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ABSTRACT

Three different techniques were employed to calibrate in an
absolute sense a multiband fleld radiometer. The three techniques were
a source-based one using a calibrated standard lamp as a reference, a
detector-based one using a collimated monochromatic source, and a
detector—-based one using an extended uniform source. Because of the
optical system of the radiometer, the detector-based technique using the
monochromator system was inappropriate for absolute calibration. Based
upon the uncertainties associated with the other two techniques, the
detector-based omne using the extended source was preferred for
determining an absolute calibration factor. However,"the monochromator
system was also used to get the shape of the responsivity as a function
of wavelength. This technique yielded an absolute calibration with an
uncertainty of +/- 4.5%.

Using the same radiometer, an experiment was conducted to test
}hg infiuence of "surround spectral reflectance"” upon the measured ratio
of the diffuse component of solar radiation to the direct component. A
comparison was made of the measured ratio to the ratio determined by an
atmoépheric radiative transfer program. The comparison showed similar

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

band.

viii



CHAPTER 1
INTRODUCTION

The purpose of the first part of this thesis project is to
caliﬁrate, in absolute terms, a multiband field radiometer. Radiometers
are ofteﬁ calibrated with respect to one another, or the bands of a
given radiometer are calibrated relative to each other, for the purpose
of comparing field measurements, but these do not require absolute
calibration. Radiometers or other remote sensing instruments that are
radiometrically calibrated in an absolute sense are needed for the
validation and use of scene radiation models and atmospheric radiative
transfer programs.! As an example of the latter, an absolutely
calibrated radiometer, mounted in a helicopter, is used to verify that
the appropriate aerasol charactéristics have been assumed as part of the
input to a radiative transfer program (referred to as "the Herman code")
that is being used to predict the radiance levels in the various bands of
the Landsat Thematic Mapper. The main inputs to the Herman code are the
results of ‘atmospheric and surface measurements made at White Sands,
New Mexico.?

The purpose of the second part of the thesis is to measure in
the field two of the output parameters from the atmospheric radiative
transfer program mentioned above. The two output parameters of

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



point on the ground. A comparison of field measurements with the data
that the atmospheric radiative tramnsfer prbgram predicts ipdicates
whether or not the correct input parameters are being used in the
program.

The test of the accuracy of the predicted diffuse and direct
components does not require absolutely calibrated radiometers because
the ratio of the diffuse to direct radiation is taken for each spectral
band, and all calibration factors are cancelled out in the ratio. In the
first part of the thesis, however, a technique for calibrating the
radiometer in absolute terms was developed so that the radiometer could
be used to measure the radiance of the ground from several altitudes

above the ground.

Review of Radiometry

The transfer of radiant power between two surfaces is governed

by the equation
¢ = LAQ, (1)

where ¢ is the flux (watts), L is the radiance (w/m?-sr) at one sufface,
A is the projected area (m?*) of one surface, and @ is the projected solid
angle (steradians) subtended by the other surface from a point on
surface A. This equaﬁion is valid for small angles (fifteen degrees or
less).

Figure 1 shows the application of the ‘radiometric equation to
our particular situation, where A, is the entrance aperture and A, is the

detector of the radiometer. "MMR" refers to the radiometer that was
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Aperture
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Figure 1. Application of Basic Radiometric
Equation to the MMR.
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calibrated, a Barnes Model 12-1000 Multi Modular Radiometer’. The flux
incident on the detector surface (A,) can be related to the radiance, L,
of the source by either of the area-solid apgle products, A8, or A;R;.
The characterization of the product of area times solid angle (or
"throughput") requires straightforward geometrical measurements, and is
necéssary to complete the calibration.

The responsivity of the rédiometer; R (volts/watt), defined as
the oﬁtput voltage divided by the radiant flux incident on the entrance
pupil of the radiometer within the detector's field of view, is
determined by use of one of the detector-based techmiques or the source-
based technique, described in the next section, for each spectral band.
If V is the measured voltage, then the flux incident on a radiometer is ¢
"= V/R. Substituting this into the basic radiometric equation yields

L = v/RAQ. (2)

The goal of absolute calibration of a radiometer is to determine
the exact relationship between the radiance at the entrance pupil of the
radiometer and the output signal of the radiometer viewing the source.
To this end, ﬁhe specific goal is to characterize R, A and Q of the
radiometer so that L may be detefmined for any target with as small an

uncertainty as possible.

Source~based Versus Detector-based Techniques

Currently, the most widely used method for the absolute
calibration of photo-electronic detectors is the source-based technique,

in which the response of the radiometer is measured when the radiometer



is exposed to the irradiance of a secondary standard tungsten lamp at an
accurately measured distance from the lamp. In our case, the irradiance
was converted ts radiance by reflecting the light off a surface of known
reflectance. The detector-based technique compares the measured
responsivity of the radiometer with that of a reference detector to
yield the absolqte spectral responsivity pf the radiometer; this method
is relatively new":® and is not yet a routine method of calibration.

The requirements for the source-based technique are that the
spectral irradiance on a reflecting surface a known distance froﬁ'the
source, and the spectral bi-directional reflectance factor of the
surface ﬁe known. The accuracy of the calibration depends upon the
accuracy with which these three parameters are measured. The distance
between the source and the surface can be measured to within an
uncertainty of 0.57%. The reflectance properties of the surface have
uncertainties of at %east 1%Z and the uncertainty increases with
increasing illumination and viewing angles. The best standard lamps
available have uncertainties on the order of 1% to 1.5%. When
transferred to a secondary standard, the uncertainties increase to
between 1% and 2% and can bhe  as large as 87 in the ultra-violet.

The requirements for the detector-based technique are that the
source be stable and monochromafic, and that the same amount of power
fall on the reference detector as on the radiometer entrance aperture.
The accuracy of the calibration depends upon the accuracy to which the
quantum efficiency of the reference detector is known and on how stable

and nearly monochromatic the source is. The best available reference



detectors® have quantum efficiencies of 0.999, yielding uncertainties of
only 0.1%. '

The first two methods of absolute calibration described below
are detector-based techniques. The first one is used to measure the
radiometer’'s responsivity to power. The second method is used to
measure its responsivity to radiance. The power incident on a surface is
related to the radiance by the throughput, as was discussed in the
review of radiometry. Therefore, the first method also requires the
measurement of the throughput of the radiometer whereas the second
method yields a responsivity which already contains the throughput.

The first method uses a collimated monochromatic beam to
irradiate the detectors. The wavelength of the beam can be changed to
cover the entire visible range so that each of the visible bands of the
radiometer can be scanned. The spectral output of the source is
measured as a function of wavelength by the reference detector. Then
the spectral responsivity as a function of wavelength is calculated for
the radiometer by dividing the radiometer response by the power in the
beam at each wavelength. °“This spectral responsivity represents the
entire optical system of the radiometer.

The beam is collimated and stopped down so that neither the
reference detector nor the radiometer detector is overfilled. This
ensures that both devices receive the same power so that a comparison
between responses is valid. This method fequires the detectors to be
large enough or the optical system to be such that the entire beam is

collected.
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The second detector-based method uses a bright stable source to
irradiate a near-lambertian reflecting surface. Both the reference
detector and the radiometer view the surface to obtain radiance values.
The response from the radiometer is divided by the radiance measured by
the reference detector to obtain the reéponsivity of each radiometer
band. This differs from the first method in which power and not
radiance was measured with the reference detector. The reference
detector must be adapted in order to measure radiance. This is
accomplished by placing a throughput adaﬁtor and the radiometer filters
over the entrance aperture of the reference detector. Another
difference between this method and the monochromator method is that the
measured response is already integrated over the entire band. The
mathematics involved in the data reduction will be presented in
Chapter 2.

The third method uses source-based calibration and is similar to
the second detector-based method, except that a standard reference lamp
is used to irradiate the panel so that the radiance at the panel can be
calculated from the known spectral irradiance from the source, the bi-
directional reflectance factor of the panel, and the distance between
the panel and the source. Then, the measured response from the
radiometer is divided by the calculated radiance to determine the
responsivity of the radiometer. The responsivity measured in this manner
represents the entire band and yields no information about the
responsivity as a function of wavelength. This is also true of the

second detector-based method. To completely characterize the spectral
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responsivity in each band, the shape of the spectrai responsivity curve
must be measured. The shape can be obtained from the first detector-
based method; only the magnitude of the responsivity will be obtained by
the other two methods. The next section explains why the first method

cannot always be used alone.

Description of the Radiometer and Reference Detector

The three absolute calibration techniques were applied to a
Barnes Model 12~1000 Modular Multiband Radiometer (MMR)’.  The
radiometer has eight spectral bands, seven of which coincide with the -
seven bands of the Thematic Mapper on the Landsat 4 and 5 satellites.
Each band contains an entire radiometer unit including individual
entrance aperture, filter, optical system, detector, and gain control.
The filters are arranged in a circle as viewed from the face of the
radiometer. The optical systems can be used with either a one-degree or
a fifteen-degree field of view. A complete description of the MMR is
given by Robinson et al.’

The optical system for each band of the radiometer is shown in
Figure 2. The filter is easily removed so that the field of view can be
changed by placing a lens between the filter and the detector. The
signals from all eight bands can be recorded within three seconds by a
recording device calléd a Polycorder’, or the individual signals can be
read by attaching separate leads to the back of the radiometer. The

three visible bands of the radiometer were calibrated using the
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Figure 2. Optlcal System of Barnes
Model 12—1000.
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fifteen—-degree field of view for four gain settings. The responsivity of
each band was calibrated separately as was the throughput of each band.

From Figure 2, it is clear that if a collimated beambis incident
upon the entrance aperture of the radiometer, then the beam will still
be collimated at the detector surface because there are no optical
elements to focué it. The diameter of the MMR detector is 0.5 mm, so
only a beam that has been stopped down to a diameter of less than 9.5
mm would be useful because any larger diameter beam would overfill the
detector. Such a condition would render a comparison between the
radiometer detector and the reference detector invalid, because the
actual fraction of the Eeam being collected by the radiometer detector
would be unknown. Conventional white light sources cannot deliver
enough power in a 0.5 mm diameter collimated monochromatic beam to
produce a signal above the noise. A source that could deliver enough
power monochromatically throughout the visible (such as a tuneable dye
laser), is very expensive and difficult to operate. Therefore, another
method was needed to measure the responsivity of the radiometer. This
problem motivated the use of the detector-based calibration using the
extended source.

The reference detector is a UDT Model QED-100" silicon
photodiode, illustrated in Figure 3.. Each detector is made of silicon
and has an area of approximately 1 cm®. The first detector is placed
at a 45-degree angle from the incoming beam so that light that is
specularly reflected off the first detector surface is directed toward

the second. The second and third detectors are placed in similar
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Figure 3.

QED with Throughput Adaptor.
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configurations. The fourth detector is placed such that any light
reflected off its surface will return to the third detector, etc. The
signals from the four detectors are added so that 99.97% of the light is
detected. Each detector has a front inversion layer and is back biased
such that recombination is suppressed. Thus, virtually all of the
incident photons are absorbed yielding internal quantum efficiencies of

0.999.5



CHAPTER 2

MEASUREMENTS

This chapter describes in detail the three different methods
used for the absolute calibration of the MMR. For each method, the
optical arrangement is described first, followed by descriptions of the
measurements and subsequent data reductions. Error analysis is

addressed in Chapter 3.

Detector-based Method Using a Monochromator

Optical System for Measuring
Spectral Responsivity

Figure 4 shows the optical arrangement used in the calibration.
_The source was a 100-W tungsten-halogen lamp that was focused on the
2.2-mm-diameter entrance aperture of an Instruments SA Model HR-320
monochromator’ fitted with a 1200-lines/mm holographic grating. The
monochromator wavelength scale was calibrated to an accuracy of +/- 0.2
nm. Light leaving the 2.2-mm-diameter exit aperture was approximately
collimated by a lens, and the beam diameter was controlled by a variable
aperture. The boxes containing the optics and the detector were
blackened to reduce stray light effects.

Since the light undergoes several reflections in the QED before
reaching the last detector surface, the beam must be collimated to
within 4 degrees for the visible wavelengths and ﬁhe beam size must be
small enough so as not to overfill anmy detector.® This requirement

13
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ensures that the QED measures the total power in the beam at each
wavelength. In the case where the radiometer detector is large enough,
the beam should be such that the same amount of light falls on the
radiometer detector as falls on the reference detector. This is a
necessity for the absolute calibration to be complete and valid.

Once the light was appropriately collimated and the variable
aperture size was selected, the radiometer was aligned. The height was
set so that the beam was centered on the entrance aperture of the
.radiometer with the face of the aperture perpendicular to the beam.
Then slight adjustments in position were made to maximize the signal
output. This procedure was repeated for each of the visible bands of

the radiometer and for the QED.

Spectral Responsivity Measurements

The limits and profiles of each spectral‘band of the radiometer
were determined in the following way. Light from the monochromator was
blocked by an opaque panel, and a dark reading was taken. The panel was
then removed and the monochromator was scanned across each radiometer
band until dark readings were again encountered. Once the limits of the
range were determined, readings ‘of dark level and signal were
alternately made at 5-nm intervals across eéch band. A dark reading was
recorded both before and after each signal reading, and the average dark
level was subtracted from the signal. Because the spectral bands are
arranged in a circle on the face of the MMR, the radiometer had to be

repositioned for the responsivity measurement of each band. The
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procedure was the same for the QED except that the entire wavelength
range was recorded in one run, without moving the device.

The MMR output was directly measured with a six-place digital
multimeter, and the QED signal was fed to a transimpedance preamplifier
with a transfer function of 10° V/A. By repeating the QED measurements
and comparing them with the first set, the instability of the light
source was determined to be less than 0.17%.

Spectral Responsivity Data Reduction
and Mathematical Operations

The signals recorded by both the QED and the radiometer were
responses to the tungsten-halogen source modified by the transmittance
of the monochromator. The monochromator actually has a finite non-zero
bandwidth, so the light is not truly monochromatic. To determine the
response from a truly monochromatic source, the monochromator aperture
function was deconvolved from the recorded signal.

The bandwid:h of the aperture function was approximately 4 nm,
which was less than one wavelength incremgnt over which the signal was
measured. Therefore, the signals were interpolated to 0.5-nm intervals
using a second-order Lagrange interpolation routine.’ A simple iterative
deconvolution (SID) routine’ was used to deconvolve the aperture function
from the interpolated signal.

The responsivity of the radiometer over a given band can be

represented by

- JR(A) e(a) da

RESB fe(a) dx (3

where R(A) is the response function, to be determined, of the radiometer
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and ¢(A) is the power from the source‘calculated as a function of
wavelength.
The responsivity function of the radiometer can be determined
from
R(A) = SIGB(A)/#()), . (4)
where SIGB(A) is the deconvolved radiometer signal (volts) and ¢()) is
the power (watr:s) in the beam at each wavelength. For the QED, the
responsivity is defined by the equation®, REQ(A) = ngi/hc, where n is the
quantum efficiency (0.999), c is the speed of light (3.0 * 10°® m/s), q is
the electron charge (1.602 * 10™!? coul), and h is Planck'’s constant
(6.63 * 107%" joule-sec). Thus, REQ(A) = A/1238 (amps/watt), with X in
nanometers. To determine #(A), the deconvolved QED signal (volts) was
divided by the known responsivity of the QED (REQ(A)), and by the
transimpedance preamplifier function (PG = 10° volts/ampere):
®(x) = SIGQ(A)/(REQ(A) x PG) (watts). (5)
The responsivity function of the Model .12—1000 can be
approximated by a rectangular function in which the responsivity is a
constant, R, within the wavelength limits of the band and zero outside
the limits. Using such an approximation, we c;an rewrite Eq. (3) aé

- Rie(Mdx
RESB TRSdn R, (6)

rendering the responsivity independent of the source function. R was
obtained using a moments method of normalization'®:
R = (JR(AAA)/ (X, = Ay)  (volts/watt). N

To determine the normalized wavelength limits, A, and X, we let
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.

F = [fAR(A)XAX and G = JSA*R(A)dA . (8)
Then,
. Ac = F/ (SR(A)dA), (9
o2 = G/ (SR(A)dA) = Ac?, (10)
AN = 2/30, (11)
and
Ay = Ac - /3g; A2 = Ac + v/3a. (12)

Interpolation and Deconvolution Problems

The Lagrange Interpolation routine is based on the principle that
for every set of sequential values in a curve, a unique polynomial exists
that passes through each of the points in the curve. Once the
polynomial is established, values can be accurately assigned to points
between the original sequential Yalues on the curves so long as (N + 1)
sequential values have been provided for an Nth-degree polynomial fit.
The subroutine used in the calibration data reduction is listed in the
Appendix.

The interpolation routine requires as input the number of terms,
V, already defined in the curve, and the order, N, of the interpolation.
It assigns the values of the (V-N)th term to all the remaining terms
after (V-N) in the curve. Those terms create a discontinuity in the
function. When the deconvolution routine encounters the discontinuity,
it begins "ringing” and all values beyond (V-N) are meaningless.
Therefore, zeroes or the numbers that the curve was approaching were

added to the end of all of the responsivity files. Then for the
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deconvolution routine, only the original number of terms, where the
interpolation had been performed correctly, was entered. This
manipulation of the files did not alter any of the original data points
and introduced no errors into the calculations.

The deconvolution routine reduced the magnitude of the
responsivity curves by a factor of approximately 4.7, because the area
under the monochromator function was not unity. Each file was affected
uniquely. Because the reduction factors were not all identical, and
because the responsivity of the radiometers was divided by the
responsivity of the QED, the ratio of factors of the radiometer to the

QED was used as the normalizing coefficient in each curve.

Field—-of-View Optical System

Figure 5 illustrates the arrangement for measuring the field of
view (FOV). The radiometer was placed on the turntable so that the
center of the entrance aperture was directly over the center of the
turntable. The turntable could be read to 1 arc minute. For a 15
degree FOV, | degree.increments were used.

The light source was a tungsﬁén filament lamp from a microscope
illuminator. In front of the lamp was placed an aﬁerture of small
enough diameter that the angular subtense of the source at the image
plane of the radiometer was on the order of 6 arc minutes. The angular
subtense was kepc'to less than 1% of the total FOV so that a
deconvolution of the aperture function from the radiometer signal was

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

The alignment procedure was essentially the same as that for
the gpectral responsivity measurements. The task was one of simple
geometric alignment following the criteria that the light beam had to be

horizontal and perpendicular to the entrance aperture.

Fileld of View Measurements

Starting at normal incidence, measurements were taken at 1
degree intervals in one direction away from center until the signal
dropped to the dark level. To ensure that the measurements were
repeatable, the signal was noted and compared to the previously recorded
signal at each 1 degree interval going back to normal incidence. The
same procedure was used in the other direction, and the process was
repeated for each spectral band. The radiometer was then turned on its

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

Field of View Data Reduction

The data (voltage versus degrees away from normal) were plotted
to show the rough shape of the field. An ideal FOV and an example of
actual data are presented in Figure 6. To determine the effective FOV, a
peak normalization procedure was used.!! The method first calculates
the average cross section of a rotationally symmetric curve and
determines the volume of the figure. Then it takes a cylinder with a
height equal to the peak of the FOV data and finds the radius, r, needed
to yield- the same volume. The horizontal and vertical profiles were

symmetrical and nearly identical, so an average of the two profiles was
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taken as the angular responsivity function. The normalization was
performed separately for each of the measured directions of each profile
and then the average was taken: r = (r4 + r_)/2. The solid angle  is
then,

2 = 7 sin*(r), _ (13)

where r is the half angle (degrees).

Area of Entrance Aperture

The diameter of the entrance aperture of the radiometer was
measured with vernier calipers. No data reduction was required as this
was a straightforward measurement. The area is calculated as A = nd?/4

where d is the diameter of the entrance aperture.

Detector-based Technique Using an Extended Source

Optical Arrangement

The optical arrangement is illustrated in Figure 7. The BaSO,
panel was placed perpendicularly to the source beam at a distance of
308.5 cm. To obtain radiance values from the QED, a throughput
" assembly, shown in Figure 3, was designed to accurately define a field
of view and entrance aperture, thus converting the QED into a
radioﬁeter. The radiometers were placed at an angle of approximately 40
degrees to the normal of the panel.

The QED is responsive with an efficiency of 0.999 to radiation in
the entire visible and near IR regions of the electromagnetic spectrum.
The responsivity had to be limited to each of the three visible bands of

the MMR so that radiance values within each band could be determined
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accurately. Therefore, each visible MMR filter was placed over the
aperture of the throughput assembly to measure the radiance of the

panel in that band alone.

Measurements

The addition of the filter to the QED optical system required
the transmitﬁance of each filter to be