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'!he need for absolute radiauetric cal:ibration of space-baseu 

sensors will continue to increase as new generations of space sensors 

are developed. A reflect:anoe-based in-flight cal:ibration procedure is 

used to determine the radiance reachin;J the entrance pupil of the 

sensor. '!his procedure uses ground-based measw:ements coupled with a 

radiative transfer code to characterize the effects the atmosphere has 

on the signal reach:inq the sensor. '!he CCIll!p.lted radiance is compared to 

the digital count output of the sensor associated with the image of a 

test site. '!his provides an update to the preflight cal:ibration of the 

system and a check on the on-board internal cal:ibrator. 

'!his cal:ibration procedure was used to perfonn a series of five 

cal:i.brations of the Iandsat-5 '!hematic Mapper ('lM). For the 12 

measurements made in 'IN bands 1-3, the :RMS variation from the mean as a 

percentage of the mean is +/- 1.9%, and for measurements in the IR, 'lM 

bands 4,5,and 7, the value is +/- 3.4%. '!he:RMS variation for all 23 

measurements is +/- 2.8%. 

'!he absolute cal:ibration techniques were put to another test 

with a series of tr..r-e:e calibration of the SEOI'-l High Resolution 

cal:i.bration coefficients c:ompared very well with ratios of histogrammed 

data obtained when the cameras simultaneously imaged the same ground 

xiv 



site. Bands PA, Bl and B3 agreed to within 3%, while bani B2 showed a 

7% difference. 

'!he procedure for performing a satellite calibration was then 

used to dem:::mstrate how a calibrated satellite sensor can be used to 

quantitatively evaluate surface reflectance over a wide ran:Je of surface 

features. PJ:edicted reflectance factors were canpared to values 

obtained from aircraft-based radiometer data. 'Ibis procedure was 

applied on four dates with two different surface conditions per date. A 

strong correlation, R2 = .996, was shown between reflectance values 

determined from satellite imagery ani low-flying aircraft data. Of the 

32 predicted reflectance values only six had a difference greater then 

0.01. A mean difference of .0007 was obt:ained for the 32 casc..s. In 

addition, a procedure had to be developed to obtain uncorLected. digital 

counts from processed satellite :imagery. 



INmOWCTION 

For the past 15 years the use of space-based sensors has played 

an increasingly inportant role in the management of the earth's resour

ces. Iandsat-1, launched in 1972, was the first of a series of 

satellites developed specifically for this purpose. currently, the 

fifth in this series, (Iandsat-5), and the French sror (systeme 

Probatoire d'Obsel:vation de la Terre) satellites, are providing extra

o:rdina:ry magery of earth surface. Also, satellites designed for moni

toring weather patterns are being used for vegetation change detection 

(TUcker, 1985). 

As the sophistication of satellite sensors has increased, 

studies c:oncern.i.:D:r earth surface ~ have advanced. from estima:tes 

of crop hectorage (MacDonald and Hall, 1980) to determinations of the 

surface radiation balance (Pinker, Ewing, and. Tal:pley, 1985). As the 

need for quantitative information increases, so does the need for accur

ate radiometric calibration of spacecraft sensors. calibration needs 

will continue to increase as new generations of space sensors, such. as 

those proposed as part of the Earth Observing System, on the space 

station, are developed. 

'!he objective of this dissertation is to diSCllSs procedures for 

absolute radiometric calibration of satellite sensors, to :report on 

1 



in-flight calibration efforts of the Iandsat-5 '!hematic Mapper and the 

Sl:Or High Resolution Visible (HRV) sensors, and to demonstrate how a 

calibrated satellite sensor can be used to retrieve surface reflect:ances 

for a wide range of surface features. 

Absolute Radianetric calibration 

'!he absolute radiometric calibration of a satellite sensor is 

:iJrportant for many remote sensing applications. Beqni et ale (1986), 

gave three reasons for calibrating' sensors; "First, because the valida

tion or exploitation of scene and atlnospheric radiative transfer models 

generally requires data in radiance units, second because absolute cali

bration provides a way to .ccmpare the responses of different satellite 

sensors, and third because it allows ch.arx,;Jes with t:iJne in the response 

of a sensor to be conveniently monitored. II 

Four basic methods have been employed to determine the absolute 

radiometric calibration of satellite sensors (Kastner and Slater, 1982; 

Hovis, 1985; Slater et al., 1987). '!he first is a pre-launch laboratory 

calibration. '!he second is by the use of an on-board internal cali

brator. '!he third is by the use of a down-looking calibrated radiometer 

on an aircraft. 'lhe fourth is by the use of ground-based measurements 

of surface reflectance and a'tn¥:;)sph.eric parameters and an at::Joospheric 

radiative transfer program to calculate the radiance at the entrance 

pupil of the sensor. '!he fourth methcxi, called "reflectance-based 

in-flight calibration" (Slater, 1985b), will be the method used in this 

irwestigation. 

2 



'lbe preflight calibration is essentially a standal::d laboratory 

procedure ui:ilizin.;J an integratirq Eqile:re. on-board calibration systems 

are specifically designed for a particular sensor system, with the 

essential difference between systems beirg the mode of sensor illumin~ 

ation, i. e. I the sun or calibrated lamps. '!he main purpose for an on

board internal calibrator (IC) is to determine the difference between 

preflight and post launch calibration factors, and to monitor any 

degradation as the system ages. However, the IC usually does not 

utilize the complete optics of the sensor, and thus does not detect any 

degradation of the optics caused by high-energy irradiation in the space 

environment, and condensation of outgassed material onto the cold mirror 

surfaces. Another drawback to the on-boanl calibration system is that 

it is assumed to be unaffected by the vibrations of launch and the 

envirornnent of space. 

Reflectance-based in-flight calibration procedures can be used 

to check both the preflight and the internal calibrator values, and to 

provide up-to-date calibration factors. However, these procedures 

require an accurate knc:Mledge of surface reflectance factors, and a 

radiative transfer code that accuratelyac:c::a.mts for scattering and 

abso:tption of radiation in the atJoosphere. FUrt:hennore, adequate 

:instrumentation ll'DJSt be available to measure the pertinent inputs to the 

adequately characterize the aerosol content of the atm::sr;ilere. 

Usin.;J reflectance-based caliliration p1::ocedn res, the radiance 

reaching the entrance pupil of the sensor can be calculated. A crucial 

step is to relate this radiance to the system response which is usually 
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given in terms of numbers ranqjn;J from 0 to 255, called digital counts 

(0Cs) or digital numbers (ms). only unoor.rected DC values, and not the 

standard processed data, should be used to calculate radiance. '!he raw 

DC values must be obtained either before the image has been processed or 

by calculatin:J the raw data values from the processed values. 

in the following chapter (Olapter 2), the various methods for 

calibrating satellite sensors, and the procedures, lOOdels, and system 

output recoJ:ding procedures are di SC'JSsed. SUbsequent chapters discuss 

specialized equipment (Olapter 3), in-flight calibration experiments 

(Olapter 4), and an application of the technique by calculating reflec

tance factors for an agricultural area (Olapter 5) • in the follCMing 

section a brief review of some in-flight calibration experiments is 

presented. 

Previous in-flight calibration Exper.llnents 

Koepke (1.982), used a reflectance-based calibration method to 

derive calibration factors for Meteosat-1.. He modeled the atmosphere 

with a SllCCessive-omer-of-scattering program that accounted for all 

orders of atmospheric scattering, but did not account for polarization. 

Koepke used four areas of different surface reflectance: rough ocean, 

the savanna in Namibia, pastureland in northern Gennany, and freshly 

fallen Sl'lCM. Air mass trajectories were used to detennine aerosol 

content, while optical depth valUes were determined usirg visibility 

data. He assessed the uncertainty of his calibration values to be on 

the order of 6%. 
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'!he National OCeanographic am A'bnospheric Administration (NOAA) 

used two procedures to perform an in-flight calibration of the Coastal 

Zone Color Scarmer (CZCS). '!he first provided a quick means of detect

ing large changes in the system response :by applying a ''Rayleigh 

correction factor" (Hovis, 1985; Hovis, I<no11, and Smith, 1985). '!his 

factor was subtracted from the radiance measured by the CZCS sensor to 

give the reflected radiance fran the scene corrected for Rayleigh but 

not aerosol scattering. '!he COLLection factor was determined shortly 

after launch, thus relying on the preflight calibration of the sensor. 

'!he radiance of a clear water site was measured fram a ship while 

si.nU1l.taneous1y the CZCS ilnaged the scene from space. '!he difference in 

the two radiance :measurements was defined as the Rayleigh corLection 

factor. '!his factor was subsequently used to correct the CZCS data by 

comparison to the ship-based measurements. '!he cOLLection factor, 

measured only once, was applied to scenes irrespective of location or 

meterological conditions. Cllarges in atnDspheric con:litions and aerosol 

loading were not taken into account. '!he second. calibration effort 

(Hovis et al., ~985) made use of high-alti'bJde aircraft data, usually at 

a 13 kIn altitude for a !.ear jet and 18 kIn for NASA's ER-2. '!he radiance 

measurements were made using a calibrated spectrcmeter which viewed the 

scene with nearly the same viewing geometry as the CZCS space sensor. 

(WSMR) • 

In November 1982, Drs. P.N. Slater and J.M. Palmer received a 

contract from NASA Goddanl Space Flight Center, as part of the landsat 

Image Data Quality.Assessnelt (LIIX).A) program, to study the in-flight 
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calibration of the Iandsat-4 sensors. Dr. R.D. Jackson ani staff from 

the Agricultural Research Service (:Ehoenix) have fully participated :in 

this calibration project since its inception. '!he LIDQA progLam was 

under the overall management of Dr. V. V. salanonson, ani Dr. J. L. Barker 

was the scientific monitor on this contract (NASA-27382). 'lhe early 

work on this contract has been described by Kastner (1985) for two 

measurements on January 3, 1983 ani July 8, 1984 at WSMR New- Mexico. 

Kastner (1985) describes how satellite sensor radiance can be 

predicted, using a reflectance-based calibration procedure, and c::o.npared 

it to radiance values oc:mp.rt:ed using digital counts and the preflight 

gain am offset calibration factors. '!he differences between the 

preflight calibration and :in-flight measurements for January 3, 1983, 

were 6.6%, 2.4%, and -12.9%, for 'lM barx3s 2, 3, and 4 respectively. For 

July 8, 1984, the two methods differed by 6.0%, 8.7%, and -12.4%. Band 

1 was saturated on both dates. '!he estimated uncertainty in the results 

was +/- 5%. '!he estimated uncert:ainty :in the preflight calibrations 

were reported to be +/- 6% (Barker et al., 1985; Norwood and lansing, 

1983) • '!his in::llcates that the reflectance-based method is a viable 

means for obtaining an absolute radiometric calibration of a satellite 

system after la1.mCh. However, the magnitude of the uncertainty 

indicated that ~rovements :in the procedure were needed with respect 

reduction. 'Ibis dissertation describes these ~rovements am use of 

the technique to calibrate the SEOI'-l sensors, and to dete:r:mine surface 

reflectances fram 'lM imagery. 
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CALIBRATION MEIHOOOIOOY 

'!he in-flight calibration method described here uses ground

based measurements of the surface and intervening atncsph.ere as input to 

a radiative transfer cxx1e that predicts the radiance at the entrance 

pupil of the sensor. rn"le absolute calibration is acquired by comparing 

the predicted radiance value to the uncorJ::ected digital counts of the 

image of the test site. A description is provided in this chapter of 

the radiative transfer code along with its mnnerical solution and 

modifications. Also presented is the mathodology used in perfoming the 

in-flight cal:ibration. This includes a p:r:ooedure for obt:aini.n;J uncor

rected digita1-count values f:rcm processed camputer-ocmpatible tape. 

Preflight calibration of the '!hematic Mapper 

'!he preflight calibration of the rrhematic Mapper was perfonned 

by the staff at the Santa. Bal:bara ~-arch center using a 48-inch barium 

sulfate-coated integra'tinJ sphere. Used as a cal:ibrated source, the 

sphere contains 12 individually controlled 'b.lngsten-halogen lamps, each. 

operating at a color temperature of 3100 K (Witman, 1986). Nineteen 

watts. '!he openirxJ of the sphere was aligned 5 maters from the scan 

mirror of the rm. A ~ versus digital count curve was constructed 

by irradiating the rm with the different lamp intensity levels. A 
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linear fit to the cmve was used to provide the preflight calibration 

gain and offset paraneters. Preflight auibration factors were corcq;:uted 

for each of the 96 detectors. '!he internal calibrator la:rrp-sequencer 

was activated while the sphere was being stepped through the different 

radiance values, thus allowi.rg simultaneous calibration of the internal 

calibrator. 

In-Flight Calibration Using the Intemal Calibrator 

'!he internal cal:iJ::>rator, Ie, on board the satellite is used to 

monitor the change :in the response of the detectors after la1.mCh (EDSAT, 

1985). '!he Ie, a flex-pivot-mounted shutter assembly illuminated by 

three m:i.n:i.a.tuJ:e tungsten filament lamps, provides an :in-flight calibra

tion for each detector. '!he shutter assembly is synchronized to oscil

late at the same 7 Hz frequency as the scan mirror. '!he three lamps are 

used :in conjunction with three transmittance screens to provide eight 

intensity levels. A radiance level is assigned to each lanp combination 

and new gain and offset values are deter.mined. It is assumed that these 

laxrps remain stable during launch. The:results from these on-board Ie 

measurements provide an update to the preflight gain and offset values. 

'lhese values, hereafter called cal-gain and cal-offset, are updated for 

each scene and are available to the user through TRAPP data ('!hematic 

Mapper Radiometric and Algorithm Performance P.togram) (Barker, 1985). 

'!he most recent values available should be used when making' the 

conversion fran digital counts to absolute radiance. 
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Meth0d01.ogy Used In Pe.a-..-fcrm:in:r GroUnd-Based ca1..i.bration 

'!he calibration technique described in this chapter used ground

based measurements to characterize the atmosphere and ground reflec

tance. Mea.sUl::ements are made at a selected test site on the morning of 

the satellite ovm:pass. I.ocal atmospheric conditions such as tenper

ature and rel.ative hmnidity are recorded at the test site by support 

personnel using portable instrumentation. A thorough analysis of the 

solar irradiance and atmospheric measurements is made to detennine many 

of the required inputs to the Herman radiative transfer code (Herman, 

1.963: Henl1an arx1 Brcwni.ng, 1.965: Herman, Brcwni.ng, and curran, 1.971.). 

Ground bidirectional spectral reflectance factor data are obtained fran 

ratioing the MMR voltage readings of the surface and a Cal.:ibrated 

reflectance panel. 

'!he radiative transfer code is used with the inputs c:x:mq:mted 

from ground-based measurements to predict the no:cnalized radiance at the 

sensor. '!he absolute radiance is deteJ::mined by multiplyir:q the normal

ized radiance by the exoa:boospheric irradiance across tl?e band. A 

comparison is then made bM.ween the code-predicted radiance values and 

the radiance predicted by the output of the sensor in digital COlmts. 

counts per unit radiance is used to describe the :responsivity of the 

sensor and to monitor changes with the preflight and internal 

calibration. 

9 
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AtmosDheric Measurements 

Instrumentation 

Two solar radiometers, a psyc::hrcmeter, and a :baz'cmeter are used 

to make the atnDspheric measurements. '!he solar radianeters are used to 

measure the solar irradiance as a function of airmass. Total atmos

pheric optical depth is computed by means of the I.anqley plot technique 

(I.anqley, 1881). Barometric pressure is used to compute the Rayleigh 

optical depth, while tenpera.ture and relative hmnidity measurements aid 

in the detel:mina.tion of water vapor and carbon dioxide optical depths. 

Two solar radiometers are used to make the atnDspheric measure

ments. One is an autanated, 12-bani solar-tracking instrument (Castle, 

1985), while the other is a l.O-band manually operated radianeter (Shaw 

et al., 1973). '!he manually operated instrument is of simple design 

with nine narrcw-band spectral filters, each 10 to 20 11m in width, 

covering the 0.4 to 1.04 pm range. An operator points the radiometer at 

the sun and then manually rotates a spectral-filter wheel. A second 

operator records the output of the detector, the instrument gain, and 

the start and finish. times of each data cycle. 

'!he Castle spectropolar.imater used in the solar measurements is 

described in Cllapter 3. It is fully automated with its 12 spectral 

filters and two detectors covering the 0.4 to 2.5 pm region of the 

spectnIIn. '!he auto-tracking instrument, in addition to its automated 

operation, has the benefit of the extended spectral range ,out to 2.5 pm. 

'nlis aids in the further characterization of the atmosphere in the 



near-IR portion of the spectrum which is necessary for the calibration 

of 'IM :bands 5 and 7. 

Iangley Plot 

II 

'!he data prcduced by the two solar radiometers are used to meas-

ure the total a'bnospheric extinction. '!his technique assuxnes Beer's law 

applies to the direct solar flux transmitted through the atmosphere. 

(2.l) 

where E~ is the total direct transmitted. solar irradiance, EO). the exe

atJnospheric irradiance, an:i Text the extinction optical depth for a 

vertical path through the atmosphere. Note that the optical. depth, 

Text, is a functions of wavel.ength, and that E). and Eo>- are both spectral. 

quantities. '!he slant path of the atJnosphere is acx::ounted for by 

:relative ail::mass, m, where m is the weighted ratio of the path length 

through the earth=s atmosphere toward the sun, divided by the path 

length to the zenith i.e. 

m= 
LOO 

p (s) ds 

[00 P (z) dz 
o 

(2.2) 

aiJ:mass is m = 1/cos(8z ) where 8z is the solar zenith cm:Jle •. However, 

this approxilnation is not adequate for larger zenith cm:Jles, i.e. for 6 z 

> 75 degrees. '!he more accurate Kasten's formula (Kasten, 1964), used 



for angles greater then 75 degJ::ees, gives airmass as a :function of 

apparent solar elevation angle, B'. 

m = (sin B' + a(S' + b)-c)-l 

with a = 0.15, b = 3.885, and c = 1.253. 
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(2.3) 

'!he radiometers are used. to measure the transmitted solar irrad

iance continually through the mom:i.n:J of the satellite overpass. '!his 

provides a profile of solar irra.diance (for each band) as a flmction of 

ainnass. '!he manual inst:rument is used. to take measurements at 2 minute 

intervals, beginning shortly after sunrise when the ainnass is changing 

rapidly. Iater in the momi.nq when the air mass changes more slowly, 

the interval between measurements is changed to a 15 minute pericxi. '!he 

auto-tracking instrument is set to record at 3 minute intervals through

out the neasurement pericxi. For Iangley plots it is recc:amnerned (Reagan 

et al., 1984) to use data for 1 < m < 5. '!hus data collection should 

c:ommence about 1/2 hour after sunrise and continue until solar noon. 

'!his condition is inposed to avoid errors in the measurements introduced 

by the cw:vature of the earth, in addition to the error introduced in 

the computation of refraction co:t::t:ection at large solar zenith angles. 

'!he recorded data are fit to a straight line of the fo:t:m: 

In E = In EO - rext m • (2.4) 

'Ibis relation is used. to create a Langley plot (Langley, 1881) 

(In E versus m) for each spectral band of the instrument. A sin'ple 

least-squares method applied to this relation would not be adequate to 

properly describe the data. '!his would give too llU.lch weight to the less 
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accurate measurements occurring at la:t'g'e air masses. J:nstead a weighted 

least squares method (Young, 1974 and Herman et al., 1981.) is used. 

'!his gives equal. weight to all the data points. '!he method for N obser-

vations is 

1n E, lIB 

with: 

R L (111 !.a) /lIlu Z - r (111 E.a,) I mu r 1/1Il11 

-T 

• 

• 

In i, - In En 
DlU 

(2.5) 

(2.6) 

(2.7) 

'!he solar zenith angle must be computed for the time of each 

measurement. Kasten I S relation (Equation 2.3) can then be used to 

detenn:i.ne the ainnass with refraction correction. '!he Ia.ngley plot 

technique assumes that the absorption is not saturated and there is 

i:emporal and spatial b.oIoogeneity wii:hin the ai:nosphere. 

A computer program, ATrEN5. FOR, (:Reagan and scott-Fleming, 1.983) 

uses the method descr~ above, along with the raw measurements, to 

generate a set of Iangley plots. In addition to proviciin:J Ia.ngley 

plots, the program extracts the extinction optical depth and 
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exoatmospheric irradiances fran each band. '!he progzam is fairly 

ccmplete with the solar ephemeris oamputations, refraction correction, 

and plotting package all contained within the code. It can· be used to 

analyze and present Iangley plots for both solar radiometers, regardless 

of the configuration of spectral filters. 

Optical Depth Components 

'!he CXJUpouents of optical depth and their spectral dependance 

must be known to adequately characterize the atmosphere. '!he Iangley 

plots produced by ATI'EN5 predict the total extinction optical depth and 

its Rayleigh cc .... lonent. '!he total optical depth. can be described by its 

three CXJUponents using the followin; relation: 

rext = rmie + rray + rabs· (2.8) 

'!he Rayleigh cxmponent is ocmputed using Equation 2 D 36, with a 

knowledge of the local atmospheric pressure. "!he Mie cuuponent is then 

ocmputed 'by subtracti:rg the Rayleigh CXJIlifXJlleIlt from the total optical 

depth at wavelengths free of molecular absozption. '!he Mie component 

can be ocmputed at other wavelengths by using a least-squares fit to 

these data points. '1hese points are fit to the relation (King and 

Byrne, 1976) 

(2.9) 

'!he absorption ocmponents can be detel:mined by subtracting the 

known Rayleigh and Mie cuupcments from the total optical depth at a 



wavelength where absozption is present. '!he contribution from ozone is 

computed usin:J Equation 2.10 alorq with the optical depth measured 

within the C!lappius absorption barXl. It is assumed that ozone is the 

only abso:rber present in the barXl. 'lhus, 

Toz = Text - Tmie - Tray· (2.10) 

'!his result, together with the ozone absorption coefficient, detennines 

the spectral dependence of the ozone absorption. 

15 

Molecular absorbers, such as water vapor are deteJ:mined in

directly from temperature and relative humidity measurements made at the 

time of ove:tpaSs. '!he transmittance for water vapor was modeled using 

ICMIRAN 6 (Kneizys et al., 1983). An average optical depth value was 

d.eteJ:mined by integrating the spectral transmittance across the equiva

lent 'IN bandpasses for 'IN ban1s 4, 5 and 7. '!he average value for THO 
2 

(mcx:'ieled Tvalue) are 0.0335, 0.0915, and 0.0594 respectively. 

Corresponding values to characterize carbon dioxide absozption are 0.0, 

0.0094, and 0.0035. Temperature and relative humidity values are used 

along with Figure 2.1 to estimate the water vapor concentration on the 

day of overpass. '!he value for water vapor optical depth is determined 

by scaling the mcx:'ieled tau values above by the relation (Kastner 1985): 

(2.11) 

where 0 is the water vapor concentration during the measurement period. 
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Reflectance Measurements 

'!he critical measurement in this procedure is ground 

reflectance. For the high reflectance values of 0.5 at WSMR, there is 

nearly a one-to-one correspondence between an error in reflectance and 

an error in computed radiance (i.e., a 1.% error in reflectance will 

produce about a 1.% error in predicted radiance at the sensor). It is 

t.a.~fore :ilnportant to make accurate ground measurements. 

'!he ground reflectance measurements were· taken with a Barnes 

MMR, with spectral filters corresporxiing to the bands of the 1M. arne 

MMR was carried on a yoke or small hand cart. It was walked across the 

test site to take measurements through the center of the pixels. Each 

series of measurements was bracketed by readings of a reference panel 

that had been set up at the end of each row of pixels. Reflectance 

factors were obtained by ratioinq the voltage measured over a taJ:get to 

the voltage measured over a reference panel, nru.ltiplied. by the 

reflectance factor for the reference panel at the particular solar 

zenith angle. 'lhus, 

1.7 

Rground = Vground * Rref / Vref (2.1.2) 

where Vground and Vref are the output voltages of the MMR for the gypsum 

and reference panel respectively, and Rref is the reflectance of the 

-"""----- ----, ................. ..-&& ........ ~ ......... 

Reflectance Factor 

Although the white gypsum sam is nearly lambertian, it does 

exhibit some di.rect:ional variations. :Because of this it was decided to 



use the spectral bidirectional reflectance factor to describe the 

reflection properties. Reflectance factor is defined as the ratio of 

the flux reflected by a sanple surface to that which would be reflected 

into the same beam geometry by a lossless, lambertian surface which is 

identically irradiated. '!he reflectance factor is measured with a 

detector with a given i.nstantaneous field of view (IFOV). 

where: 

Reference Panel 

J ~ ( e' , • ' ) cos e r sin e ' ci e' ci.' 
IFOV 

1 Lp( e r t .') cos a' sin a r ci a' ci.' 
IFOV 

Lt - radiance reflected by the target 

I.p - radiance reflected by a perfect diffuse 

target 

(2.13) 
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one of the most important factors limiting the accuracy of 

ground measurements is the accuracy of calibration of the reference 

panel. A 0.6 m square BaS04 or Halon panel was used as the reference 

panel. Two different methods were used to calibrate the panel. A 

laboratory method was used at the Optical SCiences Center and an outdoor 

method was used at the Agricultural Research Center. In the laborato:ty, 

a tungsten lanp was used :in combination with an off-axis parabolic 
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mirror to produce the coll:ilnated beam used to illuminate the :reference 

panel. 'lhe panel was placed vertically on a manually operated turn

table. A sinple radiometer built by Che Nianzeng with four filters was 

then used to measure the radiance :reflected from the panel. '!he Ole 

radiometer was positioned nonnal. to the panel ani remainecl so as the 

panel and radiometer combination was rotated with respect to the in

coming beam. 'Ihese measurements, where Vp is the panel voltage reading, 

gave the :relative :reflectance of the panel as a function of the angle of 

the incoming beam. '!he panel. was then :removed and replaced with a 

secondary sta.ndaJ::d, a 50-nun Halon disc which had been calibrated by the 

National Bureau of st::.an::ia.ras. '!he :reflectance factor was calibrated. at 

a 45° incident an;le and 0° viewinq angle. '!he :reflectance factor for 

the :reference panel, R(45,0), was carplted. us:i.n;;r the :relation: 

• 

Vref( 45° JOG) 

Vp(45°;OG) 

Vref(45°jOG) RNBS(45°jOG) 

VNBS(45°jOCl) 

(2.14) 

'!his procedure was performed for each of the four na.rrc:M band filters of 

the Ole radiometer. 

described by Jackson et al. (1987). '!he first step was to evaluate the 

non lambertian properti~ of the panel over a range of vi~ angles. 

'!his was done in the field with a radiometer ani goniometer table. '!he, 

radiometer, positioned above the panel and goniometer table, took 



20 

read:i:ngs as the table and panel were rotated through different sun-panel 

incident angles. Measurements were then repeated with a pressed Halon 

standani. '!he ratio of the voltage response for the panel and the Halon 

standani were then determined. Using published values for the Halon 

standani, the reflectance factor of the panel was calculated for a 

particular solar zenith angle. 

Spectral Radiance at the Sensor 

me nonnalized radiance at the entrance pupU of the sensor was 

determined, at the center wavelength of each band t S spectral response as 

determined by Palmer (1984), using results from ground-based measure

ments as input to the radiative transfer code. 'Ib carg;n:rt:e the spectral 

radiance at the sensor, the output of the transfer code, cc:m1pUted at the 

center wavelength of the baM, was Imlltiplied by the exoat:mcspheric 

irradiance across the band and divided by the square of the earth-sun 

distance in astronomical units, AU. =nw eart:h-sun q;si::anee was deter

mined from ephemeris tables. '!he irradiance, EO' within each band was . 

cc:m1pUted using the relation: 

(2.15) 

where d is the earth-sun distance on the day of mea.surem:mt, and ~ 1 and 

~2 are the wavelength limits of the equivale,."lt passband as d.eteJ::mined by 

the Pa1Jner and TaDasko technique (1980). '!he value EOA is the exoatJnos

pheric solar-spect:ral irradiance data of Neckel and labs (1981). '!he 

------------------------------------------~~~~-. -. ~- -------------------------------



value EO was determ:i.ned. by summing" EoA, in 2 to 10 mil i.nte:rvals, from 

the Neckel.s and tab data. '!he value of EO was computed for a mean 

earth-sun distance at the center wavelength of each. band, and can be 

found in Table 2.1. 

Because of limitation of the transfer code radiance values can 
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only be computed for a limited llUll'Iber of solar zenith angles. 'Ib obtain 

the radiance for an angle other than one of the possible zenith angles, 

the code was :t'\m for two angles bracketing the desired angle. A linear 

interpolation was pe:rfonned on the bracketed. outputs to get the result 

at the desired solar zenith angle. 

Table 2.1 Weighted exe-atmospheric data for 
mean earth-sun distance 

Band 

1 
2 
3 
4 
5 
7 

195.5 
182.6 
154.4 
104.2 

22.0 
7.4 

Radiance Values from 00l's 

The radiance values measured by the satellite were computed by 

using the preflight calibration data and then the in-flight :internal 

calibrator data. '!he image of the test site on the day of measurement 
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was obtained from NASA. '!he image came in the form of digital COlmts 

stored on computer COIrQ?atible tape (CCI'). '!he data were refonnatted 

into a form ccmpatible with the equipment availab~e to us at the Digital 

Image Analysis Iaborato:ty at the University of Arizona. '!he test site 

was selected from the displayed image am printed out in digital COlmts. 

'!he output was raw data, with no image resamplir:g am no radiometric 

corrections applied. '!he test pixels were averaged to obtain the 

average response over the test site. '!his was done for each 'IM band, 

with the exception of the thermal band (band 6). I!he radiance from the 

average digital count values were camputed using the relation 

L = (OC- caloffset) /calgain. (2.16) 

'!he radiance at the sensor was cauputed with this relation, using either 

the preflight or internal-calibrator gain and offset values. Differ

ences between calibration results am the preflight calibrations are to 

be expected because the responses of optical systems are known to change 

in the enviromnent of space. Note too that the internal calibrator can 

only be used to calibrate the filters, detectors, am electronics. It 

does not measure any change in the transmittance of the image-forming 

system. Also a change in the calibration can be due to a change in the 

output of the internal calibrator. 

Radiative Transfer 

An bnportant step in perfonning an absolute radiometric 

calibration or an atmospheric correction of a spectral signature is the 

characterization of the a'bnosphere am its effect ·on the signal reaching 
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the sensor. '!he transfer of visible am near infrared radiation in the 

atloosphere was addressed by Chandrasekhar (~950). '!he transfer problem 

was fo:r:malized by assurn:i.ng a solar-illuminated, plane-parallel atmos

phere. '!he solution ~ presented in the form of a set of ncml.inear 

equations. '!he radiance at a given altitude and direction was described 

in teJ:ms of the radiances cominq from all directions at that altitude. 

'1his was done for each altitude, thus increasing the number of unknowns 

dramatically with the number of layers. '!he number of equations needed 

to express a closed-form solution is prohibitively la:r::ge. '!he solution 

to this problem (Herman, 1963) was found using nmnerical techniques 

which required a large mainframe CCIl'L'Pllter. 

Herman and Browning (~965) developed the software to solve the 

Chandrasekhar equations by using a Gauss-Seidel iterative technique. A 

known vertical distribution is used to divide the a'bnosphere into a set 

of plane parallel-layers of equal optical depth. As in most iterative 

:nethods an initial guess is needed. to start the process. '!he iteration 

process begins by enploying a fo:tWard differencing technique ani using 

an initial estimate of the enel:9Y present. After passing through the 

first layer, the process switches to a central differencing :nethod and 

is continued for the remaining iterations. Solutions for successive 

layers are based on results from all previous layers. Radiances are 

traced down i:hrough eacil layer urrl;.il reaching the su:rfac:e where a 

lambertian reflectance lDCX3eJ is used to simulate grourd reflectance. 

'!he radiances are then traced., using the same pzooedllre, fran the grourd 

back up through the a'bnosphere. '!he radiance values at each layer are 
stored and used to update previous values of radiance. '!his process 
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continues, with radiance components updated for each iteration, until it 

converges to a tmiqu.e solution. '!his solution accounts for all orders 

of multiple scattering with the accuracy of the solution limited by the 

accuracy of the parameters. 

Equation of Radiative Transfer 

Radiation, in traversing a meditml, can urXie:rgo the processes of 

absol:ption, scattering, am emission. A description is presented of 

these processes and their solutions. I!he solution would be quite siIrq;>le 

if absorption and theJ:mal emission were the only processes present, :but 

the reduction in radiant flux of the incident beatU can not be described 

by absorption alone. '!he radiant flux is also scatteJ:ed am we need to 

dete:cnine the amotmt and angular distrll::Juti.on of this scattered flux. 

Absol:ption 

Radiation traversing a medium will be weakened by its 

interaction with matter. '!he radiance L becomes L - dL after traversing 

a thickness ds in the direction of its propagation. 

Atterru.ation of radiation :fram both. scattering am absorption 

through a distance ds can be described by the equation 

Where: 

(2.17) 

~~ - is the total mass extinction coefficient (areajmass) 
p - is the density of the meditml (massjvolume) 
L).. - radiance at position s (Wjcm2 sr Il m) 



'!he density am extinction coefficient can vary spatially. 

However, the assumption is made, within the radiative transfer cc:ide, 

that both quantities are constant throughout the atmosphere. '!he 

extinction in the atmosphere can be described in tenus of particle or 

molecular density. '!his contains both scattering (ks) am absorption 

(ka) components respectively am is given by krr = ka + ks· 

Scattering 

'!he phase function p (8) is .introduced to describe the 

distribution of radiance, no:tmal.ized to the i.ncaming irradiance scat

tered frcIm a beam. It is defined as the radiance scattered from a 

differential solid angle dw centered about the angles (~<p) into a 

differential of solid angle dw' centered about (8;4>'). '!he angle theta 

is measured frcIm the incident beam to the sca~ beam. 

25 

'!he total eneJ:gy lost in the beam frcIm scattering is canputed by 

integra'ti.n; the phase function aver all scattering angles. 

= -kT P ds 

'!he radiance L can be taken out of the integral since it is a 

function of incoming angles only. From the above equality the following 

identity is derived. 

(2.19) 
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For the general case, when scattering and al:Jsozption are present, 

Equation 2.19 is used to describe the rate at Which energy is being 

scattered. However, with alJsozption present, the total loss in energy 

from scattering and alJsozption together (Equation 2.19) must be greater 

than the total energy lost from scattering alone (Equation 2.18) • 

Hence, the phase function is no longer no:cnalized to unity, but instead 

is put equal to the value ks/kir Which is 0 HillilOnly known as the single 

scatterin;J 6 1 bedo, W O. '!his value of w 0 represents the fraction of 

light lost due to scattering, and (1.- W O)' the fraction that has been 

lost due to al:Jsozption. 

For the case where scattering by each element is isot::rcpic, the 

phase function is constant for all an;J1es, i. e. 

PCB) = constant = Wo (2.20) 

'!he Rayleigh phase function is the most often used s;cattering function. 

For the oonservative case of perfect scattering, the phase function for 

unpolarized light is no:cnalized to unity. '!he Rayleigh phase function 

used in the Herman code is given in Equation 2.21. 

(2.21) 

Emission within the atmosphere acts as an additional source of 

energy. HcMever, in the calibration procedure described in this 

dissertation, only the visible and near-ir spectral regions are 



addressed where emission is neglig:ible so it is not considered in the 

follCMing ene:gy balance equation. 

Energy Balance Equation 
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'!he sum of all the sourqes and sinks acting on a beam of radiant 

ene:r:gy can be summarized by the eneJ:9Y balance equation, 

dL(a,~) ... kT Q ds J p(a'~.';e,.) L(a',~') dw' 
41f (2.22) 

'!he first term of Equation 2.22 COlt'p.ltes the energy scattered 

into the beam dw due to fields from all directions. Note that in the 

integral, L is being integrated over all incom:i.ng angles. '!he losses 

ccmputed by the second teJ:m accounts for the single scattering out of 

the beam, while the third term descr:ibes the total energy lost due to 

scattering and absozption. 

'!he sources are grouped together to define the source function, 

J(a,<\I) ... J p(a',q,';a,.) L(a',,') dw' + po(ao,lPo;a,q,) E 
41f 

ReWriting Equation 2.22 in te1:ms of the som:oe function gives 

dUe,;) = L(6,<II) - J(e,<II). 
-kT p ds 

(2.23) 

(2.24) 

'Ibis is the equation of transfer. '!his form implies a flat earth by 

assuming a steady-state and horizontally homogeneous atnDsphere. 



Formal Solution 

'!be transfer equation can be written in terms of optical depth, 

where the optical depth between altitudes Zl. and z2 is given by 

(2.25) 

'!be total optical depth of the atm::sphe.re is described by 

«z) • [ k 0 dz. (2.26) 

'Ihese equations descr:ibe optical depth in tenDs of the normal distance 

between layers. For directions that are not normal to the layers, the 

increased optical depth :must be taken into consideration. Similarly, 

the enezgy balance equation (Equation 2.22) can be J:eWritten as follows: 

(2.27) 

In considering' transfer problems in plane-parallel atmospheres, 

it is corwenient to separate the energy balance equation into two 

separate equations. one equation is used to descr:ibe each of the 

downward and up.4ard prcpagati.n:J beams. '!be up.4ard propagation beam is 

written 
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(2.28 a) 

and the downward beam is: 

(2.28 b) 



29 

Equation 2.28a is identical to Equation. 2.28b except all values for p., 

where P. is the cosine of the scattering angle, are negative. '!he change 

in sign of P. signifies a reversal in the direction of the propagated 

beam. 'lhese equations are the fonns used in the Herman code. '!he 

solutions to these non-linear, first-onier differential equations are 

found by applying the following bcundal:y coMitions. 

L( T ext/P.'tP) 

EO (-Ilo,tPo> 

=0 

= known 

(2.29) 

'!he radiance is cx::mputed at each intermediate layer of equal 

optical depth. '!he intermediate radiance values are cx::mputed by 

rewriting Equation 2.28 

-11 eT/11 dL(T,-l1,,)/dT - L(T,-l1,q,) eT/I,J = -11 del e T/ 11 ) 
dT 

~ -J(T,-l1,q,) eT/I,J 

11 e-T/11 dL(T,lJ,q,)/dT - L(T,lJ,q,) e-T/11 ~ 11 del e-T/ll) 
dT 

= -J(T,lJ,4I) e-T/lJ 

(2.30 a) 

(2.30 b) 

'!he layer number is denoted by n, with n = 0 at the top of the 

atmosphere. canbinirq".:hese two equations qive 

(2.31. a) 



J('t',:!:l1,41) .. J P(I1',cp';:!:I1,~) L(I1',41') d(-I1') d41 + P(l1u4lo;8,41) E • (2.31 b) 
411' 

Notice, fran the ptec;edin;J equation that the radiance, after passinq 

through a layer, is expressed. as the initial .radiance attenuated Dy the 

amount, exp(-.:1T/I'), plus a contribution from the source function. For 

each altitude the source function contributes an amount that is 

attenuated by the optical depth, .:1 T, measured between T' and the final 

layer. 

Numerical SOlution 
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'Ihe formal solution to the transfer equation requires the 

solution to the integral of the source function over optical depth. A 

knowledge of the radiance at all angles L(9 '~)n is required to evaluate 

this integral at a particular level. 'nle boundary conditions of: no 

radiance incident from below the last layer (ground layer) and a paral

lel beam of flux of unit irradiance incident from the top layer (outside 

the atmosphere), are sufficient to insure a unique solution to the 

transfer equation. 

'!he integral in the transfer equation (Equation 2.31 a) is 

evaluated mnnerically by approx:iJnatin;J it as a finite sum. '!he phase 

function ani source tenus are approximated as constant over a small 

interval (~9,.:1~). An average value of the source term taken at the 

midpoint of the interval is used to evaluate the integral over optical 

depth. After factorinq out the source t.et:m ani evalua~ the integral, 



the transfer equation becanes 

(2.33) 

'!here lIIIlSt be one equation of this form for each unknown and 

there is one unknown for each radiance value in each direction. 'lhese 

31 

equations exist for each layer giving a series of sinU1l.taneous equations 

that need to :be solved. '!he Gauss-Seidel iterative method lends itself 

as a practical way to solve large sets of sinU1l.taneous equations 

(HeJ:man, 1963). '!he first pass assumes all upwelling radiance values to 

be zero. successive iterations are used to update the upwelling 

radiance values. Radiances are oamputed for each layer propagating down 

through the atnlosphere until reaching the surface. Here the sum of the 

direct am diffuse downwelling irradiances are multiplied by reflectance 

am divided by 11' • '!he radiance is then oamputed for the beam propagat

ing back up through the atmosphere. '!he whole process starts again 

until COIlVeJ:ging to a final solution. 

Herman performed a statistical analysis to cc:mpute the proba

bility that only single scattering will occur in the increment of 

optical depth. He found that for a Arvalue of 0.02, approxilnate1y 96% 

of the scattered radiation was due to single collisions alone. We have 

chosen to use this value of A r for all of our cases. A A r value of 0.02 

will minimize the mmiber of layers required while still accounting for 

multiple scattering. '!his will also reduce cc:mputational time, without ,. 

compromising the accuracy. of the results. 



Input Parameters 

several input parameters must be dete:rmined before running the 

radiative transfer program. '!he necessary inputs for computing the 

Rayleigh. and Mie scattering phase function are; particle size distri

:bution, wavelength, vertical distribution of aerosols, and refractive 

index. '!he Rayleigh. and Mie COlliponents of optical depth are used to 

characterize the amount of atmospheric attenuation through scattering, 

while attenuation due to gaseous absozption is characterized by CXJllq;xJn

ents of ozone, water vapor, and CO2. 

'!he total optical depth is obtained through. gzamd-baseci solar 

radianeter measurements. Rayleigh. optical depth is canputed using 

meteorological measurements taken at the tilDe of satellite overpass. 
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'!he remai.ninq optical depth cOJilponents are extracted from the residual 

optical depth (total - Rayleigh. ocmponent) using the procedure descr:ibed 

in the methodology section of this chapter. 

Additional inputs into the HeJ::man code are user-defined param

eters such as wavelength, solar zenith angle, gzamd reflectance, 

intel:mediate altitude, and output-control parameters. 

Rayleigh Scattering FUnction 

'!he Rayleigh. scattering law can be applied to molecular 

scattering in the visible and near IR when the conditions 27r.t'« ~ are 

satisfied (McCartney, 1976). '!he Rayleigh. relation assumes there are no 

resonant frequencies, thUs no absozption, in the visible and infrared 

regions of the spectrum. '!hus pure scattering is assumed. Scattering 
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from ozone and water vapor molecules is considered negligible since they 

COllipose such a small fraction of the atmospheric gases. 

'!he scattering cross section parameter is used. to describe the 

attenuation of a beam from scattering. '!his tenn is defined as the 

cross section of the wave acted on by a JI¥:)lecule and is given by 

(2.35) 

with a = 0.035 (Gucker and Basu, 1.953). '!he Ray1.eigh. COllipOnent of 

optical depth can be canputed by using the definition of optical depth 

given in Equation 2.26. '!he computation is often written in terms of 

standal:d temperature and pressure at a fixed altitude. However, for 

non-st:an::fal::d cases this parameter must be scaled for alternate tempera

tures and pressures. usinq a grourxl-neasured value of at:mcspheric 

pressure the expression can be written: 

with: 

n = refractive index 
~ = wavelength in p.m 
Ns = molecular number density at sea level for a 

standal:d a~ 
= 2.547 x 101.9 cm-3 

N( = columnar nymber g.ensity 
= 2.1.54 x 10~o cm-~ 

o = 0.035 
Po = 1013.25 mbar, or 29.92 in Hg 
P = measured atmospheric pressure in same units as. Po. 

(2.36) 



'!he Rayleigh phase ftmction (McCartney, 1986) is given by 

P(8) = 3/4 (1 + cos26) 

where 6 is the scattering arqle. 

Mie Scattering 

34 

(2.37) 

'!he derivation of Mie scattering is considerably more complex. 

It uses Maxwell's equations and boundary value analysis to give an 

~ion for the eme:rging wave in terms of a series of Bessel functions 

and legendre polynomials (Mie, 1908). A thorough description of Mie 

theory and. its description of scattering using the Mie equations is not 

presented here but can be found in stratton (1.941) and van de Hulst 

(1957). 

'!he tau Mie value is given by Equation 2.38 where nCr) is the 

aerosol radial size distribution and N(z) is the vertical distribution, 

or total m.nnber of particles per unit volume at altitude z. nte optical 

depth of the atmosphere is deteJ:m:i.ned by integrating the cross-section 

over the particle size distribution as follows: 

s.o2 CD 

'H1e - J 1 N(z) ~e(r) u(r) cir ciz • 
o 0 

(2.38) 

'!he integral in Equation 2.38 in integrated over the particle size 

distribution, fram 0.02 to 5.02 pm., and over the vertical extent of the 

A FORmAN program written by Dave (1969) and incol:pOrated in the 

Herman code is used in the computation of the Mie scatterin; parameters. 

'!he Dave code outputs the particle phase function which is then used as 

input to the Herman code. '!he Dave program employs a downward 
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recurrence relationship usirg the particle size distribution as an 

input. '!he code is equipped to run both the Junge am log-normal 

distributions. other fonns can be easily added ~ would require slight 

modifications of the source code. '!he particle sizes rarge from 0.02 to 

5.02 "m. in radius. 

Junge Distribution 

'!he Junge, or power law distribution is used by the radiative 

transfer code described in this d; ssertation. '!he parameters of this 

distribution are, N the number of particles per unit volume am nCr) the 

no:tma.l.ized number of particles of radius r per increment in log r. '!he 

Junge distribution is described using the relation: 

n (r) = dN/ eN dr) = cr- (11+1) 

where c is a nonnalization constant. 

:Refractive Index 

(2.39) 

Rese.ardlers at the U. S. A:rrtW Atmospheric sciences Laborato:ry at 

the White Sands Missile Range, have measured refractive imex for 

particles in the White Sands area. Lindberg and Gillespie (1977) 

performed a study, where particles were collected continually aver a 

three m::mths period am then separated into one of eight size bins. '!he 

COlli position was dete:r::mined usirg spectroscopic techniques, with the 

:iJnaqinaJ:y c:x:mq;xment measured using a cary 14 spectroph.otame. '!he 

:iJnaqinaJ:y component was found to vary aver several orders of nagnitude. 

Using this tedmique with a b;1'!!Crla' mode] of refractive index for 

aerosols, Jennings, Pinnick, and Auvermann (1978) ·deteJ:mi.ned typical and 
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extreme values for the :index of :r:efraction. 'Ihi.s study is of particular 

interest to us since it was done for the location in which the calibra

tions will be perfonned. From the results of their study we have chosen 

(Kastner 1985) to use 1.54 -. oli as the :refractive :index of aerosols 

over White san:is. 

vertical Distribution 

'!he vertical distribution of aerosols used in the Hannan code is 

that used in Elterman's (1968) lOOdel am represents the average profile 

measured for clear a'bnospheric conditions. '!he CCIl'l'pOIlellt of optical 

depth, given the total optical depth at the grourd, are computed as a 

function of altitude using this distribution. 

Molecular Absorbers 

In the visible am near IR we llUlSt consider certain molecular 

abso:r::bers (Figure 2.2). water vapor absorption can be significant for 

wavelengths greater than 0.70 pm, thus overlapping 'lM bands four, five, 

am seven. carbon dioxide absorption must be taken into account for'IM 

bands five am seven. Ozone absorption is present from 0.4 to 0.9 pm 

with a maximum occurring in the Chappuis band near 0.6 pm. Absorption 

due to ozone must be characterized for 'lM bands one through four. 

'!he vigroux (1953) mode] was used to describe the spectral 

dependence of ozone absorption. '!he values of mass density and number 

density refer to air at sea level ternpP..rature and pressure. '!he 

following equation was used, along with th~ measured panu'T.eters, to 

oampute the optical depth for the nonstandard cases of tenperature, 

pressure and altitude: 
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TOZ(Z,l.) - (2.40) 

'!he component of optical depth, Toz(O,X), is deduced from Iangley plot 

mea.surem.ents and adjusting for the proper conditions of ten'g;:>erature, 

pressure, and altitude. 
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lJhe amount of water vapor at sea level is cL.ctermi.ned using 

Figure 2.1.. '!he ten'g;:>erature and relative huniidity measurements used for 

this calculation are those taken nearest the time of overpass. '!he 

transmittance due to atmospheric gases is d.etennined by using the 

~-6 computer code to average extinction by integrating the 

transmittance across the equivalent 'lM bampass computed using the 

Palmer (1.984) method. nrls same procedure is followed for detennining 

. caJ:bon dioxide optical depth. rrhe optical depth values (model tau 

values) for water vapor were de4'"..ermined to be 0.0335, 0.0915, and 

0.0594, for 'IM bands 4, 5, and 7, respectively. And similarly, the 

corresponding values for 002 were deteJ::mi.ned to be 0.0, 0.0094, and 

0.0035. '!he predicted tau values for water vapor are computed by 

scaling the model tau values by the factor, p (H20)/0.59. '!he water 

vapor concentration. P (H.,O). is read off Ficrure 2.J.. '!he value 0.59 -- ~ ..... ~ ~ -" 

corresponds to the water vapor concentration of a standard model 

(Kastner, 1985). 
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output 

'!he Herman code creates two output files. '!he first file is a 

surmnarized output of the radiance values given as a function of look 

angles in the azimuth and nadir directions. Included in this output is 

an echo of the input parameters as well as some intermediate values used 

to test convergence. '!he CCII'pOl'lellts of atmospheric radiance that are 

output are direct irradiance, downwelling diffuse irradiance, upwelling 

diffuse radiance, and the total enez:gy reflected and transmitted out of 

the a'bnosphere (this checks for conservation of energy) • '!he total 

energy value should be equal to 1 for a purely scattering a'bnosphere. 

'!he secorxi output file displays radiance values as a function of look 

angle at intermediate layers in the atmosphere. Radiance at any 

altitude :between the grourxl and outside the atmosphere can be displayed. 

Modifications 

several modification were required to make the transfer code 

suitable for our applications. 'lhe code has been modified so that a 

larger number of viewing angles, solar elevations angles, and 

intermediate altitudes can be selected. '!he output has been condensed 

to a single summary page by eliIninating the extensive output from each 

iteration. A print option controls the amount of detail provided. 

Different Elevations 

When the atmosphere is divided into layers of equal tau values 

the vertical models use sea level as the bottom layer. A modification 

(Avi Ben-David, 1983) was perfo:rmed to allow non-sea-Ievel elevations to 

be chosen. 'nlea'bnosphere is divided into increments of equal optical 
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depth, not layers of equal linear distance. Elevation (ground level) 

can only by set to the height of the tau layer closest to the requested 

elevation (Figure 2.3). 'Ibis procedure sets tau values for all layers 

below the selected elevation to zero where they have no contributions to 

the trans~er p1:ocess. 

---------------~-o -------- ~'-O 

A1'I \,L(~n+1.-IJ.iI) 
fn-"fj 1----------l' n-orr 4~ rL(~n.tJ.a) 
~n+1-~f ~r-----------"t' "+1-1'1 

l'L(~n+1~.a) 
,);;;;;;;;;"';;;;;;; ~-~ext ,;;;;;;;';';;;;;;;;;; t'=1' ext 

Figure 2.3 A'bnosphere partitioned into 
layers of equal optical depth. 

Increased. Solar Viewing Angles 

'!he solution to the large set of equations introduced by the 

Herman code is found by taking a small- 1l\llIIber of discrete angles to keep 

the already large COI!pltational task down to a manageable size. '!hus, 

nine elevation angles and seven aziIm.rt:h. angles are used in the computa

tions. If information is needed at other than these angles the user 

must interpolate to the desired angle. '!here may sometimes be a need to 

have a finer resolution than the discrete angles selected. '!he program 

caYl be mcxlified to harxile some additional angles. Note that the angles 

disolSsed here are not just viewing angles displayed in the final 

output, but are included in the COI!pltations for all the tmknowns I at 
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each layer. '!he increased an;)Ular resolution will cause a la:r:qe 

increase in the required :run tilDe. A COIl'parison Of the standard output 

to the output with increased angular resolution was made, am it was 

found that inteJ:polation between the standard angles had the accuracy 

required for our use. If greater accuracy is needed the angular resolu

tion can be increased by :redimensioning several of the variable arrays 

provided the follCMing condition is met: each viewing angle llU.l.St occur 

midway between two angles both of which must be integer multiples of 90. 

Exanple: the standard case is to divide 90 degrees in 10 steps, giving 

angles of 0,10,20, ••• 90. '!he midpoints of which are 5,15,25, •••• 85. 

I.aJ:ge Tau Values 

'!he pDJgOlam is set up to have the value 1 as an upper lllnit on 

optical depth. '!his is because the atJnosphere is divided into a dis

crete rn.nnber of layers having an optical depth of 0.02. '!he majority of 

our casP..s are satisfied by this condition. As discussed above, computa

tional time increases dramatically as the number of discrete points is 

increased. Optical depth values greater then 1 can be handled, although 

:run time is greatly increased, by s:ilnply :redimensioning several variable 

arrays. 

Non-I.aml::lertian Reflectance Model 

'!he transfer program has been enhanced to handle a 

non-Iambertian surface. In the lambertian case, the upward radiance 

used in the next calculation is computed by multiplying the irradiance 

incident on the ground by the ground reflectance and dividing by 1r • For 

the non-Iambertian case the reflectance has an angular dependance. To 
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represent this an:JUlar depen:ienoe, the reflectance nrust be computed in 

the code by a defined function or extracted from a look-up table. '!he 

radiance is then computed by us~ the argul.ar dependant reflectance 

value. '!he out-going radiance, with its angular dependance, are used as 

inputs for the next layer. '!he errors incurred by assuming a lambertian 

reflectance 'JOOde] for White Sands are small. A study was performed 

(Kasbler, 1985) to characterize the error incurred by assuming lamber

tian surface conditions. Reflectance values were computed at an angle 

of 90 0 from the incident beam. Several other a.nqles were then computed 

assuming a linear deviation between R(8z ;OO) am R(8z ;900). Using band 

1 and. a reflectance of 0.5, differences in radiance of 0.7%, 1.4%, and 

2.8% resulted for departures from lambertian of 5%, 10%, and 20% 

respectively. 

Intennediate Altitudes 

There are :many applicatiO!'.8 wl'I..ere it is i:nporta.1'lt to knc:M t.he 

radiance at same intermediate altitude between space (outside the 

atmosphere) and the ground. '!his feature enables radiance values 

computed by the transfer code to be ccmpared to that measured by sensors 

positioned at a variety of altitudes. studies have been performed to 

characterize the radiance as a function of altitude above the ground 

(Slater, 1985b). 

In the HeJ:man code the incoming and outgoing radiances computed 

at each level are used in the Gauss-Seidel iteration as conditions for 

solving the radiance values for the next layer. '!he radiance value at a 

given :i.ntennediate layer is obtained by extracting the current radiance 

value from each adjacent layer. 'lhese radiance values are then written 
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to an output file for later analysis. :Recal.l that the atmosphere is 

divided. into discrete layers of equal tau values am the radiance is 

corcput.ed only at the boundaries between these layers. '!he radiance at 

other alti'b.ldes can be detennined by interpolating between the values of 

the adjacent layers. '!hen during the last iteration, after the program 

has conve:tged. to a solution, the radiance values for the two adjacent 

layers a:te output as a function of elevation am. az±nurl:h angles. A 

supplemental proaLam, XlNI'.roR, was written to read this output file and 

interpolate the radiance values between the two adjacent layers. '!he 

results are then output in a summary form similar to the main output. 

Ca.libra~on ~ctor 

To monitor the change in the response of a system as well as 

the repeatability of the calibration procedure, the calibration is 

quoted in counts per unit radiance. :tt is defined as the ratio of the 

average digital counts for the test site to the radiance predicted 

through the ground based calibration procedure. Defined this way, a 

decrease in response of the satellite system will be denoted by a 

decrease in the counts per unit radiance parameter. '!he parameter of 

counts per unit radiance can be used to describe the accuracy with 'Which 

the gains and offsets are deteJ:mined by the internal calibrator. 

'!he calibration factor, oounts per unit radiance, was corcput.ed 

using the CAL-gain and CAIt-offset values of four dates, for a full range 

of possible digital count values. '!he calibration factor for each. band 

was plotted as a flmction of digital. counts. Results for band 2 are 

displayed in Figure 2.4. caution should be exercised when using a 
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counts per unit radiance value. One point can not adequately describe 

the calibration of the sensor. '1he response for all the bards are 

linear for digital CO\mt values larger than 20 or 30 Des. However, 'IM 

band 7 falls in the nOll-linear range for digital count values less then 

40. 

Types of '1M Imagery 
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A wide variety of users with diffexent int:e:re...~ (Table 2.2) 

llIaY.e use of the satellite image:ty. 'lhese var.ying needs are satisfied by 

providing several fonnats of the imagery on computer compatible tape. 

IJ:Wo types of processed tapes are available, ccr-A and CCI'-P. 

CCI'-A 

'Ihe ccr-A consist of image data that have been radiometrically 

corrected, with the geometrical OOlOlOection provided but not applied 

(ElOSAT, 1985). '!he radiometric colOrection is used to identify drifts 

away from. nominal perfonnance fl:cm detector to detector. '!he radio

metric cozrections are specified through a hi.stogram matching algorithm 

for bands 1 through 5 and band 7 (Slater, 1986). A different algorithm 

is used in estimating the cor.rection factors for the the:cnal band ('lM 

band 6). 'lhe radiometric correction factors, Det-gain and Det-offset, 

are then applied to the raw data to give the radicmetrically corrected 

data that is p:t:eSeIri:eci on the CC~'-A. ~ image is not resampled thus 

maintaining the sensor-to-line relationship throughout the scene. '!hus 

each reM of a CCl'-A image corresponds to the response of· a single 

detector. A technique to remove the applied radiOmetric correction from 

CCI'-A imagery is presented later. 
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CCI'-P 

Both radianetric and geometric corrections are applied in the 

processed CCI'-P. '!he applied radiometric corrections are the same as 

those described for the CCI'-A. 'lhe applied geometric correction is used 

to account for errors in the location of the pixels caused by changes in 

the spacec:r:aft's position and attitude. Dlring' processing', the image 

data are mathematically resampled. 'lhus, unlike the CCI'-A, each reM or 

scan line of the CCI'-P loses its one-to-one identification with a lJIlique 

detector. 

Raw Data Tape 

A third type of 'IN imagery has :been made available to this 

project by Dr .. Jol:m Barker of l~~s G"""''!''~::oor.:3. Space IFlight Center. '!his 

tape, referred to as a "Barker Special", contains raw, uncorJ:ected 

digital counts. 'lhese counts correspor¥i to the actual signal recorded 

by the sensor, and not a DC modified by the correction process, as is 

the case for CCI'-A and ccr-P. 'Ihese tapes were provided under special 

arrangements with NASA and are not commercially available. 

Interpreting Satellite Imagery 

'!he absolute spectral radiance measured by 'IN is determined by 

locating' a target site on the 'IN image, extracting' the raw data in mUts 

of digital counts, and then applying the pl:uper cal~ ani cal-offset 

parameters. As mentioned previously, the cal-qain and cal-offset 

values, as derived :frOm t:J:1e internal calibrator, are given in the 

published TRAPP data for the date and scene in question. '!he digital 

counts for the target site ImJSt be extracted, while noting' their 



detector-to-pixel corresporrJ.ence. Raw data for the White Sands 

calibrations were sametiJnes available in the form of the Barker Special 

tapes furnished by NASA. HcMever, when these tapes were not available, 

reverse p:roo:;ssing of a corrected ccr-A had to be done. To obtain the 

required uncorrected data, the test sites of inteJ::est were extracted 

from each 'lM scene, and the output displayed in digital count fonnat 

(Figure 2.5). A method has been developed by the author to determine 

the radiometric correction coefficients and use them to revert to the 

uncorrected data set. 

Detennining the Radiometric Correction Factors from ccr-A Data 
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'lhe radiometric correction factors, Det-gain and Det-offset, 

llUlSt be determined for each of the 16 detectors of each solar-reflective 

band. 'lhese factors are extracted from the additional info:mation 

accompanying the CCl'-A image data. 'lhe correction factors are stored 

along with image data in records of 3600 bytes of 8 bits per byte. Each 

record corresponds to a single scan line for an individual detector. 

'Ihese values nrust' be· extracted from a separate scan line corresponding 

to each detector and each band. However, for the same detector, the 

Det-gain and Det-offset values do not change for successive scan lines 

within the scene. 'lherefore, all the necessary infonnation can be 

obtained from arr:I one block of J.6 successive r:ecords. 

All the processed data storsd on the ccr is in a-bit integer 

fonnato However, the Det.-gain and Det-offset values need to have the 

finer resoh:rti.on given by a floatirg point mnnber. To overcame this 

problem the calibration factors are stored as integers in l.U1its of 
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millionths. 'lhus the number 1..469226 would be stored on tape as 

1.469226. However, the larger the integer values, the greater the number 

of bits required for storage. Ccmsequently, for each calibration 

factor, a full 32 bits are required to display these values with the 

necessazy resolution in the required integer fonnat. But since all the 

data are stored in 8-bit bytes, 4 bytes are required for the storage of 

each calibration factor. To display the negative values required to 

describe DEI'-offset, the correction parameters are stored in a two's 

complement fonnat. '!he four byte two's camp1.ement representation for 

Det-gain and. Det-offset are given at the end of each data record in 

bytes rnnnber 3589-3592 and 3593-3596 respectively (llX>SAT, 1.985). since 

four separate bytes of two's complement fonnat were used to display the 

values, additional computations are required to combine the 4 bytes into 

a single 32-bit standard binary number. 

Two's Complement Fonnat 

'!he two's complement fo:cnat is a method used in the field of 

computer architecture to display bat:h positive and negative numbers with 

a min.inn.:mt rnnnber of bits. For exanple, a standard 8-bit number can be 

used to describe a value from 0 to 255, whereas a number in 8-bit two's 

complement fonnat can be use to describe values from -1.28 to +1.27. '!he 

first seven bits are used to indicate the magnitude of the rnnnber while 

the eighth bit designates the sign. A positive number is irxiicated when 

the sign bit has the value 0 (the nt..'"t!'Der is < 1.28), and. a negative 

number is irxiicated when the sign bit takes on a value of 1. (the number 

is > 127). '!he two's complement format is the means by which computers 



:internally store data, am is not generally seen by the prcgLam users. 

'!he cal:iliration parameters are described using the two's complement 

format, but are displayed on the ccr-A using the full 8 bits as if it 

were a standard binaLy number. I!his aIOOUllts to mapping the values from 

-127 to 128 into the range 0 to 255. 

Negative # Positive # 

Stardard -127------- -1 0--------128 
Two's cam. 129 255 0 128 

Figure 2.6 Mapping standard binary into two's 
complement fOLmat. 
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Positive values are converted from standard to two's fOLmat by a 

simple one to one correspondence, without changing the number. However, 

a negative number is written in two's fOLmat by first writ:in:J the value 

in standaLd binaLy, then invertinq it by changing all values of 0 to 1 

am 1 to 0 am than adding +1 to the results. '!he number is then 

converted back to decimal just as if it were a standard binary number. 

Coding of Parameters on ccr-A 

'!he calibration parameters are processed and stored on the CCI' 

by first putting the values into a 32-bit two's complement fonnat, 

breaki.nq it up into four byte segments, and then displaying its decimal 

equivalent. Each decimal value displayed reflects an eight-bit twt)'s

complement number, am should not be confused with the decimal equiva-. 
lent of a standard binaLy number. An example is provided belCM shCMing 

that a number converted to two's complement am then displayed in deci

mal fOLm does not always appear as one might expect. 
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2's Fonnat. Decilnal representation of 2' s 

37 0010 0101 37 

sign bit = 0 

-37 nOl J.OJ.O 21S 
" 

sign bit = J. 

Figure 2.7 Exanple showin;J two's oc:mplement conversion 

'!he calibration factors aJ:e stored. on tape in the decimal representation 

as shown in the exanple above (third column) • 

A large inteqe:r value requiring mJre than S-bits, as is the case 

here, is stored. by dividing the binary number into S bit segments treat

ing each byte independently. '!his is illustrated for both a positive 

am negative value in Figure 2.S. 

Decoding the Pa:tameter stored on ccr 

To extract Det-gain and Det-offset from a CCI'-A the process 

disolSsed above Im.1St be:reversed. Fach parameter, stored. as four 

decimal numbers, is read off the tape and. written in binaJ:y fonn. The 

four bytes aJ:e combined into a single 32-bit number. Negative rnmibers 

aJ:e converted from two's c::x:mplement to stand.a:rd binaJ:y by first writing 

out all 32 bits then inve:rtinq each bit and subtracting 1 from the 

result. '!he resulting Dl'DlI'ber is then written out in decimal fonn and 

divided by one million. Positive numbers do not need to go through the 

two's to stand.a:rd format conversion. When cxanbining the 4 bytes it is 



critical to maintain the order the bytes are stored in. For example 

byte number 3 represents bits ~6 to 24 of the 32-bit number. 

Positive Value ~,2~,654 (mdllianths) 

S'ta.rrja]:d 32 bit binary fo:r:mat 

0000 0000 0001 0010 1000 0000 1110 1110 
[byte 4 ] [byte 3 ] [byte 2 ] [byte 1 ] 

'IWo I s complement fo:r:mat 

0000 0000 0001 0010 1000 0000 11~0 1110 
[byte 4 ] [byte 3 ] [byte 2 ] [byte 1 ] 

4 byte decimal format (2' s) as stored on ccr 

o 18 ~8 238 

Negative Value -1,212,654 (millionth) 

Magnitude of standaJ:d binal:y number 

0000 0000 0001 0010 1000 0000 1110 1110 
[byte 4 ] [byte 3 ] [byte 2 ] [byte 1 ] 

Two I s Conplement fo:r:mat 

1111 1111 1~10 1101 0111 1111 0001 0010 
[byte 4 ] [byte 3 ] [byte 2 ] [byte 1 ] 

4 byte decimal fo:r:mat (2' s) as stored on ccr 

255 237 127 18 

Figure 2.8 Binary (32 bit) representation of 
calibration parameters. 

Simplified Corwersion Method 

'!he corwersion from decimal to binary to two I s complement and 

back again can be a source of confusion lead:i.nq to errors in the 
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designated calibration factors. A method developed by the author 

(Figure 2.1.0) s:iIDplifies the conversion process by el:iminatinq the need 

to manipulate the two's oamplement. Recall, that for positive numbers 

(most significant bit, MSB = 0), the bytes :remain tmdlanged since for 

positive ]1IlDlbe't'S both fo:rms are identical. '1herefore their decimal 

representation are equal, am no further calculations are required. To 

extract the calibration factor for negative ntID'ibp.xs (MSB = 1.) each byte 

must be modified by subtracting its value fran 255. '!he resulting 

decimal values for the 4 bytes in both cases are oombined into a 32-bit 

representation multiplying each byte by the factor 2m, where m is the 

least significant bit (ISB) cor.respc:nting to its position in the 32 bit 

'WOrC.. Figure 2.9 demonstrates the ISB, 2m, for each of the bytes. 

0000 0000 0000 0000 0000 0000 0000 0000 
" " " " 224 216 28 20 

Figure 2.9 Designation of ISB for each. byte of a 32-bit 'WOrd. 

'lhi.s procedure will yield the applied Det-gain am Det-offset 

values for all 1.6 detectors of each band. FUrther ex:.anples of the 

s:iIDplified method are provided in Figure 2.1.0. 

For many users of 'IM imagery it has not been possible to 'WOrk 

with absolute radiance values (at the sensor) since the available 

imagery was of the CCT'-A or ccT'-P form. '!he corwersion prcx::ess 

described above, along with NASA TRAPP data giving Ie gain and offsets, 

can ncM be applied by the user to ~A data to give the uncorrected 

digital counts ne jed for determining absolute radiances. 
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Example 1 

° 18 128 238 

byte 4 is < 128 so no change takes place. 

Resulting value = (0 * 224) + (18 * 216) + (128 * 28 ) 

+ (238 * 20) 

= 1,212,654 (mdllianrJhs) 

Exanple 2 

255 217 167 219 

byte is not < 128 so the new form is required 

(256 - Byte n) 

° 38 88 37 

Resulting value = (0 * 224) + (38 * 216) + (88 * 28 ) 

+ (37 'Ie 20) 

= 2,512,897 (millionths) 

Figure 2.10 Exanple showing extraction of calibration 
parameters from ccr-A 

Applying Correction Coefficients to obtain Raw Digital Counts 

Once the applied gain and offset values are determined the 

uncorrected digital countS can be calculated by inversely applying the 

calibration factors to the digital rnnnbers displayed on the corrected 

CC!'-A. 'Ibis is applied as follow: 
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DCu = (DCa - Detoffset)/Detgain (2.41) 



- Digital count with no 
radianetric correction 

- Radianetrically corrected 
digital count value 

Detoffset - Applied bias or offset value 

Detgain - Applied gain value 
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'!he accuracy of this procedure was verified by applying it to 

data taken from a corrected Iandsat CCl'-A of White Sands, New Mexico and 

comparing the results, pixel by pixel, to the uncorrected digital count 

values obtained fran a Barker Special. '!his was done for several 

detectors on barxis 2 and 4 coverinq a canplete range of digital counts 

for August 28, 1985. Data for band 2 arxl band 4 are shown in Tables 2.3 

and 2.4 respectively. 'lhese CC'JJTIparisons indicate that the procedure can 

be used to obtain 1.mCOrrected data, to within +/- 1 digital count, from 

the radiometrically corrected data. 

When looking at lazge uniform areas it would be simpler to use 

the mean values for Det-gain arxl Det-bias applied to an average digital 

count value rather than ma:tching each pixel with its respective 

detector. '!he error incurred when usirg an average wou.1d be small (less 

than 1.5 %) since there is very little variation between detectors. 



Table 2.3 Test case extracting' raw Des from ccr-A, Band. 2. 

BAND 2 
DETECTOR :IU6 

TAPE OUTPUT 
B 

25 
46 
74 
94 
98 

109 
122 
144 
149 
161 
179 
170 

BAND 2 
DETECTOR #13 

TAPE OUTPUT 
B 

A 

28 
53 
86 

109 
114 
127 
142 
168 
174 
188 
210 
200 

A 

GAIN 
OFFSET 

A to B 

24.810 
46.044 
74.073 
93.609 
97.856 

108.897 
121.638 
143.721 
148.818 
160.709 
179.395 
170.901 

Mean 
STD 

GAIN 
OFFSET 

A to B 

1.17735 
-1.21027 

DC DIFF 

-0.19 
0.04 
0.07 

-0.39 
-0.14 
-0.10 
-0.36 
-0.28 
-0.18 
-0.29 
0.39 
0.90 

-0.04 
0.35 

1.17481 
-1.56490 

DC DIFF 
------------------------------------------------

80 93 80.49 0.49 
103 120 103.48 0.48 
116 135 116.24 0.24 
116 135 116.24 0.24 
141 164 140.93 -0.07 
185 216 185.19 0.19 
198 232 198.81 0.81 

Mean 0.34 
STD 0.26 

--.---
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Table 2-.4 Test case ext:ractinq raw DCs fran ccr-A, ban:i 4. 

BAND 4 GAIN 1.16728 
Detector # 16 OFFSET -0.65047 

B A A - B DC Diff 
------------------------------------------------

37 
74 
90 

101 
167 
106 
120 
149 
180 
198 

BAND 4 
Detector # 15 

B 

33 
59 
75 
86 

104 
117 
150 
180 
197 
200 

42 
86 

104 
117 
194 
123 
139 
173 
209 
230 

A 

38 
69 
87 

100 
121 
136 
174 
210 
230 
233 

36.54 
74.23 
89.65 

100.79 
166.76 
105.93 
119.64 
148.76 
179.61 
197.60 

Mean 
STD 

GAIN 
OFFSET 

A - B 

32.88 
59.40 
74.80 
85.92 

103.88 
116.71 
149.21 
180.00 
'0"'7 , , 
• .,1 ._~ 

199.68 

Mean 
STD 

-0.46 
0.23 

-0.35 
-0.21 
-0.24 
-0.07 
-0.36 
-0.24 
-0.39 
-0.40 

-0.25 
0.19 

1.16911 
-0.44496 

DC Diff 

-0.12 
0.40 

-0.20 
-0.08 
-0.12 
-0.29 
-0.79 
0.00 
0.11 

-0.32 

-0.14 
0.29 
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It is necesscu:y to make accurate ~ of ground specitral. 

ref1ectances and atJoospheric spectral optical depths when making an 

absolute radiometric calibration of a satellite sensor in-flight. 

Instnmtentation has been designed. and built to perfo:t:m tl1..ese :measure

ments am has successfully operated in both laboratory and field 

enviromnents. Ti40 spectropo1ar:iJDet:e.rs (castle, 1985) (Figure 3.1) and an 

electro-mechanical mount (Figure 3.2) that enables one of these 

instruments to be used as an automated solar radiometer were built. In 

addition, atmospheric data have been collected using a solar multiband. 

radiometer (Shawet al., 1973) while ground data were collected using a 

modular multiband radiometer (Robinson et ale, 1979). '!he spectropo1ar

imeters and the electro-mechanical mount overcame the drawbacks of the 

earlier manual instruments of: manual operation, lack of po1arization

measurement capabilities, and poor temporal accuracy of data. 

Description of Instnmtentation 

'!he description and analysis of the electro-mechanical mount 

(auto-tracker) diSC'lSsed in this chapter along with the calibration 

techniques described in the p:reo:rlinq chapter, rely heavily on the 

operation and performance. of the spectropolarimeter and the auto

tracking mechanism. A description of the enhancement made by the author 
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Figure 3.2 Auto-Tracking Instrument 
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to the spectropolarimeter to facilitate coverage in the 1.. 0 - 2.5 I'm 

range is presented in the section on detectors. 

'!he spectropolarimeters have been designed to increase the 

amount an:i type of n-easure:me.nts that can be taken. J:nco:t:pOrated in the 

design are: interchangeable n.ar.row bani spectral filters in the visible 

and. near-ir, two detectors to cover a spectral range from 0.4 I'm to 2.5 

J&l[l, selectable fields of view, polarization capabilities, good signal

to-noise ratio over a laJ:ge dynamic range, an:i automated operation. 

'!he 9 kg. spectropolarimeter (Figure 3.1) measures 19 x 26 x 28 

em, and requires 6 watts to operate. It is a standard non-imaging 

design with two lens oamponents, a polarizer, a waveplate, detector 

assembly and easily positione::l filter an:i aperture Wheels. All 

components are camputer-oontrolled with precision placement and 

monitoring performed by a combination of stepper motors and enccxiers. 

Detectors 
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A silicon photodiode model UV 444-B from EG&G was chosen for 

its linearity over a laJ:ge dynamic range (0.4 to 1.1 Ilm) and its 

ruggedness. A:EbS detector model '# 2309 from IR In:iustries was chosen 

for the near IR (1.0 to 2.5 I'm) because of its high SIN ratio at ambient 

temperatures, which eliminated the need for cooling and the problems 

associated with coolers. Both detectors, heater, and temperature 

monitoring devices were placed in a mach.ined-slide arrangement that 

allows both detectors to use the same viewing optics while maintaining 

good temperature stability. 
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Filters 

'!he solar instrument uses 10 :na.r.row band. filters (Table 3.1), 

that were selected to allow characterization of atmospheric constituents 

in the 0.4 14m to 1.04 14m range. Five :na.r.row-band. filters, with central 

wavelengths in atmospheric windows, are used to describe the aerosol 

optical depth. 'Dlree filters in the Chappuis band and one in the water 

vapor band are used to describe the extinction from ozone and water 

vapor. 'lhree additional filters are p:rovided~ two at the band centers 

of 'IN bands 5 and 7 and one narrow band filter centered at 2.246 "m to 

aid in the characterization of water-Vapor absorption in the near m. 

Fields of View 

'!he spectropolarimeter includes an aperture wheel with four 

fields of view: 1, 2, 5, and 15 degrees to allow for multiple uses of 

the instrument. '!he spectropolarimeter can be set-up to operate with a 

15 degree field of view by attachinq an additional lens to the front 

baffle of the instrument. '!he 1 anC1 2 degree FOVs are for taking solar 

and sky :measurements while the 5 and 15 degree POVs are used to do 

lcu:ge-sca.le averaging when ma.kinq surface-radiance measurements. 

Operation of the Instrument with the Si detector 

'!he instrument is operated in a straight-foJ:WcU:'d manner. Light 

enters the instrument through a protective window which is followed by 

the neutral density and spectral filters. Light. then passes through an 

illIaginq lens and then through a waveplate, relay lens, aperture stop, 

polarizer, and onto the detector. '!he instrument cycles through each 
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Position 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Table 3.1 Center wavelengths and half-widtllS for 
solar spectropolarimeter. 

SOLAR INSTRUMli:NT PORTABLE INSTRUMENT 

Center Halfwidth Center Hnlfwidth 
Wavelength Wavelength 

(urn) (um) (um) (urn) 

0.4201 0.0111 0.6607 
0.4403 0.0]22 0.8382 
0.5254 0.0111 0.4403 0.0122 
0.6054 0.0115 0.5254 0.0111 
0.6621 0.0109 0.6054 0.0115 
0.780'1 0.0122 0.6621 0.0109 
0.8617 0.0151 0.7807 0.0122 
0.9497 0.0243 0.8617 0.0151 
1. 0123 0.0226 0.9497 0.0243 
1.6800 0.2000 1. 0423 0.0226 
2.2200 0.2210 0.4860 
2.2460 0.0400 0.5710 

Note: 'I'M designates 'l'hemotic Mapper Bands 

(TM 3) 
(Tr1 4) 

('I'M 1) 
(T1\1 2) 

Cl' 
~ 



spect:ral filter, taking a series of four polarization measursments at 

each filter setting. 

Operation of the :rnst.rument with the PbS detector 

Because of design constraints, a different procedure was used 

for mak:i.ng measurements in the IR balXls. In nearly all applications 

with infrared :imaging, the det:ector is cooled and the signal is chopped 

to eliminate temperature and background noise. :It was decided not to 

cool the detector because of the limited size of the spectropolar.i.1Ueter 

and the presence of a 1az:ge signal (when used as a solar radiometer) • 
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:It is well known that PbS detectors are extremely sensitive to 

temperature and require good thermal stability to provide :reliable data. 

'!his problem was overcame by stabilizing both detectors at the operating 

temperature (4].0 C) of the Si detector. '!he si and PbS detectors were 

placed next to each other in a thermally controlled block of aluminum to 

maintain the operating tenIpP..rature constant. '!his arrangement made use 

of the heater, thennistor, and electronics already present for the si 

detector. 'Ib further decrease thennal noise and subtract out drift in 

the dark current, the neutral-density filter wheel was used to perfonn a 

slow chop on the signal. rrhis was done by taking a dark reading, 

followed by a light readin;J, and then another dark readin:J. '!he dark 

values can be averaged and subtracted from the signal using the 

relation: 

Digital counts = light signal - (dark 1 + dark 2)/2. (3.1) 
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Detected Signal 

cnte signal fran the detector was sent through its own pre

amplifying circuit and then digitized by a 12 bit 1VD converter. If the 

signal was either over-range or less than a mi.ni:nn.Im value, the neutral 

density filter wheel was repositioned and a new reading taken. '!he data 

were coded and stored for later analysis. 

Computer controller 

A Radio Shack TRS-80 model 100 portable computer interfaces with 

the instrument through TrL logic to control the operation of the instru

ment as well as perfonn data acquisition and storage. cnte positioning 

of each c::c:mponent is controlled. through a series of camrnanis issued from 

the model 100 through the logic to the stepper motors. '!he component 

positions are monitored through a series of 4-bit encoders. To maintain 

temporal accuracy, the time is accurately recorded for each data point 

via the intemal clock of the computer. 

With the instrument controlled through software, any combination 

of filter, detector, and field of view can be used by making appropriate 

inputs to the program. 

Auto-Tracki.ng Instrument 

It is :iJnportant to maintain pointing accuracy and temporal 

resolution of the data when using the spectropolarimeter as a solar 

radiometer. 'Ibis has been accomplished by the design a.nd fabrication of 

an automated alt-azimuth tracking mount. 

Like the spectropolarimeter, the alt-azimuth motmt is controlled 

through the micro-processor-based model 100 computer. Trac.kirg and 
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pointing is aocamplished with a precision turntable and stepper IOOtor 

for each axis. Fach stepper motor is controlled by the 'IDOC'3eJ 100 by way 

of a translator module. '!he positioning of the turntables are monitored 

by 12-bit absolute shaft position encoders. 

Using readily available 0' ::U\£iOl'lS"t"...s, a mechanica11l101.mt, along 

with the TI'L logic and support electronics were designed and assembled 

to perform several modes of pointinq and tracking. '!he spectropolar

imeter has generally operated successfully as an automated solar 

radiometer over the past two years. 

Description of Mechanical System 

'!he spectropolarimeter can be positioned in an automated fashion 

relative position. '!he desired position is entered through the keyboard 

of the ccanputer controller. Positioning can also be done without the 

controller by a set of manual switches; this is for coarse positioning 

and is generally used only for initial alignment, or for placing the 

spectropolarimeter in its stowed position. 

Elevation COntrol 

'!he elevation is controlled by rigidly attachinq the elevation 

tmntable, spectropolarimeter, and encoder to an alumirnnn yoke. rnlls 

setup was designed to allow the spectropolarimeter to have over 180 0 of 

travel, thus providing the ability to look at any point above the 

horizon. 

Spectropolarimeter, encoder and yoke assembly are then mounted 

on a larger turntable, allCMing movement in the azimuth. direction. As 



in the elevation case, azilm.rt:h positioning is performed by its own 

stepper motor and encoder. 'lhere are no hard stops limitirg the travel 

of the turntable, thus allowing a continuous 360° coverage. 

Angular :Resolution 

'!he selection of encoders and turntables was deter.mined by the 

angular resolution needed for the accurate detennina.tion of spectral 

extinction coefficients. 'Ib determine extinction coefficients from the 

!.angley-plot methoo, it is necessary to detenni.ne accurately the 

apparent solar elevation. 

'!he 12-bit absolute encoders manufactured by BEI were selected 

giving' an angular resolution of 0.09°. '!he rotaJ:y stages selected were 

the Daedal m::xiel #21204 305 nun (12") tmntable for azinu.It:h and Daedal 

model # 20604 203 mm (8 11 ) turntable for elevation. Both rotaJ:y stages 

have stepper motors with an argular resolution of 0.04° per step. 
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'!he complete mechanical part of the alt-azinu.It:h mount, including 

both tmntables, rests on a 305 mm x 305 mm x 203 nun (12" x 12" x 8") 

aluminum box. 'lh.is is the box described later which hoUses all the 

inteJ:nal electronics needed, including power supplies, TrL logic, 

stepper motor controllers and position control switches. '!he alt

azinu.It:h m::runt, turntables and elect:ronics-control box assembly rests on 

an adjustable 91 em (36") 20 kg. cast aluminum and steel tripod. 

'!he combination of turntables and yoke assembly facilitates 

positioning' the spectropolarimeter to am at art:! point in the sky as 

well as slightly below the horizon. In addition, when using' the 

instrument as an aerosol spectropolarimeter the instnnnent can scan the 



entire sky using several scan patterns, :including longitudinal and 

almucantar • 

Description of Electrical system 
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'!he operation of the auto-trackinq instrument and same functions 

of the spect:ropolarimeter are controlled through the electroracs assem

bly in the electronics control box (Figure 3.3). 

'!he entire alt-azinnlth tracking system is powered from an 110 v 

AC power line into the control box and the three por..rer supplies in the 

box. A 24 VDC 10 anp power supply is used to power two SIO-SYN ST-101 

translator modules ~ch, on OO!T1\'Mrxi, sam pulses to the stepper motors. 

Each module consists of a printed circuit board with the necessary logic 

for bidirectional control of the stepper motors. Pulses can be trig

gered :fram. an internal oscillator or fran an external source. In't:enla.l 

pulsing is used for manual operation of the tracking instrument while, 

in the auto-tracking mode, pulsing is done by the model 100. A smooth, 

nearly linear change in the oscillator is provided by a speed-control 

potentianeter. '!he spect:ropolarimeter is powered by a 2-amp, 12-VOC 

power supply. '!he model 100 uses this supply with a separate 7806 

regulator. 

TIL logic is used to interface the mode' 100 to the 

spect:ropolarimeter 1 enccx:1ers and stepper motors. '!he electronic 

CUluponents are assembled on a circuit board and placed in the control 

box with the appropriate external connectors. 
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NUMBER COMPONENT DESCRIPTION 

------------------------------------------------
1 
2 
:3 
4 
5 
6 
7 
e 
9 

10 
11 

12 VOC 2 Amo Powe~ Suooly 
5 Voe:3 Amo Powe~ Suooly 

24 voe 10 Amo Pow~ Su~oly 
*7806 Voltage Regulato~ 
BufTe~s. New Po~ts 
Elevation Moto~ eont~ol Boa~d 
Azimuth Moto~ Cont~ol Boa~d 
Elevation Absolute Encode~ 
Azimuth Absolute Encode~ 
Elevation Ste~~e~ Moto~ 
Azimuth Steo~e~ Moto~ 

Power to Mode~ 100 

Power to Radiometer 

Data to Model 100 

Data to Radiometer 

--( 

I 
I I -----1 

I I 
I _ ..... 

Figure 3.3 Component description and system schematic for 
auto-tracking instrument. 
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Slm-Position and Tracking Code 

Tracking Software 

Control of all operations of the spectropolarimeter and auto

tracking instrumentation is perfonned by a B.t\SIC program which resides 

in the model 100. 'Ibis progLdlU controls motion of all ccmponents in the 

spectropolarimeter, perfonns conputation of sun position, issues 

tracking c::annnands to the instrument, and collects, codes, and stores the 

data. 

'!he flow of the program is such that two loops are in cxmtinuous 

operation. '!he main loop is the measurement cycle. 'Dle instrument is 

cycled through a complete data cycle, which provides 12 spectral filter 

and 4 polarization measurements per filter. 'Ihi.s is repeated at three 

minute intervals. For each filter and series of measurements the 

program st:ro:bes the AID converter, checks for proper range, (possibly 

causing a repositioning of the neutral-density filter wheel), and codes 

and records the data. nJring the data aCX!1J,isition cycle, and between 

each filter measurement, the tracking update cycle is checked to see if 

an update is needed. '!he second loop operates a sun-motion program that 

computes solar position. Pointing commands are then calculated and 

transmitted to the stepper motors. '!his is done in 25-second intervals, 

the tracking error during the time of measurement. '!he cxrmnands to 

select the proper detector and perfOLm the slow chop needed for the PbS 

detector are also in the tracking code. '!he sun motion part of the 

program will be discussed further in the next section. 



During the data-taking operation of the auto-tracking 

instrument, data such as the sun position and the date and time being 

recorded are displayed on the oamputer screen. '!his provides a quick 

way to monitor the measurements and any tracking problems that may 

arise. '!his procedure contirnles, without the aocc:mpanllnent of an 

operator, until it is manually halted, or until. the oamputer signals 

that storage space is exhausted. An operator is needed O11ly to 

initialize tracking and to periodically tmload the data to another 

oamputer for storage. 

Tracking Analysis 
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A la.J:g'e section of the nemory in the model 100 is dedicated to 

the tracking and m:>tor control routings, leaving the remaining block of 

memory, about 16 K, for data storage. '!he sun-motion program was chosen 

because of its ability to operate aver an extended period and yet not 

require nru.ch of the memory needed for data storage. Unfortunately it 

introduces small errors (0.1 to 0.5 degrees) in conputed sun position. 

'Dlese errors were characterized. by an :irXlirect CCJIrparison of the 

ccmp.rt:.ed solar position to the solar position predicted by the 

Astronomical Allnanac (1984), M. Randomly selected CCJIrparisons of 

program output to values presented in the M (1984) tables would be both 

tedious and incomplete. Instead a carnparison was made .indirect1y by 

transferring the AA reference to a high precision Chebyshev expansion. 

'!his expansion (Almanac for canputers, 1984) was selected because it 

provides accurate results while requiring only a small oamputer. 



'lhe pzogLam was used to predict the sun's position at several 

random times over the year. 'Ihese were then manually C'X"II'lJ?C'red to the 

predicted positions by the AA to verify the accuracy of the Olebyshev 

expansion (Table 3.2). 

Table 3.2 Errors in predictin;J declination and right 
ascension by the high precision Olebyshev expansion 

D1fi'E Decl. RA Error in Decl. Error in RA. 
(h m s) (0 m s) (0 min. sec. ) (hr min sec) 

Jan l. -23 05 02.1 l.8 42 24.4 .06 0 
Feb 7 -l.5 27 23.l. 21 19 23.05 .l. 0 
Mar 21 o 13 24.6 o 02 03.68 0 0 
May 2l. 20 l.0 42.l. 3 5l. 46.66 0 0 
JIm 2 22 l.l. 01.4 4 40 27.53 0 .Ol. 
Jlm l.4 23 15 47.8 5 30 01.45 0 .Ol. 
Jly 22 20 l.7 l.l..l. 8 06 04.6l. 0 0 
Sap 2l. o 43 22.5 l.l. 53 l.9.89 0 .02 
Dec 20 23 25 53.2 17 52 3l..42 .05 .02 

'lhe maximum errors of 0.02 seconds for right ascension and O.l. 

minutes for declination are well within the accuracy needed to maintain 
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a pointing accuracy of less than 0.5 0
• '!his verified that the Chebyshev 

high precision expansion could be used as a reference for detennining 

sun position. 

Values c::c:mputed by the Qlebysh.ev method for right ascension and 

declination over a period of one year are shawn in Figure 3.4 and Figure 

3.5 respectively. In the graph designating the error in right 

ascension, the COLLection for the equation of time is included. '!his 

can be seen by its slight deviation fram a straight line. '!he error in 

right ascension given by the comparison between the expansion and the 

sun-position code is shown in Figure 3.6. 
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Figure 3.5 Declination as a function of day of year. 
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An error of 0.05 0 in declination (Figure 3.7) is within the 

limits that would lead to a trackirr:J error of lesS then 0.5 0
• 'Iherefore 

a larger lOOre sophisticated program is not required. 

Errors in Elevation and Azimuth 

'!he errors in right ascension and declination nn...ISt be known 

since these two quantities along with the local latitude and longitude 

are used to canprt:e the elevation and azimuth of the sun. To fully 

describe the tracking er.rors of the :instrument, the errors in sun 

position are presented in tenns of the angular deviation from the sun's 

true elevation and azinnlth coordinates. 

Using the results of right ascension and declination from the 

high precision expansion, the elevation and azimuth coo:rXiina.tes were 

computed and cc:mpared directly to the coontinates predicted by the 

tracking code. '!his comparison was made over a one-year pericx:i. '!he 

results for elevation, aziImlth, and RSS error are presented in Figure 

3.8. '!he maximum error is just ur:der 0.40 and occurs at day 306 

(November 1, 1984). '!he results are periodic in 5."1ape, reflecting the 

periodicity of the errors :in declmation and right asCG:1Sion. 

'!he error analysis described so far has been for one time of 

day, each day of the year. FUrther analysis characterized the max:inn.nn 

possible error that might occur over a typical measurement cycle. '!he 

day with the maximum IX>inting error, day 306, was selected for this 

analysis. 

'!he pointing er.rors, for day 306, were computed in 3-minute 

intervals over the pexiod 6 a.m. to 1.2: 30 p.m., the interval during 
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which the data are typically taken. 

'!he errors in computed sun position throughout the morning are 

shown in Figure 3.9. As one might expect::. the maximum ccmponent errors 

occur at the times of maximum solar movement, thus elevation error 

starts out at its maximum value of 0.35° and decreases as the tiIne 

app:t:Oaches 12 noon. '!he error in azimuth starts out at its lowest value 

of 0.18" in the moming and. then incl:eases to 0.5 0 at noon. 

'!he total po:i.n.tin;J error is determined by computing the :asS 

deviation of both elevation and azimuth components. '!he RSS error for 

the worst case, day 306 at 12 noon, is just Oller 0.5 0
• In addition, 

another date, May 21 was examined (Figure 3.10). '!he resulting error 

was found to be less then half of that of the NOIlemOe.r 21 case. 

Scanning Measurements Made in the Laboratory 

'!he errors in pointing bJ:OU9ht about by erroneous values in sun 

position do not translate d.ire;..-tly into er.cors in tc'1e ou.tput of 'b"1e 

spectropolarimeter. '!he 2 0 and 5 0 fields of view of the solar 

spectropolarimeter are larger than the field of view subtended by the 

sun, (0.5"). 'lherefore, a small error in pointing can be tolerated 

without effecting the output of the detector (Figure 3.11). 

A laboratory experiment was perfo:z:med to determine the effect of 

pointing errors on the data and to define the acceptable tolerances. An 

incandescent lamp, controlled by a stable power supply, was placed at 

the focus of an off-axis parabola. rrhe coll:iJnated beam ftoni the 

parabola passed through a defining aperture an::i was viewed directly by 

the spectropolarimeter. '!he test beam was aligned to fill the aperture 



1 
I' 
I 
I 

I 
I 

RSS ERROR 
tlCMl&R 1. IBM (DAY 308) 

at r------' ---------l 
0.5-1 ~ I 

RSSfMOlt I 
0· ... 11-___ ----- AZ EJIaY 

0.3 

0.2 

0.1 

o I ~ 

·-0.1 

• • 10 12 

lIUE Qf' D!!tY (an) 

Figure 3.9 RSS error in sun position. Chebyshev method minus 
tracking algorithm, November 1, 1984. 

00 
I-' 



1 
'" 

I 
I. 
I 

19 a 

I 

RSS ERROR 
MAY 21.1884 

0.21 

0.24 

0.22 

0.2 ~ ASS mROR 

0.11 

0.18 -l ~ E1. ERRoR 
0.14 

0.12 

0.1 J ~ . liZ ERROR 

0.08 

0.08 

0.04 

0.02 

0 

-0.02 

-o.D4 

-0.01 
0 2 .. I 

lWEOFDAY 

Figure 3.10 RSS error in sun position. Olebyshev method minus 
tracking algorithm, May 21, 1984. 

00 
N 



1 r 
0.9 

O.B 

~ 
0.71 :l 

0 
U 

~ 
0.6 

~ 
0.5 0 

fi} 
0.4 N 

~ 
::i 0.3 ~ a 
z 

0.2 

0.1 

0 
-4 

LAB SCAN 5 deg 
BAND 7 

~ 

5" 2" I \ 2" 
, 5G 

-2 0 2 

DEGREES 

Figure 3.11 Results of laboratory scanninJ measurements, 
bard 7, two ani five degree fields of view. 

... 

4 

co 
w 



84 

and adjusted so that the image of the source was much smaller than the 

field stop. '!he output of the detector was mopitored as the 

spectropolarimeter was scarmed across the aperture. :Readings were taken 

and stored for each step taken by the stepper motor. 

Measurement Procedure 

'!he measurements were made as follows: 

1) '!he spectropolarimeter and tracking mount were 

positioned on the laboratory bench and aimed at the 

defining aperture. '!he spectropolarimeter was carefully 

aligned for maximum signal by monitoring the detector 

output with the AID program resident in the model 1.00. 

lJhe absolute encoder reading of the azinnlth drive was 

recoJ::ded, to later be used as the central reference 

point. 

2) '!he positioning in step 1. was checked by manually 

rotating the spectropolarimeter in both directions until 

the output of the detector was 1/2 the maxllnum signal. 

'!he encoder positions recoJ::ded at these 1./2 power points 

were used to c:x:mpute the actual on-axis position of the 

instrument. '!his method allowed the midpoint to be 

det:e:r.mined from a function with a flat-angular response. 

3) '!he lamp intensity WciS adjusted to give sufficient 

response without saturation in all bands. '!he respOnse 

desired was one that would give adequate signal in all 

the bands while requiring minimal use of the neutral 



density filters. Because the output response of the 

bands were quite varied, the NO filters had to be used 

for same of the bands, possibly introducing alignment 

errors because of small tilts of the filters. 

4) A program was written to automatically perform the 

scan measurements and record the detector output as a 

function of encoder position. Inputs to the code 

include: 

- filter number 

- encoder offset from center 

- number of motor steps between data points 

- total number of data points taken 

'!he program output: 

- detector output 

- encoder position 

- position of all spectropolarimeter 

colliponents 

- dark readi.nq for tbS bands 

5) '!he instrument was initialized through CXll'lUlIal'rls sent 

from the model 100. '!be aperture wheel, spectral filter, 

polarizer, and detector were initialized by the 

done to enn.llate the positioning performed in the field 

and to el:iIninate any errors that may have cxx:urred from 

manual alignment of the cullponents. 
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6) Using the program in step 4, the spectropolarimeter 

was rotated in 0.08 0 steps with measurements taken at 

each step. '!he i.nstrume.nt was rotated through just under 

6 0 for the 2 0 aperture settinq, and approximately 8 0 for 

the 50 setting. '!he i.nstrume.nt was repositioned and the 

measurement :repeated. 

7) steps 5 and 6 were repeated for each spectral filter. 

8) steps 5 - 7 were followed for the 2 0 and 50 apertures. 

Data Analysis 
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Seve1:'al of the spectral filter measurements required the use of 

more than one NO filter. '!his could have lead to discontinuities in the 

output of the detector if the transmittance of each NO filter was not 

taken into account. 'Ihese discontinuities in the results were avoided by 

scaling the data by the calibration coefficients of the corresponding NO 

filters (castle, 1985). '!he data, s+--ered in teJ:ms of enccdcr positions, 

were converted into an angular measurement. '!his conversion should 

decrease any confusion in relating scan sensitivity, given in terms of 

encoder position, to sun pointing, given as an angular error. 

The output of the detector was plotted as a function of angular 

displacement off-center. Plots were trade for all bands and for both 2 0 

and 50 FOVs. '!he magnitude of the detector output was considerably 

different from one bard to the next. '!he output was normalized to 

facilitate easy comparison between bands. A more precise intel:band 

camparison was made using a bandwidth nonnalization (Palmer, 1984) 

algorithm on each measurement. 
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Results 

Figure 3.11 shows a typical response for the scan measurements. 

Both aperture settings are shown on the same graph to allow field-of-view 

CCJ111PaXisons • 

All but one band for the 50 case have nearly the same bandwidth 

and angular response. Band 5 does not follow the same pattern, it is 

shifted in angle and falls off in one direction. '!he results for the 2 0 

case is not as repeatable. 'lhree bands, 6, 8, and 9, are shifted. off

center fram the other bands. 'Ibis could be due to an error introduced by 

tilt in a spectral or neutral density filter, or a movement of the 

instrument during the nea.sureme:nt process. A slight tilt of same of the 

spectral filters was noticed by the author during the scanning 

measurements. Improved band to band response could possibly be made by 

completely realigning the components inside the spectropolar:iJneter. As 

expected, the 2° case appears to be more sensitive to aligrnnent errors in 

the instrument, as well as errors from movement of the test set-up during 

the measurement process. 

'!he PbS bands show very good results, despite the low quality of 

the measurements obtained for band. 12. Band 12 uses a narrow-band filter 

centered at 2.24 ",m. '!he signal on the detector is almost too low to 

distinguish the signal from tem,pP..rature drift. 'Ihis can be seen in 

Figure 3.12. 

'!he response of the instrument as a function of encoder position 

was analysed using the equivalent of the barxiwidth normalization program 

previously di scussed. !eft and right equivalent encoder 
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positions and mean :response determined using this method are displayed in 

Table 3.3. 

Conclusion 

'!he results from the laboratory scan measurement .indicate that a 

pointing error of +/- 0.8 0
, using a 2 0 field, and +/- 2.0 0 for the 50 

case, can be tolerated without introducing more than a 5% error in the 

signal received by the detector. 

'lherefore the sun position errors of 0.1. 0 to 0.5 0 introduced by 

the sun motion pu:gl:am should have no effect on the data taken in the 

auto-tracking mode. '1hese l:eSUl.ts irxiicate that the critical step is the 

initial alignment and leveling of the tracking instrument. 



Table 3.3 FOV analysis of auto-tracking instrument scanned 
across a fixed source. 

APERTURE BAND LFT PT RRT PT BW MEAN RSP 

SCANNING IN AZIMUTH DIRECTION 

2 (deg) 1 2313.16 2331.00 17.84 1082e5 
2 2308.20 2327.06 18.86 2002.1 
3 2305,,27 2325,,00 19. 73 5868.0 
4 2302.57 2322.01 19.44 13076.9 
5 2298.11 2317.71 19.60 17142.0 
6 2292.33 2312.68 20.35 46807.0 
7 2289.27 2309.91 20.64 35103.0 
8 2287~11 2308.47 21.36 74336.0 
9 2284.50 2306.14 21.64 21 790.0 

10 2330.60 2353.97 23.37 147. 7 
11 2329.98 2353.22 23.24 72.3 
12 2327.14 2354.19 27.05 5.3 

MEAN 2305.69 2326. 78 21.09 
STD 15.92 17.23 2.39 

----------------------------------------------------------

SCANNING IN ELEVATION DIRECTION 

2 (deg) 1 2337.98 2359.19 21.21 1109.0 
2 2337.13 2359.31 22.18 2416.4 
3 2336.37 2359~48 23.11 6443.5 
4 2336.57 2360.33 23. 76 14451.0 
5 2337.22 2360.70 23.48 20292.0 
6 2338.56 2362.30 23. 74 41626.0 
7 2338.25 2362.60 24.35 45518.0 
8 2338.16 2361.65 23.49 109213.0 
9 2333.27 2360.00 26. 73 331 70.0 

MEAN 
STD 

2337.06 2360.62 23.56 
1.52 1.22 1. 43 
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'!he calibration procedltreS d; scussed in Olapt:er 2 were used to 

perform a series of calibrations of the I.an::lsat-5 '!hematic Mapper. OVer 

the past four years five c::onplete absolute calibrations have :been 

performed; July 8, 1984, octdber 28, 1984, l~y 24, 1985, August 28, 

1985, am NOV'ember 16, 1985. 'lhe absolute calibration techniques were 

put to another test with a series of three calibrations of the SFOl'-l 

HRVs. '!he ground measurements for both the 'lM am sror calibrations 

were performed at White Sands usirq the instrumentation described in 

Chapter 3. A description of the calibration efforts, along with a 

S\lIllI1IaIY of the results, are presented in this chapter. 

'!hematic Mapper 

'!he ~tic Mapper, aboal:d I.andsats 4 and 5, is a mechanical 

scanner operating in the vis:ible am infrared. It provides an increase 

in the spatial and spectral resolutions OV'er the earlier MSS (Table 4.1) 

with a 30 m x 30 m grcun:i projected :instantaneous field of view (IFOV). 

It has seven spectral bands were nominal full width at half max:ilnum are 

Cllretien telescope and scann:in:] mirror assembly to provide a 185 km 

swath. A description of the system' s internal calibrator mrlt was 

presented in Chapter 2. Data. can be transmitted spacec:raft-to-ground 
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Spectral band 
designation 

Ground-projected 
Ilmv size 

Data rate 
Quantization levels 
Interband registration 
Long-term scan stability 
Nominal equatorial 

crossing time 
Altituide 
Earth coverage 
Weight 
Size 
PoweT 

(Slater 1980) 

Table 4.1 MSS and TM operating parameters. 

No. 

1 
2 
3 
4 
5 
6 
7 

Thematic Mapper 

Wavelength Radiometric 
interval (um) .sensi ti vi ty 

0.45-0.52 0.40 
0.52-0.60 0.35 
0.63-0.69 0.43 
0.76-0.9 0.25 
1. 55-1. 75 0.60 
10.4-12.5 0.5K 
2.08-2.35 2.0 

30 m K 30 m for bands 1-5 and 7 
120 m x 120 m for band 6 
83 million bps 
256 
0.1 pixel 
0.5 pixel 
0930 hours local 

105 lt1n 
16-day period 
325 kg 
0.9 m x 0.9 m x 1.8 m 
250 w 

(%) 

0.65 
0.57 
0.57 
0.33 
1.68 

\0 
N 
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(downlink) directly from the sensor to the groum receiving station or 

relayed through the Tracking ani Data Relay Satellite system (TDRSS). 

SPa!' 
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The French. space agency, the Centre National d I Etudes Spatiales 

(~), have initiated their own version of the Iandsat procp:am. with the 

la'lmch. of the satellite called Systeme Probatoire d'Observa.tion de la 

Terre (SPa!'). '!he satellite, launched in Febr:ua:ty of 1986, includes two 

HRV' cameras, high-resolution visible instruments, pointable across track 

(Slater, 1980). '!he HRV's have a higher spatial resolution then the 

'!hematic Mapper, with an nov of 20 meters in the llUlltispectral bands, 

and 10 meters in the panchromatic bani. '!he bandwidths are given in 

Table 4.2. '!he instrument uses ceo linear arrays and has a swath width 

of 60 kIn. The HRVs have an angular offset capability of +/- 27 degrees 

from. nadir across track. sror has a 101 minute period. and a 26 day 

repeat cycle. 

'!he absolute radiometric calibration of the HRVs is perfonned 

using a sun-calibration system. A fiber optics unit is used to project 

exoa:bnospheric solar irradiance onto a number of detectors in each band 

(Figure 4.2). 'lbree groups of fibers are positioned outside the HRV's to 

receive the solar illumination. '!he fibers are then combined into an 

optical cable, which. is then .imaged through a beam. splitter and lens 

combination onto the ceo array. '!he sun calibration parameters were 

deteJ:mined through preflight exper:iJne.nts. '!he absolute radiometric 

calibration of the sror HRVs is cited by Maisonneuve and Dinguiral:d, 

(1980) as +/- 10 t. 



Table 4.2 SPOT first-mission payload technical data 

HRV Instrument 

IFOV 

Radiometric sensitivity 
Swath width (nadir) 

Spectral bands 

Panchromatic channel 
20 m line scan 
Pointing angle capability: 
Rate of change of pointing angle: 
Mean altitude 
Inclination 
Period 
Repeat cycle 
Equatorial crossing time 

(Slater 1980) 

20 m (3 bands) 
10 m (panchromatic) 
0.5% for e < 60° 
60 km 
0.50-0.59 ~m 
0.61-0.69 ~m 
0.79-0.90 ~m 
0.50-0.74 ~m 
=3 ms 
+/- 27° by steps of .6° 
4°/s 
822 km . 
98.7° 
101 min. 
26 days 
10.30 
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Figure 4.2 Calibration Signal Input 
to HRV Cameras. 
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calibration of the Iandsat '!hematic Mapper 
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A flat gypsum area within the missile range was used as the test 

site for each of the 'lM calibrations. '!his area, at Chuck site, 

positioned a)::)out 8 kIn southeast of the Northrup landing strip, was 

dhosen for several reasons. A small building with AC power hook-up is 

located near a right an;;rle bend in a compacted gypsum road. I!be AC line 

is required to operate the instrument while the positioning of the 

building near the road (Figure 4.3) facilitates locating the site on the 

'!M :iInage:ry. For the July 8, 1984 and October 28, -1984, calibrations the 

east/west scan lines of the '!M. A new 4 x 16 pixel area, similarly 

aligned with the sensor, was used for the 3 remaining calibration dates. 

Reflectance measurements of the sample area were taken with the 

MMR carried with the shoulder yoke. Measurements of the gypsum were 



N 

151 rsi, 4-i13i 
i 2i 1 TIT 0 lsi 
lal7lel:1 
I. 4. I ~ I Z I , i 

I T ~l r:::-' t 4.! e. ~j _, _I .,1_ 

I TZ! TTl Tai s: I 
1";1-'-1-1 ~ I- I I I:: = 
I 4-! .!I 21 T I 

North Sit~ 

Figure 4.3 Sc~ematic: of Chuc::~ site test area. 

97 



98 

made in prescribed :i.nterval.s as the operator aimed the MMR at the ground 

while walking down the center line of each pixel. A readiIg was taken 

of a 0.6 x 0.6 m calibrated BaS04 or Halon reflectance panel after 

measuring two rows of pixels. '!he data were reco:rded and averaged on a 

hand-held conputer (Polyco:rder). Msas.'1L.-e.me1'lts of ~ture, pressure 

and relative humidity were taken .iImnedjately preceding and following the 

satellite ovetpaSs. 

A description is provided below for each calibration date, 

including the local conditions, analysis of the data, am the results 

obtained (Table 4.3 - 4.7). Also provided is a temporal comparison to 

demonstrate the change in response in the signal predicted by the 

internal calibrator. 

July 8, 1984 

A thorough description of the data :reduction for this date is 

provided in the djssertation written by C. J. Kastner (1985), and is 

only summarized here. Rle final results had to be updated due to an 

error in the procedure used to extract the digital counts from the ccr 

of the scene. '!his error has been corrected and the new digital counts 

verified by John Barker at NASA Goddan:i Space Flight Center. 

With the 4 x 4 pixel test site already laid out, the equipment 

set-up began shortly before sunrise, at 6:10 a.m. MST. '!he Reagan solar 

radiometer began acquiring solar data at 7: 15 a.m. (MST). '!he solar 

instrument cycled a set of 9 filters a total of 95 times throughout the 

lOOming. 
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'lWo Barnes radiometers, MMR 8#1.1.6 and MMR 8#1.1.9, were used to 

make the ground-reflectance measurements. '!he North site was scanned 

using MMR 8#1.1.6 mounted on a cart along with a BaS04 reflectance panel. 

'!he south site was scarmed with MMR 8#1.1.9 attached to a shoulder 

supported yoke. A Halon reflectance panel was used as the standard here. 

Five reflectance measurement were taken at each pixel center in an 5.0 X 

0.5 meter area. 

A complete S\.lIt'QlillY of btportant calibration parameters such as 

the spectral optical depth CXJlUfX>l19l'lts, radial size distribution 

parameter, and the resulting output of the radiative transfer code, are 

presented in Table 4.3. 

'!he computed spectral radiances shown in the tables use the 

notation: 

PRE - the values corresponding to the preflight calibration 

gains and offsets and the digital COlmts for the image 

of the site. 

Ie - the values corresponding to the internal calibrator gains 

and offsets for that day and the digital camts for the 

image of the site. 

CODE - the values as deteJ:m:ined from the ground and atmospheric 

measurements, exoa.t:mospheric irradiance, EO and output of 

the transfer model. 

:RAYLEIGH - the values using the same spectral reflectances and 

exoatmospheric radiances as used in the CODE but assmning 

only a Rayleigh atmosphere. 



Table 4.3 Calibration summary, WSMR July 8, 1984. 

Solar zenith angle Z: 29.2158 
Solar distance in AU: 1.0167 
Junge size distribution: 2.65 
Aerosol size range: 0.02 to 5.02 um 
Refractive index: 1.54 - O.Oli 
T~e of sensor overpass:10:07.5 MST 
Calculated visibility: 200 km 

Thematic Mapper bands 1 

Latitude: 32 deg 55 min 
Longitude: 106 deg 22 min 
Elevation: 1196 m 
Pressure: 662 mm (883 mbar) 
Temperature: 31.3 deg C 
Relative humidity:36% 
Nadir viewing angle: 5 deg. 

2 3 4 

Central wavelength um 0.4863 0.5706 0.6607 0.8382 
Tau Mie 0.0864 0.0777 0.0706 0.0605 
Tau Rayleigh 0.1421 0.0735 0.0406 0.0156 
Tau ozone 0.0055 0.0232 0.0114 0.0013 
Tau water vapor 0.0000 0.0000 0.0000 0.0568 
Tau carbon dioxide 0.0000 0.0000 0.0000 0.0000 
Spectral reflectance 0.4944 0.5613 0.6051 0.6423 
Eo across band in W/m2.um 1955.5 1826.9 1545.0 1042.8 
Average image digital counts )255.00 192.62 234.00 189.18 
Preflight cal gains 15.553 7.860 10.203 10.821 
Preflight cal offsets 1.8331 1.6896 1.8850 2.2373 
IC cal gains for July 8~ 84 14.36 7.293 9.638 10.537 
IC cal offsets for July 8, 84 2.2790 2.2530 2.3450 2.4590 
Normalized code radiance 0.1357 0.1469 0.1623 0.1548 
Code TM L in W/m2.sr.um 259.59 242.61 156.17 
Spectral L from preflight cal 242.91 227.50 172.76 
Spectral L from IC cal 261.03 240.36 177.21 
% (Code-Pre)/Pre 6.9 6.6 -9.6 
% (Code-IC)/IC -0.5 0.9 -11.9 
Counts per unit radiance 0.742 0.964 1.211 
********************************************************************* 

CASE FOR RAYLEIGH ATMOSPHERE 

Normalized code radiance 0.1400 0.1569 0.1684 0.1782 
Code TH L in W/m2.sr.um 264.80 277.30 251.69 179.76 
Counts per unit radiance 0.695 0.930 1.052 
****************************~****************************~*********** 

CASE FOR NO ATMOSPHERE 

N~~liz~d rBd1Bn~e O~1374 001559 001681 O~1784 
T.M L in W/m2.sr.um 259.84 275.60 251.26 180.02 
Counts per unit radiance 0.699. 0.931 1.051 
********************************************************************* 
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October 28, 1984 

OUr secord calibration began at White Sands on October 28, 1984. 

We were forbmate enough to have a cloud-free sky that morning. OUr 

test site was dJ::y even though there were other areas covered with 

several cent:iJneters of water from recent rains. '!he Reagan solar 

radiometer began taking data. at 6:56 a.m. MST, with a solar zenith angle 

of about 84 degrees. A total of 73 cycles through the 9 filters were 

completed before stopping a.rourxi 12:01 p.m. with a solar zenith angle of 

47 degrees. Data. from the solar instrument was entered. into the I.angley 

plot program where optical depth (r) values were ocmputed. 

'!he total values were used then, as described previously, to 

determine the individual components. '!his time the Mie components were 

deter.mined by making a quadratic fit of the log(r) vs. log (~) data. 

(4.1) 

'!he values determined were ao = -1.640, a1 = -3.390, a2 = -2.935. A 

Junge value of 4.09 was calculated using a linear'curvefit of the data. 

'!t',e ground reflectance measurements were made with the Barnes 

MMR. '!he area measured was the same 4 x 4 pixel area used in the July 

8, 1984 calibration. '!he BaS04 panel #1 was used as the reflectance 

stan:lard. '!he panel had been calibrated by (he Nianzeng in April 1984 

and recalibrated (band 1 only) upon return from White Sands. '!he change 

Digital cotmts for the test site were read off the NASA supplied ccr and 

the average digital counts over the 16 test pixels were determined for 

each band. Since we were averaging over several detectors, an average 

value for the gain and offset were used to compute the measured spectral 



radiance. A complete summa:r:y of the analysis and results are shown in 

Table 4.4. 

May 24, 1984 
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OUr third calibration attempt was successful despite some 

problems with weather and small difficulties with instrumentation. As 

usual, the solar radiometers were set up just after sunrise. However, 

due to patches of cumulus, and some high cirrus clouds, the solar 

radiometers could not record data until around 6:30 a.m. MST. '1h.e next 

hour of measurements were suspect because of problems with the heater 

circuit for the spectropolarimeter and poor alignment of the instrument. 

'lhese problems were OOlOlOected and acceptable measurements were obtained 

begirmi.ng at 9:33 a.m. MST. 'lhese measurements continued until 11:59 

a.m. MST, giving a total of 21 successful data po:ints. 

'!he choice of test area was toodified slightly for this and 

subseq-uent calibrations. '!he site was s""~ off Llto a 4 x 16 pixel 

area includl.n:J the previous 4 x 4 pixel location. '!he test area was 

scanned with the Barnes MMR taking 12 readings for each pixel, across 

all 64 pixels. Measurements began at 9:13 a.m. and concluded at 10:35 

acm., with reflectance panel readin::Js taken periodically during the 

operation. '!he remainder of the data reduction process followed the 

st:arrlard p:rocedure di SC'JSsed previously. A complete summary of the 

results is listed in Table 4.5. 

August 28, 1985 

'!he solar radianeter was set up and began taking data at 5: 58: 06 

a.m. MST. Measurements were i.nterrupted between 6: 01 and 7: 12 by 
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Table 4.4 Calibration summary, WSMR October 28, 1984. 

Solar zenith angle Z: 52.068 Latitude: 32 deg 55 min 
Solar distance in AU: 0.9932 Longitude: 106 deg 22 min 
Junge size distribu~ioq: 4.09 Elevation: 1196 m 
Aerosol size range: 0.02 to 5.02 um Pressure: 663.7 mm of Hg 
Refractive index: 1.54 - 0.011 Temperature: 12.4 deg C 
Time of overpass: 10:09.1 KST Relative humidity: 75% 
Calculated visibility: 120 km Nadir viewing angle: 5 deg. 

Thematic Mapper bands 1 2 3 4 5 7 

Central wavelength um 0.4863 0.5706 0.6607 0.8382 1.6770 ·2.2230 
Tau Mie 0.1360 0.1027 0.0750 0.0401 0.0028 0.0007 
Tau Rayleigh 0.1420 0.0739 0.0407 0.0156 0.0010 0.0003 
Tau ozone 0.0047 0.0198 0.0098 0.0011 0.0000 0.0000 
Tau water vapor 0.0000 0.0000 0.0000 0.0454 0.1241 0.0805 
Tau carbon dioxide 0.0000 0.0000 0.0000 0.0000 0.0094 0.0035 
Spectral reflectance 0.4380 0.5006 0.5407 0.5850 0.3592 0.1261 
Eo across band in W/ml.um 1955.5 1826.9 1545.0 1042.8 . 220.19 74.78 
Average image digital counts 222.69 117.19 140.38 119.69 102.50 26.44 
Preflight cal gains 15.553 7.860 10.203 10.821 78.751 147.719 
Preflight cal offsets 1.8331 1.6896 1.8850 2.2373 3.2905 3.2117 
IC cal gains for 28 Oct 84 14.211 7.264 9.551 10.427 76.S7 145.004 
IC cal offsets for 2S Oct 84 2.2570 2.2160 2.3700 2.3640 3.1400 3.4440 
Normalized code radiance 0.0805 0.0870 0.0973 0.0970 0.0491 0.0197 
Code TM L in W/ml.sr.um 159.60 161.21 152.32 102.56 10.96 1.49 
Spectral L from preflight cal 142.00 146.95 135.74 10S.54 12.60 1.57 
Spectral L from IC cal 155.11 158.2S 144.50 112.52 12.93 1.59 
% (Code-Pre)/Pre 12.4 9.7 12.2 -5.5 -13.0 -5.0 
% (Code-IC)/IC 2.9 1.9 5.4 -S.9 -15.2 -5.8 
Counts per unit radiance 1.395 0.727 0.922 1.167 9.351 17.699 
************************************************************************************** 

CASE FOR RAYLEIGH ATMOSPHERE 

Normalized code radiance 0.0870 0.0979 0.1055 0.1141 0.0701 0.0246 
Code TM L in W/ml.sr.um 172.45 lSl.33 165.20 120.59 15.64 1.87 
Counts per unit radiance 1.291 0.646 0.S50 0.992 6.553 14.173 
******************************************************************** •• **************** 

CASE FOR NO ATMOSPHERE 

Normalized radiance 0.0857 0.0980 0.1058 0.1145 0.0703 0.0247 
TM L in W/ml.sr.um 169.90 lS1.41 165.71 121.01 15.69 1.87 
Counts per unit radiance 1.311 0.646 0.847 0.989 6.533 14.135 
************************************************************************************* 



Table 4.5 Calibration summary, WSMR May 24, 1985. 

Solar zenith angle Z: 27.81 
Solar distance in AU: 1.0127 
Junge size distribution nu: 3.39 
Aerosol size range: 0.02 to 5.02 um 
Refractive index: 1.54 - O.Oli 
T~e of overpass: 10:09.2 MST 
Calculated visibility 130 km 

Thematic Mapper bands 1 

Latitude: 32 deg 55 min 
Longitude: 106 deg 22 min 
Elevation: 1196 m 
Pressure: 661.0 mm 
Temperature: .26.7 deg C 
Relative humidity: 35% 
Nadir viewing angle: 5 deg. 

2 3 4 

Central wavelength um 0.4863 0.5706 0.6607 0.8382 
Tau ~e 0.1392 0.0959 0.0775 0.0708 
Tau Rayleigh 0.1418 0.0734 0.0405 0..0155 
Tau ozone 0.0090 0.0380 0.0186 0.0022 
Tau water vapor 0.0000 0.0000 0.0000 0.0454 
Spectral reflectance 0.4695 0.5345 0.5778 0.6143 
Eo across band in W/m2.um 1955.5 1826.9 1545 .• 0 1042.8 
Average image digital counts >255.00 182.53 218.97 181.77 
Preflight cal gains 15.553 7.860 10.203 10.821 
Preflight cal offsets 1.8331 1.6896 1.8850 2.2373 
IC cal gains for 28 Oct 84 14.2110 7.2640 9.5510 10.4270 
Ie cal offsets for 28 Oct 84 2.2570 2.2160 2.3700 2.3640 
Normalized code radiance 0.1285 0.1365 0.1539 0.1535 
Code TM L in W/m2.sr.um 244.94 243.21 231.87 156.07 
Spectral L from preflight cal 230.08 212.77 165.91 
Spectral L from Ie cal 248.23 226.78 172.06 
% (Code-Pre)/Pre 5.7 9.0 -5.9 
% (Code-IC)/IC -2.0 2.2 -9.3 
Counts per unit radiance 0.751 0.944 1.165 
******************************************************************* 

CASE FOR RAYLEIGH ATMOSPHERE 

Normalized code radiance 0.1353 0.1517 0.1631 0.1728 
Code TM L in W/m2.sr.um 257.95 270.21 245.76 175.74 
Counts per unit radiance 0.676 0.891 1.034 
******************************************************************* .. 

CASE FOR NO ATMOSPHERE 

Normalized radiance 0.1322 0.1505 0.1627 0.1730 
Tri L in Wim2.sr.um 252.04 268.07 245.07 175.87 
Counts per unit radiance 0.681 0.894 1.034 
******************************************************************* 

104 



105 

patches of cloud o::wer. '!he measurements were continued up lD'lti1. 

12:04:43 p.m. MST. A linear fit was applied to the data to give a Junge 

parameter of 3.77, a:rXi an ozone concentration of 264.09 matm-c:m.. A 

typical linear fit of the solar data is shawn for August 28, 1985 in 

Figures 4.4 and 4.5. '!he reflectance measurement were taken using the 

sane MMR radianeter and techniques used in the May 24 calibration. '!he 

sane 4 x 16 pixel area was used. A SUl1'IlllaZY of the results is given in 

Table 4.6. 

November 16, 1985 

conditions on the morning of the ove:t:paSS were clear ovet:hea.d, 

but partially cloudy over the easte:rn mauntain ra.rge. 'lhe early morning 

clouds in the east inhibited the collection of solar data until 8:23 

a.m. MST. 'lhe measurements were uninterrupted from that time on and the 

visibility was judged to be the best we had encomrt:ered at White Sands. 

'!he Jurge parameter and the ozone absorption coefficient were determined 

by applyinq a linear fit to the data. !!he rest of the data reduction 

followed the techniques alJ:eady d; scussed. arhe results are shown in 

Table 4.7. 

Results 

SUmmaries of the results for each of the five White· SatXls 

are always less than the Ie values for the first 3 bands. '!his 

indicates that, for this date the :responsivity had decreased SJince the 

preflight measurements. 'Ihe decrease in response is likely to be due to 
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Table 4.6 Calibration summary, WSMR August 28, 1985. 

Solar zenith angle Z: 35.954 Latitude: 32 deg 55 min 
Solar distance in AU: 1.0098 Longitude: 106 deg 22 min 
Junge size distribution: 3.77 Elevation: 1196 m 
Aerosol size range: 0.02 to 5.02 WIl Pressure:658.1 mm Hg or 877.42 mbars 
Refractive index: 1.54 - 0.011 Temperature: 29.5 deg C 
Time of overpass: 10:08.4 MST Relative humidity: 21% 
Calculated visibility 200 km Nadir viewing angle: 5 deg. 

Thematic Mapper bands 1 2 3 4 5 7 

Central wavelength um 0.4863 0.5706 0.6607 0.8382 1.6770 2.2230 
Tau Mie 0.1016 0.0763 0.0588 0.0386 0.0112 0.0069 
Tau Rayleigh 0.1412 0.0731 0.0403 0.0155 0.0009 0.0003 
Tau ozone 0.0068 0.0287 0.0141 0.0016 0.0000 0.0000 
Tau water vapor 0.0000 0.0000 0.0000 0.0341 0.0931 0.0604 
Tau carbon dioxide 0.0000 0.0000 0.0000 0.0000 0.0094 0.0035 
Single scattering albedo 0.8498 0.8311 0.8133 0.7824 0.6795 0.6324 
Spectral reflectance 0.4973 0.5624 0.6018 0.6422 0.4260 0.1600 
Eo across band in W/m2.WIl 1955.5 1826.9 1545.0 1042.8 220.19 74.78 
Average image digital counts >255.00 170.50 203.31 166.14 161.00 44.00 
Preflight cal gains 15.553 7.860 10.203 10.821 78.751 147.719 
Preflight cal offsets 1.8331 1.6896 1.8850 2.2373 3.2905 3.2117 
IC cal gains for 28 Aug 1985 13.822 1.124 9.25 10.299 76.387 143.754 
IC cal offsets for 28 Aug 1985 2.7930 3.0620 3.1170 2.7320 3.3040 4.0520 
Normalized code radiance 0.1241 0.1327 0.1471 0.1496 0.0864 0.0358 
Code T.M L in W/m2.sr.um 231.90 237.77 222.84 153.02 18.65 2.63 
Spectral L from preflight cal 2.14.77 197.42 151.47 20.03 2.76 
Spectral L from IC cal 2.35.03 216.42 158.66 20.64 2.78 
% (Code-Pre)/Pre 10.7 12.9 1.0 -6.9 -4.9 
% (Code-IC)/IC 1.2 3.0 -3.6 -9.6 -5.5 
Counts per unit radiance 0.717 0.912 1.086 8.631 16.754 
************************************************************************************* 

CASE FOa RAYLEIGH ATMOSPHERE 

Normalized code radiance 0.1304 0.1458 0.1555 0.1655 0.1096 0.0412 
Code T.M L in W/m2.sr.um 250.08 261.24 235.57 169.28 23.67 3.02 
Counts per unit radiance 0.653 0.863 0.981 6.801 14.568 
************************************************************************************* ~ . , 

CASE FOR NO ATMOSPHERE 

Normalized radiance 35.954 0.1281 0.1449 0.1551 0.1655 0.1098 0.0412 
!M L in W/m2.sr.um 245.69 259.58 234.90 169.20 23.70 3.02 
Counts per unit radiance 0.657 0.866 0.982 6.794 14.556 
**********************************.*************.************************************ 
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Table 4.7 Calibration summary, WSMR November 16, 1985. 

Solar zenith angle Z: 57.209 Latitude: 32 deg 55 min 
Solar distance in AU: 0.9886 Longitude: 106 deg 22 min 
Junge size distribution: 3.265 Elevation: 1196 m 
Aerosol size range: 0.02 to 5.02 um Pressure: 665 mm (886.7 mbars) 
Refractive index: 1.54 - 0.011 Temperature: 4.7 deg C 
Time of overpass: 10:07.4 MST Relative humidity:45% 
Calculated visibility: )200 km Nadir viewing angle: 5 deg. 

Thematic Mapper bands 1 2 3 4 5 7 

Central wavelength um 0.4863 0.5706 0.6607 0.8382 1.6770 2.2230 
Tau Mie 0.0260 0.0212 0.0176 0.0131 0.0054 0.0000 
Tau Rayleigh 0.1418 0.0738 0.0407 0.0156 0.0010 0.0003 
Tau ozone 0.0054 0.0227 0.0112 0.0013 0.0000 0.0000 
Tau water vapor 0.0000 0.0000 0.0000 0.0182 0.0496 0.0322 
Tau carbon.dioxide 0.0000 0.0000 0.0000 0.0000 0.0051 0.0019 
Single scattering albedo 0.8894 0.8843 0.8801 0.8732 0.8550 0.8471 
Spectral reflectance 0.4131 0.4805 0.5189 0.5629 0.3422 0.1116 
Eo across band in W/m2.um 1955.5 1826.9 1545.0 1042.8 220.19 74.78 
Average i=age digital counts 195.53 103.20 125.05 108.88 95.38 23.05 
Preflight cal gains 15.553 7.860 10.203 10.821 78.751 147.719 
Preflight cal offsets 1.8331 1.6896 1.8850 2.2373 3.2905 3.2117 
IC cal gains for 16 Nov 85 13.889 7.204 9.402 10.354 77 .19 145.191 
IC cal offsets for 16 Nov 85 2.7120 2.5610 2.6000 2.3580 3.1380 3.8230 
Normalized code radiance 0.0708 0.0769 0.0857 0.0908 0.0502 0.0174 
Code T.M L in W/m2.sr.um 141.72 143.70 135.43 96.90 11.31 1.33 
Spectral L from preflight cal 124.54 129.15 120.71 98.55 11.69 1.34 
Spectral L from Ie cal 138.83 139.70 130.24 102.88 11.95 1.32 
% (Code-Pre)/Pre 13.8 11.3 12.2 -1.7 -3.3 -0.7 
% (Code-IC)/IC 2.1 2.9 4.0 -5.8 -5.4 0.7 
Counts per unit radiance 1.380 0.718 0.923 1.124 8.433 17.293 
************************************************************************************* 

CASE FOR RAYLEIGH ATMOSPHERE 

Normalized code radiance 0.0725 0.0827 0.0891 0.0967 0.0589 0.0192 
Code T.M L in W/m2.sr.um 145.13 154.65 140.86 103.16 13.26 1.47 
Counts per unit radiance 1.347 0.667 0.888 1.055 7.194 15.690 
********~*********************************************************~****************** 

CASE FOR NO ATMOSPHERE 

Normalized radiance 0.0712 0.0828 0.0895 0.0970 0.0590 0.0192 
TM L in W/m2.sr.um 142.46 154.81 141.38 103.52 13.29 1.47 
Counts per unit radiance 1.373 0.667 0.884 1.052 7.178 15.662 
************************************************************************************* 



both a decrease in transmittance of the telescope and a decrease in 

response of the fil ter-detect:or-el.ect:ronics. 
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'lhe responsivity values from each band for the five calibration 

dates are presented in Figure 4.6. Table 4.8 provides a St.Il'IUl'Ial:Y of the 

counts per unit radiance values for each band-date combination. For the 

12 reflectance-based measurements made in 'lM bands 1-3, the RMS 

variation from the mean as a percentage of the mean is +/- 1.9% over the 

measurement period. For the 11 measurement in the IR, Le.bands 

4,5,and 7, the value is +/- 3.4%. 'lh.e RMS variation for all 23 

measurements is +/-2.8%. Note that when looking at bands 5 and 7, only 

3 data sets are used, and that the IC response may be oscillatory 

(Barker, 1986). 'nlere is some indication that the IC calibrations are 

less reliable in band 5, band 7, and possibly band 4, than bands 1,2 and 

3 (Slater et al., 1986). '!here may also be inaccuracies in our 

determination of water vapor and caJ:bon dioxide for these bands. 

However, a large uncertainty (30%) in water vapor for si"...and~'1"d White 

Sands con:iitions i.rIb:oduces only a 2% change in the radiance in 'lM band 

5 (Slater and Kastner, 1982). 

Calibration of the S:EOI'-l HRV cameras 

In addition to providin;J a 1'n9al1S to conduct absolute radiometric 

calibrations of the 'IM and to make atmospheric corrections of spectral 

signatures, the technique described can also be applied to cal.ibrating 

other sensors. If the technique is applied at White Sands on a day when 

two sensors I e. g. 'lM and SIUI', acquire an image of our test site, then 

not only can we calibrate both sensors with an uncertainty of less than 
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Table 4.8 SUmmary of counts per unit radiance 
for larrlsat' s 'lhematic Mapper. 5 Dates. 

TM band: 1 2 3 

July 8, 1984 0.742 0.964 
October 28,1984 1.395 0.727 0.922 

. May 24,1985 0.751 0.944 
August ~~8, 1985 0.717 0.912 
November 16,1985 1.38 0.718 0.923 

Mean 1.388 0.731 0.933 
Standard deviation 0.008 0.013 0.019 

% Diff. (STD/MEAN) 0.541 1.837 2.002 
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+/- 4% but we can CClI.1pare the responses of the two systems to an even 

smaller uncertainty. With the increasing use of more than one sensor in 

long-tenn J:elllote-sensing studies, this capability is becoming of major 

in'g;x>rtance. In this section the absolute calibration of the SFOl' HRV 

cameras in March. l.986 is described. 

Preflight and In-flight calibration 

'!he calibration coefficients, counts per unit radiance, for the 

two HRV cameras 'Were c.cmputed using the results of the in-flight 

calibrations at White Sands, New Mexico. other sets of calibration 

coefficients were conputed using results from an in-flight calibration 

measurement. 'Ib compare their responses, the ratio of the calibration 

coefficients were 00llplted for the two SroI'-l. HRVs. '!his was perfonned. 

through a histogram match of a scene .ilnaged simultaneously by the two 

cameras which was later ccmpared to the same ratio of calibration 

coefficients CCil~pi.L't'ed usirl9' t.a:"1e White Sar-ns results. 

A description of the on-board calibrator is provided by Begni 

et al., (l.986). '!he preflight calibration coefficients were detennined 

in the laboratory before launch first using a colliInated Xenon lanp and 

then an integrating sphere. '!he xenon lanp measurements could not 

accurately simulate the in-flight calibration conditions. '!he strong 

spec+-...ral emission lines of the xenon lanp, in band 3, gave a different 

spectral radiant exitance than that of the sun. The lamp was also 

viewed under a greater apparent angle than would be viewed by the on

board calibrator. 'lherefore these preflight measurements of the total 

system did not accurately simulate the condition for the in-flight 
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calibration. 'lhere were problems in getting the integratiIq sphere 

close enough to the entrance pupil to allC7ll the whole field of view to 

be calibrated at once. Although no report can be referenced describing 

this work, it is understood that this problem was overcame and the 

calibration was successful. 

'!he in-flight sun-calibration systems also have limitations with 

respect to simulating the operational image acquisition of the systems 

(Slater, 1985a). For these reasons ~ contracted. with the University 

of Arizona to conduct. three SFOI' HRV' absolu.-te calibrations at White 

Sands in March 1986. 

Description of the Measurements 

'!he measurements took place in the same location in the White 

Sands test area and followed the same procedure used for Landsat. An 

Exotech radiame:ter, modified to include four sror HRV' spectral filters, 

was added to the ins"""LXUiiieilts aL.-eady used. Field :maa.:.-W::c:ui21."'lts ~"aL.-a :rrade 

on three dates, the 8, 15, and the 20 of March. 1986. Same modifications 

were made to the grourxi site because of the different scanning mode of 

the SPOI' system. '!he HRVs use the pushbroam technique and the test site 

was previously set up to calibrate the 'lM which is a whiskbroom scanner. 

In addition to this difference, the HRVs have an off-nadir viewing 

capability while the 'IM does not. 

Target Site 

'!he target site was a 320 m by 80 m rectangular area 

corresponding to 4 x 16 pixels in the Imlltispectral barXIs and 8 x 32 

pixels in the panchromatic band. '!he long dimension was oriented in the 
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HRV across-track direction, approximately in an east-west direction. 

Reflectance measurements were taken using the Barnes MMR radiometer with 

12 sets of reflectance measurements in each 20 x 20-m multispectral 

pixel. '!he results were averaged for each pixel. A semple of one of 

the data sets is shown for March 15 in Table 4.9. '!he values displayed 

are for 'lM bani 2 which closely approximates SmI' HRV bani B1. 

Table 4.9 MMR band. 2 reflectance values for 
ground site acquired March 15, 1986. 

0.470 0.458 0.461 0.474 0.414 0.477 0.470 0.468 0.412 0.479 0.476 0.475 0.472 0.483 0.483 0.475 
0.459 0.461 0.464 0.476 0.485 0.483 0.467 0.470 0.478 0.464 0.473 0.483 0.475 0.479 0.475 0.475 
0.449 0.457 0.466 0.473 0.468 0.471 0.468 0.469 0.458 0.480 ·0.469 0.467 0.472 0.473 0.473 0.468 
0.441 0.470 0.474 0.478 0.416 0.475 0.471 0.468 0.456 0.463 0.469 0.471 0.469 0.478 0.469 0.484 

Analysis of Data 

Because of the off-nadir viewing capabilities of the HRVs it was 

necesscu:y to aCC01mt for variations in reflectance with viewing angle. 

To deteJ::mi.ne this variation, an Exotech radiometer was no.mted. 1.5 

meters above the ground such that it could be directed at the surface at 

various angles between +/- 45 degrees. A typical reflectance fact:or 

measured with this apparatus is shown for the 'IM bands for March 15, 

1986 (Figure 4.7). 

'!he reflectance and atmospheric analyses were not perfonned 

across the barxi as in the calibration of 'lM. Instead the analyses were 

to provide the spectral reflectances at the 10 wavelen:Jths chosen. '!he 

radiative transfer mcxiel was then used to predict, for each of the 10 

wavelengths, the nonnalized radiance at the entrance pupil of the 



sensor. 'lhe code outputs the radiance, normalized to unity 

exoa:bnospheric irradiance, in a series of nadir and azimuth viewL"lg 

angles. 
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Figure 4.7 Reflectance factor measurements 
of gypsum at White Sands. 

1.1.6 

'!he local view angles of 31.2° I 24.6°, and 18.4° for the 

measurement dates March 8, 15, 20, respectively were the observation 

angles measured from the local vertical at the site. '!he view azinnlth 

angle was the azinnlthal angle from the vertical plane containing the sun 

and the site to the vertical plane containing the HRV and the site. 

Cozrecteci Spectral Radiances 

'!he corrected spectral radiances are the product of the exo

atmospheric spectral irradiance and the normalize4 code radiance divided 

by the square of the solar distance in astronomical units. 'lhe values 

used for the exoatmospheric spectral irradiance data are those published 



by Iqbal (1983) and adjusted to give an integrated value of the solar 

constant, 1367 W~ as proposed by the World Radiation center. '!he 

World Meteorological Organization adopted this spectrum as the best 

available (Frohlich, 1981) and is referred to as the WRC st:ar:mu::d. 

Weighted Spectral Radiance 

J.J.7 

'!he weighted spectral radiances across the band were COl'l'!Pllted 

using a series of weighting coefficients. 'lhese weighting coefficients, 

P and MS, for the panchrcmatic and multispectral. bands respectively, 

were obtained by determining the areas unier selected intervals of the 

sensor spectral responsivity cw::ve. '!he center wavelengths represented 

values near the centroid of the response in each interval corresponding 

to the ten wavelengths used in the analysis. '!he area corresponding to 

each interval was calculated using the trapezoidal rule. For example, 

the weighting coefficient for band 1 was determined using the relation: 

r530 

J470 R(~) d ~ 

f.640 R(~) d~ 
470 

W= 

where R(~) is the spectral responsivity of band 1, determined from 

preflight measurements in 10 run steps. 

(4.2) 

rrhe weighted spectral radiances are the product of the corrected 

radiances and the corresponding weighting coefficients. '!he spectral 

radiances for each band are the sum of the weighted spectral radiances 

within each band. The cal:ibration coefficients Ak were computed by 

dividing the average .ilnage digital counts by the spectral radiances for 

that band. 
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rrhe image:ty in digital counts (Table 4.10) were provided us by 

ems. An average digital ootmt value was computed for the test area. 

rrhe test site was read; ly located using the block house at the east end 

and marker blankets, about 6 x 6 m in size, at the western corners of 

site. 

rrbe calculations made up to this point do not take into 

consideration the effects of water vapor. '!he results of Begni et ale 

(1986) shc:M that only multispectral band 3 is significantly effected by 

Table 4.10 Digital counts for image of ground site 
acquired by HRV-2, Band 1 or. March 15, 1986. 

105 104 104 104 103 103 103 104 104 107 107 107 lOR 108 110 108 110 10c) 
104 1(J4 1'16 104 105 10') 106 10') lOS 108 lOS 1111 10K l:;tI 10<) W7 110 !l)l) 

103 104 106 1U5 105 107 107 107 lU6 109 109 107 107 107 109 107 lO9 108 
toe; 103 103 102 103 106 lOb lUI Wb IOc! lOU 107 108 107 107 107 107 lOb 
107 104 104 104 105 1n7 106 107 107 108 108 107 108 lOS lOS 108 108 106 
106 105 105 107 107 107 107 106 107 lOR tnR 107 108 107 108 108 109 HJ7 
106 106 1O~ IOfl 107 107 107 lOr, 107 IOC) lOB 107 108 10~ lflU In7 1 ftl} 110 
107 100 109 108 107 11.19 107 10'> 100 109 108 lOb 108 108 108 107 111 110 
107 lot, 107 106 106 109 108 106 106 108 109 107 lOti 107 I~ 107 )11 109 

105 lO4 106 1()6 107 109 108 106 106 108 108 lOS 108 108 108 107 liJ9 106 

102 103 105 107 108 109 109 107 106 108 107 107 109 101'1 H171 103 10/" 109 

102 103 105 108 107 109 109 107 107 109 lOB 107 J09 lOH 16] 103 ~(~ IlJ4 

101 101 105 106 105 107 J09 108 lU7 J08 i07 107 109 lOS 108 104 ~)2~ 101 
101 102 105 104 103 106 109 108 107 lOS 108 108 III 110 LOS \096\ lull 098 

100 102 103 102 100 106 109 108 106 109 108 108 109 108 101 097 \OZ 099 
100 1UO 102 101 100 10') 109 108 lOR llO 108 108 107 107 \06 W7 III It'] 

lOl OQ9 100 099 099 1U5 11I7 101 10(, 109 109 It)', lOll Itl7 10', IO!> ll)<l IIIH 

105 101 102 099 099 104 10~ 107 100 lU9 104 lU7 I III 105 lU, lU7 108 Ill!, 

106 100 102 099 098 105 110 lOB 106 105 108 110 111 108 108 III liD 104 

atmosphere and a kn.owledqe of the ground-level relative humidity. 
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SPar Absolute calibration Coefficients 

'Ihe absolute calibration coefficients derived fran preflight 

measurements using a collimator am integrating sphere are compared to 

in-flight measurements using White Sands and the internal calibrator for 

March 15 and 20 in Table 4.11. 'lhe two cameras are compared by ratioing 

the calibration coefficients. '!his ratio is cc:mputed using the results 

fran the collimator and integratir:g sphere ~ for preflight, 

along wit..'l. White Sands and histogram matching for the in-flight. ']he 

results are given in Table 4.12. '!he results using histog-.cam matching 

were obtained by oamparing two images of the same area collected s:i.muJ.

taneously by the two HRVs. A linear relation of the form: 

x2 = (xl * u) + b was deteJ::mi.ned to relate the responses of the two 

HRVs. '!his relation was derived statistically for each spectral band 

over a CXllum::m image area. In this relation, u can be inte:tpreted as the 

ratio of the two absolute calibration coefficients in digital counts per 

unit spectral radiance, 

u = Ak (HRV-2) /Ak (HRV-l) , (4.3) 

and b can be inteJ:preted as a differential bias between the HRVs. 

Conclusion 

'!he ratio of the absolute calibration coefficients obtained at 

White sands compares very well with ratios of the histogram data which 

were obtained when the cameras s:i.muJ.taneously imaged the same ground 

scene. Bands PA, Bl am B3 agreed to within 3%. Band B2 showed a 7% 

difference. All but B2 is within the uncertainty of +/- 5% for the 

White Sands reflectance-based calibration procedure. ']he uncertainty in 
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Table 4.11 Comparison between ground and in-flight measurements 
of the calibration coefficients in counts per unit 
spectral radiance. 

Ground Measurements In-flight measurements 
Integrating Sun White 

Band Collimator Sphere Calibrator Sands 

PA 0.67 0.68 0.71 0.61 
B1 0.59 0.60 0.68 0.56 

HRV-l B2 0.48 0.47 0.40 0.41 
B3 0.73 0.70 0.79 0.56 

PA 0.67 0.61 0.70 0.60 
B1 0.62 0.62 0.73 0.55 

HRV-2 B2 0.51 0.50 0.52 0.44 
B3 0.79 0.70 0.94 0.58 

with estimated vacuum effect correction. 
note these values are 1. 3x less since *4 gain setting was used fo 
band B2 whereas the other bands were recorded with gain *3. 

Table 4.12 HRV-2/HRV-1 absolute calibration 

Band 

PA 
B1 
52 
93 

Ground measurements 
Integrating 

Collimator Sphere 

1.00 
1.04 
1.06 
Loe 

0.90 
1. 03 
1.08 
1.00 

In-orbit measurements 
Sun White Histogram 
Calibrator Sands Matching 

0.99 0.98 1. 01 
1.07 0.99 1. 02 
1.30 LOS 1.12 
1. 13 1.03 1. 02 

with ground measured characteristics 
with estimated vacuum effect correction 
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the calibration coefficients for the SroI'-l HRV's as deteJ::lnined on March. 

lS, and 20, 1986, is estimated to be +/- 5.4%. 

A S\lll'Ill'Ial:Y of the results is provided for each of the three dates 

in Tables 4.13, 4.14, and 4.15. 



TAble 4.13 Summary of SPOT HRV-2 Ab!;oltlte radiometric 
calibration At WSMR on MArch 8, 1986. 

Solor ~enlth angle: 
Sular dIstance In AU: 
Junge alze distribution: 
Aerosol size range: 
RefractIve Index: 
TIme of overpaHR: 
Calculated visIbIlIty: 
Solar azImuth angle: 

Wavelengths In nm 

40.098 
0.9928 

3.12 
0.02 to 5.02 11m 
1.54 - 0.011 
Ilh:18m:16s HST 
20(1 km 
159 deg east from north 

520 540 580 620 

I.ntftllde: 
J.onRftude: 
Elevation 
Pressure: 
Temperature: 
R~llItfv~ humIdIty: 
I~cat vIew ongle: 
VI~w nzlmnth angle 

65(1 7no 78(1 

Tnll HI.~ 0.11')0" 0.05(,1, 0.0571 o.o',n:1 O.(l',~R O.M;>2 O.0'}7i, 
Tnn IIny!t'I,:h 0.1Il7l, (1.11920 O.()(,flll O.(I')i'" O.UIoH 0.0];'1 II. O:!Cl I 
Tau uwne 0.0052 0.0013 11.0\115 (l.O()~14 O.(I()~b O.(l021 a.O(HI 
Measnr.,.( reflectnnces 0.5673 0.5801 0.(,025 0.6151 0.6259 0.6401 0.60;72 
NormalJ~ed code radIances 0.1359 0.1319 0.1411 0.1450 0.1488 0.1534 0.1579 
Exoatmonpheric E, W/m2.um 1802.5 1851.5 1840.0 1715.0 1597.5 1427.5 1195.0 
Corrected spectral rndlnnce: 748.52 259.88 264.52 252.79 241.17 272.17 191.44 
W,'lghttnv. r.ocffldents P 0.080') 0.1J90 0.1971 (I.IM6 0.711',n n.ll?7 O.Ollloti 
lJ,dghtlnR t:ol'rrlrfents HS 0.26';5 1I./tl5] O.JI92 (1.1071 (1.67111 0.1192 (1.1'''''1 

32 dpn ~5 ~In 
106 ~rg 2~ Min 
1196 m 
ReO.7 rnb 
21.31 dp& r 
22% 

31.2 dr~ frDm WPGt 
120 drg rrp~ sun 

RIO 

(I. (1\"1\ 
0 0 (11 ;':1 
(I. (1('I'f.I 
(1.6(,',2 
0.1597 
1113.0 
1110.33 

(I. :.ttl/,ll 

e~o 

(!.fno:,; 
() 0 (II I,ll 

0.111.1(14 
0.6743 
0.11124 
1002.0 
165.09 

0.3"'}7 

SRO 

n. (I.li'" 
o.(I,n 
(!. ('11M 
0.61 JIo 
0.1632 

9611.0 
159.9~ 

(l.17~~ 

WeIghted fJl,ectrnl radlnnces P 20.11 36.12 n.14 ',1.53 (,(1.49 2R.1I1 0.118 
WeIghted f'l'ectral radiances HS 65.98 107.93 811.44 5l.14 163.5', 26.4il 16.10 69.36 59.30 27.54 
~A~~~AA**~*A*~***********************************~*A********~A**************~A*.************.**.********.*****A.*.~'.*** 

IIRV Spectral Average image CmmtR per unit spectrnl rlldlnnce CountH pp.r IInlt spectral radiance 
hands ladlances dl,:ftal cOllnts uncorrc(oted for wnter vapor cornocted for water vapor 

I'll 2i,8 110.? 0.5]8 0.515 
III 7')H 1i'9.') O.~i(lI (i.~nl 
112 241 176.1 0.')2:\ II.S;» 
83 172 99.4 0.577 U.555 

A*AA* •• **~*A ••••••••••• A •• AAA.AAA •• A •••• A •• ** •• A.A •• AA.AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA •• AAAA •• A4A •• 444A ••••••• A •• A4 

I-' 
N 
N 



TAble 4.14 Summary of SPOT JlRV-2 absolute radiometric 
calIbration at WSMR on March 15, 1986. 

Sl)lBr ll·nlth o"CIo.': 
Solar distance 10 All: 
.I1111ge :,fze dJstrlhutloll: 
Aer()6oJ RJze TonKe: 
RefractIve Ind~~: 
TllliP of over~ags: 
C:ul(lIlotetl vl,;I"11 tty: 
:;,,1111" o7.fOlul.h ",,;~It·.: 

Wavelengths tn 11m 

41.01 
n.!)!)!.7 

3.51 
0.02 to 5.02 11m 
1.5'. - 0.01 I 
lOh:4Jm:J2s HSf 
200 Illn 
I/.~ d(~g CI.flt froPl n"I·l.h 

520 540 580 (,20 

1.nt !tude: 
!.lInr,ltu;!,,: 
F.h'vntlnll 
I'n'sf,ute: 
TCI'\!H>rl.1!\,re: 
Rplntlvp humidity: 
l~cIII view lingle: 
VIew Ilzlnllith n"I:11' 

650 700 780 

'.12 .I"~~ ~'j min 
1(1!, (!('~: :':: m 111 
11 :11' r.1 
SOI./I n'" 
10.6 .leg •. 
lin 

74. (. d"" fr"PI .. iwt 
IdJ ,I.: f: f l".'rr. !Htn 

RIO 960 131!0 

TIIU Mle 0.0',26 0.Ot.08 0.0]]6 0.03',R o.ono 0.0'10'.1 0.07611 0.0~S6 0.02:1C) O.O:!)) 
TIIII f{ay)(dy,h n.1076 0.0922 O.(lMI,} O.0~7fl 0.0',11. o.'n~I O.I'!lIl 0.0!78 n.ClIt.O O.fll!r. 
Tall "WIII! 0.(1176 0.0146 0.0:155 0.031R 0.01911 0.0070 U.(lOJ9 
Hcar;urcd reflectances 0.:,529 0.4701 0.4936 0.5110 0.522H O. ~f,2J 0.5691 
Normalized ('ode radlance6 0.1027 0.10',6 0.106R 0.1116 0.1179 0.1260 0.1334 
Exoatmo61,herlc E, W/m2.um 1802.5 1857.5 1840.0 1715.0 1')97.5 1/,27.5 1195.0 
Corrected apectral radiance: 1Rl.09 196.37 198.61 193.44 190.36 1R1.79 161.12 
WeJghtlnK Cltefflclents P 0.OR09 0.1390 0.1971 0.1646 0.781.0 0.1297 0.00116 
Weighting coefficients HS 0.26~5 0./1153 0.3192 0.2027 0.6781 0.1192 0.08/.1 

0.111'",8 
0.~182 

0.1359 
1113.0 
152.87 

O. J8 /,6 

0.0012 
0.592') 
0.11000 
1002.0 

'" I. 78 

0.3592 

0.(1(1(11> 
0.5976 
0.1111 5 

966.0 
138. IS 

0.1722 

WeJKhted 6pectral radhnces P 15.14 27.30 39.15 31.84 54.06 23.58 0.74 
WeIghted spectral flldhnees HS 49.61 81.55 63.40 39.21 129.08 21.61 13.55 58.1S ~0.<l3 23.19 
~~ ••• ~~ ••••••••• A ••••••• AA ••• A.A •••••• A ••••••••• A.~AA ••• A •• A •• AAAAA.A •• A •• AAAA •••••••• A •••••••• A •• A •• ~A.AA.~.*.~lA ••••• A 

ItRV Spectral Average Image Counts per unIt spectral rlldlanee CQllnts per IInlt slH!ctrlll flllllllnc(' 
balld radlanceB dIgital cOllnto uncorrected for "'i1t1!t VII\'Or c('rrectell for lo1otcr vnpot· 

rA 192 115.6 0.601 n.5')'} 
III 19~ 107.~ U.S'i2 0.5';2 
112 190 Hl7.t> 1I.5b6 0.~t'6 
II) 1/,7 88.2 0.600 0.577 

.AAAAAA ••••••••••••••• AA ••• AAA.A.AA •• AAA.AAAAAAAAAAAAA •• AAA •• AAAAAA~ •• A~AAAA •• AA.AAA.AA.AAA •• AA.AAA~A.~.~.A~AAAAAAA.A.A\ 

..... 
N 
W 



Table 4.15 Summary of SPOT HRV-l absolute radiometric 
calibration at WSMR on March 20, 1986. 

Solar zenith angle: 
Solar distance In AU: 
Junge size distributiou: 
Acrobol 6iz~ range: 
Kdfractivc index: 
TIme of overpass: 
Cdlculated vibibilily: 
301ar azlwuth a"~)~: 

IJ,IVt!l cng til!; J II nUl 

38.621 
0.99bl 

2.17 
0.02 tv 5.02 um 
1.54 - O.OH 
JOh:47w:30s tlST 
200 km 
146 deg east fro~ north 

520 540 

I.atitude: 
Longilude: 
Elevation 
Pressure: 
Temperature: 
Relative humidity; 
Local view angle: 
View azimuth angle 

580 620 650 700 780 

Tau Hie 0.0418 0.0415 0.0410 0.0405 0.0402 0.0397 0.0389 
T~u Raylel~l. 0.1089 0.0934 0.0698 0.0532 0.0439 0.0325 0.0210 
T~u ozun. 0.01b8 0.0235 0.0338 0.0303 0.0181 0.0067 0.0037 
:!.!a:;urcd reflectanct>t; 0.4359 0.4S43 0.4786 0.4958 0.5070 0.5267 0.5581 
~urwall~~d cude radiances 0.1032 0.1056 0.1083 0.1130 0.1189 0.1275 0.1355 
ExoatmofOl.lacric E. W/w2.um 1802.5 1857.5 1840.0 1715.0 1597.5 1427.5 1195.0 
Currect<,J s!,c(tral radlilnce: 1117.48 197.69 2UO.84 195.32 191.43 183.43 163.19 

32 deg 55 min 
106 deg 22 min 
1196 01 

893.3 mb 
14.2 deg C 
41.5% 

18.4 deg from east 
47 deg frOUl sun 

810 

0.0387 
0.0180 
0.0026 
0.5692 
0.1388 
1113.0 
155.70 

860 

0.0383 
0.0142 
0.0012 
0.5833 
0.1426 
1002.0 
144.01 

880 

0.0381 
0.0129 
O.OOOb 
0.5894 
0.1443 
966.0 

140.49 

;.]elgllt1ng cudffc1cnts P 0.099() 0.1400 0.1950 0.1570 0.2580 0.1420 0.0080 
We1Shtln& coefficients HS 0.33HO 0.4020 O.2bllO 0.4330 0.5490 0.0184 0.2490 0.4260 0.2850 0.0410 
Wel~hted spectral radiances I' 18.56 27.68 39.16 30.66 49.39 26.05 1.31 
W~ightcd spectral radiances MS b3.37 79.47 52.22 84.51 105.10 3.38 40.64 66.33 41.04 5.76· 
••••••• I'****.*.** ••• * ••• ~~*_A.~ •• t.. __ ~ •.• A~.AA_ ••• --•• * •••••••••••••• * •••••• n •••••••••••••••••••••• ·.·····***** •••• **.*. 

IlRV SI',.ctral Avcr-agc iu.age Counts per unlt spectral radiance Couuts per unit spectral radisnce 
bands radiances digital count\; uncorrected for water vapor corrected for water vapor 

PA 193 11H.l 0.613 0.609 
III 195 1011.4 OSi6 0.556 
112 193 Ill". 1 0.539 0.~39 
IIJ 1"4 '09.9 0.5H~ O.~bl ••••••• ( .• ~ •••••••••••• * ••• * ••••• * ••••••••••••• * ••• *.* ••••• A ••••••••••••••••• d •••••••••••••••• * ••••••• _ •• ••• ••••••••••••• 

.... 
N 
~ 



CHAPl'ER 5 

'!he l6-day repeat cycle of Iandsat-5 provides an opporbmity to 

obtain a time series of :ill1ages for a particular location. Time series 

data are useful for studying vegetation chaD:Jes and. other earth. feature 

dlangese However, the solar illumination a.rx:Jle and. the atmospheric 

corxtitions for each :ill1age will be different, consequently the magnitude 

of the radiance reachin;J the sensor will be different even though the 

surface reflectance cllaracteristics may not have changed. 

'!he radiative transfer code di SC'lSsed in Olapter 2 (given the 

appropriate inputs) will predict the radiance at the top of the atmos

phere for particular values of surface reflectance factors. conversely, 

surface reflectance factors can be deteJ:mi.ne.d if the absolute radiance 

at the sensor is known. 

In this Chapter, the calibration results from chapter 4, 

together with the radiative transfer code and. the procedure for 

extracting raw data from computer-compa.tible-tapes (Chapter 2), are used 

to obtain satellite-based reflectance-factor data for soils and vegeta

tion. '!he results are compared to reflectance-factor values obtained 

from aircraft-based radiometer data. '!he data reported here were 

obtained during an extensive experiment corxfucted at the university of 

125 



Arizona's Maricopa Agricultural Center (MAC). '!he overall exper:iJnent, 

described in detail by Moran (1986), is briefly summarized here. 

Maricopa Agricultural Center Experiment 

126 

'!he MAC experiment involved collecting an extensive set of 

lOe:aote ani ground-based spectral data over a number of agricultural 

fields. Reflectance data at different spectral am spatial :resolutions 

were collected for a variety of C100pS at various g:rowth am health 

stages. '!his experiment involved: a'bnospheric measurements, aL1"Craft

mounted and ground-based. radiometric measurements, am the collection of 

auxiliary soil an:! plant data on each Iandsat-5 overpass day (weather 

permittirq) during the period April 1985 through June 1986. '!he author 

was :responsible for support in the areas of atmospheric OOlOlOection and 

sensor calibration. 

'!he z.m.C, located. 48 kin south of Bloenix, is used. for both 

research and demonstration pw:poses. '!he research area includes about 

160 ha, and the demonstration area about 610 ha. '!he demonstration part 

of the fax:m, the area of inteJ:est here, has fields up to 0.27 x 1.6 kIn 

in size (Figure 5.1), making it an ideal site for high-altitude lOE!llIote

sensinq research. 

Atmospheric D:lta 

'!he measurements perfonned to characterize the atloosphere were 

identical to those described for the White Banjs calibrations. A multi

band solar radiometer was used to measure the transmitted solar 

irradiance. at 3-minute intervals on the morning of the satellite 

ove:rpass. '!he total optical depths for each of the 12 bands were 
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Figure 5.1 Sattelite view of the Maricopa Agricultural Center. 
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determined usirg the I.aJqley-plot technique. '1h.e o18"l'onents of optical 

depth for each of the 'lM bands were cc:mputed as di scussed in Qlapter 2. 

Table 5.1 Naninal bandpass intervals for the IJM and for the MMR 
and Exotech radiometers 

Bandwidth 
(um) 

.45 - .52 
• 52 - .60 
.63 - .69 
.76 - .90 

1.15 - 1.30 
1.55 - 1.75 
2.08 - 2.35 
10.4 - 12.5 

Aircraft-Based Data 

Iandsat 
band. 

'lMS 
'IM7 
'IM6 

MMR 
band 

MMRl 
MMR2 
MMR3 
MMR4 
MMRS 
MMR6 
MMR7 
:MMRB 

Exotech 
band. 

Exot1 
Exot2 . 
Ex0t3 
Exot4 

'!he aircraft-based spectral data were collected at a nominal 

al.titude of 150 meters al.ong a stan3ard flight path over 11 fields 

(Figure 5.2). At this altitude, the Exotech four-band radiometer viewed 

areas of about 40-meters diameter. OVer a 1.6-kIn transect, 18 to 24 

data points were collected, ~ on wind direction. '!he flights 

were scheduled to bracket the time of the satellite overpass. 

'!he radiometer was installed on a mount that could be positioned 

to provide a view nonna! to the grcurKi surface when the aircraft door 

was PLOPped open. '!he sensors were controlled by a sample-and-hold 

device that ensured that the same grcurKi target was sanpled by al.l four 

bands at the same t:ine. A small data logger signaled the sample-and

hold device to collect a sample fiNery 2 seconds. 
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'IN Spectral. Data 

Of the 28 Iandsat~5 overpasses that occurred during the 15 month 

MAC experiment, CCI's were obtained for 14 dates. satellite data were 

not available for the remain:in:J 16 days because of cloudy weather, omit 

adjusts, and other problems. Of the 14 data sets, 4 were selected 

because weather conditions were optimum, the data sets were complete, 

and a range of surface reflectance values, solar zenith angles, and 

atmospheric conditions was representede '!hese four sets were collected 

on 23 July 1985, 27 october 1985, 20 March 1986, and. 4 April 1986. 

Data Analysis 

For each of the four data sets, two relatively uniform target 

areas having contrasting surface reflectances (bare soil and green 

vegetation) were selected. '!he 'IN image for each date was displayed on 

an image processing system. A ~J:C prog"am was used to refonnat the 

digital count output into the same spatial arrangement as the image. 

The digital-count printout of the target area was then used along with 

the visual display to select unifonn subsets of the target areas. The 

subsets corresporx:ied to areas for which aircraft-based radiometric data 

had been taken sinrultaneously with the satellite data. rrhe mops 

growing in the vegetated areas were cotton (July), alfalfa (October), 

and wheat (March and April). Fach subset consisted of 12 to 36 pixels 

which were averaged to obtain a mean digital count value. '!he pixels 

were extracted fram a swath 3 pixels wide proceeding down the center of 

each field, coi.ncid.in;J with the flight path of the aircraft. 

Conversion to Raw Digital Counts 
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Raw digita1 counts were derived from the CCI'-As using the 

procedure described in Olapt:er 2. '!he calibration factors, det-gain and 

det-offset, were extracted from the CCI's for each. detector of bands one 

through four, and for each. date (Tables 5.2 - 5.4). Among the 16 

detectors, the variation was less than 1% for det-gain and less then 0.3 

digita1 OO\mts for det-offset. '!he errors are less than the +/- 1 DC 

error inherent in the Pl:CJC:Edure used to convert CCI'-A data to 

uncorrected digital ccmrt:s. Because of the smal.l variation, mean values 

for det-gain and det-offset \4el:'e cauputed for each. date and used to 

convert the mean digita1 ootmts to an average lmCOl:rectecl IX:: for each 

target area. 

calculation of Satellite-Based SUrface Reflectance Factors 

'!he radiative transfer code calculates the radiance at the top 

of tr..e a:bncspl"...e...."'"a for a spscified 'V-alue of t.."le S" ....... -faca reflec"''-'h"'lC6. For 

a known radiance value, the surface :reflectance can be obt:ained by 

iterating various values of :reflectance until the measured and 

calculated. radiance values are equal. In practice, this is aCCOluplished 

by calculating two values of radiance for :reflectance values that 

bracket the expected value, and interpolating between the bracketed 

values. For two reflectance differences of 0.2 or less the relationship 

between reflectance and radiance is sufficiently linear (Figure 5.3), 

that the error involved by linear interpolation is negligible. 

It is suspected that the results of the Herman code for 'IN band 

4 may be in error due to an over-estimate of water vapor absorption. In 
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values, October 27, 1985 COSL 605). 

Applied Oet-Gain 
Channel Band 1 Band 2 Band 3 Band 4 

1 1. 2105 1.1595 1. 3125 1.1558 
2 1.2144 1.1610 1. 2983 1.1639 
3 1. 2112 1.1698 1. 3164 1. 1667 
4 1. 2179 1.1608 1. 3072 1.1781 
5 1.2128 1.1649 1. 3128 1.1666 
6 1. 2233 1.1617 1. 3225 1.1627 
7 1. 2175 1. 1704 1.3284 1. 1576 
8 1.2225 1.1552 1. 3149 1. 1555 
9 1. 2196 1.1750 1. 3272 1.1758 

10 1. 2145 1.1646 1. 3142 1.1556 
11 1.2123 1.1615 1. 3248 1.1627 
12 1. 2143 1.1584 1. 3075 1.1682 
13 1.2164 1. 1637 1. 3188 1.1684 
14 1.2201 1. 1727 1. 3110 1.1608 
15 1. 2144 1.1590 1. 3124 1. 1697 
16 1. 2112 1.1771 1.3045 1.1636 

Mean all 1. 2158 1. 1647 1.3146 1.1645 
Stnd Oev. all 0.0039 0.0062 0.0080 0.0065 

Applied Oet-Offset 

Channel Band 1 Band 2 Band 3 Band 4 

1 -3.0154 -2.2266 -2.5063 -1.1387 
2 02.2604 -1. 6095 -1. 9965 -0.5606 
3 -2.3901 -1.8576 -1. 8393 -0.5800 
4 -1. 8850 -1. 4662 -1. 6327 -0.4502 
5 -2.3199 -1.4445 -1. 7699 -0.5072 
6 -1. 8703 -1. 7778 - -1.6519 -0.4803 
7 -2.1827 -1. 5590 -1. 6205 -0.7144 
8 -1. 8659 -1. 7736 -1. 7664 -0.5613 
9 -1.6671 -1. 7355 -1.8536 -0.4782 

10 -1. 9444 -1. 6585 -1. 7600 -0.3654 
11 -1. 9244 -1.7472 -1. 6699 -0.4967 
12 -1. 9628 -1. 6004 -1. 6399 -0.3959 
13 -~.9244 -1.5788 -1.4952 -0.4012 
14 -1. 8561 -1. 7187 -1. 7146 -0.6044 
15 -1. 9466 -1. 6015 -1. 1063 -0.5182 
16 -2.0915 -1. 1075 -1. 8644 -0.4857 

Mean all -2.0692 -1. 6539 -1. 7430 -0.5462 
Stnd Dev. all 0.3079 0.2262 0.2743 0.1745 
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values,20 March 1986 COSL 749) 

Applied Oet-Gain 
Channel Band 1 Band 2 Band 3 Band 4 

1 1.21265 1. 16301 1. 30958 1.16677 
2 1. 22689 1.16751 1.32280 1.17406 
3 1. 21705 1. 17355 1.31843 1.16246 
4 1.22523 1.16601 1. 33113 1.17317 
5 1. 21904 1.16951 1. 31406 1.17077 
6 1. 23411 1.16339 1.33826 1.16534 
7 1.22886 1.17746 1.32268 1. 15733 
8 1.23350 1.15900 1. 34105 1.17988 
9 1. 23270 1.18107 1. 32395 1.15600 

10 1.22230 1.16858 1. 34217 1.15695 
11 1. 21925 1.16354 1. 33242 1. 16157 
12 1.22084 1.16259 1.33205 1.16859 
13 1.22084 1.16894 1. 31181 1.17915 
14 1. 23156 1. 17533 1.32580 1.16660 
15 1.22181 1.16391 1.30060 1.16421 
16 1.21490 1.17967 1.32455 1.15767 

Mean all 1.2238 1.1689 1.3245 1.1663 
Stnd Dev. all 0.0066 0.0065 0.0113 0.0074 

Applied Det-Offset 

Channel Band 1 Band 2 Band 3 Band 4 

1 -2.51294 -1.98151 -1. 70941 -0.63439 
2 -2.54314 -1. 58739 -1.66601 -0.68190 
3 -1.98774 -1. 71217 -1.6.8628 -0.66246 
4 -1.60397 -1. 38109 -1.58691 -0.55673 
5 -2.00149 -1. 24193 -1.55695 -0.5"2671 
6 -1.79752 -1.55471 -1.81659 -0.54469 
7 -2.25426 -1.50179 -1. 71451 -0.45313 
8 -1.85258 -1.67915 -1.99401 -0.60058 
9 -1.82893 -1. 67504 -1.81711 -0.51898 

." .".,U -1. i73S1 ~ 1.""- ......... 
-l..v;';)o;) -1. i0401 -0.S759S 

11 -1. 53641 -1. 58294 -1. 64791 -0.33524 
12 -1. 70994 -1. 51949 -1. 67171 -0.50821 
13 -1. 73342 -1. 44011 -1.35581 -0.39346 
14 -1.93041 -1.59237 -1. 73411 -0.46601 
15 -1.70959 -1.51710 -1. 66181 -0.42478 
16 -1. 62441 -1. 44682 -2.33225 -1. 06777 

Mean all -1. 90001 -1.53184 -1.72846 -0.55943 
Stnd Dev. all 0.29192 O. 19374 0.20311 0.16069 
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Table 5.4 CCT-A Applied Det-Gain and Det-Offset 

values, 5 April 1986 (DSL 765) 

Applied Det-Gain 
Channel Band 1 Band 2 Band 3 Band 4 

1 1. 2123 1. 1600 1.3178 1.1543 
2 1.2242 1.1642 1.2944 1.1620 
3 1.2160 1.1698 1. 3194 1.1648 
4 1.2245 1.1621 1.3049 1.1759 
5 1. 2167 1. 1661 1. 3148 1. 1649 
6 1. 2318 1. 1602 1. 3246 1.1583 
7 1.2260 1.1723 1.3350 1.1547 
8 1.2314 1.1543 1. 3150 1.1537 
9 1. 2291 1. 1742 1.3323 1.1756 

10 1.2200 1.1632 1. 3145 1. 1529 
11 1. 2169 1.1588 1.3295 1.1619 
12 1. 2187 1.1578 1. 3719 1.1666 
13 1. 2211 1.1647 1. 3233 1.1696 
14 1. 2288 1.1706 1. 3109 1.1590 
15 1. 2199 1.1601 1. 3151 1.1710 
16 1.2145 1.1759 1. 3050 1.1636 

Mean a11 1.2220 1.1646 1. 3205 1.1631 
Stnd Dev. all 0.0060 0.0061 0.0168 0.0072 

Applied Det-Offset 

Channel Band 1 Band 2 Band 3 Band 4 

1 -2.73359 -1. 89865 -2.30380 -0.94080 
2 -2.58982 -1. 46015 -1. 46591 -0.34961 
3 -2.17606 -1. 57537 -1.55808 -0.40952 
4 -1.60602 -1.19914 -1.13749 -0.25961 
5 -2.10176 -1. 14932 -1.45642 -0.34322 
6 -1. 79927 -1. 43958 -1. 40457 -0.23673 
7 -2.29070 -1.32677 -1.48630 -0.47153 
8 -1. 84615 -1.48228 -1.45452 -0.42771 
9 =1 o,.,~C)~ 

.L.04!.-:;UJ ~1.43246 =1.70937 =0.41701 
10 -1.76006 -1. 32684 -1.43073 -0.21758 
11 -1.61899 -1.39567 -1. 52025 -0.37755 
12 -1.73663 -1.33475 -1. 26974 -0.32703 
13 -1.85412 -1. 30729 -1. 35618 -0.42255 
14 -1. 90740 -1. 45050 -1.42468 -0.54044 
15 -1.71350 -1. 38691 -1. 44278 -0.58999 
16 -1. 69533 -1.34702 -1. 48738 -0.48845 

Mean all -1.9537 -1.4071 -1.4943 -0.4262 
Stnd Dev. all 0.3262 0.1628 . 0.2407 0.1664 
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order to ccmpensate for the larger estimate of water vapor, a correction 

factor was applied to the output of the Herman code (Band 4 only). '!he 

Herman code was :run using as input the water vapor concentration 

computed using the pJ:eViously described method. A correction factor was 

then determined (Santer, 1986) for each experiment date through the use 

of a second atmospheric model, 55 (Tanre et al., 1986). '!he 55 code was 

run assmning a standard visibility of 23 kilometers. '!he output of the 

Herman code was then modified by multiplying the results by the computed 

correction factor. '!he applied correction factors used were 0.944, 

0.940, 0.942, and 0.952, for the July, october, March, and April dates 

respectively. '!he absolute radiance at the sensor, as computed using 

the combination of Herman code results and 55 correction factor, was 

then used to compute surface reflectance using the same procedure as 

described for the first three 'lM bands. 

'!he Ie calibration coefficients used to compute absolute 

radiances were taken from the November 16, 1985 TRAPP data. '!he values 

used for det-gain were: 1.389, 0.7204, 0.9402, 1.0354, (in units of 

w/(m2 um) and. det-offset were: 2.712, 2.561, 2.600, 2.358, for 'lM bands 

1 through 4 respectively. 

Results 

A total of 32 values of surface reflectance, consisting of two 

reflectances for each. date for each. of the first four 'lM bands, were 

oompared to the reflectance values measured by the aircraft-based 

Exotech. '!he results, corresponding to 16 bare soil and 16 vegetation 

measurements, are shown in Figure 5.4. A carrparison made between 
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aircraft an:l satellite measured reflectance values gave a correlation of 

R2 = 0.996. 

Differences l:Jetween aircraft-based and satellite-based 

reflectance values are summarized in Table 5.5. '!he max:imum reflectance 

difference was 0.01.65, with only 6 of the 32 predictions havin; a 

difference greater than 0.01.. A standard deviation of 0.0033 (1.0) was 

camputed for the 32 predictions. It should be emphasized that this 

extremely close agreement between calculated and measured reflectance 

values was obtained from measurements of several. crop types and 

conditions coverin; a one-year period. 

'lhe differences, presented by date an:l separated by ban::i, are 

plotted for bare soil and vegetation in Figures 5.5 am 5.6 

respectively. '!he differences do not appear to follow a pattern, either 

chronologically or by crop type. In the vegetation case (Figure 5.6) 

October 27 has the largest difference for 3 of th.e 4 bands, but for bare 

soil (Figure 5.5), March and July both seem to have the largest 

differences. '!he differences hc:Iwever are small, particularly for bare 

soil, and could be within the accuracy limits of the instrumentation and 

measurement procedure, with any error in the ground measurements 

directly affecting the differences. For exaDlple, errors could be 

int::roduced by (1.) the use of different viewin; geometries, (2) 

OC'JI'I!}?2'rison of the racliomei:er responses wifu respecc. i:o fue ref'e:ce.llce 

panel and (3) any non-linearity of the Exotech response. It should also 

be remembered that the IC values used here were those for a sin;le date 

(November 1.6, 1.985). Q)anges in IC gains and offsets over tillle will 

also introduce errors. 



Table 5.5 Summary of Reflectance differences (Predicted - Measured). 

, 
Bare Soil 1 2 3 4 

a b a b a b a b 

Ju1 23 0.0037 (0.08) 0.0026 (0.12) 0.0114 (0.17) -0.0078 (0.22) 
Oct 27 -0.0033 (0.08) -0.0018 (0.09) 0.0000 (0.11) 0.0090 (0.24) 
Mar. 20 0.0086 (0.07) 0.0034 (0.11) 0.0111 (0.15) -0.0082 (0.20) 
Apr. 5 -0.0016 (0.07) -0.0072 (0.10) 0.0084 (0.15) -0.0025 (0.20) 

Mean 0.0019 -0.0008 0.0077 -0.0024 
Std 0.0047 0.0042 0.0046 0.0069 

Vegetation 1 2 3 4 
a b a b a b a b 

Ju1 23 -0.0081 (0.02) -0.0021 (0.06) -0.0098 (0.03) 0.0091 (0.54) 
Oct 27 0.0069 (0.10) 0.0114 (0.14) 0.0165 (0.20) 0.0020 (0.24) 
Mar. 20 -0.0004 (0.03) 0.0006 (0.05) -0.0039 (0.03) -0.0153 (0.38) 
Apr. 5 -0.0057 (0.04) -0.0086 (0.06) -0.0090 (0.05) 0.0119 (0.41) 

Mean -0.0018 0.0003 -0.0015 0.0019 
Std 0.0058 0.0072 0.0107 0.0106 

Total Mean 0.0000 -0.0002 0.0031 -0.0002 
Total STD 0.0056 0.0059 0.0094 0.0092 

a - reflectance difference 
b - mean reflectance ~ 

w 
\0 



Figure 5.5 Differences in reflectance factor for bare soil. 
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'!he results for each date are presented in Tables 5.6 to 5.13. 

Included in the tables are the mate.rological conditions, inputs to the 

radiative transfer code, and preflight and in-flight calibration 

factors. Also presented are the differences between the aircraft 

measured reflectance factors ani the reflectance factors predicted using 

preflight calibration, in-flight calibration, and c::cmq;nrt:ed values 

assuming no a'bnosphere. 

To dete:rndne if atmospheric conection is necessary when 

predicting reflectance factors from satellite sensors, the measured. 

reflectance values were compared to values computed for conditions of no 

a'bnosphere (Figure 5.7). A lower correlation value, R2 = 0.963, was 

obtained, thus irxticating a less accurate prediction in ground 

reflectance. '!he differences, presented in Table 5.14, shaw a larger 

error for every case. Figures 5.8 am 5.9 show the reflectance 

n; ff~----l1ces (:m.e.aS'.J!:ed - p~'; cted) for the caC!'9S t'.1l'-.en the atmosphere t'laS 

taken into account and when it was ignored. A further comparison with 

and without atIoospheric corrections is shown in Figures 5.10 and 5.11 

respectively, with the results presented separately for each 'lM band. A 

linear fit to the data, along with the correlation coefficient for each 

band are shown in Table 5.15. '1hese figures indicate the jnportance of 

taking into account the effects of the a'bnosphere. 

'lhere can also be an effect on the data if the atIoospheric 

effects between the ground ani the lCM-flying aircraft are not taken 

into account. To examine this, the radiative transfer code was used to 

compute the difference in radiance as a flmction of reflectance between 

the ground and 150 meters above the ground for a visibility of 100 kin. 
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Table 5.6 Data summary at MAC for July 23, ~985, 
bare soil conditions. 

Solar zenith angle Z: 29.836 
Solar distance in AU: 1.0158 
Junge size distributio 3.55 
Aerosol size range: 0.02 to 5.02 um 
Refractive index: 1.54 - O.Oli 
Time of overpass: 10:32.4 MST 

Thematic Mapper bands 

Central wavelength um 
Tau Mie 
Tau Rayleigh 
Tau ozone 
Tau water vapor 
Tau carbon dioxide 
Eo across band in W/m2.um 
Average Uncorrected dc's 

Preflight eal gains 
Preflight cal offsets 
Spectral L from preflight cal 

IC cal qains for 28 Auq. 85 
IC cal offsets for 28 Auq. 85 
Spectral L from IC 

Code TM L in W/m2.sr.um 
First bracketed value 

(Reflectance) 
Second bracketed value 

(Reflectance) 

Ground Refl. No Atmosphere 
Ground Ref1. from preflight 
Ground reflectance from IC. 
Measured reflectance (MR) 

MR-Pre 
MR-NoAtm 
MR-IC 

1 

0.4863 
0.1266 
0.1558 
0.0092 
0.0000 
0.0000 
1955.5 

96.33 

15.553 
1. 8331 

60.76 

13.822 
2.7930 

67.67 

68.9939 
( .0800) 
77.2154 
( .1000) 

0.1293 
0.0600 
0.0768 
0.0805 

0.0205 
-0.0488 

0.0037 

Latitude: 33 deq 3 min 
Longitude: 111 deg 59 min 
Pressure: 726 mm of Hg 
Temperature: 32 deg C 
Relative humidity: 43 % 
Nadir view angle: 5 deq. 
Band 4 Correction Factor: 

2 3 

0.5706 0.6607 
0.0986 0.0786 
0.0807 0.0445 
0.0386 0.0189 
0.0000 0.0000 
0.0000 0.0000 
1826.9 1545.0 

48.58 64.40 

PREFLIGHT 
7.S60 10.203 

1.6896 1.8850 
59.66 61.27 

INTERNAL CALIBRATOR 
7.124 9.25 

3.0620 3.1170 
63.89 66.25 

CODE PREDICTIONS 
64.7348 63.7000 
(.1200) (.1500) 
76.5929 82.0071 
(.1500) (.2000) 

RESULTS 

0.1307 0.1602 
0.10;2 0.1434 
0.1179 0.1570 
0.1205 0.1684 

0.0133 0.0250 
-0.0102 0.0082 

0.0026 0.0114 

0.944 

4 

0.8382 
0.0544 
0.017l 
0.0020 
0.0000 
0.0000 
1042.8 

63.02 

10.821 
2.2373 
56.17 

10.299 
2.7320 

58.54 

52.6675 
(.2000) 
77.8454 
(.3000) 

0.2098 
0.2139 
0.2233 
0.2155 

0.0016 
0.0057 

-0.0078 
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Table 5-.7 Data summary at MAC for July 23, 1985, 
vegetation conditions. 

Solar zenith anqle Z: 29.836 
Solar distance in AU: 1.0158 
Junqe size distributio 3.55 
Aerosol size ranqe: 0.02 to 5.02 um 
Refractive index: 1.54 - O.Oli 
Time of overpass: 10:32.4 MST 

Thematic Mapper bands 

Central wavelenqth um 
Tau Mie 
Tau Rayleiqh 
Tau ozone 
Tau water vapor 
Tau carbon dioxide 
Eo across band in W/m2.um 
Averaqe uncorrected DC's 

preflight cal gains 
Preflight cal offsets 
spectral L from preflight cal 

IC cal gains for 28 Auq. 85 
IC cal offsets for 28 Aug. 85 
Spectral L from IC 

Code TM L in W/m2.sr.um 
First bracketed value 

(Reflectance) 
Second bracketed value 

(Reflectance) 

Grou..-:c Rofl. !!c ;'~c:;;;ha~Q 
Ground Refl. from preflight 
Ground Refl. from IC. 
Airc~aft Meas. Refl. (MR) 

MR-Pre 
MR-NoAtm 
MR-IC 

1 

0.4863 
0.1266 
0.1558 
0.0092 
0.0000 
0.0000 

1.955.48 
70.80 

1.5.553 
1.8331. 

44.34 

13.822 
2.7930 

49.20 

44.661.7 
(.0200) 
52.7217 

(.0400) 

c.os~c 
0.01.92 
0.0313 
0.0232 

0.0040 
-0.0708 
-0.0081. 

Latitude: 33 deq 3 min 
Lonqitude: III deq 59 min 
Pressure: 726 mm of Hq 
Temperature: 32 deq C 
Relative humidity: 43 % 
Nadir view anqle: 5 deq. 
Band 4 correction Factor: 0.944 

2 3 

0.5706 0.6607 
0.9860 0.0786 
0.0807 0.0445 
0.0386 0.01.89 
0.0000 0.0000 
0.0000 0.0000 

1826.89 1544.98 
32.70 24.07 

PREFLIGHT 
7.860 1.0.203 

1.6896 1.8850 
39.45 21.74 

INTERNAL CALIBRATOR 
7.~24 9.25 

3.0620 3.1170 
41.60 22.65 

CODE PREDICTIONS 
33.4353 16.6527 
(.0400) (.0200) 
41..2224 27.4451 
(.0600) (.0500) 

RESULTS 

c.osel 
0.0555 
0.0610 
0.0589 

0.0034 
-0.0262 
-0.002l 

O.05-!e 
0.0342 
0.0367 
0.0269 

-0.0073 
-0.0279 
-0.0098 

to 

0.8382 
0.0544 
0.0171 
0.0020 
0.0000 
0.0000 

1042.84 
143.20 

10.821 
2.2373 
130.27 

10.299 
2.7320 
136.39 

128.7746 
(.5000) 

154.5258 
(.6000) 

C.--1aS7 
0.50S8 
0.5296 
0.5387 

0.0329 
0.0500 
0.0091 
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Table 5.a- Data summary at MAC for October 27, 1985, 
bare soil conditions. 

Field # 23 Bare Soil 

Solar zenith anqle Z: 50.S82 
Solar distance in AU: 0.9936 
Junqe size distributio 3.43 
Aerosol size ranqe: 0.02 to 5.02 um 
Refractive index: 1.54 - O.Oli 
Time of overpass: 10:32.4 MST 

Thematic Mapper bands 

Central wavelenqth um 
Tau Mie 
Tau Rayleiqh 
Tau ozone 
Tau water vapor 
Tau carDon dioxide 
Eo across band in W/m2.um 
Averaqe diqital counts (CCT-A) 
Averaqe uncorrected dc's 

Prefliqht cal qains 
Prefliqht cal offsets 
Spectral L from prefliqht cal 

IC cal qains for 16 NOV SS 
IC cal of£sets for 16 NOV S5 
Spectral L from I.C 

Code TM L in W/m2.sr.um 
First bracketed value 

(Reflectance) 
Second bracketed value 

(Reflectance) 

Ground Refl. No AtlIlosphere 
Ground Refl. from prefliqht 
Ground Refl. from IC. 
Aircra£t Meas. Refl. (MR) 

MR-Pre 
MR-NoAtlll 
MR-IC 

0.4863 
0.1240 
0.1559 
0.0059 
0.0000 
0.0000 
1955.5 

93.25 
78.40 

15.553 
1. 8331 

49.23 

13.889 
2.7120 

54.49 

41.6659 
(.0350) 
61.1357 

( .100) 

0.1370 
0.0603 
0.0778 
0.0745 

0.0142 
-0.0625 
-0.0033 

Latitude: 33 deq 3 min 
Lonqitude: 111 deq 59 min 
Pressure: 729 mm of Hq 
Temperature: 25.1 deq C 
Relative humidity: 45% 
Nadir view anqle: 5 deq. 
Band 4 Correction Factor: 0.940 

2 3 

0.5706 0.6607 
0.0963 0.0764 
0.0811 0.0447 
0.0248 0.0123 
0.0000 0.0000 
0.0000 0.0000 
lS26.9 1545.0 
38.00 48.0S 
34.05 37.90 

PP.EFLIGHT 
7.S60 10.203 

1.6896 1.S850 
41.17 35.30 

INTERNAL CALJ:BRATOR 
7.204 9.402 

2.5610 2.6000 
43.71 37.55 

CODE PREDICTIONS 
30.2613 21.6424 
(.0500) (.0500) 
44.9239 35.2944 
(.1000) (.1000) 

RESULTS 

0.ll76 0.1195 
0.0872 0.1000 
0.0959 0.1082 
0.0941 0.1082 

0.0069 0.0082 
-0.0235 -0.0113 
-O.OOlS -0.0000 

0.83S2 
0.0525 
0.0171 
0.0014 
0.0454 
0.1241 
1042.S 

57.83 
50.13 

10.S21 
2.2373 

44.26 

10.354 
2.3580 

46.14 

30.360S 
(.1500) 
49.2560 
(.2500) 

0.2175 
0.2236 
0.2335 
0.2425 

0.0189 
0.0250 
0.0090 
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Table 5.9 Data summary at MAC for October 27, ~985, 
vegetation conditions. 

Field 1# 23 

Solar zenith anqle Z: 50.882 
Solar distance in AU: 0.9936 
Junqe size distributio 3.43 
Aerosol size ranqe: 0.02 to 5.02 um 
Refractive index: 1.54 - O.Oli 
Time of overpass: 10:32.4 MST 

Thematic Mapper bands 

central wavelenqth um 
Tau Mie 
Tau Rayleiqh 
Tau ozone 
Tau water vapor 
Tau carbon dioxide 
Eo across band in W/m2.um 
Averaqe diqital counts (CCT-A) 
Averaqe uncorrected dc's 

Preflight cal gains 
Preflight cal offsets 
Spectra~ L from preflight ca~ 

IC cal qains for 16 NOV 85 
IC cal offsets for 16 NOV 85 
Spectral L from IC 

Code TM L in W/m2.sr.um 
First bracketed value 

(Reflectance) 
Second bracketed value 

(Reflectance) 

Ground Refl. No Atmosphere 
Ground Refl. from preflight 
Ground Refl. from IC. 
Aircraft Meas. Refl. (MEt) 

MR-Pre 
MR-NoAtm 
MR-IC 

1 

0.4863 
0.1240 
0.1559 
0.0059 
0.0000 
0.0000 
1955.5 

98.58 
82.78 

15.553 
1.8331 

52.05 

13.889 
2.7120 

57.65 

41.6659 
(.0350) 
61.1357 

( .100) 

0.l449 
0.0697 
0.0884 
0.0953 

0.0256 
-0.0496 

0.0069 

Latitude: 33 deg :3 min 
Lonqitude: 111 deq 59 min 
Pressure: 729 mm of Hq 
Temperature: 25.1 deq C 
Relative humidity: 45% 
Nadir view anqle: 5 deq. 
Band 4 correction Factor: 

2 3 

0.5706 0.6607 
0.0963 0.0764 
0.0811 0.0447 
0.0248 0.0123 
0.0000 0.0000 
0.0000 0.0000 
1826.9 l545.0 

46.75 71.75 
41.56 55.91 

PREFLIGHT 
7.860 10.203 

1.6896 1.8850 
50.73 52.95 

nrn:mlAL CALJ:BRATOR 
7.204 9.402 

2.5610 2.6000 
54.14 56.70 

CODE PREDICTIONS 
44.9239 35.2484 
(.1000) (.1000) 
59.7716 51.7173 
(.1500) (.1600) 

RESULTS 

0.1457 0.1804 
0.1195 0.1645 
0.1310 0.1782 
0.1424 0.1947 

0.0229 0.0302 
-0.0033 0.0143 

0.0114 0.0165 

0.940 

4 

0.8382 
0.0525 
0.0171 
0.0014 
0.0454 
0.1241 
1042.8 

59.83 
51.85 

10.821 
2.2373 

45.85 

10.354 
2.3580 

47.60 

49.2268 
(.2500) 
68.1862 
(.3500) 

0.2253 
0.2322 
0.2425 
0.2437 

0.0115 
0.0184 
0.0012 
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Table 5.10 Data summary at MAC for March 20, 1986, 
bare soil conditions. 

Field 1# 23 

Solar zonith anqle Z: 43.76~ 
Solar distance in AU: 0.99608 
Junqe size distributio 3.74 
Aerosol size ranqe: 0.02 to 5.02 um 
Refractive index: 1.54 - O.Oli 
Time of overpass: 10:29.5 HST 

Thematic Mapper bands 

Central wavelength um 
Tau Mie 
Tau Rayleiqh 
Tau ozone 
Tau water vapor 
Tau car~on dioxide 
Eo across band in W/m2. um 
Averaqe diqital counts (CCT-A) 
Averaqe uncorrected dc's 

P~afliqht cal qains 
Prefliqht cal offsets 
Speetral L from prefliqht cal 

IC cal qains for 16 NOV 85 
IC cal offsets for 16 NOV 85 
Spectral L from IC 

Code TH L in W/m2.sr.um 
First. bracketed value 

(Reflectance) 
Second bracketed value 

(Reflectance) 

Ground Refl. No Atmosphere 
Ground Refl. from prefliqht 
Ground reflectance from IC. 
Aircraf"t: Meas. :Retl. (MR.) 

MR-Pre 
MR-NoAtm 
MR-IC 

1 

0.4863 
0.0840 
0.1579 
0.0082 
0.0000 
0.0000 
1955.5 

93.00 
77.55 

15.553 
1.8331 

48.68 

13.889 
2.7120 
53.88 

53.4757 
(.0600) 
60.5200 
(.0800) 

0.1189 
0.0464 
0.0612 
0.0696 

0.0234 
-0.0491 

0.0086 

Latitude: 33 deq 3 min 
Lonqitude: 111 deq 59 min 
Pressure: 738 mm of Hq 
Temperature: 24 deq C 
Relative humidity: 50 % 
Nadir view anqle: 5 deq. 
Band 4 Correction Factor: 0.942 

2 3 

0.5706 0.6607 
0.0636 0.0493 
0.0822 0.0453 
0.0343 0.OU9 
0.0000 0.0000 
0.0000 0.0000 
1826.9 1545.0 

44.20 67.73 
39.12 52.40 

PREFLIGHT 
7.860 10.203 

1.6896 1.8850 
47.62 49.51 

INTERNAL CALJ:BRATOR 
7.204 9.402 

2.5610 2.6000 
50.75 52.97 

CODE PREDICTIONS 
45.9994 55.2671 
(.0900) (.1500) 
56.3313 71.1660 
(~1200) (.2000) 

RESULTS 

0.1199 0.1480 
0.0947 0.1319 
0.1038 0.1428 
O.:i.U72 O.:i.S3S 

0.0125 0.0220 
-0.0127 0.0059 
0.0034 0.0111 

4 

0.8382 
0.0326 
0.0173 
0.0020 
0.0454 
0.1241 
1042.8 

59.27 
51.30 

10.821 
2.2373 
45.34 

10.354 
2.3580 
47.27 

45.5470 
(.2000) 
56.4518 
(.2500) 

0.1956 
0.1991 
0.2079 
O.lS9i 

0.0006 
0.0041 

-0.0082 
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Table 5.11 Data summary at MAC for March 20, 1986, 
vegetation conditions. 

Fielel # 27 Wheat 1.5 feet tall 

Solar zenith anqle Z: 43.764 
Solar elistance in AU: 0.99608 
Junqe size elistributio 3.74 
Aerosol size ranqe: 0.02 to 5.02 um 
Refractive inelex: 1.54 - O.Oli 
Time of overpass: 10:29.5 MST 

Thematic Kapper banels 

Central wavelenqth um 
Tau Kie 
Tau Rayleiqh 
Tau ozona 
Tau water vapor 
Tau carbon elioxiele 
Eo across banel in W/m2.um 
Averaqe eliqital counts (CCT-A) 
Averaqe uncorrecteel elc's 

pre~liqht cal qains 
Prefliqht cal offsets 
Spectral L from prefliqht cal 

IC cal qains for 16 NOV 85 
IC cal offsets for 16 NOV 85 
Spectral L from IC 

Coele TH L in W/m2. sr. um 
First bracketeel value 

(Reflectance) 
Seconel bracket eel value 

(Reflectance) 

Gr=~i.d. Rc~l. trc ~t::==t=ho=:: 
Grounel Refl. from prefliqht 
Grounel reflectance from IC. 
Aircraft Keas. Refl. (MR) 

KR-Pre 
KR-NoAtlI1 
KR - IC 

1 

0.4863 
0.0840 
0.1579 
0.0082 
0.0000 
0.0000 
1955.5 

72.19 
60.54 

l.5.553 
l.. 8331 

37.75 

13.889 
2.7120 

41.64 

39.3870 
(.0200) 
46.43l.4 
(.0400) 

0.0919 
0.0153 
0.0264 

0.026 

0.0l.07 
-0.0659 
-0.0004 

Latituele: 33 eleq 3 min 
Lonqituele: l.ll eleq 59 min 
Pressure: 738 mm of Hq 
Temperature: 24 eleq C 
Relative humielity: 50 % 
Naelir view anqle: 5 eleq. 
Banel 4 Correction Factor: 0.942 

2 

0.5706 
0.0636 
0.0822 
0.0343 
0.0000 
0.0000 
l.826.9 

27.62 
24.95 

3 

0.6607 
0.0493 
0.0453 
0.0169 
0.0000 
0.0000 
l.545.0 
25.02 
20.l.4 

PREFLIGHT 
7.860 l.0.203 

l..6896 l..8850 
29.59 l.7.89 

INTERNAL CALJ:BRATOR 
7.204 9.402 

2.S610 2.6000 
3l..08 18.66 

COCE PREDICTIONS 
25.8196 l.4.2454 
(.0300) (.0200) 
32.4234 23.6252 
(.0500) (.0500) 

RESULTS 

O.07~~ 
0.04l.4 
0.0459 
0.0465 

0.005l. 
-0.0269 

0.0006 

O.052~ 
0.03l.7 
0.034l. 
0.0302 

-0.00l.5 
-0.02l.9 
-0.0039 

4 

0.8382 
0.0326 
0.0173 
0.0020 
0.0454 
0.124l. 
1042.8 
107.76 

92.87 

10.82l. 
2.2373 

83.76 

10.354 
2.3580 

87.42 

78.3739 
(.3500) 

100.3987 
(.4500) 

0.:3518 
0.3744 
0.3911 
0.3758 

0.0014 
0.0140 

-0.0153 



Table 5.12 Data Summary at MAC for April 5, 1986, 
bare soil conditions. 

Field ~s Bare Soil (partially wet) 

Latitude: 33 deq 3 min 
Lonqitude: 111 deq 59 min 

Solar zenith anqle Z: 38.35 
Solar distance in AU: ~.0006S 
Junqe size distributio 3.36 
Aerosol size ranqe: 0.02 to 5.02 um 
Refractive index: 1.54 - O.oli 
Time of overpass: ~0:29.3 MST 

Pressure: 727 mm of Hq 
Temperature: 24 deq C 
Relative humidity: 35 % 
Nadir view anqle: 5 deq. 
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Band 4 Correction Factor: 0.952 

Thematic Mapper bands 

Central wavelenqth um 
Tau Mie 
Tau Rayleiqh 
Tau ozone 
Tau water vapor 
Tau carbon dioxide 
Eo across band in w/m2.um 
Averaqe diqital counts (CCT-A) 
Averaqe uncorrected. dc's 

Prefliqht cal qains 
Prefliqht cal offsets 
Spectral L from prefliqht cal 

IC cal qains for ~6 NOV 85 
IC cal offsets for ~6 NOvaS 
Spectral L from IC 

Code TM L in W 1m2. sr .• um 
First bracketed value 

(Reflectance) 
Second bracketed value 

(Reflectance) 

Ground Refl. No Atmosphere 
Ground Refl. from Prefliqht 
Ground Ref1. from IC. 
Aircraft Meas. Ref1. (MR) 

MR-Pre 
MR-NoAtm 
MR-IC 

1 

0.4863 
0.0852 
0.1555 
0.0124 
0.0000 
0.0000 
~9S5.S 
96.27 
80.37 

~5.553 
~.a33~ 
50.50 

l3.889 
2.7120 
55.9~ 

S3.0~43 
(.0600) 
60.2683 
(.0800) 

0.~H7 
0.OS3~ 
0.0680 
0.0664 

0.0~33 
-0.0483 
-0.00~6 

2 

0.5706 
0.0685 
0.0809 
0.0516 
0.0000 
0.0000 
~826.9 

44.00 
39.00 

PREFUGHT 

3 

0.6607 
0.056~ 
0.0446 
0.017~ 
0.0000 
0.0000 
~545.0 

67.33 
52.U 

7.S60 ~0.203 
~.6896 1.8850 

47.47 49.23 

INTERNAL CALIBRATOR 
7.204 9.402 

2.5610 2.6000 
50.58 52.66 

CODE PREDICTIONS 
45.0284 39.3966 
(.0900) (.1000) 
55.2121 55.4326 
(.1200) (.1500) 

RESULTS 

0.1111 
0.0972 
0.1064 
0.0992 

0.0020 
-0.0119 
-0.0072 

0.1367 
0.1306 
0.1414 
0.H98 

0.0192 
0.0131 
0.0084 

4 

0.8382 
0.0406 
0.017l 
0.0029 
0.0454 
0.l24~ 
l042.8 
59.00 
5l.09 

10.821 
2.2373 

45.15 

10.354 
2.3580 

47.07 

56.6534 
(.2500). 
78.6438 
(.3500) 

0.1810 
0.1977 
0.2064 
0.2039 

0.0062 
0.0229 

-0.0025 



150 

Table 5.13 Data summary at MAC for April 5, 1986, 
vegetation conditions. 

Fie1d # 28 Fu1l cover wheat, irriqated with some standinq H20 

Solar zenith anq1e Z: 38.35 
Solar distance in AU: 1.00065 
Junqe size distributio 3.36 
Aerosol size ranqe: 0.02 to 5.02 um 
Refractive index: 1.54 - O.oli 
Time of overpass: 10:29.3 MET 

Thematic Mapper bands 

Central wavelength um 
Tau Mie 
Tau Rayleiqh 
Tau ozone 
Tau water vapor 
Tau carbon dioxide 
Eo across band in W/m2.um 
Averaqe diqita1 counts (CCT-A) 
Averaqe uncorrected dc's 

Prefliqht cal qains 
Prefliqht ca1 offsets 
Spectra1 L from prefliqht cal 

IC cal qains for 16 NOV 85 
IC cal offsets for 16 NOV 85 
Spectra1 L from IC 

Code TM L in W/m2.sr.um 
First bracketed value 

(Reflectance) 
Second bracketed value 

(Reflectance) 

Ground Refl. No Atmosphere 
Ground Refl. from prefliqht 
Ground Refl. from IC. 
Aircraft Meas. Refl. (MR) 

MR-Pre 
MR-NoAtm 
MR-IC 

1 

0.4863 
0.0852 
0.1555 
0.0124 
0.0000 
0.0000 
1955.5 

84.00 
70.33 

15.553 
1.8331 

44.04 

13.889 
2.7120 

48.68 

40.0669 
( .0200) 
47.6488 
(.0400) 

0.0999 
0.0305 
0.0427 

0.037 

0.0065 
-0.0629 
-0.0057 

Latitude: 33 deq 3 min 
Lonqitude: 111 deq 59 min 
Pressure: 727 mm of Hq 
Temperature: 24 deq C 
Relative humidity: 35 % 
Nadir view anqle: 5 deq. 
Band 4 Correction Factor: 0.952 

2 

0.5706 
0.0685 
0.0809 
0.0516 
0.0000 
0.0000 
l.S26.9 

35.83 
31.97 

3 

0.6607 
0.0561 
0.0446 
0.0171 
0.0000 
0.0000 
1545.0 

37.42 
29.46 

PREFLIGHT 
7.860 10.203 

1.6896 1.8850 
38.52 27.03 

INTERNAL CALIBRATOR 
7.204 9.402 

2.5610 2.6000 
40.82 28.57 

CODE PREDICTIONS 
25.9451 14.4039 
(.0300) (.0200) 
33.0344 24.4614 
(.0500) (.0500) 

RESULTS 

0.0896 
0.00:;;:;; 
0.0720 
0.0634 

-0.0021 
-0.0262 
-0.0086 

0.0742 

0.0623 
0.0533 

-0.0044 
-0.0209 
-0.0090 

4 

0.8382 
0.0406 
0.0171 
0.0029 
0.0454 
0.1241 
1042.8 
112.58 

97.16 

10.821 
2.2373 

87.72 

10.354 
2.3580 

91.56 

114.2215 
(.5000) 

136.9873 
(.6000) 

0.3522 
0.:3935 

·0.4005 
0.4124 

0.0288 
0.0602 
0.0119 
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Table 5.14 Summary of Reflectance differences (Predicted, No Atm. - Measured). 

Bare Soil 1 2 3 4 

a b a b a b a b 

Jul 23 -0.0488 (0.08) -0.0102 (0.12) 0.0082 (0.17) 0.0057 ,(0.22) 

oct 27 -0.0625 (0.08) -0.0235 (0.09) -0.0113 (0.11) 0.0250 (0.24) 

Mar. 20 -0~0491 (0.07) -0.0127 (0.11) 0.0059 (0.15) 0.0041 1(0.20) 

Apr. 5 -0.0483 (0.07) -0.0119 (0.10) 0.0131 (0.15) 0.0229 (0.20) 

Mean -0.0522 -0.0146 0.0040 0.0144 

STD 0.0060 0.0052 0.0092 0.0096 

Vegetation 1 2 3 4 
a b a b a b a b 

Jul 23 -0.0708 (0.02) -0.0262 (0.06) -0.0279 (0.03) 0.0500 (0.54) 

oct 27 -0.0496 (0.10) -0.0033 (0.14) 0.0143 (0.20) 0.0184 (0.24) 

Mar. 20 -0.0659 (0.03) -0.0269 (0.05) -0.0219 (0.03) 0.0140 (0.38) 

Apr. 5 -0.0629 (0.04) -0.0262 (0.06) -0.0209 (0.05) 0.0602 (0.41) 

Mean -0.0623 -0.0207 -0.0141 0.0357 

s'ro 0.0079 0.0100 0.0166 0.0198 

Total Mean -0.0572 -0.0176 -0.0051 0.0250 

Total STD 0.0086 0.0086 0.0162 0.0188 

a - reflectance difference 

b - mean reflectance 

I-' 
U1 
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The results (Figure 5.12) indicate that for even low reflectance values, 

such as 0.03, an error of 0.003 in absolute reflectance is incurred by 

ignoring the intervening a'bnosphere. This error is well within the 

accuracy of the measurements. 

Table 5.15 Correlation Coefficients and Linear Analysis 
for 'lM Bands 1 - 4, With and Without Atmospheric 
Correction. 

With Atmospheric Correction 

'lM Band Linear Equation 

1 
2 
3 
4 

.969 

.972 

.998 

.994 

Y = 1.059 * X - 2.151E-03 
Y = 1.108 * X - 1.009E-02 
Y = 1.170 * X - 1.522E-02 
Y = 1.028 * X - 8.763E-03 

Without Atmospheric Correction 

'lM Band 

1 
2 
3 
4 

.932 

.984 

.993 

.986 

Linear Equation 

Y = 1.297 * X - 9.189E-03 
Y = 1.332 * X - 5.383E-02 
Y = 1.331 * X - 4.337E-02 
Y = 1.125 * X - 9.908E-03 

Adjacency Effect 

The reflectance differences in the previous figures are consis

tent with the difference that would be introduced by the adjacency 

effect. The satellite-based reflectance values are larger than the 

measured values for low ref1ectances, and smaller for the high. ref1ect-

ance values. 

The adjacency effect was irwestigated by plotting the 

reflectance differences, measured minus predicted, as a function of 

optical depth, for rrM bands one through four (Figures 5.13 to 5.16). If 
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the surrounding area was affecting the measured radiance, then radiances 

from areas with higher reflectance would be lowered by the surround of 

lower reflectances, and areas of lower reflectance would show an 

increase in radiance from. surrounding areas of higher reflectance. Thus 

higher reflectance areas would show a positive reflectance difference 

and lower reflectance areas a negative difference. For example in 

Figure 5.13 the point with highest reflectance has a value of 0.0953. 

This high value would be less due to the adjacency effect in the 

calculated value derived from'IM data than the ground-measured value if 

the surround were less than this. Thus the measured minus the 

calculated, (MR -Ie) value would be positive. '!his effect would 

increase with atmospheric optical depth. '!he reflectances differences 

shown in the figures are from fields of different reflectances, measured 

on the same day, with the same instrument, and following' the same 

atmospheric analysis. Arr:! er.ror in the analysis technique or 

calibration of the sensor would be the same for all oases measured on 

the same date. '!he data indicate that an adjacency effect may have been 

present, but its magnitude was so small that its existence could not be 

adequately demonstrated, an identical conclusion to that drawn by Dyche 

(1984). 
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CONCIDDING REMARI<S 

Because of the growin;;J need for the quantitative analysis of 

satellite imagery, and since satellite multispectral sensor calibration 

typically exhibits changes in flight 0"JJtp3red to preflight, it has 

become increasingly ilrp:>rtant to develop a means to maintain the absol

ute radiometric calibration of satellite sensors. A pnx:::edure developed 

to obtain an absolute calibration using ground-based measurements has 

been di scussed in Cllapter 2 of this cUssertation,:, together with a des

cription of the operation of the radiative transfer code. 

one important consideration in performi.rg a calibration is the 

accuracy of the ground-based measurements. one of the more critical 

measurements is that of the auto-tracking solar radiometer. '!he design 

and manufacture of this i.."'lStrwnent is discussed in Chapter 3. In addi

tion' an analysis was perfo:nned on the :instrument to deteJ::mine the 

amount and type of tracking errors that can :be tolerated without effect

ing the data. 'Ibis analysis was perfor.med by monitoring the signal on 

the detector from a laboratozy lamp while introducing tracking errors. 

It showed that the :instrument has the ability to detennine sun location 

and position without causing more than a 5% error in the detected 

signal. 
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'!he calibration methods described in Olapter 2, alon:J with the 

instrumentation, were used to calwrate the 'IN from July 1984 to 

November 1985 •. '!he results from five calibrations (described in Chapter 

4) shaw that a st:andaJ:d deviation of +/- 2.8% as a percentage of the 

mean for the six solar-reflective bands. For 12 reflectance-based 

measurements in the 'lM visible bands, the RMS variation from the mean as 

a percentage of the mean is +/- 1.9% over the measurement period. For 

11 measurement in the IR bands it is +/- 3.4%. A COl'I'parison of the 

results of the grouni-based calibration to the internal calibrat:or for 

the 'IM visible bands, :indicates that a n!du.ction .in the sensitivity of 

the sensor occurred. '!his could be due in part to a loss in telescope 

transmittance and in part to a loss in sensitivity of the filters, 

detectors, and 9J.ectronics. 

'Ihis procedure was also used to calibrate the French satellite, 

SFOr. =fue absolute calibration coefficients obtained at White Sands 

compared well with histogra:mmed data obtained ~ the t"wo HRV sensors 

imaged the sane scene. '!he differences, over three dates, were less 

than 3%. 

Although there remain some uncert:a.i.nties .in several aspects of 

the calibration process, the results for both. the 'lM and sror sensors 

imicate that this calibration procedure is a viable means for monitor

in:J the response of space-based sensors and thus updating their 

calibration. Further work needs to be done .in areas such as describing 

the effects of polarization, investigating adjacency effects, determin

ing complex index of refraction, and ccmputing gaseous absorption such 

as water vapor, carlx>n dioxide and nitrogen oxide. 
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'!he tecimiques for performirr; satellite oalibrations were used 

to demonstrate hew a calibrated satellite sensor can be used to evaluate 

surface reflectance. A method was developed to determine ground surface 

reflectance factors from satellite imagery using' the same radiative 

transfer code used for the satellite calibrations (described in Olapter 

2. ) '!his procedure was applied on four separate dates with two differ

ent surface conditions per date. A st::rorg correlation, R2 = 0.996, was 

shown be't\-lSen reflectance values determined from satellite :i.magery and 

low-flying' aircraft data. Of the 32 predicted values of surface 

reflectance only 6 had a difference greater than 0.01. '!he small mean 

difference of 0.0007 for all 32 cases show that this method is a valid 

procedure for computing reflectance from satellite imagery. Although 

the differences in reflectances were small, the data appeared to follow 

a trend that would be consistent with the influence of the adjacency 

effect. However, the effect was so small that the effect cou1d not be 

conclusively demonstrated. 

critical to the success of this method is the availability of 

satellite imageJ:Y in uncorrected fonn. since this fonn is typically not 

available to the user, a method to obtain raw data from a ccr-A was 

developed. '!his procedure was tested and verified to give lmCOrrected 

In; to within +/- 1 digital COlmt. '!he process of removing' the cor

rection from the ~ dat..a can alter the DC value by over 15 %. "!hus 

large reflectance errors result if corrected rather than uncorrected ccr 

data are used. 

:It is hoped that this method for obtainL'"1g raw 0Cs, coupled with 

readily available CCT-As and accurately radianetrically cal:ibrated 



sensors will encourage an increased number of scientific investigators 

to conduct quantitative analyses of digital imageJ:Y. 
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