



















































































CGHAPIER 2
CALIERATION METHODOLOGY

The in~flight calibration method described here uses ground-
based measurements of the surface and intervening atmosphere as input to
a radiative transfer code that predicts the radiance at the entrance
pupil of the sensor. The absolute calibration is acquired by comparing
the predicted radiance value to the uncorrected digital counts of the
image of the test site. A description is provided in this chapter of
the radiative transfer code along with its numerical solution and
modifications. Also presented is the methodology used in performing the
in-flight calibration. This includes a procedure for cbtaining uncor-
rected digital-count values from processed computer-compatible tape.

Preflicht Calibration of the Thematic Mapper
The preflicht calibration of the Thematic Mapper was performed
by the staff at the Santa Barbara Research Center using a 48-inch barium
sulfate-coated integrating sphere. Used as a calibrated source, the
sphere contains 12 individually controlled tungsten-halogen lamps, each
operating at a color tenperature of 3100 K (Witman, 1986). Nineteen
different intensity levels were used with the maximum output of 1500
watts. The opening of the sphere was aligned 5 meters from the scan
mirror of the ™. A radiance versus digital count curve was constructed
by irradiating the ™ with the different lamp intensity levels. A
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linear fit to the curve was used to provide the preflight calibration
gain and offset parameters. Preflight calibration factors were camputed
for each of the 96 detectors. The internal calibrator lamp-sequencer
was activated while the sphere was being stepped through the different
radiance values, thus allowing simultanecus calibration of the internal
calibrator.

In-Flight Calibration Using the Internal Calibrator

The internal calibrator, IC, on board the satellite is used to
monitor the change in the response of the detectors after launch (EOSAT,
1985). The IC, a flex-pivot-mounted shutter assembly illuminated by
three miniature tungsten filament lamps, provides an in-flight calibra-
tion for each detector. The shutter assenbly is synchronized to oscil-
late at the same 7 Hz frequency as the scan mirror. The three lamps are
used in conjunction with three transmittance screens to provide eight
intensity levels. A radiance level is assigned to each lamp combination
and new gain and offset values are determined. It is assumed that these
lamps remain stable during launch. The results from these on-board IC
neasurements provide an update to the preflight gain and offset values.
These values, hereafter called cal-gain and cal-offset, are updated for
each scene and are available to the user through TRAPP data (Thematic
Mepper Radiometric and Algorithm Performance Program) (Barker, 1985).
The most recent values available should be used when making the
conversion from digital counts to absolute radiance.




Methodology Used In Performing Ground-Based Calibration

The calibration technique described in this chapter used ground-
based measurements to characterize the atmosphere and ground reflec-
tance. Measurements are made at a selected test site on the morning of
the satellite overpass. Iocal atmospheric conditions such as temper-
ature ard relative humidity 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 determine many
of the required inputs to the Herman radiative transfer code (Herman,
1963; Herman and Browning, 1965; Herman, Browning, and Curran, 1971).
Ground bidirectional spectral reflectance factor data are olotanwd fram
ratioing the MMR voltage readings of the surface and a calibrated
reflectance panel.

The radiative transfer code is used with the inputs computed
from ground-based measurements to predict the normalized radiance at the
sensor. The absolute radiance is determined by multiplying the normal-
ized radiance by the exoatmospheric irradiance across the band. A
camparison is then made kaztween the code-predicted radiance values and
the radiance predicted by the ocutput of the sensor in digital counts.
Counts per unit radiance is used to describe the responsivity of the
sensor and to monitor changes with the preflight and internal

calibration.
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Atmospheric Measurements

Instrumentation |

Two solar radiometers, a psychrometer, and a barometer are used
to make the atmospheric measurements. The solar radiameters are used to
measure the solar irradiance as a function of airmass. Total atmos-
pheric optical depth is camputed by means of the Iangley plot technique
(Iangley, 1881). Barometric pressure is used to compute the Rayleigh
optical depth, while temperature and relative humidity measurements aid
in the determination of water vapor and carbon dioxide optical depths.

Two solar radiometers are used to make the atmospheric measure-
ments. One is an automated, l12-barnd solar-tracking instrument (Castle,
1985), while the other is a 10-band mamually operated radiometer (Shaw
et al., 1973). The mamally operated instrument is of simple design
with nine narrow-band spectral filters, each 10 to 20 mm in width,
covering the 0.4 to 1.04 um range. An cperator points the radiometer at
the sun and then manually rotates a spectral-filter wheel. A second
operator records the ocutput of the detector, the instrument gain, and
the start and finish times of each data cycle.

The Castle spectropolarimeter used in the solar measurements is
described in Chapter 3. It is fully autcmated with its 12 spectral
filters and two detectors covering the 0.4 to 2.5 um region of the
spectrum. The auto-tracking instrument, in addition to its automated
operation, has the benefit of the extended spectral range out to 2.5 um.
This aids in the further characterization of the atmosphere in the
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near-IR portion of the spectrum which is necessary for the calibration
of ™ bards 5 and 7.

Iangley Plot

The data produced by the two solar radiometers are used to meas—
ure the total atmospheric extinction. This technique assumes Beer's law
applies to the direct solar flux transmitted through the atmosphere.

E, = Eg, eP(~Text M), (2.1)

where E, is the total direct transmitted solar irradiance, Eg)the exo-
atmospheric irradiance, and Tgy the extinction optical depth for a
vertical path through the atmosphere. Note that the optical depth,
Text, is a functions of wavelength, and that E, and Eg, are both spectral
quantities. The slant path of the atmosphere is accounted for by
relative airmass, 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.

pr(s) ds
(4]

m = (2.2)

f:mz)dz ,
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airmass is m = 1/cos(@,) where 0, is the solar zenith angle. However,
this approximation is not adeguate for larger zenith angles, i.e. for 6,
> 75 degrees. The more accurate Kasten's formula (Kasten, 1964), used




12
for angles greater then 75 degrees, gives airmass as a function of
apparent solar elevation angle, 8°'.

m= (sin B' + a(B' + b)™°)~1 (2.3)

with a = 0.15, b = 3.885, and ¢c = 1.253.

The radiometers are used to measure the transmitted solar irrad-
iance contimually through the morning of the satellite overpass. This
provides a profile of solar irradiance (for each barnd) as a function of
airmass. The manual instrument is used to take measurements at 2 minute
intervals, beginning shortly after sunrise when the airmass is changing
rapidly. Ilater in the morning when the air mass changes more slowly,
the interval between measurements is changed to a 15 mirute period. The
auto~tracking instrument is set to record at 3 mimute intervals through-
out the measurement period. For lLangley plots it is recommended (Reagan
et al., 1984) to use data for 1 < m < 5. Thus data collection should
commence about 1/2 hour after sunrise and continue until solar noon.
This condition is imposed to avoid errors in the measurements introduced
by the curvature of the earth, in addition to the error introduced in
the computation of refraction correction at large solar zenith angles.
The recorded data are fit to a straight line of the form:

INE=1nEg - Text M . (2.4)

This relation is used to create a Iangley plot (Iangley, 188l)

(In E versus m) for each spectral band of the instrument. A simple
least-squares method applied to this relation would not be adequate to
properly describe the data. This would give too much weight to the less
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accurate measurements occurring at large air masses. Instead a weighted
least squares method (Young, 1974 and Herman et al., 1981) is used.

This gives equal weight to all the data points. The method for N obser-

vations is

N Z (1n En)/mg? - Z (12 Ep)/mn Z l/mq
InE, = (2.5)

N ) l/an® - (3 l/ma)?

- (2.6)

-~ 1 .
T e £ 2 ta. o (2.7)

The solar zenith angle must be computed for the time of each
measurement. Kasten's relation (Equation 2.3) can then be used to
determine the airmass with refraction correction. The Langley plot
technique assumes that the absorption is not saturated and there is
temporal and spatial homogeneity within the atmosphere.”

A camputer program, ATTEN5.FOR, (Reagan and Scott-Fleming, 1983)
uses the method described above, along with the raw measurements, to
generate a set of langley plots. In addition to providing Langley
plots, the program extracts the extinction optical depth and




exoatmospheric irradiances from each band. The program is fairly
camplete with the solar ephemeris computations, refraction correction,
and plotting package all contained within the code. It can be used to
analyze and present lLangley plots for both solar radiometers, regardless
of the configuration of spectral filters.

Optical Depth Components

The components of optical depth and their spectral dependance
must be known to adequately characterize the atmosphere. The Ilangley
plots produced by ATTENS predict the total extinction optical depth and
its Rayleigh component. The total optical depth can be described by its
three camponents using the following relation:

Text =Tmie * Tray * Tabs- (2.8)

The Rayleich camponent is computed using Equation 2.36, with a
knowledge of the local atmospheric pressure. The Mie component is then
camputed by subtracting the Rayleigh component from the total optical
depth at wavelengths free of molecular absorption. The Mie component
can be computed at other wavelengths by using a least-squares fit to
these data points. These points are fit to the relation (King and
Byrne, 1976)

log Tmie = ag + @1 log A + a3 (log A)2 (2.9)

The absorption camponents can be determined by subtracting the
known Rayleigh and Mie camponents from the total optical depth at a

14
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wavelength where absorption is present. The contribution from ozone is
camputed using Equation 2.10 along with the optical depth measured
within the Chappius absorption band. It is assumed that ozone is the
only absorber present in the band. Thus,

Toz = Text ~Tmie ~ Tray- (2.10)

This result, together with the ozone absorption coefficient, determines
the spectral dependence of the ozone absorption.

Molecular absorbers, such as water vapor are determined in-
directly from temperature and relative humidity measurements made at the
time of overpass. The transmittance for water vapor was modeled using
IOWIRAN 6 (Kneizys et al., 1983). An average optical depth value was
determined by integrating the spectral transmittance across the equiva-
lent ™ bandpasses for ™ bands 4, 5 and 7. The average value for THQ
(modeled T value) are 0.0335, 0.0915, and 0.0594 respectively.
Corresponding values to characterize carbon dioxide absorption 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. The value for water vapor optical depth is determined
by scaling the modeled tau values above by the relation (Kastner 1985):

THo = (THo)model 9/0-59 (2.11)

where 0O is the water vapor concentration during the measurement pericd.
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Figure 2.1 Water vapor concentration as a function of temperature
and relative humidity. McClatchey et al. (1972).
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Reflectance Measurements
The critical measurement in this procedure is ground
reflectance. For the high reflectance values of 0.5 at WSMR, there is
nearly a one-to-cne 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
therefore important to make accurate ground measurements.
The ground reflectance measurements were taken with a Barnes
MMR, with spectral filters corresponding to the bands of the TM. The
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 cbtained by ratioing the voltage measured over a target to
the voltage measured cover a reference panel, multiplied by the
reflectance factor for the reference panel at the particular solar
zenith angle. Thus,

Rground = Vground * Rref / Vref (2.12)

vmerevgmandvrefarethewtp.rtvoltages of the MR for the gypsum
and reference panel respectively, and Ryer is the reflectance of the

£ s o v i, oo o oo, T
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Reflectance Factor
Although the white gypsum sand is nearly lambertian, it does
exhibit some directicnal variations. Because of this it was decided to
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use the spectral bidirectional reflectance factor to describe the

reflection properties. Reflectance factor is defined as the ratio of
the flux reflected by a sample surface to that which would be reflected
into the same beam geometry by a lossless, lambertian surface which is
identically irradiated. The reflectance factor is measured with a
detector with a given instantaneocus field of view (IFOV).

Le(8',4') cose' sine' de' dg¢'
l1IFOV
R(8,950",9"') = (2.13)

Lp(e',¢') cos 9’ sine' do' do'

JIFQV

I+ - radiance reflected by the target
Ip - radiance reflected by a perfect diffuse
target

Reference Panel

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 BaSO, 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 ocutdoor
method was used at the Agricultural Research Center. In the laboratory,

a tungsten lamp was used in combination with an off-axis parabolic
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mirror to produce the collimated beam used to illuminate the reference
panel. The panel was placed vertically on a manually operated turn-
table. A simple radiometer built by Che Nianzeng with four filters was
then used to measure the radiance reflected from the panel. The Che
radiometer was positioned normal to the panel and remained so as the
panel and radiometer combination was rotated with respect to the in-
coming beam. These measurements, wherevpismepanelvoltagereading,
gave the relative reflectance of the panel as a function of the angle of
the incoming beam. The panel was then removed and replaced with a
secondary standard, a 50-mm Halon disc which had been calibrated by the
National Bureau of Standards. The reflectance factor was calibrated at
a 45° incident angle amd 0° viewing angle. The reflectance factor for
the reference panel, R(45,0), was computed using the relation:

Vref(45°;0°)
Vp(45°;0°) (2.14)
Veef£(45°;0°) RNBS(45°;0°)
VNBS(45°;0°) ‘

Bres(45°50%

This procedure was performed for each of the four narrow band filters of
the Che radiameter.

-, b | 1 21 b o Y o’ ad=,
Tib ‘_‘:‘. ry was alss calibra """J:‘g ‘l-..-. Pl e e e o m#-hr-vi

described by Jackscn et al. (1987). The first step was to evaluate the
non lambertian properties of the panel over a range of viewing angles.
This was done in the field with a radiometer and goniometer table. The,
radiometer, positioned above the panel and goniometer table, took
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readings as the table and panel were rotated throuch different sun—panel
incident angles. Measurements were then repeated with a prassed Halon
standard. The ratio of the voltage response for the panel and the Halon
standard were then determined. Using published values for the Halon
standard, the reflectance factor of the panel was calculated for a

particular solar zenith angle.

Spectral Radiance at the Sensor
The normalized radiance at the entrance pupil of the sensor was

determined, at the center wavelength of each band's spectral response as
determined by Palmer (1984), using results from ground-based measure-
ments as input to the radiative transfer code. To compute the spectral
radiance at the sensor, the ocutput of the transfer code, camputed at the
center wavelength of the band, was multiplied by the excatmospheric
irradiance across the band and divided by the square of the earth-sun
distance in astronomical units, AU. The earth-sun distance was deter-
mined from ephemeris tables. The irradiance, Eg, within each band was
camputed using the relation:

1 M

. (2.15)

where d is the earth-sun distance on the day of measurement, and A; and
Xzarethewavelengthlimitsoftheequivalentpassbandasdeteminedby
the Palmer and Tomasko technique (1980). The value Eg, is the exoatmos-
pheric solar-spectral irradiance data of Neckel and Iabs (1981). The
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value Eg was determined by suming Ep,, in 2 to 10 mm intervals, from
the Neckels and Iab data. The value of Eg 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
only be computed for a limited mumber of solar zenith angles. To obtain
the radiance for an angle other than one of the possible zenith argles,
the code was run for two angles bracketing the desired angle. A linear
interpolation was performed on the bracketed outputs to get the resuit
at the desired solar zenith angle.

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

|

Eg (mw cm™2)

195.5
182.6
154.4
104.2
22.0
7.4

NSO WNO

Radiance Values from CCTs |
The radiance values measured by the satellite were computed by
using the preflight calibration data and then the in-flight intermal
calibrator data. The image of the test site on the day of measurement
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was obtained from NASA. The image came in the form of digital counts

stored on camputer campatible tape (CCT). The data were reformatted
into a form campatible with the equipment available to us at the Digital
Image Analysis Laboratory at the University of Arizona. The test site
was selected from the displayed image and printed ocut in digital counts.
The ocutput was raw data, with no image resampling and no radiometric
corrections applied. The test pixels were averaged to cbtain the
average response over the test site. This was done for each T bard,
with the exception of the thermal band (band 6). The radiance from the

average digital count values were computed using the relation
L = (DC~- Caloffset)/Calgain. (2.16)

The radiance at the sensor was computed with this relation, using either
the preflight or internal-calibrator gain and offset values. Differ-
ences between calibration results and the preflight calibrations are to
be expected because the responses of optical systems are known to change
in the enviromment of space. Note too that the internal calibrator can
only be used to calibrate the filters, detectors, and 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
cutput of the internal calibrator.

Radiative Transfer
An important step in performing an absolute radiametric
calibration or an atmospheric correction of a spectral signature is the
characterization of the atmosphere and its effect on the signal reaching
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the sensor. The transfer of visible and near infrared radiation in the
atmosphere was addressed by Chandrasekhar (1950). The transfer problem
was formalized by assuming a solar-illuminated, plane-parallel atmos-
phere. The solution was presented in the form of a set of nonlinear
equations. The radiance at a given altitude and direction was described
in terms of the radiances coming from all directions at that altitude.
This was done for each altitude, thus increasing the mmber of unknowns
dramatically with the mmber of layers. The mmber of eguations needed
to express a closed-form solution is prohibitively large. The solution
to this problem (Herman, 1963) was fcumi using mumerical techniques
vwhich required a large mainframe computer.

Herman and Browning (1965) developed the software to solve the
Chandrasekhar equations by using a Gauss-Seidel iterative techm.que A
known vertical distribution is used to divide the atmosphere into a set
of plane parallel-layers of equal optical depth. As in most iterative
methods an initial guess is needed to start the process. The iteration
precess begins by employing a forward differencing technique and using
an initial estimate of the energy present. After passing through the
first layer, the process switches to a central differencing method and
is contimued for the remaining iterations. Solutions for successive
layers are based on results from all previous layers. Radiances are
traced down through each layer until reaching the surface where a
lanbertian reflectance model is used to similate ground reflectance.

The radiances are then traced, using the same procedure, from the ground
back up through the atmosphere. The radiance values at each layer are
stored and used to update previcus values of radiance. This process
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continues, with radiance components updated for each iteration, until it
converges to a unique solution. This 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 medium, can undergo the processes of
absorption, scattering, and emission. A description is presented of
these processes and their solutions. The solution would be quite simple
if absorption and thermal emission were the only processes present, but
the reduction in radiant flux of the incident beam can not be described
by absorption alone. The radiant flux is also scattered and we need to
determine the amount and angular distribution of this scattered flux.

Absorption

Radiation traversing a medium will be weakened by its
interaction with matter. The radiance L becomes L - dL after traversing
a thickness ds in the direction of its propagation.

Attemiation of radiation from both scattering and absorption
through a distance ds can be described by the equation

dLy = =kTy p Ly ds. . (2.17)

Where:

kp,— is the total mass extinction coefficient (area/mass)
p - is the density of the medium _(mass/volume)
L, - radiance at position s (W/cm? sr um)
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The density and extinction coefficient can vary spatially.
However, the assumption is made, within the radiative transfer code,
that both quantities are constant throughout the atmosphere. The
extinction in the atmosphere can be described in terms of particle or
molecular density. This contains both scattering (kg) and absorption

(kz) components respectively and is given by kp = kg + ks.

Scattering

The phase function P(g) is introduced to describe the
distribution of radiance, normalized to the incoming irradiance scat-
tered from a beam. It is defined as the radiance scattered from a
differential solid angle dwcentered about the angles (§¢) into a
differential of solid angle dw' centered about (9"¢') . The angle theta
is measured from the incident beam to the scattered beam.

The total energy lost in the beam from scattering is computed by
integrating the phase function over all scattering angiles.

8Lg(8,%) = =kg » L(9,9) ds

2me (2.18)
= -kt p ds P(0,0;8',6') L(8,0) sin O' d€' do',
o/fo _

The radiance L can be taken ocut of the integral since it is a
function of incoming angles only. From the above eguality the following
identity is derived. '

2new "
J P(9,4;8',0") sin 0' dO' d¢' = == (2.19)
040 ~ kT




For the general case, when scattering and absorption are present,
Equation 2.19 is used to describe the rate at which energy is being
scattered. However, with absorption present, the total loss in energy
from scattering and absorption 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 normalized to unity, but instead
is put equal to the value kg/kp which is comonly known as the single
scattering albedo, wg. This value of wg represents the fraction of
light lost due to scattering, and (1-wgq), the fraction that has been
lost due to absorption.

For the case where scattering by each element is isotropic, the
phase function is constant for all arngles, i.e.

P(f) = constant = wg (2.20)

The Rayleigh phase function is the most often used scattering function.
For the conservative case of perfect scattering, the phase function for
unpolarized light is normalized to unity. The Rayleigh phase function

used in the Herman code is given in Egquation 2.21.

P(g) = 3/4 (1 + cos2@) (2.21)

Emission within the atmosphere acts as an additional source of
energy. However, in the calibration procedure described in this
dissertation, only the visible and near-ir spectral regions are

26
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addressed where emission is negligible so it is not considered in the

following energy balance eguation.

Balance tion
The sum of all the sources and sinks acting on a beam of radiant
energy can be summarized by the energy balance eguation,
dL(8,¢) = kr o d 8',0";8,9) L(8',4") du'
> T s J“P( $';0,¢) L( (2.22)

+ kT 0 ds P(8,,84;8,9) E = kr o L(98,4) ds.

The first term of Equation 2.22 computes the energy scattered
into the beam dw due to fields from all directions. Note that in the
integral, L is being integrated over all incoming angles. The losses
camputed by the second term accounts for the single scattering ocut of
the beam, while the third term describes the total energy lost due to
scattering and absorption.

The sources are grouped together to define the source function,

J(o,9) = J P(8',0";8,0) L(8',0") du' + Py(08,,6458,9) E
. (2.23)

Rewriting Equation 2.22 in terms of the source function gives
= L(8,9) = J(8,¢). (2.24)

dL(e.o)
~kT 0 ds

This is the equation of transfer. This form implies a flat earth by
assuming a steady~-state and horizontally hamogeneous atmosphere.
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Formal Solution
The transfer equation can be written in terms of optical depth,
where the optical depth between altitudes z; and 25 is given by

22
87(25,2,) “J kg dz (2.25)
Z
= w(zy) - (2.
The total optical depth of the atmosphere is described by
t(2) = J k o dz. (2.26)
F4

These equations describe coptical depth in terms 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 energy balance equation (Equation 2.22) can be rewritten as follows:

dL(e,¢) = kT » L(8,4) dz/cosé = dr L(8,4)/cos® . (2.27)

In considering transfer problems in plane-parallel atmospheres,
it is convenient to separate the energy balance eguation into two
separate equations. One eguation is used to describe each of the
downward and upward propagating beams. The upward propagation beam is
written

-4 dL(T,-u,)/dT = L(T,=u,9) - J(T,=H,%) (2.28 a)
and the dowrward beam is:

H dL(’f,l\l,¢)/d‘r = L(T,u,¢) - J(t,u,9) (2.28 b)
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Equation 2.28a is identical to Equation.'2.28b except all values for M,
where M is the cosine of the scattering angle, are negative. The charge
in sign of M signifies a reversal in the direction of the propagated
beam. These equations are the forms used in the Herman code. The
solutions to these non-linear, first-order differéntial equations are
fourd by applying the following boundary conditions.

L(O,~u, @) =0
L(Texzt 2:9) =0 (2.29)
Eg(=HMo:%0) = known

The radiance is computed at each intermediate layer of egual
optical depth. The intermediate radiance values are computed by
rewriting Equation 2.28

-u eT/B dL(t,~u,¢)/dt = L(t,~u,6) eT/n = =y dSLdeT/“) (2.30 a)
T

= =J(T,~u,9) et/u

.y _ —t/u o=y (L e~T/u)
W e~T/¥ dL(T,u,0)/dT = L(T,4,6) e~T/B =y J-ET— (2.30 b)

= =J(t,u,¢) e~T/¥

The layer mmber is denoted by n, with n = 0 at the top of the
atmosphere. Combinirg “hese two eguations give
Tn+1

L(tg,3u,¢) = L(t4,2u,4) e=dt/u 4+ J J(t",2u, ) e~at'/n dt'/u (2.31 a)
Tn
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J(t',2u,9) = J P(u',0";%u,¢) L(u',9") d(-u') do + P(uo,0039,¢) E & (2.31 b)

4
Notice, frmnth;precedjmequatimthattherad.iarne, after passing
through a layer, is expressed as the initial radiance attermated by the
amount, exp(-A7/k), plus a contribution from the source function. For
each altitude the source function contributes an amount that is
atteruated by the optical depth, A7, measured between 7' and the final

layer.

Numerical Solution

The 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(9,4)y is required to evaluate
this integral at a particular level. The boundary corditions of: no
radiance incident from below the last layer (ground 1a.yer) ard a paral-
lel beam of flux of unit irradiance incident from the top layer (ocutside
the atmosphere), are sufficient to insure a unique solution to the
transfer equation.

The integral in the transfer equation (Equation 2.31 a) is
evaluated numerically by approximating it as a finite sum. The phase
function and source terms are approximated as constant over a small
interval (A6,A4). An average value of the source term taken at the
midpoint of the interval is used to evaluate the integral over optical
depth. Afterfactorﬁagmmﬂleswmetemardevaluatimthéintegral,

z«fw 1/Au i
J(Tn+1.iu,¢) = z z P(u'j,'cb'k;iu,é) L(Tn-f-nn'j,d"k) (‘Au')j (Ae"k -
== J’al
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the transfer egquation becomes

L(Tf,tl-l,¢) = L(fi’:u,¢) e-ZA‘t/I-l + J(Tn+l,iu,¢) (l_e-z AT/]J) (2.33)

There must be one equation of this form for each unknown and
there is one unknown for each radiance value in each direction. These
equations exist for each layer giving a series of simultanecus equations
that need to be solved. The Gauss-Seidel iterative method lends itself
as a practical way to solve large sets of siﬁmltanem:s equations
(Herman, 1963). The first pass assumes all upwelling radiance values to
be zero. Successive iterations are used to update the upwelling
radiance values. Radiances are computed for each layer propagating down
through the atmosphere until reach:i::gthesurface; Here the sum of the
direct and diffuse dowrwelling irradiances are multiplied by reflectance
ard divided by 7. The radiance is then computed for the beam propagat-
ing back up through the atmosphere. The whole process starts again
until converging to a final solution.

Herman performed a statistical analysis to compute the proba-
bility that only single scattering will cccur in the increment of
optical depth. He found that for a A7 value of 0.02, approximately 96%
of the scattered radiation was due to single collisions alone. We have
chosen to use this value of A7 for all of ocur cases. A AT value of 0.02
will minimize the number of layers required whiie stiil accounting for
miltiple scattering. This will also reduce computational time, withoyt
conpromising the accuracy of the results.
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Input Parameters

Several input parameters must be determined before running the
radiative transfer program. The necessary inputs for camputing the
Rayleigh and Mie scattering phase function are; particle size distri-
bution, wavelength, vertical distribution of aerosols, and refractive
index. The Rayleigh and Mie camponents of optical depth are used to
characterize the amount of atmospheric attemiation through scattering,
while attenuation due to gaseocus absorption is characterized by campon—
ents of ozone, water vapor, and CO;.

The total optical depth is cbtained through ground-based solar
radiometer measurements. Rayleigh optical depth is computed using
meteorological measurements taken at the time of satellite overpass.
The remaining optical depth components are extracted from the residual
optical depth (total - Rayleigh component) using the procedure described
in the methodology section of this chapter.

Additional inputs into the Herman code are user-defined param-
eters such as wavelength, solar zenith angle, ground reflectance,
intermediate altitude, and cutput-contrcl paramsters.

Rayleigh Scattering Function
The Rayleigh scattering law can be applied to molecular
scattering in the visible and near IR when the conditions 2mr << A are
satisfied (McCartney, 1976) . The Rayleigh relation assumes there are no
resonant frequencies, this no absorption, in the visible and infrared
regicns of the spectrum. Thus pure scattering is assumed. Scattering
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fram ozone and water vapor molecules is considered negligible since they
campose such a small fraction of the atmospheric gases.

The scattering cross section parameter is used to describe the
attenuation of a beam from scattering. This term is defined as the
cross section of the wave acted on by a molecule ard is given by

- 813(n3-1)2 6+3§
°Ray * T3NT aA* 678 ° (2.35)

with 0 = 0.035 (Gucker and Basu, 1953). The Rayleich component of
optical depth can be computed by using the definition of optical depth
given in Equation 2.26. The camputation is often written in terms of
standard temperature and pressure at a fixed altitude. However, for
non-standard cases this parameter must be scaled for alternate tempera-
tures and pressures. Using a ground-measured value of atmospheric
pressure the expression can be written:
ray = FUTH ER v 10¢ £, (2.36)

withs

n = refractive index

A = wavelength in um

Ng = molecular mmber density at sea level for a

standard atmosphere
2.547 x 101° cm™3

N, = columar mumber density
= 2.154 x 10%° cm <
0 = 0.035
Pg = 1013.25 mbar, or 29.92 in Hg
P = measured atmospheric pressure in same units as Pgp.
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The Rayleich phase function (McCartney, 1986) is given by
P(g) = 3/4 (1 + cos2g) (2.37)
where 6 is the scattering angle.
Mie Scattering

The derivation of Mie scattering is considerably more complex.
It uses Maxwell's equations and boundary value analysis to give an
expansion for the emerging wave in terms of a series of Bessel functions
ard Iegendre 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 (1941) and van de Hulst
(1957) .

The tau Mie value is given by Equation 2.38 where n(r) is the
aerosol radial size distribution and N(z) is the vertical distribution,
or total mmber of particles per unit volume at altitude z. The optical
depth of the atmosphere is determined by integrating the cross-section
over the particle size distribution as follows:

502

@
™ie = I J N(z) omie(r) n(r) dr dz . (2.38)
o ‘0

The integral in Equation 2.38 in integrated over the particle size
distribution, from 0.02 to 5.02 um., and over the vertical extent of the

aoncsghere.

A FORTRAN program written by Dave (1969) and incorporated in the
Herman code is used in the camputation of the Mie scattering parameters.
The Dave code outputs the particle phase function which is then used as

input to the Herman code. The Dave program employs a downward
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recurrence relationship using the particle size distribution as an
input. The code is equipped to run both the Junge and log-normal
distributions. Other forms can be easily added but would require slight
medifications of the source code. The particle sizes range from 0.02 to
5.02 um. in radius.

Junge Distribution
The Junge, or power law distribution is used by the radiative
transfer code described in this dissertation. The parameters of this
distribution are, N the mumber of particles per unit volume and n(r) the
normalized mmber of particles of radius r per increment in log r. The
Junge distribution is described using the relation:

n(r) = aN/(N dr) = cr~(V+1) (2.39)
where ¢ is a normalization constant.

Refractive Index

Researchers at the U.S. Army Atmospheric Sciences lLaboratory at
the White Sands Missile Range, have measured refractive index for
particles in the White Sands area. Lindberg and Gillespie (1977)
performed a study, where particles were collected continmually over a
three months period and then separated into one of eight size bins. The
camposition was determined using spectroscopic techniques, with the
imaginary component measured using a Cary 14 spectrophotometer. The
imaginary camponent was found to vary over several orders of magnitude.
Using this technicque with a bimodal model of refractive index for
aerosols, Jennings, Pinnick, and Auvermann (1978) -determined typical and
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extreme values for the index of refraction. This study is of particular
interest to us since it was done for the location in which the calibra-
tions will be performed. From the results of their study we have chosen
(Kastner 1985) to use 1.54 -.0li as the refractive index of aerosols
over White Ssands.

Vertical Distribution

The vertical distribution of aerosols used in the Herman code is
that used in Elterman's (1968) model and represents the average profile
measured for clear atmospheric conditions. The components of optical
depth, given the total optical depth at the ground, are computed as a
function of altitude using this distribution.

Molecular Absorbers

In the visible and near IR we must consider certain molecular
absorbers (Figure 2.2). Water vapor absorption can be significant for
wavelengths greater than 0.70 um, thus overlapping ™ bands four, five,
and seven. Carbon dioxide absorption must be taken into account for TM
bands five and seven. Ozone absorption is present from 0.4 to 0.9 um
with a maximum occurring in the Chappuis band near 0.6 um. Absorption
due to ozone must be characterized for T™ bands one through four.

The Vigroux (1953) model was used to describe the spectral
dependence of ozone absorption. The values of mass density and mumber
density refer to air at sea level temperature and pressure. The
following equation was used, along with the measured parameters, to
compute the optical depth for the nonstandard cases of temperature,
pressure and altitude:




Transmittance

T
=i

r
Q.2
™M ™M ™ ™
1 2 3 4
| S auas | Ty v : 0 - = = ; ==
050 060 070 0.0 090 .00 (.10 130 WO oS0 160 170
Lo Wavelength, ya
10
0.¢
06
8 o4
0.
.80 10 2.00 230 2.0 2.0 2.40 8.00 9.00 10.0 1.0 1.0 %0

Yavelength, wm Wavelength, ym

Figure 2.2 Absorption spectra for the principal absorbing gases in
the earth's atmosphere. From Kiang (1983).
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goz(1) Noz(z) (2.40)

‘!'Qz(zrx) - -rgz(o'lr) 6Qz(lr) NOZ(O) )

The camponent of optical depth, 7o5(0,A), is deduced fram ILangley plot
measurements and adjusting for the proper conditions of temperature,
pressure, and altitude.
The amount of water vapor at sea level is determined using

Figure 2.1. The temperature and relative hunidity measurements used for
this calculation are those taken nearest the time of overpass. The
transmittance due to atmospheric gases is determined by using the
LOWIRAN-6 computer code to average extinction by integrating the
transmittance across the equivalent ™ bandpass camputed using the
Palmer (1984) method. This same procedure is followed for determining
_carbon dioxide optical depth. The optical depth values (model tau
values) for water vapor were determined to be 0.0335, 0.0915, and
0.0594, for ™ bands 4, 5, ard 7, respectively. And similarly, the
corresponding values for 00, were determined to be 0.0, 0.0094, and
0.0035. The predicted tau values for water vapor are ccnnputed by
scaling the model tau values by the factor, p (H;0)/0.59. The water
vapor concentration, p(H>0), is read off Ficure 2.1. The value 0.59
corresponds to the water vapor concentration of a standard model
(Kastner, 1985). |
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Output
The Herman code creates two cutput files. The first file is a

sunmarized 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. The components of atmospheric radiance that are
output are direct irradiance, downwelling diffuse irradiance, upwelling
diffuse radiance, and the total energy reflected and transmitted out of
the atmosphere (this checks for conservation of energy). The total
energy value should be egual to 1 for a purely scattering atmosphere.
The secord output file displays radiance values as a function of look
angle at intermediate layers in the atmosphere. Radiance at any
altitude between the ground and outside the atmosphere can be displayed.

Modifications
Several modification were required to make the transfer code
suitable for our applications. The code has been medified so that a
larger mmber of viewing angles, solar elevations'angles, and
intermediate altitudes can be selected. The output has been condensed
to a single summary page by eliminating the extensive ocutput 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 bottam layer. A modification
(Avi Ben-David, 1983) was performed to allow non-sea-level elevations to

be chosen. The atmosphere is divided into increments of equal optical
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depth, not layers of egual linear distance. Elevation (ground level)
can only by set to the height of the tau layer closest to the requested
elevation (Figure 2.3). This procedure sets tau values for all layers
below the selected elevation to zero where they have no contributions to
the transfer process.

T=Q T=0
\ LT~ 2) =T VAT T AmTF
STL_ ATt oy yaTvemr el
n-1,4,
rerTrrrrrrrrrrrrrorry 1=l axt T=Text

Figure 2.3 Atmosphere partitioned into
layers of equal optical depth.

Increased Solar Viewing Angles

The solution to the large set of eguations introcduced by the
Herman code is found by taking a small marber of discrete angles to keep
the already large computational task down to a manageable size. Thus,
nine elevation angles and seven azimuth angles are used in the computa-
tions. If information is needed at other than these angles the user
mist interpolate to the desired angle. There may sometimes be a need to
have a finer resolution than the discrete angles selected. The program
can be modified to handle some additional angles. Note that the angles
discussed here are not just viewing angles displayed in the final
output, but are included in the camputations for all the unknowns, at
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each layer. The increased angular resolution will cause a large
increase in the reguired run time. A comparison of the standard output
to the ocutput with increased angular resolution was made, and it was
found that interpolation between the standard angles had the accuracy
required for ocur use. If greater accuracy is needed the angular resolu-
tion can be increased by redimensioning several of the variable arrays
provided the following condition is met: each viewing angle must occur
midway between two angles both of which must be integer multiples of 90.
Example: the standard case is to divide 90 degrees in 10 steps, giving
angles of 0,10,20,...90. The midpoints of which are 5,15,25,....85.

ILarge Tau Values

The program is set up to have the value 1 as an upper limit on
optical depth. This is because the atmosphere is divided into a dis-
crete nunber of layers having an optical depth of 0.02. The majority of
our cases are satisfied by this condition. As discussed above, computa-
tional time increases dramatically as the muber of discrete points is
increased. Optical depth values greater then 1 can be handled, although
run time is greatly increased, by simply redimensioning several variable

arrays.

Non-Iambertian Reflectance Model
The transfer program has been enhanced to handie a
non-lambertian 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 7. For
the non-lanbertian case the reflectance has an angular dependance. To
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represent this angular dependence, the reflectance must be computed in
the code by a defined function or extracted frcm a look-up table. The
radiance is then camputed by using the angular dependant reflectance
value. The out~going radiance, with its angular dependance, are used as
inputs for the next layer. The errors incurred by assuming a lambertian
reflectance model for White Sarnds are small. A study was performed
(Kastner, 1985) to characterize the error incurred by assuming lamber-
tian surface conditions. Reflectance values were computed at an angle
of 90° from the incident beam. Several other angles were then computed
assuming a linear deviation between R(f;:0°) and R(§;:90°). 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.

Intermediate Altitudes

There are many applications where it is important to know the
radiance at some intermediate altitude between space (ocutside the
atmosphere) and the ground. This feature enables radiance values
canmputed by the transfer code to be campared 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 Herman code the incoming and ocutgoing radiances computed
at each level are used in the Gauss-Seidel iteration as conditions for
solving the radiance values for the next layer. The radiance value at a
given intermediate layer is obtained by extracting the current radiance
value from each adjacent layer. These radiance values are then written
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to an ocutput file for later analysis. Recall that the atmosphere is
divided into discrete layers of equal tau values and the radiance is
computed only at the boundaries between these layers. The radiance at
other altitudes can be determined by interpolating between the values of
the adjacent layers. Then during the last iteration, after the program
has converged to a solution, the radiance values for the two adjacent
layers are output as a function of elevation and azimuth angles. A
supplemental program, XINT.FOR, was written to read this output file and
interpolate the radiance values between the two adjacent layers. The
results are then ocutput in a summary form similar to the main output.

Calibration Factor

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. It 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 dencted by a
decrease in the counts per unit radiance parameter. The parameter of
counts per unit radiance can be used to describe the accuracy with which
the gains and offsets are determined by the internal calibrator.

The calibration factor, counts per unit radiance, was computed
using the CAl~gain and CAL~offset values of four dates, for a full range
of possible digital count values. The calibration factor foi' each band
was plotted as a function 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. The response for all the barnds are
linear for digital count values larger than 20 or 30 DCs. However, T

band 7 falls in the non-linear range for digital count values less then
40.

Types of TM Tmacgery
A wide variety of users with different interests (Table 2.2)
make use of the satellite imagery. These varying needs are satisfied by
providing several formats of the imagery on computer compatible tape.
Two types of processed tapes are available, CCT-A and CCI-P.

oCI-A

The CCT-A consist of image data that have been radiometrically
éorrecl:ed, with the geametrical correction provided but not applied
(EOSAT, 1985). The radiometric correction is used to identify drifts
away from nominal performance from detector to detector. The radio-
metric corrections are specified through a histogram matching algorithm
for bands 1 through 5 and band 7 (Slater, 1986). A different algoritim
is used in estimating the correction factors for the thermal band (TM
band 6). The radiametric correction factors, Det-gain and Det-offset,
are then applied to the raw data to give the radiametrically corrected
data that is presented on the CCI-A. ‘1ne image is not resampled thus
maintaining the sensor-to-line relationship throughout the scene. Thus
each row of a OCT-A image corresponds to the response of a single
detector. A technique to remove the applied radidmetric correction from

CCT-A imagery is presented later.




Table 2.2 Aveas of application for Landsat data after (EOSAT 1985)
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CCT-P

Both radiometric and geometric corrections are applied in the
processed CCT-P. The applied radiametric corrections are the same as
those described for the CCI-A. The applied geometric correction is used
to account for errors in the location of the pixels caused by changes in
the spacecraft's position and attitude. During processing, the image
data are mathematically resampled. Thus, unlike the CCT-A, each row or

scan line of the CCT-P loses its one-to-one identification with a unique
detector.

Raw Data Tape

A third type of T imagery has been made available to this
project by Dr. John Barker of MASA's Coddard Space Flight Center. This
tape, referred to as a "Barker Special", contains raw, uncorrected
digital counts. These counts correspond 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 CCT-P. These tapes were provided under special
arrangements with NASA and are not commercially available.

Interpreting Satellite Tmagery

'Iheabsolﬁtespectzalradiancemeasuredbymisdetenninedby
locating a target site on the ™ image, extracting the raw data in units
of digital counts, and then applying the proper cai-gain and cai-oiifset
parameters. As mentioned previously, the cal-gain and cal-offset
values, as derived from the internal calibrator, are given in the
published TRAPP data for the date and scene in question. The digital
counts for the target site must be extracted, while noting their
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detector-to~pixel correspondence. Raw data for the White Sands
calibrations were sometimes available in the form of the Barker Special
tapes furnished by NASA. However, when these tapes were not available,
reverse processing of a corrected CCT-A had to be done. To cbtain the
required uncorrected data, the test sites of interest were extracted
fram each ™ scene, ard the ocutput displayed in gig:i.tal count format
(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.

Determining the Radiometric Correction Factors from CCT-=A Data

The radiametric correction factors, Det-gain and Det-offset,
must be determined for each of the 16 detectors of each solar-reflective
band. These factors are extracted from the additional informaticn
accompanying the CCT-A image data. The 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.
These values must 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. Therefore, all the necessary information can be
cbhtained from any one block of 16 successive records.

All the processed data stored on the CCT is in 8-bit integer
format. However, the Det-gain and Det-offset values need to have the
finer resolution given by a floating point mumber. To overcome this
prcblem the calibration factors are stored as integers in units of
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Figure 2.5 TM image displayed in digital counts for October 27, 1985,
at MAC, Band 5, vegetation.
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millionths. Thus the muber 1.469226 would be stored on tape as
1469226. However, the larger the integer values, the greater the number
of bits required for storage. Consequently, for each calibration
factor, a full 32 bits are reguired to display these values with the
necessary resolution in the reguired integer format. 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 DET-offset, the correction parameters are stored in a two's
canplement format. The four byte two's camplement representation for
Det-gain and Det-offset are given at the end of each data record in
bytes mumber 3589-3592 and 3593-3596 respectively (EOSAT, 1985). Since
four separate bytes of two's complement format were used to display the
values, additional camputations are required to cambine the 4 bytes into
a single 32-bit standard binary mmber.

Two's Complement Format

The two's complement format is a method used in the field of
camputer architecture to display bothvpositive and negative mmbers with
a minimm number of bits. For example, a standard 8-bit mumber can be
used to describe a value from 0 to 255, whereas a muber in 8-bit two's
complement format can be use to describe values from -128 to +127. The
first seven bits are used to indicate the magnitude of the rumber while
the eighth bit designates the sign. A positive mumber is indicated when
the sign bit has the value 0 (the muwber is < 128), and a nezjative
mmber is indicated when the sign bit takes on a'valueofl (the number
is > 127). The two's complement format is the means by which computers
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internally store data, and is not generally seen by the program users.
The calibration parameters are described using the two's complement
format, but are displayed on the CCT-A using the full 8 bits as if it
were a standard binary muber. This amounts to mapping the values from
=127 to 128 into the range 0 to 255.

Negative # Positive #

Standard =127 <1 0 128
Two's Com. 129 255 O 128

Figure 2.6 Mapping standard binary into two's
complement format.

Positive values are converted from standard to two's format by a
simple one to one correspordence, without changing the muber. However,
a negative mumber is written in two's format by first writing the value
in standard binary, then inverting it by changing all values of 0 to 1
and 1 to 0 ard than adding +1 to the results. The mmber is then
converted back to decimal just as if it were a standard binary number.

Coding of Parameters on CCT-A

The calibration paramsters are processed and stored on the CCT
by first putting the values into a 32-bit two's complement format,
breaking it up into four byte segments, and then displaying its decimal
equivalent. Each decimal value displayed reflects an eight-bit two's-
complement mumber, and should not be confused with the decimal equiva-
lent of a standard binary number. An example is provided below showing
that a number converted to two's complement and then displayéd in deci-
mal form does not always appear as one might expect.
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Input # 2's Format. Decimal representation of 2's

37 0010 0101 37
A
sign bit = 0
=37 1101 1010 ' 218
A
sign bit = 1

Figure 2.7 Example showing two's complement conversion

The calibration factors are stored on tape in the decimal representation
as shown in the example above (third column).

A large integer value requiring more than 8-bits, as is the case
here, is stored by dividing the binary mumber into 8 bit segments treat-
ing each byte independently. This is illustrated for both a positive
and negative value in Figure 2.8.

Deceding the Parameter stored on CCT

To extract Det-gain and Det—-offset from a CCT-A the process
discussed abcve must be reversed. Each parameter, stored as four
decimal rumbers, is read off the tape ard written in binary form. The
four bytes are combined into a single 32-bit mumber. Negative numbers
are converted from two's camplement to standard binary by first writing
ocut all 32 bits then inverting each bit and subtracting 1 from the
result. The resulting mumber is then written out in decimal form and
divided by cne million. Positive mmbers do not need to go through the
two's to standard format cornversion. When conbining the 4 bytes it is




critical to maintain the order the bytes are stored in. For example
byte mmber 3 represents bits 16 to 24 of the 32-bit mmber.

Positive Value 1,212,654 (millionths)
Stardard 32 bit binary format
0000 0000 0001 0010 1000 0000 1110 1110
[byte 4 ] [byte 3 ] [byte 2 ] [byte 1 ]
Two's complement format
| 0000 0000 0001 0010 1000 0000 1110 1110
[byte 4 ] [byte 3 ] [byte 2 ] [byte 1 ]
4 byte decimal format (2's) as stored on CCT

0 18 128 238

Negative Value -1,212,654 (millionth)
Magnitude of standard binary mmber

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

Two's Complement format

1111 1111 13110 1101 0ill 1111 0001 0010
[byte 4 ] [byte 3 ] [byte 2 ] [byte 1 ]

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

255 237 127 18

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

Simplified Conversion Method

The conversion from decimal to binary to two's complement and

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

(Figure 2.10) simplifies the conversion process by eliminating the need
to manipulate the two's camplement. Recall, that for positive numbers
(most significant bit, MSB = 0), the bytes remain unchanged since for
positive mumbers both forms are identical. Therefore their decimal
representation are equal, and no further calculations are required. To
extract the calibration factor for negative mumbers (MSB = 1) each byte
must be modified by subtracting its value from 255. The resulting
decimal values for the 4 bytes in both cases are combined into a 32-bit
representation multiplying each byte by the faétor 2M, vwhere m is the
least significant bit (ISB) corresponding to its position in the 32 bit
word. Figure 2.9 demonstrates the ISB, 2M, for each of the bytes.

0000 0000 0000 0000 0000 0000 000G 00CO
A A A A
524 216 28 20

Figure 2.9 Designation of ISB for each byte of a 32-bit word.

This procedure will yield the applied Det-gain and Det-offset
values for all 16 detectors of each band. Further examples of the
simplified method are provided in Figure 2.10.

For many users of ™M 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 CCI-P form. The conversion process
described above, along with NASA TRAPP data giving IC gain and offsets,
can now be applied by the user to CCT-A data to give the uncorrected
digital counts needed for determining absolute radiances.




Example 1
0 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 (millionths)

Example 2
255 217 167 219
byte is not < 128 so the new form is required
(256 - Byte n)
0 38 88 37
Resulting value = (0 * 224) + (38 * 216) + (88 # 28)

+ (37 * 29)

2,512,897 (millionths)

Figure 2.10 Example showing extraction of calibration
parameters fram CCT=A

Applying Correction Coefficients to Cbtain 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 rnumbers displayed on the corrected
CCT-A. This is applied as follow:

DC, = (DC - Detoffset)/Detgain (2.41)
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DC, -~ Digital count with no
radiometric correction

DCq -~ Radiometrically corrected
digital count value

Detoffset = Applied bias or offset value
Detgain - Applied gain value

The accuracy of this procedure was verified by applying it to
data taken from a corrected ILandsat CCT-A of White Sands, New Mexico and
camparing the results, pixel by pixel, to the uncorrected digital count
values cbtained from a Barker Special. This was done for several
detectors on bands 2 and 4 covering a complete range of digital counts
for August 28, 1985. Data for band 2 and band 4 are shown in Tables 2.3
ard 2.4 respectively. These comparisons indicate that the procedure can
be used to obtain uncorrected data, to within +/- 1 digital count, from
the radiometrically corrected data.

When looking at large uniform areas it mﬁd be simpler to use
the mean values for Det-gain and Det-bias applied to an average digital
count value rather than matching each pixel with its respective
detector. The error incurred when using an average would be small (less
than 1.5 %) since there is very little variation between detectors.




Table 2.3 Test case extracting raw DCs from CCT-A, Band 2.

BAND 2 GAIN 1.17735

DETECTOR #16 OFFSET -1.21027
TAPE OUTPUT

B . A A to B DC DIFF

25 28 24.810 -0.19

46 53 46.044 0.04

74 86 74.073 0.07

94 109 93.609 ~0.39

98 114 97.856 -0.14

109 127 108.897 -0.10

122 142 121.638 -0.36

144 168 143.721 -0.28

149 174 148.818 -0.18

161 188 160.709 -0.29

179 210 179.395 0.39

170 200 170.901 0.90

Mean -0.04

STD . 0.35

BAND 2 GAIN 1.17481

DETECTOR #13 OFFSET -1.56490
TAPE OUTPUT

B A A to B 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




Table 2.4 Test case extracting raw DCs from CCT-A, band 4.

BAND 4 GAIN 1.16728

Detector # 16 OFFSET -0.65047

B . A A - B DC Diff

37 42 36.54 -0.46

74 86 74.23 0.23

90 104 89.65 -0.35

101 117 100.79 -0.21

187 124 16866.76 -0.24

106 123 105.93 -0.07

120 139 119.64 -0.386

149 173 148.76 -0.24

180 209 179.861 -0.39

188 230 187.60 -0.40

Mean -0.25

STD 0.19

BAND 4 ' GAIN 1.16911

Detector # 15 OFFSET -0.44496
B A A - B DC Diff

33 38 32.88 -0.12

59 69 59.40 0.40

75 87 74.80 -0.20

86 100 85.92 -0.08

104 121 103.88 -0.12

117 1386 116.71 -0.29

150 174 149.21 -0.7%

180 210 180.00 0.00

1e7 220 1¢7.11 .11

200 233 199.68 -0.32

Mean -0.14

STD 0.29




CHAPIER 3
INSTRUMENTATTION

It is necessary to make accurate measurements of ground spectral
reflectances and atmospheric spectral optical depths when making an
absolute radiometric calibration of a satellite sensor in-flight.
Instrumentation has been designed and built to perform these measure-
ments and has successfully operated in both laboratory and field
enviromments. Two spectropolarimeters (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 miltiband
radiometer (Shaw et al., 1973) while ground data were collected using a
modular multiband radiometer (Robinson et al., 1979). ~ The spectropolar-
imeters and the electro-mechanical mount overcome the drawbacks of the
earlier mamal instruments of: mamual operation, lack of polarization-
measurement capabilities, and poor temporal accuracy of data.

Description of Instrumentation
The description and analysis of the electro-mechanical mount
(auto~tracker) discussed in this chapter along with the calibration
techniques described in the preceding 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
59
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Figure 3.1 Top view of Castle spectropolarimeter (Castle 1985).
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Tlevation turntable

Azimuth turntabl - . . 1o
Zlectronics control box

\\\\\\___Tracking stand

Figure 3.2 Auto-Tracking Instrument
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to the spectropolarimeter to facilitate coverage in the 1.0 - 2.5 um
range is presented in the section on detectors.

The spectropolarimeters have been designed to increase the
amount and type of measurements that can be taken. Incorporated in the
design are: interchangeable narrow bard spectral filters in the visible
arnd near-ir, two detectors to cover a spectral range from 0.4 um to 2.5

pm, selectable fields of view, polarization capabilities, good signal-
to-noise ratio over a large dynamic range, and automated operation.

The 9 kg. spectropolarimeter (Figure 3.1) measures 19 x 26 X 28
cm, and requires 6 watts to operate. It is a standard non-imaging
design with two lens components, a polarizer, a waveplate, detector
assembly ard easily positioned filter and aperture wheels. All
components are camputer-controlled with precision placement and
monitoring performed by a caombination of stepper motors and encoders.

Detectors

A silicon photodiode model UV 444-B from EG&G was chosen for
its linearity over a large dynamic range (0.4 to 1.1 um) and its
ruggedness. A PbS detector model # 2309 from IR Industries was chosen
for the near IR (1.0 to 2.5 um) because of its high S/N ratio at ambient
temperatures, which eliminated the need for cooling and the prcoblems
associated with coolers. Both detectors, heater, and temperature
monitoring devices were placed in a machined-slide arrangement that
allows both detectors to use the same viewing optics while mamta:m.ng
good temperature stability.
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Filters

The solar instrument uses 10 narrow band filters (Table 3.1),
that were selected to allow characterization of atmospheric constituents
in the 0.4 u#m to 1.04 um range. Five narrow-band filters, with central
wavelengths in atmospheric windows, are used to describe the aerosol
optical depth. Three filters in the Chappuis band and one in the water
vapor band are used to describe the extinction from ozone and water
vapor. Three additional filters are provided; two at the band centers
of ™ bands 5 and 7 and one narrow band filter centered at 2.246 um to

aid in the characterization of water-vapor absorption in the near IR.

Fields of View

The spectropolarimeter includes an aperture wheel with four
fields of view: 1, 2, 5, and 15 degrees to allow for multiple uses of
the instrument. The spectropolarimeter can be set-up to operate with a
15 degree field of view by attaching an additional lens to the front
baffle of the instrument. The 1 and 2 degree FOVs are for taking solar
and sky measurements while the 5 and 15 degree FOVs are used to do

large-scale averaging when making surface-radiance measurements.

Operation of the Instrument with the Si detector
The instrument is operated in a straight-forward manner. Light
enters the instrument through a protective window which is followed by
the neutral density ard spectral filters. Light then passes through an
imaging lens and then through a waveplate, relay lens, aperture stop,
polarizer, and onto the detector. The instrument cycles through each




Table 3.1 Center wavelengths and half-widths for
solar spectropolarimeter.

SOLAR INSTRUMENT

PORTABLE INSTRUMENT

Center Halfwidth Halfwidth
Wavelength Wavelength
Position (um) (um) (um) (um)
1 0.4201 0.0111 0.6607
2 0.4403 0.0122 0.8382
3 0.5254 0.0111 0.4403 0.0122
4 0.6054 0.0115 0.5254 0.0111
5 0.6621 0.0109 0.6054 0.0115
6 0.7807 0.0122 0.6621 0.0109
7 0.8617 0.0151 0.7807 0.0122
8 0.9497 0.0243 0.8617 0.0151
9 1.0423 0.0226 0.9497 0.0243
10 1.6800 0.2000 1.0423 0.0226
11 2.2200 0.2210 0.4860
12 2.2460 0.0400 0.5710

(TM 3)
(TM 4)

(TM 1)
(TM 2)

Note: TM designates Thematic Mapper Bands
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spectral filter, taking a series of four polarization measurements at
each filter setting.

Operation of the Instrument with the FbS detector

Because of design constraints, a different procedure was used
for making measurements in the IR bands. In nearly all applications
with infrared imaging, the detector 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 spectropolarimeter
and the presence of a large signal (when used as a solar radicmeter).
It is well known that PbS detectors are extremely sensitive to
temperature and require good thermal stability to provide reliable data.
This problem was overcame by stabilizing both detectors at the operating
temperature (41° C) of the Si detector. The Si and FbS detectors were
placed next to each other in a thermally controlled block of alumimmm to
maintain the operating temperature constant. This arrangement made use
of the heater, thermistor, and electronics already present for the Si
detector. To further decrease thermal noise and subtract out drift in
the dark current, the neutral-density filter wheel was used to perform a
slow chop on the signal. This was done by taking a dark reading,
followed by a light reading, and then another dark reading. The dark
values can be averaged and subtracted from the signal using the
relation:

Digital Counts = light signal - (dark j + dark 2)/2'. (3.1)
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Detected Signal

The signal from the detector was sent through its own pre-
amplifying circuit and then digitized by a 12 bit 2/D converter. If the
signal was either over-range or less than a minimm value, the neutral
density filter wheel was repositioned and a new reading taken. The data
were coded and stored for later analysis.

Computer Controller

A Radio Shack TRS-80 model 100 portable camouter interfaces with
the instrument through TTL logic to control the operation of the instru-
ment as well as perform data acquisition and storage. The positioning
of each component is controlled through a series of commands issued from
the model 100 through the logic to the stepper moctors. The 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 internal 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-Tracking t
It is important to maintain pointing accouracy and temporal
resolution of the data when using the spectropolarimeter as a solar
radiometer. This has been accomplished by the design and fabrication of
an automated alt-azimith tracking mount.
Like the spectropolarimeter, the alt-azimrth mount is controlled
through the micro-processor-based mocdel 100 computer. Tracking and
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pointing is accomplished with a precision turntable and stepper motor
for each axis. Each stepper motor is controlled by the model 100 by way
of a translator mcdule. The positioning of the turntables are monitored
by 12-bit absolute shaft position encoders.

Using readily available components, a mechanical mount, along
with the TTL logic and support electronics were designed arnd assembled
to perform several modes of pointing and tracking. The spectropolar-
imeter has generally operated successfully as an automated solar
radiometer over the past two years.

Description of Mechanical System

The spectropolarimeter can be positioned in an automated fashion
as in the solar tracking case, or the operator can be prampted to input
relative position. The desired position is entered through the keyboard
of the camputer controller. Positioning can also be done without the
controller by a set of manual switches; this is for coarse peositioning
and is generally used only for initial aligmment, or for placing the
spectropolarimeter in its stowed position.

Elevation Control

The elevation is controlled by rigidly attaching the elevation
turntable, spectropolarimeter, and encoder to an alumimum yoke. This
setup was designed to allow the spectropolarimeter to have over 180° of
travel, thus providing the ability to lcok at any point above the
horizon.

Spectropolarimeter, encoder and yoke assembly are then mounted

on a larger turntable, allowing movement in the azimuth direction. As




in the elevation case, azimuth positioning is performed by its own
stepper motor and encoder. There are no hard stops limiting the travel
of the turntable, thus allowing a continuous 360° coverage.

Angular Resolution

The selection of encoders arxd turntables was determined by the
angular resolution needed for the accurate determination of spectral
extinction coefficients. To determine extinction coefficients from the
Iangley-plot method, it is necessary to determine accurately the
apparent solar elevation.

The 12-bit absolute encoders manufactured by BEI were selected
giving an angular resolution of 0.09°. The rotary stages selected were
the Daedal model #21204 305 mm (12") turntable for azimuth and Daedal
model # 20604 203 mm (8") turntable for elevation. Both rotary stages
have stepper motors with an angular resolution of'0.04° per step.
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The complete mechanical part of the alt-azimuth mount, including

both turntables, rests on a 305 mm x 305 mm x 203 mm (12" x 12" x 8")
alumirm box. This is the box described later which houses all the
internal electronics needed, including power supplies, TTL logic,
stepper motor controllers and position control switches. The alt-
azimith mount, turntables and electronics-control box assembly rests on
an adjustable 91 cm (36") 20 kg. cast aluminum and steel tripcd.

The cambination of turmtables arnd yoke assembly facilitates
positioning the spectropolarimeter to aim at any point in the sky as
well as slightly below the horizon. In addition, when using the
instrument as an aerosol spectropolarimeter the instrument can scan the
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entire sky using several scan patterns, including longitudinal and
almucantar.

Description of Electrical System

The operation of the auto-tracking instrument arnd some functions
of the spectropolarimeter are controlled through the electronics assem—
bly in the electronics control box (Figure 3.3).

The entire alt-azimuth tracking system is powered from an 110 v
AC power line into the control box and the three power supplies in the
box. A 24 VDC 10 anmp power supply is used to power two SLO-SYN ST-101
translator modules which, on camand, serd 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 from an internal oscillator or from an external socurce. Internal
pulsing is used for manmual operation of the tracking instrument while,
in the auto-tracking mcde, pulsing is done by the model 100. A smooth,
nearly linear change in the oscillator is provided by a speed-control
potentiometer. The spectropolarimeter is powered by a 2-amp, 12-VDC
power supply. The model 100 uses this supply with a separate 7806
regqulator.

TTL logic is used to interface the model 100 to the
spectropolarimeter, encoders and stepper motors. The electronic
components are assembled on a circuit board and placed in the control
box with the appropriate external connectors. |
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NUMBER COMPONENT DESCRIPTION

12 VOC 2 Amp Power Supply
S VOC 3 Amp Power Supply
24 VOC 10 Amp Power Supply
#7806 Voltage Regulator
Buffers, New Ports
Elevation Motor Control! Board
Azimuth Motor Control Board
Elevation Absolute Encoder
Azimuth Absolute Encoder
Elevation Stepper Motor
Azimuth Stepper Motor

POVO~NGCUIAEWUNS

e

1 . S—— Power to Model 100
EE- Power to Radiometer

Data to Model 100

Data to Radiometer

Figure 3.3 Component description and system schematic for
auto-tracking instrument.
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Sun-Position and Tracking Code

Tracking Software

Control of all operations of the spectropélarimeter and auto-
tracking instrumentation is performed by a BASIC program which resides
in the model 100. This program controls motion of all components in the
spectropolarimeter, performs computation of sun position, issues
tracking camands to the instrument, and collects, codes, and stores the
data.

The flow of the program is such that two loops are in contimuous
operation. The main loop is the measurement cycle. The instrument is
cycled through a camplete data cycle, which provides 12 spectral filter
and 4 polarization measurements per filter. This is repeated at three
minute intervals. For each filter amd series of measurements the
program strobes the A/D converter, checks for proper range, (possibly
causing a repositioning of the neutral-density filter wheel), and codes
and records the data. During the data acguisition cycle, and between
each filter measurement, the tracking update cycle is checked to see if
an update is needed. The secord loop operates a sun-motion program that
computes solar position. Pointing commands are then calculated and
transmitted to the stepper motors. This is done in 25-second intervals,

and is internmmted only during the meacurement cycle. This minimizes

the tracking error during the time of measurement. The commands to
select the proper detector and perform the slow chop needed for the FbS
detector are also in the tracking code. The sun motion part of the
program will be discussed further in the next section.
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During the data-taking operation of the auto-tracking
instrument, data suchasthesmapomtlonarﬂthedateamtlmebemg
recorded are displayed on the computer screen. This provides a quick
way to monitor the measurements and any tracking prdblems that may
arise. This procedure contimies, without the accampaniment of an
operator, until it is manually halted, or until the computer signals
that storage space is exhausted. An operator is needed cnly to
initialize tracking and to periodically unload the data to ancother
computer for storage.

Tracking Analysis

A large section of the memory in the model 100 is dedicated to
the tracking and motor control routings, leaving the remaining block of
memory, about 16 K, for data storage. The sun-motion program was chosen
because of its ability to operate over an extended period and yet not
require much of the memory needed for data storage. Unfortunately it
introduces small errors (0.1 to 0.5 degrees) in computed sun position.

These errors were characterized by an indirect camparison of the
camputed solar position to the solar position predicted by the
Astronomical Almanac (1984), AA. Randomly selected comparisons of
program ocutput to values presented in the AA (1984) tables would be both
tedious and incomplete. Instead a comparison was made indirectlv by
transferring the AA reference to a high precision Chebyshev expansion.
This expansion (Almanac for Computers, 1984) was selected because it
provides accurate results vhile requiring only a small camputer.




73

The program was used to predict the sun's position at several
random times over the year. These were then manually campared to the
predicted positions by the AA to verify the accuracy of the Chebyshev
expansion (Table 3.2).

Table 3.2 Errors in predicting declination and right
ascension by the high precision Chebyshev expansion

DATE Decl. RA Error in Decl. Error in RA.
(h m s) (° m s) (° min. sec.) (hr min sec)

Jan 1 =23 05 02.1 18 42 24.4 .06 0
Feb 7 =15 27 23.1 21 19 23.05 - 0
Mar 21 0 13 24.6 0 02 03.68 0 0
May 21 20 10 42.1 3 51 46.66 0 0
Jun 2 22 11 0l1.4 4 40 27.53 0 .01
Jun 14 23 15 47.8 5 30 01.45 0 .01
Jly 22 20 17 11.1 8 06 04.61 0 0
Sep 21 0 43 22.5 11 53 19.8%9 0 .02
Dec 20 23 25 53.2 17 52 31.42 .05 .02

The maximum errors of 0.02 seconds for right ascension and 0.1
minutes for declination are well within the accuracy needed to maintain
a pointing accuracy of less than 0.5°. This verified that the Chebyshev
high precision expansion could be used as a reference for determining
sun position.

Values computed by the Chebyshev method for right ascension and
declination over a period of cne year are shown in Figure 3.4 and Figure
3.5 respectively. In the graph designating the error in right
ascension, the correction for the equation of time is included. This
can be seen by its slight deviation from a straight line. The error in
right ascension given by the camparison between the expansion and the
sun-position code is shown in Figure 3.6.
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An error of 0.05° in declination (Figure 3.7) is within the
limits that would lead to a tracking error of less then 0.5°. Therefore
a larger more sophisticated program is not reguired.

The errors in right ascension and declination mist be known
since these two guantities along with the local latitude and longitude
are used to compute the elevation and azimuth of the sun. To fully
describe the tracking errors of the instrument, the errors in sun
position are presented in terms of the angular deviation from the sun's
true elevation and azimuth coordinates.

Using the results of right ascension and declination from the
high precision e#pansioh, the elevation and azimuth coordinates were
camputed and compared directly to the coordinates predicted by the
tracking code. This comparison was made over a one-year pericd. The
resuits for elevation, azimuth, and RSS error .are presented in Figure
3.8. The maximum error is just under 0.4° and occurs at day 306
(Novenber 1, 1984). The results are periodic in shape, reflecting the
periodicity of the errors in declination and right asceusion.

The error analysis described so far has been for one time of
day, each day of the year. Further analysis characterized the maximm
possible error that might occur over a typical measurement cycle. The
day with the maximm pointing error, day 306, was selected for this
analysis.

The pointing errors, for day 306, were ccm'puted in 3=-minute
intervals cver the period 6 a.m. to 12:30 p.m., the interval during
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which the data are typically taken.

The errors in computed sun position throughout the morning are
shown in Figure 3.9. As one might expect the maximm component errors
occur at the times of maximm solar movement, thus elevation error
starts out at its maximm value of 0.35° and decreases as the time
approaches 12 noon. The error in azimuth starts out at its lowest value
of 0.18° in the morning and then increases to 0.5° at noon.

The total pointing error is determined by computing the RSS
deviation of both elevation and azimith components. The RSS error for
the worst case, day 306 at 12 noon, is just over 0.5°. In addition,
another date, May 21 was examined (Figure 3.10). The resulting error
was found to be less then half of that of the November 21 case.

Scanmning Measurements Made in the Iaboratory

The errors in pointing brought about by erronecus values in sun
position do not translate directly into errors in the ocutput of the
spectropolarimeter. The 2° and 5° fields of view of the solar
spectropolarimeter are larger than the field of view subtended by the
sun, (0.5°). Thexrefore, a small error in pointing can be tolerated
without effecting the output of the detector (Figure 3.11).

A laboratory experiment was performed 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. The collimated beam from the
parabola passed through a defining aperture and was viewed directly by
the spectropolarimeter. The test beam was aligned to fill the aperture
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and adjusted so that the image of the socurce was much smaller than the
field stop. The ocutput of the detector was monitored as the
spectropolarimeter was scanned across the aperture. Readings were taken
and stored for each step taken by the stepper motor.

Measurement Procedure

The measurements were made as follows:
1) The spectropolarimeter and tracking mount were
positioned on the laboratory bench and aimed at the
defining aperture. The spectropolarimeter was carefully
aligned for maximum signal by monitoring the detector
output with the A/D program resident in the model 100.
The absolute encoder reading of the azimuth drive was
recorded, to later be used as the central reference
point.
2) The positioning in step 1 was checked by manually
rotating the spectropolarimeter in both directions until
the ocutput of the detector was 1/2 the maximm signal.
The encoder positions recorded at these 1/2 power points
were used to compute the actual on-axis position of the
instrument. This method allowed the midpoint to ke
determined from a function with a flat-angular response.
3) The lamp intensity was adjusted to give sufficient
response without saturation in all bands. The response
desired was one that would give adequate signal in all
the bands while requiring minimal use of the neutral
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density filters. Because the ocutput response of the
bands were quite varied, the ND filters had to be used
for some of the bands, possibly introducing aligrment
errors because of small tilts of the filters.

4) A program was written to automatically perform the
scan nmeasurenments arnxdd record the detector output as a
function of encoder position. Inputs to the code
include: |

- filter muber

- encoder offset from center

- mumber of motor steps between data points

- total number of data points taken
The program output:

- detector output

- encoder position

- position of all spectropolarimeter

components

- dark reading for PbS bands
5) The instrument was initialized through commands sent
from the model 100. The aperture wheel, spectral filter,
polarizer, and detector were initialized by the

instiumentc's Gwn stepper wotors and enceders.  This was
done to emulate the positioning performed in the field
and to eliminate any errors that may have occurred from

manual aligrment of the components.
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6) Using the program in step 4, the spectropolarimeter
was rotated in 0.08° steps with measurements taken at
each step. The instrument was rotated through just under
6° for the 2° aperture setting, and approximately 8° for
the 5° setting. The instrument 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° and 5° apertures.

Data Analysis

Several of the spectral filter measurements required the use of
more than cne ND filter. This could have lead to discontinuities in the
ocutput of the detector if the transmittance of each ND filter was not
taken into account. These discontimuities in the results were avoided by
scaling the data by the calibration coefficients of the corresponding ND
filters (Castle, 1985). The data, stored in terms of enceder positions,
were converted into an angular measurement. This 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 made for all bands and for both 2°
and 5° FOVs. The magnitude of the detector output was considerably
different from one band to the next. The ocutput was normalized to
facilitate easy comparison between barnds. A more precise interband
camparison was made using a bandwidth normalization (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
camparisons.

All but one band for the 5° 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. The results for the 2°
case is not as repeatable. Three bands, 6, 8, ard S, are shifted off-
center from the other bands. This could be due to an error introduced by
tilt in a spectral or neutral density filter, or a movement of the
instrument during the measurement process. A slight tilt of some of the
spectral filters was noticed by the author during the scamning
measurements. Improved band to band response could possibly be made by
completely realigning the components inside the spectropolarimeter. Aas
expected, the 2° case appears to be more sensitive to aligmment errors in
the instrument, as well as errors from movement of the test set-up during
the measurement process.

The FPoS barkdds show vexry good results, despite the low quality of
the measurements obtained for band 12. Band 12 uses a narrow-band filter
centered at 2.24 um. The signal on the detector is almost too low to
distinguish the signal from temperature drift. This can be seen in
Figure 3.12.

The response of the instrument as a function of encoder position
was analysed using the equivalent of the bandwidth normalization program
previously discussed. left ard right equivalent encoder
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positions and mean response determined using this method are displayed in
Table 3.3.

Conclusion

The results from the laboratory scan measurement indicate that a
pointing error of +/- 0.8°, using a 2° field, and +/- 2.0° for the 5°
case, can be tolerated without introducing more than a 5% error in the
signal received by the detector.

'iherefore the sun position errors of 0.1° to 0.5° introduced by
the sun motion program should have no effect on the data taken in the
auto~-tracking mode. These results indicate that the critical step is the
initial aligmment and leveling of the tracking instrument.




Table 3.3 FOV analysis of auto-tracking instrument scanned
across a fixed source.

APERTURE

BAND LFT PT RHT PT BW MEAN RSP
SCANNING IN AZIMUTH DIRECTION
2 (deg) 1 2313.16 2331.00 17.84 1082.5
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 21790.0
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 33170.0
MEAN
STD -
2337.06 2360.62 23.56
1.52 l.22 1.43




CHAPTER 4
GROUND-BASED IN-FLIGHT CALIBRATION

The calibration procedures discussed in Chapter 2 were used to
perform a series of calibrations of the ILandsat-5 Thematic Mapper. Over
the past four years five complete absolute calibrations have been
performed; July 8, 1984, Octcber 28, 1984, May 24, 1985, August 28,
1985, and Novenmber 16, 1985. The absolute calibration techniques were
put to ancther test with a series of three calibrations of the SPOT-1
HRVs. The grourxi measurements for both the ™ and SPOT calibrations
were performed at White Sarnds using the instrumentation described in
Chapter 3. A description of the calibration efforts, along with a
summary of the results, are presented in this chapter.

Thematic Mapper
The Thematic Mapper, aboard Landsats 4 and 5, is a mechanical
scanner operating in the visible and infrared. It provides an increase
in the spatial and spectral resolutions over the earlier MSS (Table 4.1)
with a 30 m % 30 m ground projected instantaneous field of view (IFOV).

It has seven spectral bands were nominal full width at half maximm are

lictzd in Tabkla

4.1, The ™ sensors {Figure 4.1) uss an £/5.6 Ritchey-
Chretien telescope and scanning mirror assenmbly to provide a 185 km
swath. A description of the system's internal calibrator unit was
presented in Chapter 2. Data can be transmitted spacecraft-to-grourd
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Table 4.1 MSS and TM operating parameters.

Thematic Mapper

Spectral band
designation

Wavelength Radiometric

No. interval (um) sensitivity (%)
1 0.45-0.52 0.40 0.65
2 0.52-0.60 0.35 0.57
3 0.63-0.69 0.43 0.57
4 0.76-0.9 0.25 0.33
5 1.55-1.75 0.60 1.68
6 10.4-12.5 0.5K

7 2.08-2.35 2.0

Ground-projected
IOV size

Data rate
Quantization levels
Interband registration
Long-term scan stability
Nominal equatorial

crossing time
Altituide
Earth coverage
Weight
Size
Power

30m x 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

705 km

16-day period

325 kg
0.9mx0.9mx 1.8mnm
250 w

(Slater 1980)

[43)
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(downlink) directly from the sensor to the ground receiving station or
relayed through the Tracking and Data Relay Satellite System (TDRSS).

SPOT

The French space agency, the Centre National d'Etudes Spatiales
(CNES), have initiated their own version of the Iandsat program with the
launch of the satellite called Systeme Probatoire d'Cbservation de la
Terre (SPOT). The satellite, launched in February of 1986, includes two
HRV cameras, high-resolution visible instruments, pointable across track
(Slater, 1980). The HRVs have a higher spatial resolution then the
Thematic Mapper, with an IFOV of 20 meters in the multispectral bands,
and 10 meters in the panchromatic band. The bandwidths are given in
Table 4.2. The instrument uses CCD linear arrays and has a swath width
of 60 km. The HRVs have an angular offset capab:.l:.ty of +/~ 27 degrees
from nadir across track. SPOT has a 101 minute period and a 26 day
repeat cycie.

The absolute radiometric calibration of the HRVs is performed
using a sun-calibration system. A fiber optics unit is used to project
exoatmospheric solar irradiance onto a number of detectors in each band
(Figure 4.2). Three groups of fibers are positioned outside ;:he HRVs to
receive the solar illumination. The fibers are then combined into an
optical cable, which is then imaged through a beam splitter and lens
conbination onto the CCD array. The sun calibration parameters were
determined through preflight experiments. The absolute radicmetric
calibration of the SPOT HRVs is cited by Maisonneuve and Dinguirard, ‘
(1980) as +/- 10 %.




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

20 m (3 bands)

10 m (panchromatic)
0.5% for © < 60°

60 km

0.50-0.59 um
0.61-0.69 um
0.79~0.90 um
0.50-0.74 um

=3 ms

+/- 27° by steps of
4°/s

822 km .

98.7°

101 min.

26 days

10.30

(Slater 1980)

.6°
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PHERICAL WIAROA Fo (G5 am.

Figure 4.2 Calibration Signal Input
to HRV Cameras.

Calibration of the Iandsat Thematic Mapper

A flat gypsum area within the missile range was used as the test
site for each of the TM calibrations. This area, at Chuck site,
positioned about 8 km southeast of the Northrup landing strip, was
chosen for several reasons. A small building with AC power hook-up is
located near a right angle berd in a compacted gypsum road. The 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
™ imagery. For the July 8, 1984 and Octocber 28, 1984, calibrations the

Idem rrae evdes alrmsl  mnade -uvel-f\i-r A ar A wmSermal
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ke CAAD oD s VoAt Wb ek bl oW

e b b
-1 VY ke

east/west scan lines of the TM. A new 4 x 16 pixel area, similarly
aligned with th; -;ensor, 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
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Figure 4,2 Schematic of Chucik site test arca.
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made in prescribed intervals as the operator aimed the MMR at the ground
while walking down the center line of each pixel. A reading was taken
of a 0.6 x 0.6 m calibrated BasSO, or Halon reflectance panel after
measuring two rows of pixels. The data were recorded and averaged on a
hand-held computer (Polycorder). Measurements of temperature, pressure
and relative humidity were taken immediately preceding and following the
satellite overpass.

A description is provided below for each calibration date,
including the local conditions, analysis of the data, and the results
obtained (Table 4.3 ~ 4.7). Also provided is a temporal comparison to
demonstrate the change in response in the sigral predicted by the
internal calibrator.

July 8, 1984

A thorough description of the data reduction for this date is
provided in the dissertation written by C. J. Kastner (1985), ard is
only summarized here. The final results had to be updated due to an
error in the procedure used to extract the digital counts from the CCT
of the scene. This error has been corrected and the new digital counts
verified by John Barker at NASA Goddard 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. The Reagan solar
radiometer began acquiring solar data at 7:15 a.m. (MST). The solar
instrument cycled a set of © filters a total of 95 times throughout the

morning.
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Two Barnes radiometers, MMR S#116 and MMR S#119, were used to

make the ground-reflectance measurements. The North site was scanned
'usjnglvMRS#llsmmtedonacartalongwithaBaso4 reflectance panel.
The south site was scanned with MMR S#119 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 camplete summary of important calibration parameters such as

the spectral optical depth components, radial size distribution
parameter, and the resulting ocutput of the radiative transfer code, are

presented in Table 4.3.

The computed spectral radiances shown in the tables use the

notation:

PRE - the values corresponding to the preflight calibration
gains and offsets ard the digital counts for the image
of the site.

IC -~ the values correspording to the internal calibrator gains
and offsets for that day and the digital counts for the
image of the site.

CODE - the values as determined from the ground and atmospheric
measurements, exoatmospheric irradiance, Eg and output of
the transier modei.

RAYIEIGH - the values using the same spectral reflectances and
exoatmospheric radiances as used in the CODE but assuming
only a Rayleigh atmosphere.




Table 4.3 Calibration summary, WSMR July 8, 1984.

100
Solar zenith angle Z: 29,2158 Latitude: 32 deg 55 min
Sclar distance in AU: 1.0167 Longitude: 106 deg 22 min
Junge size distribution: 2.65 Elevation: 1196 m
Aerosol size range: 0.02 to 5.02 um Pressure: 662 mm (883 mbar)
Refractive index: 1.54 - 0.011 Temperature: 31.3 deg C
Time of sensor overpass:10:07.5 MST Relative humidity:362
Calculated visibility: 200 km Nadir viewing angle: 5 deg.
Thematic Mapper bands 1 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 Q.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 2255.00 192.62 234.00 189.18
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
Z (Code-=Pre) /Pre 6.9 6.6 -9.6
Z (Code-IC)/IC -0.5 0.9 -11.9
Counts per unit radiance 0.742 0.964 1.211

Redekkfdekkkkdkkhkikkikikkikhkikhkihkhkkkkkkhkikdkikihkhkkihhkihkkihkhkikhkhhkhkhhkhiihkihhkikik

CASE FOR RAYLEIGH ATMOSPHERE

Normalized code radiance 0.1400 0.1569 0.1684 0.1782
Code TM L in W/m2.sr.um 264.80 277.30 251.69 179.76
Counts per unit radiance 0.695 0.930 1.052

*****************************ﬁ***************************f***********

CASE FOR NO ATMOSPHERE

Normalized radiance : 0.1374 0.1559 0.1681 0.1784
™ L in W/m2.sr.um 259.84 275.60 251.26 180.02
Counts per unit radiance 0.699.- 0.931 1.051

RhkkkhkhhkhkhhkdkihhkhhhhhkhhkkhhhkhkhhhhArhhkdhkhhkhhhhdhbhkhkhkhhhhkhkhdkdkkhhhkkhhkhikikk
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October 28, 1984

Our secord calibration began at White Sands on October 28, 1984.
We were fortunate enough to have a cloud-free sky that morning. Our
test site was dry even though there were other areas covered with
several centimeters of water from recent rains. The Reagan solar
radiameter 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 around 12:01 p.m. with a solar zenith angle of
47 degrees. Data frcmlthe solar instrument was entered into the Langley
plot program where optical depth (7) values were comput:ed

The total values were used then, as described previcusly, to
determine the individual components. This time the Mie components were
determined by making a quadratic fit of the log(7) vs. log (A) data.

log(r) = ag + a3 * log(\) + ap *(log A )2 (4.1)

The values determined were ag = =1.640, a; = =3.390, a; = =2.935. A
Junge value of 4.09 was calculated using a linear curvefit of the data.

The ground reflectance measurements were made with the Barnes
MMR. The area measured was the same 4 X 4 pixel area used in the July
8, 1984 calibration. The BaSO,; panel #1 was used as the reflectance
standard. The panel had been calibrated by Che Nianzeng in April 1984
and recalibrated (band 1 only) upon return from White Sands. The change

.
in cal 'ka.a\—lcn was less than 1% s the ’Anvq'l ca2l -:‘l-\v-a"!-ﬁm Azata were need,

Digital counts for the test site were read off the NASA supplied CCT 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
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radiance. A complete summary of the analysis and results are shown in
Table 4.4.

May 24, 1984

our third calibration attempt was successful despite some
problems with weather and smail difficulties with instrumentation. Aas
usual, the solar radiometers were set up just after sunrise. However,
due to patches of cumlus, and some high cirrus clouds, the solar
radiometers could not record data until arcund 6:30 a.m. MST. The next
hour of measurements were suspect because of problems with the heater
circuit for the spectropolarimeter and poor aligmment of the instrument.
These problems were corrected and acceptable measurements were cbtained
begimming at 9:33 a.m. MST. These measurements contimued until 11:59
a.m. MST, giving a total of 21 successful data points.

The choice of test area was modified slightly for this and
subsegquent calibrations. The site was staked off into a 4 x 16 pixel
area including the previous 4 x 4 pixel location. The test area was
scanned with the Barnes MMR taking 12 readings for each pixel, across
all 64 pivels. Measurements began at 9:13 a.m. and concluded at 10:35
a.m., with reflectance panel readings taken periodically during the
operation. The remainder of the data reduction process followed the
standard procedure discussed previously. A complete sunmary of the
results is listed in Table 4.5.

August 28, 1985
The solar radiometer was set up and began taking data at 5:58:06
a.m. MST. Measurements were interrupted 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 distribucion: 4.09 Elevation: 1196 m

Aerosol size range: 0.02 to 5.02 um Pressure: 663.7 mm of Hg

Refractive index: 1.54 - 0.01% Temperature: 12.4 deg C

Time of overpass: 10:09.,1 MST Relative humidity: 752

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 O.000C
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/m2.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 76.87 145.004
IC cal offsets for 28 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/m2.sr.um 159.60 161.21 152.32 102.56 10.96 1.49
Spectral L from preflight cal 142.00 146.95 135.74 108.54 12.60 1,57
Spectral L from IC cal 155.11 158.28 144,50 112.52 12,93 1.59
% (Code-Pre)/Pre 12.4 9.7 12.2 -5.5 -13.0 -5.0
Z (Code-1IC)/IC 2.9 1.9 5.4 -8.9 -15.2 -5.8
Counts per unit radiance 1.395 0.727 0.922 1.167 9.351 17.699

ARERRARAAREARRARRRAARAARARARARARXRARARARERAAARRAARARARARAARRARARAARARRAXARRAARAAARRARARRAAAAARRRRRLAR

CASE FOR RAYLEIGH ATMOSPHERE

Normalized code radiance - 0.0870  0.0979 0.1055 0.1l141 0.0701 0.0246
Code ™ L in W/m2.sr.um 172,45 181.33 165.20 120.5% 15.64 1.87
Counts per unit radiance 1.291 0.646 0.850 0.992 6.553 14,173

BAAARREARAE LA AL L LR A AR EARRARLIARRAARRARARAXRARARRAARRIRAARRARARRIARRRAARRARRARARIAARARARRRA

L] .

CASE FOR NO ATMOSPHERE

Normalized radiance 0.0857 0.0980 0.1058 0.1145 0.0703 0.0247
™ L in W/m2.sr.um 169.90 181.41 165.71 121.01 15.69 1.87
Counts per unit radiance 1.311 0.646 0.847 0.989 6.533 14.135

RdkkAkkRkkkdikkkih ik idkikhidhdkiirdihikihikhkdikikihihkkikikikidhikiikkhiiikidiiikkihdkikithiiiiitiiks




Table 4.5 Calibration summary, WSMR May 24, 1985.

Solar zenith angle Z: 27.81 Latitude: 32 deg 55 min
Solar distance in AU: 1.0127 Longitude: 106 deg 22 min
Junge size distribution nu: 3.39 Elevation: 1196 m

Aerosol size range: 0.02 to 5.02 um Pressure: 661.0 mm
Refractive index: 1.54 - 0.011 Temperature: 26.7 deg C
Time of overpass: 10:09.2 MST Relative humidity: 35%
Calculated visibility 130 km Nadir viewing angle: 5 deg.
Thematic Mapper bands 1 2 3 4
Central wavelength um 0.4863 0.5706 0.6607 0.8382
Tau Mie 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.C022
Tau water vapor 0.0000 0.0000 ©.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
IC 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 IC cal 248.23  226.78 172.06
%Z (Code-Pre)/Pre 5.7 9.0 -5.9
Z (Code-IC)/IC -2.0 2.2 -9.3
Counts per unit radiance 0.751 0.944 1.165
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CASE FOR RAYLEIGH ATMOSPHERE

Normalized code radiance 0.1353 0.1517 0.1631 0.1728
Code ™M L irn W/m2.sr.um 257.95 270.21 245,76 175.74
Counts per unit radiance 0.676 0.891 1.034
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CASE FOR NO ATMOSPHERE

Normalized radiance 0.1322 0.1505 0.1627 0.1730
M L in W/m2.sr.um 252.04  268.07  245.07 175.87
Counts per unit radiance 0.681 0.894 1.034
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patches of cloud cover. The measurements were continued up until

12:04:43 p.m. MST. A linear fit was applied to the data to give a Junge
parameter of 3.77, ard an ozone concentration of 264.09 matm—cm. 2
typical linear fit of the solar data is shown for August 28, 1985 in
Figures 4.4 and 4.5. The reflectance measurement were taken using the
same MMR radiometer and techniques used in the May 24 calibration. The
same 4 x 16 pixel area was used. A summary of the results is given in
Table 4.6.

Novenber 16, 1985

Conditions on the morning of the overpass were clear overhead,
but partially cloudy over the eastern mountain range. The early morning
clouds in the east inhibited the collection of solar data until 8:23
a.m. MST. The measurements were uninterrupted from that time on and the
visibility was judged to be the best we had encountered at White Sands.
The Junge parameter and the ozone absorption coefficient were determined
by applying a linear fit to the data. The rest of the data reduction
followed the techniques already discussed. The results are shown in
Table 4.7.

Results

Sumaries of the results for each of the five White Sands
calibrations are given in Taples 4.3 o 4.7. Noce that the FRE valuess
are always less than the IC values for the first 3 bands. This
indicates that, for this date the responsivity had decreased since the
preflicht measurements. The decrease in response is likely to be due to
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Table 4.6
Solar zenith angle 2: 35.954
Solar distance in AU: 1.0098

Junge size distribution: 3.77
Aerosol size range: 0.02 to 5.02 um
Refractive index: 1.54 ~ 0.011
Time of overpass: 10:08.4 MST

Calibration summary, WSMR August 28, 1985,

Latditude: 32 deg 55 min

Longitude: 106 deg 22 min
Elevation: 1196 m

Pressure:658.1 mm Hg or 877.42 mbars
Temperature: 29.5 deg C

Relative humidity: 21Z

Nadir viewing angle: 5 deg.

Calculated visibility 200 ko
Thematic Mapper bands 1
Central wavelength um 0.4863
Tau Mie 0.1016
Tau Rayleigh 0.1412
Tau ozone 0.0068
Tau water vapor 0.0000
Tau carbon dioxide 0.0000
Single scattering albedo 0.8498
Spectral reflectance 0.4973
Eo across band in W/mZ.um 1955.5
Average image digital counts >255.00
Preflight cal gains 15.553
Preflight cal offsets 1.8331
IC cal gains fer 28 Aug 1985 13.822
IC cal offsets for 2B Aug 1985 2.7930
Normalized code radiance 0.1241
Code ™M L in W/m2.sr.um 237.9%0

Spectral L from preflight cal
Spectral L from IC cal
Z (Code-Fre) /Pre
Z (Code-IC)/IC
Counts per unit radiance

2 3 4 5
0.5706 0.6607 0.8382 1.6770
0.0762 0.0588 0.0386 0.0112
0.0731 0.0403 0.0155 0.0009
0.0287 0.0141 0.0016 0.0000
0.0000 - 0.0000 0.0341 0.0931
0.0000 0.0000 0.0000 0.0094
0.8311 0.8133 0.7824 0.6795
0.5624 0.6018 0.6422 0.4260
1826.9 1545.0 1042.8 220.19
170.50 203.31 166.14 161.00

7.860 10.203 10.821 78.751
1.6896 1.8850 2.2373 3.290S5
7.124 9.25 10.299 76.387
3.0620  3.1170 2.7320  3.3040
0.1327 0.1471 0.1496 0.0884
237.77  222.34 153.02 18.65
214.77 197.42 151.47 20.03
235.03  216.42 158.66 20.64
10.7 12.9 1.0 -§.9
1.2 3.0 -3.6 -9.6
0.717 0.912 1.086 8.631
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2.2230
0.0069
0.0003
0.0000
0.0604
0.0035
0.6324
0.1600
74.78
44 .00
147.719
3.2117
143.754
4.0520
0.0358
2.63
2.76
2.78
~4.9
~3.5
16.754

R A A A A R R R N A A e A S YA A AN R A AR AR AR EAAR RS RARA LR AR AR AR LA AR LA AR AR RAK

CASE FOR RAYLEIGH ATMOSPHERE

Normalized code radiance
Code TM L in W/m2.sr.um
Counts per unit radiance

0.1304
250.08

0.1458 0.1555 0.1655 0.1096
261.24  235.57 169.28 23.67
0.653 0.863 0.981 6.801

0.0412
3.02
14.568

**************************************************************t**********************
“ Y

CASE FOR NO ATMOSPHERE

Normalized radiance
™ L in W/m2.sr.um
Counts per unit radiance

35.954 0.1281

245.69

0.1449 0.1551 0.1655 0.1098
259.58 234.%0 169.20 23.70
0.657 0.866 0.982 6.794

0.0412
3.02
14.556
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Table 4.7 Calibration summary, WSMR November 16, 1985.

Solar zenith angle Z: 57.209
Solar distance in AU: 0.9886
Junge size distribution: 3.265

Aerosol size range: 0.02 to 5.02 um

Refractive index: 1.54 - 0.011

Time of overpass: 10:07.4 MST

Calculated visibility: >200 km

Thematic Mapper bands

Central wavelength um

Tau Mie

Tau Rayleigh

Tau ozone

Tau water vapor

Tau cazrbon dioxide

Single scattering albedo
Spectral reflectance

Eo across band in W/m2.um
Average image digital counts
Preflight cal gains
Preflight cal offsets

IC cal gains for 16 Nov 85
IC cal offsets for 16 Nov 85
Normalized code radiance
Code ™ L in W/m2,sr.um
Spectral L from preflight cal
Spectral L from IC cal

% (Code-=Pre)/Pre

2 (Code~IC)/1C

Counts per unit radiance

1

0.4863
0.0260
0.1418
0.0054
0.0000
0.0000
0.8894
0.4131
1955.5
195.53
15.553
1.8331
13.889
2.7120
0.0708
141.72
124.54
138.83
13.8
2.1
1.380

Latitude: 32 deg 55 min
Longitude: 106 deg 22 min

Elevation:

1196 m

Pressure: 665 mm (886.7 mbars)
Temperature: 4.7 deg C
Relative humidity:452

Nadir viewing angle: 5 deg.

2

0.5706
0.0212
0.0738
0.0227
0.0000
0.0000
0.8843
0.4805
1826.9
103.20
7.860
1.6896
7.204
2.5610
0.0769
143.70
129.15
139.70
11.3
2.9
0.718

3

0.6607
0.0176
0.0407
0.0112
0.0000
0.0000
0.8801
0.5189
1545.0
125.05
10.203
1.8850
9.402
2.6000
0.0857
135.43
120.71
130.24
12.2
4.0
0.923

4

0.8382
0.0131
0.0156
0.0013
0.0182
0.0000
0.8732
0.5629
1042.8
108.88
10.821
2.2373
10.354
2.3580
0.0908
96.90
98.55
102.88
-1.7
-5.8
1.124

5

1.6770
0.0054
0.0010
0.0000
0.0496
0.0051
0.8550
0.3422
220.19
95.38
78.751
3.2905
77.19
3.1380
0.0502
11.31
11.69
11.95
-3.3
-3.4
8.433
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7

2.2230
0.0000
0.0003
0.0000
0.0322
0.0019
0.8471
0.1116
74.78
23.05
147.719
3.2117
145.191
3.8230
0.0174
1.33
1.34
1.32
-0.7
0.7
17.293
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CASE FOR RAYLEIGH ATMOSPHERE

Normalized code radiance
Code TM L in W/m2.sr.um
Counts per unit radiance

0.0725
145.13
1.347

0.0827
154.65
0.667

0.0891
140.86
0.888

0.0967
103.16
1.055

0.0589
13.26
7.194

0.0192
1.47
15.690
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CASE FOR NO ATMOSPHERE

Normalized radiance
™ L in W/m2.sr.um
Counts per unit radiance

0.0712
142.46
1.373

0.0828
154.81
0.667

0.0895
141.38
0.884

0.0970
103.52
1.052

0.0590
13.29
7.178

0.0192
1.47
15.662
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both a decrease in transmittance of the telescope and a decrease in
response of the filter-detector-electronics.

The responsivity values from each band for the five calibration
dates are presented in Figure 4.6. Table 4.8 provides a summary of the
counts per unit radiance values for each band-date combination. For the
12 reflectance-based measurements made in ™ bands 1-3, the RMS
variation fram the mean as a percentage of the mean is +/- 1.9% over the
measurement perlod For the 1l measurement in the IR, i.e. bands
4,5,and 7, the value is +/- 3.4%. The RMS variation for all 23
measurements is +/-2.8%. Note that when loocking at bands 5 and 7, only
3 data sets are used, and that the IC response may be oscillatory
(Barker, 1986). There 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). There may also be inaccuracies in our
determination of water vapor and carbon dioxide for these bards.
However, a large uncertainty (30%) in water vapor for standard White
Sands conditions introduces only a 2% change in the radiance in ™ band
5 (Slater and Kastner, 1982).

Calibration of the SFOT-1 HRV Cameras

In addition to providing a means to conduct absolute radiaometric
calibrations of the ™ and to make atmospheric corrections of spectral
signatures, the technique described can also be applied to calibrating
cother sensors. If the technique is applied at White Sands on a day when
two sensors, e.g. T and SPOT, acquire an image of our test site, then
not only can we calibrate both sensors with an meertalnty of less than
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Table 4.8 Summary of counts per unit radiance

TM band:

July 8, 1984
October 28,1984
"May 24,1985
August 28,1985
November 16,1985

Mean
Standarc deviation

% Diff. (STD/MEAN)

for lLandsat's Thematic Mapper. 5 Dates.

1.395

1.38

1.388

0.008
0.541

[~NeNoNoNe

o N

2

. 742
.727
.751
.717
.718

.731
.013

.837

[=NeNoNoNol

[oNe)

3

.964
.922
.944
.912
.923

.933
.019

.002

b b ek b el

Q=

4

.211
.167
.165
.086
124

.151
.042

.688

9.351
8.631
8.433
8.805
0.394

4.480

17.699
16.754
17.293
17.249

0.387

2.244

(ANt
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+/- 4% but we can compare the responses of the two systems to an even
smaller uncertainty. With the increasing use of more than one sensor in
long~-term remote-sensing studies, this capability is becoming of major
importance. In this section the absolute calibration of the SPOT HRV

cameras in March 1986 is described.

Preflight and In—-flight Calibration

The calibration coefficients, counts per unit radiance, for the
two HRV cameras were computed using the results of the in~flight
calibrations at White Sands, New Mexico. Other sets of calibration
coefficients were camputed using results from an in-flight calibration
measurement. To compare their responses, the ratio of the calibration
coefficients were camputed for the two SPOT-1 HRVs. This was performed
throuch a histogram match of a scene imaged simultaneocusly by the two
cameras which was later compared to the same ratio of calibration
coefficients camputed using the Wnite Sarnds results.

A description of the on-board calibrator is provided by Begni
et al., (1986). The preflight calibration ccefficients were determined
in the laboratory before launch first using a collimated Xenon lamp and
then an integrating sphere. The Xenon lamp measurements could not
accurately simulate the in-flight calibration conditions. The strong
spectral emission lines of the Xenon lamp, 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. Therefore these preflight measurements of the total

system did not accurately simulate the condition for the in-flight
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calibration. There were problems in getting the integrating sphere
close encugh to the entrance pupil to allow 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 overcome and the
calibration was successful.

The in-flight sun-calibration systems also have limitations with
respect to similating the operational image acquisition of the systems
(Slater, 1985a). For these reasons CNES contracted with the University
of Arizona to conduct three SFOT HRV absolute calibrations at White
Sands in March 1986. |

Description of the Measurements

The measurements took place in the same location in the White
Sands test area ard followed the same procedure used for ILandsat. An
Exotech radiameter, modified to include four SPOT HRV spectral filters,
was added to the instruments already used. Field measuraments were made
on three dates, the 8, 15, and the 20 of March 1986. Some modifications
were made to the ground site because of the different scanning mode of
the SPOT system. The HRVs use the pushbroom technique and the test site
was previously set up to calibrate the T which is a whiskbroom scanner.
In addition to this difference, the HRVs have an off-nadir viewing
capability while the TM does not.

Target Site

The target site was a 320 m by 80 m rectangular area
corresponding to 4 x 16 pixels in the multispectral bands and 8 x 32
pixels in the panchramatic band. The 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. The results were averaged for each pixel. A sample of one of
the data sets is shown for March 15 in Table 4.9. The values displayed
are for ™ band 2 which closely approximates SPOT HRV band Bl.

Table 4.9 MMR band 2 reflectance values for
ground site acquired March 15, 198s.

0.470 04458 0.461 0.474 0.474 0.477 0.470 0,468 0.472 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 04457 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 04474 0.47B 0.476 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
necessary to account for variations in reflectance with viewing angle.
To determine this variation, an Exotech radiometer was mounted 1.5
meters above the ground such that it could be directed at the surface at
various angles between +/- 45 degrees. A typical reflectance factor
measured with this apparatus is shown for the T™ bands for March 15,
1986 (Figure 4.7).

The reflectance and atmospheric analyses were not performed
across the band as in the calibration of ™. Instead the analyses were
perforimed spectrally for 10 wavelengtns. Tne MMR Gata was interpolated
to provide the spectral reflectances at the 10 wavelengths chosen. The
radiative transfer model was then used to predict, for each of the 10
wavelengths, the normalized radiance at the entrance pupil of the
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sensor. The code ocutputs the radiance, normalized to unity

exoatmospheric irradiance, in a series of nadir and azimuth viewing

angles.
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Figure 4.7 Reflectance factor measurements
of gypsum at White Sands.

The local view angles of 31.2°, 24.6°, and 18.4° for the
nmeasurement dates March 8, 15, 20, respectively were the cbservation
angles measured from the local vertical at the site. The view azimuth
angle was the azimuthal angle from the vertical plane containing the sun
and the site to the vertical plane containing the HRV and the site.

Corrected Spectral Radiances
The corrected spectral radiances are the product of the exo—-
atmospheric spectral irradiance and the normalized code radiance divided
by the square of the solar distance in astronomical units. The values
used for the exoatmospheric spectral irradiance data are those published
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by Igbal (1983) and adjusted to give an integrated value of the solar
constant, 1367 W/m? as proposed by the World Radiation Center. The
World Meteorological Organization adopted this spectrum as the best
available (Frohlich, 1981) and is referred to as the WRC standard.

Weighted Spectral Radiance
The weighted spectral radiances across the band were computed

using a series of weighting coefficients. These weighting coefficients,
P and MS, for the panchromatic and multispectral bands respectively,
were cbtained by determining the areas under selected intervals of the
sensor spectral responsivity curve. The center wavelengths represented
values near the centroid of the response in each interval corresponding
to the ten wavelengths used in the analysis. The area corresponding to
each interval was calculated using the trapezoidal rule. For example,
the weighting coefficient for band 1 was determined using the relation:

530
J:no R(A) dA
fe%° R aa
470

W=

(4.2)

where R(A\) is the spectral responsivity of band 1, determined from
preflight measurements in 10 rnm steps.

The weighted spectral radiances are the product of the corrected
radiances and the corresponding weighting coefficients. The spectral
radiances for each band are the sum of the weighted spectral radiances
within each band. The calibration coefficients Ay were computed by
dividing the average image digital counts by the spectral radiances for
that band.




The imagery in digital counts (Table 4.10) were provided us by

CNES. An average digital count value was computed for the test area.
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The test site was readily 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.

The calculations made up to this point do not take into

consideration the effects of water vapor.

(1986) show 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.

The results of Begni et al.

105 104 104 104 103 103 103 104 104 107 107 107 108 108 110 108 110
106 104 196 104 105 105 106 105 105 108 108 1u/ 08 1ug 109 107 110
103 104 106 105 105 107 107 107 106 109 109 107 107 107 109 107 :09
105 103 103 102 103 106 106 1u7 ftue 108 1us 107 1u8 107 107 107 107
107 104 104 104 105 107 106 107 107 108 108 107 108 108 108 108 108
106 105 105 107 107 107 107 106 107 108 1n& 107 108 107 168 108 108
106 106 108 108 107 107 107 106 107 109 108 107 108 103 1no 107 109
107 106 109 108 107 109 107 105 106 109 108 106 108 108 108 107 111
107 104 [107 106 106 109 108 106 106 108 109 107 108 107 1ug} 107 111
105 104 1106 106 107 109 108 106 1ve 108 108 108 108 108 108 107 10°
102 103 {105 107 108 109 199 107 106 108 107 107 109 108 i07' 103 154
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101 101 105 106 105 107 109 108 107 108 107 107 109 108 108 104 L;i}
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watar vepcr 2kscrpticon. This was accounted for by use of a model

atmosphere and a Xnowledge of the ground-level relative humidity.
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SPOT Absolute Calibration Coefficients

The absolute calibration coefficients derived fram preflight
measurements using a collimator and integrating sphere are compared to
in-flight measurements using White Sands and the internal calibrator for
March 15 and 20 in Table 4.1l. The two cameras are compared by ratioing
the calibration coefficients. This ratio is computed using the results
from the collimator and integrating sphere measurements for preflight,
along with white Sands and histogram matching for the in-flight. The
results are given in Table 4.12. The results using histogram matching
were obtained by comparing two images of the same area collected simil-
tanecusly by the two HRVs. A linear relation of the form:

X3 = (¥; * u) + b was determined to relate the responses of the two
HRVs. This relation was derived statistically for each spectral band
over a common image area. In this relation, u can be interpreted as the
ratio of the two absolute calibration ccefficients in digital counts per
unit spectral radiance,

u = Ay (HRV-2) /2 (HRV-1) , , (4.3)
and b can be interpreted as a differential bias between the HRVs.

Conclusion
The ratio of the absolute calibration coefficients cbtained at
White Sands compares very well with ratios of the histogram data which
were obtained when the cameras simultaneocusly imaged the same ground
scene. Bands PA, Bl and B3 agreed to within 3%. Band B2 showed a 7%
difference. A2ll but B2 is within the uncertainty of +/- 5% for the
White Sands reflectance-based calibration procedure. The 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
Bl 0.59 0.60 0.688 0.586
HRV-1 B2 0.48 0.47 Q.40 0.41
B3 0.73 0.70 0.79 0.56
PA 0.67 0.61 0.70 0.60
Bl 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

Ground measurements In-orbit measurements
Integrating sSun White Histogram
Band Collimator Sphere Calibrator Sands Matching
PA 1.00 0.9%90 0.99 0.%8 1.01
Bl 1.04 1.03 1.07 0.99 1.02
B2 1.06 1.08 1.30 1.05 1.12
B3 1.08 1.00 1.13 1.023 1.02

with ground measured characteristics
with estimated vacuum effect correction
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the calibration coefficients for the SPOT-1 HRVs as determined on March
A summary of the results is provided for each of the three dates

in Tables 4.13, 4.14, and 4.15.

/

4
\
N



Table 4.13 Summary of SPOT HRV-2 absolute radiometric
calibration at WSMR on March 8, 1986.

Solar zenith angle: 40.098 Lat{tude: 32 degq 55 nln

Sular dlstance In AU; 0.9928 Longitude: 104 Qeg 22 nin

Junge size distribution: 3.12 Elevation 11% m

Aerosol slze range: 0.02 to 5.02 um Pressure: 820.2 mb

Refractive index: 1.54 - 0.014 Tempevature: 21.31 deg €

Time of overpass: 11h:18m: 168 MST Relative humidity: 221

Calculated visibility: 200 km lLocal view angle: 31.2 deg from west
Solar azimuth angle: 159 deg east from north View nzimuth angle 120 deg from sun
Wavelengths in om 520 540 580 620 650 700 780 /10 860 SR80
Tou Mie 0.0589  0.0564 0.0521  0,0403  0,0458  0,0422  0.0374  0.0358  ¢.05 0 D03
Tou Raylefph 0.1074 0.0920 0.0688 0,054  0,0437 0,09 0.0007 0,018 0.01450  0.0127
Tau ozone 0.0052  0.0073  0,0105  0.00% 0,005  0,0021  C.0011  0,0008  0.0004 00002
Measured reflectances 0.5673  0.5801 0.6025 0.6157 0.6259 0.6401 0.6572 0.6642 0.6743  0.6774
Normalized code radfances 0.1359  0.1379  0.1417 0.1450 0.1488 0.1534 0.1579 0.1597 0.1624 0.1632
Exoatmospheric E, W/m2.um 1802.5 1857.5 1840.0 1715.0 1597.5 1427.5 1195.0 1113.0 1002.0 966.0
Corrected spectral radlance: 248,52 259.88 264.52 252,29 241,17 222.17 191.44 180.33 165.09 159.95
Wetighting cocfficients P 0.0809  0.1390 0.1971 0.1646  0.2840  0,1297  0,0046

Welghting coefficients MS 0.2655  0.415%  0.3192  0.2027  0.6781  0.1192  0.084t 0.2846  0.3%92 0,172
Wefghted spectyal radiances P 20,11 36.12 52.14 41.5) 68,49 28.81 0.488

Weighted epectral radisnces MS  65.98 107,93 84.44 50,14 163.54 26.43 16,10 69.36 59.30 21.54
AAAAAAARARARARAAAARAAARARARARRARSARAAARAAARARRKARRARRRARRARARAARARARARKARRRARARKAAARARRARRARKRRRRRARAANARRRRARARARARARAR

HRV Spectral Average image Counts per un{t spectral radfance Counts per unit spectral radiance
bands tadiances digital counts uncorrected for water vapor corrected for water vapor

PA 248 130.9 0.528 0,525

Kt 758 129.5 0. 501 0,501

"2 241 126.1 0.523 0.523

83 172 99.4 0.577 0.555

*ﬁi*ﬁi**kﬁﬁiﬁ*i'ch*kitﬁ*ltﬂA*ihAAAhiﬁ**iii*ii*iA**hkﬁ‘ﬁiﬁiﬁilk**hhtkiﬁi**iﬁ**kﬂ*kﬁ*&ki**ikAtAiiﬁ!**h*ﬁﬂit*iil*liﬁi**i‘i**
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Table 4.14 Summary of SPOT HRV-2 absolute radiometric
calibration at WSMR on March 15, 1986.

Solar zenfth angle: 41,01 Latitude: 12 dep 59 min

Solar distance In All: 0, 9947 - fLongitude: 106 deg VS min

Junge size distribution: J.51 Flevatfon 1196 n

Aerosol size range: 0.02 to 5.02 um Pressure: ant.8& ab

Refractive fndex: 1.54 - 0.011 Temperature: 10.6 deg ©

Tine of overpass: 10h:43m: 328 MST Retotive humldity: 427

Colculated visiblifty: 200 km local view angle: 24,6 dreg from east
Solar azfouth enple: 149 deg cant from north View azfmth angle 46 deg from sun
Wavelengths in nin 520 540 580 620 650 100 780 810 100 BRC
Tau Mle 0.0426 0.0408 0.0376 0.0348 0.0330  0,0%07  0.0768  0.0256 0.0239  0.0:013
Tou Raylelgh 0.1076  0.0922  0.0689  0.0526 0.043 0,031 0,007 0.0178 n.0ta0  0,0102¢
Tan ozone 0.0176  0.0246  0.0355 0.0318  0.0190  0,0070  0.0019  0.0028 0.0012  0,0000
Measured reflectances 0,5529  0.4701 0.6936 0.5110 0.5228  0.5423  0.5691 0.5782  0.5925 0.597¢6
Normalized code radlances 0.1027 0.1046 0.1068 0.1116 0.1179 0.1260 0.1334 0.1359 0.1400 0.1415
Exoatmospheric E, W/m2,um 1802.5 1857.5 1840.0 1715.0 1597.5 1427.5 1195.0 1113.0 1002.0 966.0
Corrected spectral radiance: 187.09 196.37 198.61 193.44 190.36 181.79 161,12 152,87 141,78  138.15
Welghting coefficlients P 0.0809 0.1390 0.1971 0.1646 0.2840 0.1297  0.0046

Weighting coefficlents MS 0.2655 0.4153  0,3192  0.2027 0.6781  0.1192  0.0841 0.3846 0.3592 0.1722

Welghted spectral radiances P 15.14 27.30 39.15 31.84 54.06 23.58 0.74

Weighted spectral radfances MS  49.67 81.55 63.40 39,21 129.08 21.67 13,55 58.7% 50,93 23.79
ARRRAANAAAKAA AN AAAARRAAAAARARARRAAAAARARRARANAAARSASARARARARRARAAAAAARKARAARARRARAAARARRRARAAAARRRRAAARAARARRRALARAARRR

HRV Spectral Average Image Counts per unit spectral radiance Counts per unit spectral radiance
band radlances digital counts uncorrected for water vapor corrected for water vapov

PA 192 115.6 0.60) 0.599

1} 195 107.5 0.552 0.552

n2 190 107.6 0.566 0.566

nj 147 48.2 0.600 0.577
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Table 4.15 Summary of SPOT HRV-1 absolute radiometric
~ calibration at WSMR on March 20, 1986.

Solar zenith angle: 38.621 latitude: 32 deg 55 min

Solar distance fn AU: 0.9961 Longitude: 106 deg 22 min

Junge size distribution: 2.17 Elevation 1196 m

Aerosol sfze range: 0.02 tv 5.02 um Pressure: 893.3 mb

Refractive index: 1.5 - 0.0 Temperature; 14.2 deg €

Time of overpass: 10h: 47w: 308 MST Relative humidity: 41,52

Calculated visibility: 200 ko Local view angle: 18.4 deg from east
Jolar azlmuth angle: 146 deg east from north View aziwuth angle 47 deg frow sun
Wavelengths In am 520 540 580 620 650 700 780 810 860 880
Tau Hie 0.0418 0.0415 0.0410 0.0405 0.0402 0.0397 0.0389 0.0387 0.0383 0,0381
Tau Raylefgh 0.1089 0.093% 0.0698 0.0532 0.0439 0.0325 0.0210 0.0180 0.0142 0.0129
Twu ozone 0.0168 0.0235 0.0338 0.0303 0.0i81  0.0067 0.0037 0.0026 0.0012 0.0006
Hoasured reflectances 0.4359  0.4543  0.4786 0.4958 0.5070 0.5267 0.5581  0.5692 0.5833  0.5894
hurnalized cude radiaunces 0.1032  0.1056 0.1083 0.1130 0.1189 0.1275 0.1355 0.1388 0.1426  0.1443
Exoatmospheric E, W/m2.um 1802.5 1857.5 1840.0 1715.0 1597.5 1427.5 1195.0 1113.0 1002.0 966.0
Correctud spectral vadisnce: i57.48  197.69 200.84 195.32 191,43 183.43 163.19 155.70 144.01 140,49
Welghting coefticlents P 0.0990 0.1400 0©0.1950 0.1570 0.2580 0.1420 0.0080

Wedghting coefficients MS 0.3380 0.4020 0.2600 0.4330 0.5490 0.0184 0,2490 0.4260 0.2850 0.0410

Weighted spectval radiances P 18.56 27.68 39.16 30.66 49.39 26.05 1.31

Welghted spectral radiances MS 63,37 79.47 52,22 84.57 105.10 3.38 40,64 66.33 41,04 5.76 -
i**i‘ﬁ*ﬂ**tkﬁﬁk*tﬁ**ﬂ***i**‘*ﬁ*ﬂkt*ﬁ****ﬁ********‘ﬁﬂi*ﬁﬁﬁi*i**ﬁ*******ﬁﬁ***ﬁﬁﬁ*****ﬁ***ﬁ********ﬁk*i*****ﬁﬁ*kﬂﬁ***ﬁﬁiﬁ**

HRV Spectral Average luage Counts per unit spectral radiance Counts per unit spectral radiance
bands radiances digital counts uncorrected for water vapor corrected for water vapor

PA 193 118.1 0.613 0.609

Bl 195 108.4 0.556 0.556

B2 193 104.1 0.539 . 0.539

B3 154 -8Y.9 0.585 0.561
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CHAPTER 5
DETERMINING GROUND REFLECTANCES FROM THEMATIC MAPPER DATA

The 16-day repeat cycle of ILandsat-5 provides an opportunity to
cbtain a time-series of images for a particular location. Time-series
data are useful for studying vegetation changes and cther earth feature
changes. However, the solar illumination angle and the atmospheric
conditions for each image will be different, consequently the magnitude
of the radiance reaching the sensor will be different even though the
surface reflectance characteristics may not have changed.

The radiative transfer code discussed in Chapter 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 determined 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-compatible-tapes (Chapter 2), are used
to obtain satellite-based reflectance-factor data for soils and vegeta-
tion. The results are compared to reflectance-factor values cbtained
from aircraft-based radiometer data. The data reported here were
ocbtained during an extensive experiment conducted at the University of
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Arizona's Maricopa Agricultural Center (MAC). The overall experiment,
described in detail by Moran (1986), is briefly summarized here.

Maricopa Agricultural Center Experiment

The MAC experiment involved collecting an extensive set of
remote and ground-based spectral data over a muber of agricultural
fields. Reflectance data at different spectral ard spatial resolutions
were collected for a variety of crops at various growth and health
stages. This experiment involved: atmospheric measurements, aircraft-
mounted and ground-based radiometric measurements, and the collection of
auxiliary soil and plant data on each landsat-5 overpass day (weather
permitting) during the pericd April 1985 through June 1986. The author
was responsible for support in the areas of atmospheric correction and
sensor calibration.

The MAC, located 48 km south of Phoenix, is used for both
research and demonstration purposes. The research area includes about
160 ha, and the demonstration area about 610 ha. The demonstration part
of the farm, the area of interest here, has fields up to 0.27 x 1.6 km
in size (Figure 5.1), making it an ideal site for high-altitude remote-
sensing research.

Atmospheric Data

The measurements performed to characterize the atmosphere were
identical to those described for the White Sands calibrations. A multi-
band solar radiometer was used to measure the transmitted solar
irradiance at 3-minute intervals on the morning of the satellite
overpass. The 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 using the Iangley-plot technique. The components of optical
depth for each of the ™ bands were computed as discussed in Chapter 2.

Table 5.1 Nominal bardpass intervals for the ™ and for the MMR
and Exotech radiometers

Bandwidth Iandsat MMR - Exotech
(um) band band band
45 - 52 ™1 MMR1 Esrotl
N .52 - .60 M2 MMR2 Exot2
.63 - .69 ™3 MMR3 Exot3
.76 = .90 ™4 MVR4 Eota
l1.15 - 1.30 ad MMR5
1.55 - 1.75 ™S MMR6
2.08 - 2.35 ™7 MMR7
10.4 - 12.5 ™6 MMRS

Aircraft-Based Data

The aircraft-based spectral data were collected at a nominal
altitude of 150 meters along a standard flight path over 11 fields
(Figure 5.2). At this altitude, the Exotech four-band radicmeter viewed
areas of about 40-meters diameter. Over a l.6-km transect, 18 to 24
data points were collected, depending on wind direction. The flights
were scheduled to bracket the time of the satellite overpass.

The radiometer was installed on a mount that could be positioned
to provide a view normal to the ground surface when the aircraft door
was propped open. The sensors were controlled by a sample-and-hold
device that ensured that the same ground target was sampled by all four
bands at the same time. A small data logger signaled the sample-and-
hold device to collect a sample every 2 seconds.
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TM Spectral Data

Of the 28 Iandsat-5 overpasses that occurred during the 15 month
MAC experiment, CCTs were cbtained for 14 dates. Satellite data were
not available for the remaining 16 days because of cloudy weather, orbit
adjusts, and other problems. Of the 14 data sets, 4 were selected
because weather conditions were optimm, the data sets were camplete,
and a range of surface reflectance values, solar zenith angles, and
atmospheric conditions was represented. These four sets were collected
on 23 July 1985, 27 Octcber 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. The TM image for each date was displayed on
an image processing system. A BASIC program was used to reformat the
digital count ocutput 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 uniform subsets of the target areas. The
subsets corresponded to areas for which aircraft-based radiometric data
had been taken similtanecusly with the satellite data. The crops
growing in the vegetated areas were cotton (July), alfalfa (October),
and wheat (March and April). Each subset consisted of 12 to 36 pixels
which were averaged to obtain a mean digital count value. The pixels
were extracted fram a swath 3 pixels wide proceeding down the center of
each field, coinciding with the flight path of the aircraft.
Conversion to Raw Digital Counts
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Raw digital counts were derived from the CCI-As using the
procedure described in Chapter 2. The calibration factors, det-gain and
det-offset, were extracted from the OCTs 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
digital counts for det-offset. The errors are less than the +/- 1 DC
error inherent in the procedure used to convert CCT-A data to
uncorrectad digital counts. Because of the small variation, mean values
for det-gain and det-offset were computed for each date and used to
convert the mean digital counts to an average uncorrected DC for each
target area.

Calculation of Satellite-Based Surface Reflectance Factors

The radiative transfer code calculates the radiance at the top
of the atmosphere for a specified value of the surface reflectance. For
a known radiance value, the surface reflectance can be cbtained by
iterating varicus values of reflectance until the measured and
calculated radiance values are equal. In practice, this is accomplished
by calculating two values of radiance for reflectance values that
bracket the expected value, ard interpolating between the bracketed
values. For two reflectance differerces 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 TM band
4 may be in error due to an over-estimate of water vapor absorption. In




Table 5.2 CCT-A Applied Det-Gain and Det-Offset 132
values, October 27, 1985 (DSL 605).

Applied Det-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

io0 1.2145 1.1646 i1.3142 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 Dev. all 0.0039 0.0062 0.0080 0.0065
Applied Det-Offset

Channel Band 1 Band 2 Band 3 Band 4

1 -3.0154 =-2.2266 =-2.5063 ~-1.1387

2 «2.2604 <-1.68095 =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 -1.9244 -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




Channel

Table 5.3 CCT-A Applied Det-Gain\and Det-Offset

values,20 March 1986 (DSL 749)

Applied Det-Gain

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 1.163546 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 -1.68628 -0.66246
& -1.60397 -1.38109 -1.58691 -0.55673
.5 -2.00149 -1.24193 -1.55693 -0.52671
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
410 -i.77351 -1.05585 -1.70401 -0.57555
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 0.19374 0.20311 0.16069
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Table 5.4 CCT-A Applied Det-Gain and Det-Offset
values, 5 April 1986

Applied Det-Gain

(DSL 765)

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

S 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 all 1.2220 1.1646 1.3205 1.1631
Stnd Dev. all 0.0060 0.0061 0.0168 0.0072

Applied Det-0Offset
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

2 =1.82985 =1.43246 =-1.709237 =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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Figure 5.3 Normalize radiance as a function of reflectance.
Radiance camputed using Herman code.
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order to compensate for the larger estimate of water vapor, a correction
factor was applied to the cutput of the Herman code (Bard 4 only). The
Herman code was run using as input the water vapor concentration
computed using the previocusly described method. A correction factor was
then determined (Santer, 1986) for each experiment date through the use
of a second atmospheric model, 5S (Tanre et al., 1986). The 5S code was
run assuming a standard visibility of 23 kilometers. The output of the
Herman code was then modified by maltiplying the results by the camputed
correction factor. The applied correction factors used were 0.944,
0.940, 0.942, and 0.952, for the July, Octcber, March, and April dates
respectively. The absolute radiance at the sensor, as computed using
the combination of Herman code results and 55 correction factor, was
ﬂaenusedtocomptrtesurfacereflectanceusingthesan'eproqedureas
described for the first three ™ bands.

The IC calibration coefficients used to compute absolute
radiances were taken from the November 16, 1985 TRAPP data. The 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 ™ 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 T™ bards, were
campared to the reflectance values measured by the aircraft-based
Exotech. The results, correspornding to 16 bare soil and 16 vegetatiop

measurements, are shown in Figure 5.4. A comparison made between




AIRCRAFT—BASED REFLECTANCE

R? = .996

s Y = 1.013X — 8.470E-04

SATELLITE—BASED REFLECTANCE

Figure 5.4 Aircraft versus satellite-based reflectance values
at MAC: Band 1-square, Band 2-circle, Band 3-solid
circle, Band 4- asterisk.
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aircraft and satellite measured reflectance values gave a correlation of
R2 = 0.996.

Differences between aircraft-based and satellite-based
reflectance values are summarized in Table 5.5. The maximm reflectance
difference was 0.0165, with only 6 of the 32 predictions having a
difference greater than 0.0l. A standard deviation of 0.0033 (l10) was
computed 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
corditions covering a one-year period.

The differences, presented by date and separated by band, are
plotted for bare soil and vegetation in Figures 5.5 and 5.6
respectively. The differences do not appear to follow a pattern, either
chronoleogically or by crop type. In the vegetation case (Figure 5.6)
Octcber 27 has the largest difference for 3 of the 4 bards, but for bare
soil (Figure 5.5), March and July both seem to have the 1a3;:gest
differences. The differences however are small, particularly for bare
soil, and could be within the acouracy limits of the instrumentation and
measurement procedure, with any error in the ground measurements
directly affecting the differences. For example, errors could be
introduced by (1) the use of different viewing geametries, (2)
camparison of the radiometer responses with respect to the reference
panel and (3) any non-linearity of the Exotech response. It should also
berememberedﬂxatuueIc;valuesusedherewereﬂlose for a single date
(Novenber 16, 1985). Changes in IC gains and offsets over time 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
Jul 23 0.0037 (0.08) 0.0026 (0.12) 0.0114 (0.17) =-0.0078
oct 27 -0.0033 (0.08) =-0.0018 (0.09) 0.0000 (0.11) 0.0090
Mar. 20 0.0086 (0.07) 0.0034 (0.11) 0.0111 (0.15) =-0.0082
Apr. 5 -0.0016 (0.07) =-0.0072 (0.10) 0.0084 (0.15) =-0.0025
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
Jul 23 -0.0081 (0.02) ~0.0021 (0.06) =-0.0098 (0.03) 0.0091
Oct 27 0.0069 (0.10) 0.0114 (0.14) 0.0165 (0.20) 0.0020
Mar. 20 -0.0004 (0.03) 0.0006 (0.05) =-0.0039 (0.03) =-0.0153
Apr. 5 -0.0057 (0.04) =-0.0086 (0.06) =-0.0090 (0.05) 0.0119
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

(0.22)
(0.24)
(0.20)
(0.20)

(0.54)
(0.24)
(0.38)
(0.41)
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The results for each date are presented in Tables 5.6 to 5.13.
Included in the tables are the meterological 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 and the reflectance factors predicted using
preflight calibration, in-flight calibration, and computed values
assuming no atmosphere. |

To determine if atmospheric correction is necessary when
predicting reflectance factors from satellite sensors, the measured
reflectance values were compared to values computed for conditions of no
atmosphere (Figure 5.7). A lower correlation value, R2 = 0.963, was
cbtained, thus indicating a less accurate prediction in ground
reflectance. The differences, presented in Table 5.14, show a larger
error for every case. Figures 5.8 and 5.9 show the reflectance
differences (measured -~ predicted) for the cases vhen the atmosrhere was
taken into account and when it was ignored. A further comparison with
and without atmospheric corrections is shown in Figures 5.10 and 5.11
respectively, with the results presented separately for each ™ band. A
linear fit to the data, along with the correlation coefficient for each
band are shown in Table 5.15. These figures indicate the importance of
taking into account the effects of the atmosphere.

There can also be an effect on the data if the atmospheric
effects between the ground and the low-flying aircraft are not taken
into account. To examine this, the radiative transfer code was used to
campute the difference in radiance as a function of reflectance between
the ground and 150 meters above the grournd for a visibility of 100 km.




Table 5.6 Data summary at MAC for July 23, 1985,
bare soil conditions.

Solar zenith angle 32:

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 - 0.01i

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 cal gains
Preflight cal offsets
Spectral L from preflight cal

IC cal gains for 28 Aug. 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)

Ground Refl. No Atmosphere
Ground Refl. 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

Longitude:

Latitude: 33 deg 3 min
111 deg 59 min
Pressure: 726 mm of Hg
Tenmperature: 32 deg C
Relative humidity: 43 %
Nadir view angle: 5 deg.

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
7.880 1C.203
1.6896 1.8850
59.66 6l.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
0.1072 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
0.0171
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

0.001s6
0.0057

-0.0078




Table 5.7 Data summary at MAC for July 23,
vegetation conditions.

Solar zenith angle 2Z: 29.8386
Solar distance in AU: 1.0158
Junge size distributio 3.55

Aerosol size range: 0.02 to 5.02 um
Refractive index: 1.54 - 0.01i
Time of overpass: 10:32.4 MST

Thematic Mapper bands 1
Central wavelength um 0.4863
Tau Mie 0.1266
Tau Rayleigh 0.1558
Tau ozone 0.0092
Tau water vapor 0.0000
Tau carbon dioxide 0.0000
Eo across band in W/m2.um 1955.48
Average uncorrected DC's 70.80
Preflight cal gains 15.553
Preflight cal offsets 1.8331
Spectral L from preflight cal 44.34
IC cal gains for 28 Aug. 85 13.822
IC cal offsets for 28 Aug. 85 2.7930
Spectral L from IC 49.20
Code TM L in W/m2.sr.um
First bracketed value 44.6617
(Reflectance) (.0200)
Second bracketed value 52.7217
(Reflectance) (.0400)
Cround Refl. Nc Atmosphers C.0%48C
Ground Refl. from preflight 0.0192
Ground Refl. from IC. 0.0313
Aircraft Meas. Refl. (MR) 0.0232
MR-Pre 0.0040
MR-NoAtm -0.0708
MR-IC -0.0081

Latitude:
Longitude:
Pressure:
Temperature:
Relative humidity:
Nadir view angle:
Band 4 Correction Factor: 0.944

33 deg 3 min

726 mm of Hg
32 deg €
43 %

5 deg.
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1985,

111 deg 59 min

2 3 4
0.5706 0.6607 0.3382
0.9860 0.0786 0.0544
0.0807 0.0445 0.0171
0.0386 0.0189 0.0020
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
1826.89 1544.98 1042.384
32.70 24.07 143.20
PREFLIGHT
7.860 10.203 10.821
1.6896 1.8850 2.2373
39.45 21.74 130.27
INTERNAL CALIBRATOR
7.124 5.25 10.299
3.0620 3.1170 2.7320
41.50 22.65 136.39
CODE PREDICTIONS
33.4353 16.6527 128.7746
(.0400) (.0200) {.35000)
41.2224 27.4451 154.5258
(.0600) (.0500) (.56000)
RESULTS
c.0851 c.0542 0.4287
0.0555 0.0342 0.5058
0.0610 0.0367 0.5296
0.0589 0.0269 0.5387
0.0034 ~0.0073 0.0329
-0.0262 -0.0279 0.0500
-0.0021 -0.0098 0.0051




bare soil conditions.

Table 5.8
Field # 23
Selar zenith angle 2Z: 50.882
Scolar distance in AU: 0.9936
Junge size distributio 3.43

Bare Soil

Aerosol size range: 0.02 to 5.02 um

Refractive index: 1.54 - 0.01i
Time of overpass: 10:32.4 MST

Thematic Mapper bands

Central wavelength um

Tau Mie

Tau Rayleigh

Tau czone

Tau water vapor

Tau carbon dioxide

Eo across band in W/m2.unm
Average digital counts (CCT=A)
Average uncorrected dc's

Preflight cal gains
Preflight cal offsets
Spectral L f£rom preflight cal

IC cal gains for 16 NOV 85
IC cal offsats for 16 NOV 85
Spectral L from IC

Code ™M L in W/m2.sr.unm

First bracketed value
(Reflectance)

Second bracketed value
(Reflectance)

Ground Refl. No Atmosphere
Ground Refl. from preflight
Ground Refl. from IC.
Aircraft Meas. Refl. (MR)

MR-Pre
MR-NoAtm
MR-IC

1l

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

Data summary at MAC for October 27,

Latitude: 33 deg 3 min

Longitude:

111 deg 59 min

Pressure: 729 mm of Hg

Temperatura:

25.1 deg C

Relative humidity: 45%

Nadir view angle:
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 1545.0

38.00 48.08
34.05 37.90
PREFLIGHT
7.860 10.203
1.6896 1.8850
41.17 35.30
INTERNAL CALIBRATOR
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
0.1176 0.1195
0.0872 0.1000
0.0959 0.1082
0.0941 0.1082
0.0069 0.0082
~0.0235 -0.0113
~0.0018 -0.0000

5 deg.
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1985,

0.940

4

0.8382
0.0825
0.0171
0.0014
0.0454
0.1241
1042.8

57.83

50.13

10.821
2.2373
44.26

10.354
'2.3580
46.14

30.3608
(.1500)
49.2560
(.2500)

0.2175
0.2236
0.2335
0.2425

0.0189
0.0250
0.0090




Fielq # 23

Sclar zenith angle 2Z: 50.882
Solar distance in AU: 0.9936
Junge size distributio 3.43
Aerosol size range: 0.02 to 5.02 um
Refractive index:
Time of overpass:

vegetation conditions.

1.54 - 0.01i
10:32.4 MST

Latitude:
Longitude:
Pressure:
Temperature: 25.1 deg C
Relative humidity: 45%
Nadir view angle: 5 degq.

33 deg 3 min
111 deg 59 min
729 mm of Hg

Band 4 Corzrection Factor:

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 digital counts (CCT-A)
Average uncorrected dc's

Preflight cal gains
Preflight cal offsats
Spectral L from preflight cal

IC cal gains for 16 NOV 85
IC cal offsets for 16 NOV 85
Spectral L f£rom IC

Code ™ 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. (MR)

MR-Pre
MR-NoAtm
MR-IC

1

0.4863
0.l240
0.1559
0.005%
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)

0.1449
0.0687
0.0884
0.0953

0.0256
-0.0496
0.0069

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 1545.0
46.75 71.75
41.56 55.91
PREFLIGHT

7.860 10.203
1.6896 1.8850
50.73 52.95
INTERNAL CALIBRATOR
7.204 9.402
2.5610 2.6000
54.14 56.70

CODE PREDICTIONS

44.9239 35.2484
(.1000) (.2000)
59.7716 51.7173
(.1500) (-.1600)
RESULTS
0.1457 0.1804
0.1185 0.1645
0.1310 0.1782
0.1424 0.1947
0.0229 0.0302
-0.0033 0.0143

0.0114 0.0165
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Table 5.9 Data summary at MAC for October 27, 1985,

0.940

4

0.8382
0.0825
0.0171
0.0014
0.0454
0.1241
1042.3

59.83

51.85

l0.821
2.2373
45.85

10.354
2.3580
47.80

49.2263
(.2500)
68.1362
(.3500)

0.2253
0.2322
0.2425
0.2437

0.0115
0.0184
0.0012




Table 5.10 Data summary at MAC for March 20,
bare soil conditions.

Field 4 23

Sclar zasnith angle 2Z: 43.764
Solar distance in AU: 0.99608
Junge size distributio 3.74

Aerosol size range: 0.02 to 5.02 um

Refractive index: 1.54 - 0.01i
Time of overpass: 10:29.5 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 digital counts (CCT-3)
Average uncorrected dc's

Praflight cal gains
Preflight cal offsets
Spectral L from preflight cal

IC cal gains for 16 NOV 85
IC cal offsets for 16 NOV 85
Spectral L from IC

Code T™M L in W/m2.sz.um

First.bracketed value
(Reflectancs)

Second bracketed value
(Raeflectance)

Ground Refl. No Atmosphere

Ground Refl. from preflight
Ground reflectance from IC.
Aircratt Meas. Refl. (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)

0.1188
0.0464
0.0612
0.0658

0.0234
~0.0491
0.0086

Latitude: 33 deg 3 min
Longitude: 111 deg 59 min
Pressure: 738 mm of Hg
Temperature: 24 deg C
Relative humidity: S0 %
Nadir view angle: 5 deg.
Band 4 Correction Factor:

2 3
0.5706 0.6607
0.0636 0.0493
0.0822 0.0453
0.0343 0.0169
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 CALIBRATOR
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
0.1072 G.1535
0.0125 0.0220
-0.0127 0.0059
0.0034 0.0111
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1986,

0.3942

4

0.8382
0.0326
0.0173
0.0020
0.0454
0.1241
1042.3

59.27

51.30

10.821
2.2373
45.34

10.354
2.3580
47.27

45.5470
(.2000)
56.4513
(.2500)

0.1956
0.1991
0.2079

C.1587

0.0006
0.0041
-0.0082
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Table 5.11 Data summary at MAC for March 20, 1986,
vegetation conditions.

Latitude: 33 deg 3 min

Longitude: 111 deg 59 min

Field # 27 Wheat 1.5 feet tall
Solar zenith angle 2: 43.764
Solar distance in AU: 0.99608
Junge size distributio 3.74

Aerosol size range: 0.02 to 5.02 um

Refractive index: 1.54 - 0.01i
Time of overpass: 10:29.5 MST

Thematic Mapper bands

Central wavelength um

Tau Mie

Tau Rayleigh

Tau ozona

Tau water vapor

Tau carbon dioxide

Eo across band in W/m2.um
Average digital counts (CCT-3)
Average uncorrected dc's

Preflight cal gains
Preflight cal offsets
Spectral L from preflight cal

IC cal gains for 16 NOV 85
IC cal offsets for 16 NOV 85
Spectral L f£rom IC

Code TM L in W/m2.sr.um

First bracketed value
(Reflectance)

Secend kbrackated value
(Reflectance)

Cround Dol Mo Atmoznhares
P T T P S - fh\-‘nu-‘ra‘h—- Eed

Ground Refl. from preflight
Ground reflectance from IC.
Aircraft Meas. Refl. (MR)

MR~Pre
MR-NoAtm
MR - IC

1

0.4863
0.0840
0.157¢9
0.0082
0.0000
0.0000
1955.5

72.18

60.54

15.583
1.8331
37.75

13.889
2.7120
41.64

39.23870
(.0200)
46.4314
(.0400)

c.0212
0.0153
0.0264

0.028

0.0107
-0.0659
~-0.0004

Pressure: 738 mm of Hg

Temperature:

deg C

Relative humidity: 50 %

Nadir view angle:
Band 4 Correction Factor:

2 3
0.5706 0.6607
0.0636 0.0493
0.0822 0.0453
0.0343 0.0169
0.0000 0.0000
0.0000 0.0000
1826.9 1545.0

27.62 25.02
24.95 20.14
PREFLIGHT

7.860 10.203
1.6896 1.8850
29.59 17.89
INTERNAL CALIBRATOR
7.204 9.402
2.5610 2.6000
31.08 18.66
CODE PREDICTIONS

25.8196 14.2454
(.0300) (.0200)

32.4234 23.6252
(.0500) (.0500)
RESULTS
0.0724 0.0521
0.0414 0.0317
0.0459 0.0341
0.0465 0.0302
0.0051  =0.0015

-0.0269 -0.0219
0.0006 -0.0039

5 deg.

0.942

4

0.8382
0.032s8
0.0173
0.0020
0.0454
0.1241
1042.8
107.76

92.87

10.821
2.2373
83.76

10.354
2.3580
87.42

78.3739
(.3500)
100.3987
(.4500)

2818

.3744
.3911
.3758

Q00O

0.0014
0.0140
-0.01353




Data Summary at MAC for April 5, 1986,

bare soil conditions.

Table 5.12
Field 15
Solar zenith angle Z: 38.35
Solar distance in AU: 1.00065
Junge size distributio 3.36

Bare Soil (partially wet)

Aerosol size range: 0.02 to 5.02 um

Refractive index: 1.54 - 0.01i
Time of overpass: 10:29.3 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.unm
Average digital counts (CCT-A)
Average uncorrected dc's

Preflight cal gains
Preflight cal offsets
Spectral L from preflight cal

IC cal gains for 16 NOV 83
IC cal offisets for 16 NQV 85
Spectral L from IC

Code ™M 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. (MR)

MR-Pre
MR-NoaAtm
MR-IC

1l

0.4863
0.0852
0.1555
0.0124
0.0000
0.0000
1955.5

96.27

80.37

15.553
1.8331
50.50

13.889
2.7120
55.91

53.0143
(.0600)
60.2683
(.0800)

0.1147
0.0531
0.0680
0.0664

0.0133
-0.0483
-0.0016

Longitude:

Latitude: 33 deg 3 min
111 deg 59 min
Pressure: 727 mm of Hg
Temperature:
Relative humidity: 35 %
Nadir view angla: 5 degq.
Band 4 Correction Factor:

24 deg C

2 3
0.5706 0.6607
0.0685 0.0561
0.0809 0.0446
0.0516 0.0171
0.0000 0.0000
0.0000 0.0000
1826.9 1545.0

44.00 67.33

39.00 52.11
PREFLIGHT

7.860 10.203

1.6896 1.8850

47 .47 49.23

INTERNAL CALIBRATOR

7.204 9.402
2.5610 2.6000
50.58 52.66
CODE PREDICTIONS
45.0284 39.3566
(.0900) (.1000)
55.2121 55.4326
(.1200) (.1500)
RESULTS
0.1111 0.1367
0.0972 0.1306
0.1064 0.1414
0.0992 0.1498
0.0020 0.0192
-0.0119 0.0131
-0.0072 0.0084

149

0.952

4

0.8382
0.0406
0.0171
0.0029
0.0454
0.1241
1042.8

59.00

51.08

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




Data summary at MAC for April 5,

vegetation conditions.

Table 5.13
Fielad # 28
Solar zenith angle 2: 38.35
Solar distanca in AU: 1.00065
Junge size distributio 3.36

Aercsol size range: 0.02 to 5.02 um

Refractive index:
Tims of cverpass:

1.54 - 0.011i
10:29.3 MsST

Thematic Mapper bands

Cantral wavelength um

Tau Mie

Tau Rayleigh

Tau ozone

Tau water vapor

Tau carbon dioxide

Eo acreoss band in W/m2.um
Average digital counts (CCT-3a)
Average uncorrectad de's

Preflight cal gains
Preflight cal offsets
Spectral L :rcm preflight cal

IC cal gains for 16 NOV 85
IC cal offsets for l6é NQV 85
Spectral L from IC

Code T L in W/m2.sr.um

First bracketed value
(Reflectance)

Second bracketed value
(Reflectanca)

Ground Raefl. No Atmosphere
Ground Refl. from pretflight
Ground Refl. from IC.
Aircraft Meas. Refl. (MR)
MR-Pre

MR~NoAtm

MR-IC

1l

0.4863
0.0852
0.1555
0.0124
0.0000
0.0000
1955.5

84.00

70.33

15.583
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:
Longitude: 111 deg 59 min
Pressure: 727 mm of Hg
Temperature: 24
Relative humidity:
Nadir view angle: 5 deg.

Band 4 Correction Factor: 0.952

33 deg 3 min

deg C
35 %

150

1986,

Full cover wheat, irrigated with some standing H20

2 ‘ 3 4
0.5706 0.6607 0.8382
0.0685 0.0561 0.0406
0.0809 0.0446 0.0171
0.0516 0.0171 0.0029
0.0000 0.0000 0.0454
0.0000 0.0000 0.1241
1826.9 1545.0 1042.8

35.83 37.42 112.58

31.97 29.46 97.16

PREFLIGHT

7.860 10.203 10.821
1.6896 1.8850 2.2373

38.52 27.03 87.72
INTERNAL CALIBRATOR

7.204 9.402 10.354
2.5610 2.6000 2.3580

40.82 28.57 91.56
CODE PREDICTIONS
25.9451 14.4039 114.2215
(.0300) (.0200) (.5000)
33.0344 24.4614 136.9873
(.0500) (.0500) (.6000)
RESULTS

0.0896 0.0742 0.3522
0.6855 0.0577 0.2816
0.0720 0.0623 - 0.4005
0.0634 0.0533 0.4124
-0.0021 -0.0044 0.0288
-0.0262 -0.0209 0.0602
-0.0086 -0.0090 0.0119




AIRCRAFT—BASED REFLECTANCE

)

R? = .963
Y = 1.254sX — 5.302E—02

SATELLITE—BASED REFLECTANCE

Figure 5.7 Alrcratt versus satellite-based reflectance, with no
atmospheric correction: Band 1 - square, Band 2
- circle, Band 3 - solid circle, Band 4 - asterisk.
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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
Jul 23 -0.0488 (0.08) -0.0102 (0.12) 0.0082 (0.17) 0.0057
oct 27 -0.0625 (0.08) -0.0235 (0.09) =-0.0113 (0.11)  0,0250
Mar. 20 -0.0491 (0.07) -0.0127 (0.11) 0.0059 (0.15) 0.0041
Apr. § -0.0483 (0.07) -0.0119 (0.10) 0.0131 (0.15) 0.0229
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
Jul 23 -0.0708 (0.02) -0.0262 (0.06) -0.0279 (0.03) 0.0500
oct 27 -0.0496 {0.10) -0.0033 (0.14) 0.0143 (0.20) 0.0184
Mar. 20 -0.0659 (0.03) -0.0269 (0.05) -0.0219 (0.03)  0.0140
Apr. § -0.0629 (0.04) -0.0262 (0.06) -0.0209 (0.05) 0.0602
Mean -0.0623 -0.0207 ~0.0141 0.0357
STD 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

1(0.22)
(0.24)
,(0.20)
(0.20)

(0.54)
(0.24)
(0.38)
(0.41)

(491
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AIRCRAFT—BASED REFLECTANCE

6
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3t
| i |
3 4 5 6

SATELLITE—BASED REFLECTANCE

Figure 5.10 Aircraft versus satellite-based reflectance values,
with atmospheric correction. Band l-square, Band 2-circle,
Band 3-solid circle, Band 4- asterisk.
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SATELLITE—BASED REFLECTANCE

Fiquré 5.11 Aircraft versus satellite-based reflectance values,
‘'without atmospheric correction. Band l-square, Band 2-
circle, Band 3-solid circle, Band 4- asterisk.
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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 atmosphere. This error is well within the

accuracy of the measurements.

Table 5.15 Correlation Coefficients and Linear Analysis

for ™ Bands 1 - 4, With and Without Atmospheric

Correction.

With Atmospheric Correction

™ Band R2
1 .969
2 .972
3 .998
4 .994

Linear Equation

.059 * X - 2,151E~03
.108 * X - 1.009E-02
«170 * X - 1.522E-02
.028 * X ~ 8.763E~03

KKK K
mniauna
e

Without Atmospheric Correction

™ Band R2
1 .932
2 .984
3 .993
4 .986

Lm@mmmnkm

297 = X -~ S.18%E-03
332 * X - 5.383E-02
331 * X - 4.337E-02
125 * X - 9.908E-03

H R

KKK

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 reflectances, and smaller for the high reflect-

ance values.

The adjacency effect was investigated by plotting the

reflectance differences, measured minus predicted, as a function of
optical depth, for ™ bands one through four (Figures 5.13 to 5.16).

If
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Visibility 100 km.

Elevation 356 m (1150 ft) ASL for Maricopa, Arizona.
Altitude of sirborne radiometer 150 m (500 ft) AGL.
Junge radiai size distribution, V= 2.50.

Aercsol size range 0.02 to 5.02 um in 0.08 um steps.
Refractive index = 1,58 - 0.01l.

30

20

10

e e R O e T O LA e ook o ok e 34T e e o e s

REFLECTANCE

Figure 5.12 Comparing radiance values at ground
level and at 150 meters (Slater).
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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 T data than the ground-measured value if
the surrourd were less than this. Thus the measured minus the
calculated, (MR -IC) value would be positive. This effect would
increase with atmospheric optical depth. The 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. Any error in the analysis technique or
calibration of the sensor would be the same for all cases measured on
the same date. The 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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CHAPTER. 6
CONCLUDING REMARKS

Because of the growing need for the quantitative analysis of
satellite imagery, and since satellite multispectral sensor calibration
typically exhibits changes in flight compared to preflight, it has
became increasingly important to develop a means to maintain the absol-
ute radiametric calibration of satellite sensors. A procedure develcped
to obtain an absolute calibration using ground-based measurements has
been discussed in Chapter 2 of this dissertation,.together with a des-
cription of the operation of the radiative transfer code.

One important consideration in performing a cal:.brat:.on is the
accuracy of the grourd-based measurements. One of the more critical
measurements is that of the auto~tracking solar radiometer. The design
and mamifacture of this instrument is dlSGUS&ed in Chapter 3. In addi-
tion, an analysis was performed on the instrument to determine the
amount and type of tracking errors that can be tolerated without effect-
ing the data. This analysis was performed by monitoring the signal on
the detector from a laboratory lamp while introducing tracking errors.
It showed that the instrument has the ability to determine sun location
and position without causing more than a 5% error in the detected
signal.

164




165
The calibration methods described in Chapter 2, along with the

instrumentation, were used to calibrate the ™ from July 1984 to
Novenmber 1985. ' The results from five calibrations (described in Chapter
4) show that a standard deviation of +/- 2.8% as a percentage of the
mean for the six solar-reflective bands. For 12 reflectance-based
measurements in the T™ 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 comparison of the
results of the ground-based calibration to the internal calibrator for
the ™ visible bands, indicates that a reduction in the sensitivity of
the sensor occurred. This could be due in part to a loss in telescope
transmittance and in part to a loss in sensitivity of the filters,
detectors, and electronics.

This procedure was also used to calibrate the French satellite,
SEUT. The absolute calibration coefficients cbtained at White Sands
canpared well with histogrammed data obtained when the two HRV sensors
imaged the sane scene. The differences, over three dates, were less
than 3%.

Although there remain some uncertainties in several aspects of
the calibration process, the results for both the ™ and SPOT sensors
indicate that this calibration procedure is a viable means for monitor-
ing 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 computing gaseocus absorption such
as water vapor, carbon dioxide and nitrogen oxide.
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The techniques for performing satellite calibrations were used
to demonstrate how a calibrated satellite sensor can be used to evaluate
surface reflectance. A method was developed to determine ground surface
reflectance factors from satellite imégery using the same radiative
transfer code used for the satellite calibrations (described in Chapter
2.) This procedure was applied on four separate dates with two differ-
ent surface conditions per date. A strong correlation, R2 = 0.996, was
shown between reflectance values determined from satellite imagexy and
low-flying aircraft data. Of the 32 predicted values of surface
reflectance only 6 had a difference greater than 0.0l. The 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 could not be
conclusively demonstrated.

Critical to the success of this method is the availability of
satellite imagery in uncorrected form. Since this form is typically not
available to the user, a method to obtain raw data from a CCT-A was
developed. This procedure was tested and verified to give uncorrected
DCs to within +/- 1 digital count. The process of removing the cor-
rection from the CCT data can alter the DC value by over 15 %. Thus
large reflectance errors result if corrected rather than uncorrected CCT
data are used.

It is hoped that this method for obtaining raw DCs, coupled with
readily available CCT-As ard accurately radiometrically calibrated
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sensors will encourage an increased mmber of scientific investigators
to conduct quantitative analyses of digital imagery.
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