometer and an alternate 

method for calibrating the 48-SIS. 

An important result of this work is that we now have 

a radiometer whose calibration agrees with that of the 

integrating sphere used in the preflight calibration of the 

TM that can be used in a helicopter at White Sands to 

calibrate the TM in flight. The check against the 

integrating sphere provides reassurance that any differences 

detected between the prefight and inflight calibrations are 

due to either changes in the T^M res pons ivi ties or errors in 

the inflight calibration procedure and not to differences 

between the two calibration references. 
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