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SECTION 1
INTRODUCTION

The approach used to develop the equations of the SCAT3 atmospheric

model was to start with a single linear mathematical description of the
physical processes. The results of a detailed examination of changes

in the spectral data were then used to introduce non-linear effects into
coefficients of the various linear terms. The net effect of this approach
was to create parametric spectral vectors that could be fitted by least-
squares to appropriately normalized, measured spectral data. The coeffi-
cients of the vectors could then be regressed against other measurable
parameters such as solar altitude, moisture scale height, and terrain re-
flectance. In this way, a model could be assembled that closely approx-
imated the physics of the atmosphere, thus avoiding the equation extrapo-
lation problems that are often encountered in a characteristic vector ap-

proach to data modeling.

This approach was used for all radiometric data, which included (1) hori-
zontal daylight and skylight irradiance, (2) vertical front daylight and
vertical back skylight irradiance, and (3) atmospheric path radiance and
transmittance.* In all the cases except transmittance, the measured spec-
tral data was normalized by the extra-terrestrial solar irradiance. The
mathematical quantities representing direct beam attenuation, primary
atmospheric scattering, and surface reflectance were then entered into the
equation. Regression coefficients were computed by fitting, by least-squares,
the spectral structure to each normalized spectral sample. The coefficients
were then analyzed as functions of such measurable parameters as solar alti-

tude, moisture scale height, and terrain reflectance.

Data was blocked in small increments of solar altitude. This was possible
because of the large volume of spectral data the mobile radiometric labora-
tory was able to collect. The size of solar altitude cells into which the

* See Appendix A for a description of the software developed for this
purpose.
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data was blocked (actually interpolated to a common set of solar altitudes)
varied with solar altitude; that is, between -3° and 10° the increment

was 1°, between 10° and 50° it was 2°, and between 50° and 90° it was 5°.

The increment chosen was quasi-iogarithmic and corresponuea roughly to
equal increments of change in the measured variable. The effects of the
remaining parameters, moisture scale height and terrain reflectance, were
determined sequentially; this was done by examining least-squares fits to
the residual spectral structure that were obtained when predetermined equa-
tional shapes were regressed against the actual data. These equations were

based on approximations of the integrated effects of the atmosphere without
recourse to a multilayered atmosphere; in this way, the formulation of terms

was an approximation of the physical equations. Several alternative equational
forms were examined, but the ones used in this effort consistently resulted

in the best fit to the spectral structure.

The regression coefficients corresponding to scattering and surround reflec-
tance effects were unique for each measured spectral sample. (For an example,
see the equation in para 4.2.) However, by studying first the samples for
which the surround term could reasonably be expected to be zero, it was possible
to determine the scattering relationship to moisture scale height. Once the
scattering function was determined, the surround relationship to terrain re-
flectance could be found. Because these terms were not totally independent

of one another in practice, some complication was introduced into the 2nalysis.

Similar equations were built up for all four types of spectral irradiance and
spectral sky radiance. The resulting formulation of each can be found in

appropriate sections of this volume.*

The ability of the approach used here to separate-out effects necessitated
having precise estimates of spectral extra-terrestrial irradiance, spectral
transmittance, and spectral terrain reflectance. The degree of accuracy re-
quired was determined by each term's influence on calculation of the spectral

*See Appendix B for a summary of the variable names used in the equations and

in the SCAT3 model.
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radiometric quantity. The extra-terrestrial irradiance selected for
normalization of the spectral samples was the so-called Johnson Solar
Constant! corrected for the earth's orbital eccentricity. The solar con-
stants discussed by Neckel? and Thekaekara® were also examined, but best
agreement with measured data was generally obtained with the Johnson con-

stant.

Estimates of the spectral transmittance due to scattering and absorption,
ta(x) and ts(A), were obtained simultaneously from direct measurement of the
solar disk radiance through the atmosphere. The procedure followed in ana-
lyzing and decomposing spectral transmittance into its component parts is
described in Section 3 of this volume.

Estimates of spectral terrain reflectances for each location date were de-
rived from color overhead photography, or in some instances, from geo-botanical
maps. By means of a spectral Eigenvector technique and knowledge of the type
and relative amounts of groundcover, it was possible to expand the three inte-
grated reflectances derived from analysis of the color film dye layer into a
complete spectral reflectance estimate for the general terrain reflectance
corresponding to a 50- to 100-mile area surrounding the site of operation.
These estimates are discussed in Section § of this volume.

A matrix of actual measured spectral samples was created that represented
typical and extreme values of model parameters and were descriptive of the
standard error of spectral reconstruction. These reconstructed samples are
shown in Appendix C of this volume. Because of the importance of analysis of
spectral transmittance to the results of the model's fit to data, this subject

is discussed below before the topics spectral radiance and irradiance.

1 F.S. Johnson, "The Solar Constant," J. Meteorology, Vol II, No. 6,

December 1954.

2 p, Neckel, "Intensity of the Center of the Solar Disk in the Spectral
Region .33 to 1.25 nm Measured from High Mountain Station,' Proceedings
of Symposium on Solar Radiation, November 1973, Smithsonian Institute.

3 Dr. M. P. Thekaekara, "Solar Electromagnetic Radiation," NASA Space Vehicle
DesiEn Criteria (Environment), NASA Sp. 83005,Rev May 71, Goddard Space
Flight Center.
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SECTION 2

ANALYSIS AND MODELING OF SPECTRAL TRANSMITTANCE

2.1 APPROACH

Atmospheric beam-path spectral transmittance was used as the basic scal-
ing parameter of all the spectral radiometric quantities computed by
SCAT3. As such, it was the single most important measurement made by the
mobile laboratory and the most critical in the regression analyses that
are discussed in the following sections. Spectral transmittance also pro-
vided a link between the radiometric quantities and the detailed altitude
profile data on the atmosphere provided by the Rawindsonde observations

made at the site of operations.

The approach taken in the regression analysis was to decompose the loga-
rithm (base e) of the spectral transmittance into its individual spectra
in the visible and near-infrared. The assumption was made that molecular
scattering transmittance could be approximated by the Rayleigh equations
scaled by atmospheric pressure. Aerosol scattering transmittance was
estimated as the residual transmittance between the measurement and the
Rayleigh equations, eliminating the absorption transmittance wavelengths.
Absorption transmittance was then estimated by fitting the linear charac-
teristic vectors to the measured data after the scattering effects were

subtracted.

Meteorological data were acquired as a part of this project for the pur-
pose of examining the correlations with atmospheric transmittance that had
been discussed by Harrel and Bullrich'and other researchers in the field of
atmospheric science. In the study, measurements were made of temperature,
pressure, relative humidity, wind speed, and wind direction using an on-
board weather system. In addition, Rawindsonde (RAOB) observations that

W G. Harrel and K. Bullrich, "On the Interpretation of Atmospheric Turbidity
Measurements,'" Journal of the Atmospheric Sciences, Vol 33, pp 794-797
May 1975.
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were made three times a day by the National Weather Service were used
as the source of altitude profile data on temperature, pressure, and mois-
ture. The NWS surface data were also collected, where available, and they

were given preference over on-board weather measurements. Correlations
were found to exist between meteorological data and atmospheric transmit-
tance both in the wavelength bands curresponding to water absorption bands
and in the aerosol scattering bands.

The schematic diagram in Figure 2-1 shows the physical relationship be-
tween the various data collected by the mobile laboratory.

2.2 ESTIMATION OF VERTICAL TRANSMITTANCE FROM MEASUREMENTS

Direct estimation of the solar disk radiance inside the atmosphere was
possible because of the on-board, absolute calibration of the transmis-
someter (see Vol 1, para. 3.1 of this report). The calibration was carried
out in a manner that obtained data directly from the instrument current
output in units of path transmittance. After careful study, it was deter-
mined that on an absolute scale, the instrument demonstrated unacceptable
non-linearities in the blue-UV spectrum that resulted in underestimation
of the path transmittance in that region. The balance of the spectrum,
from 0.5 ym to 1.15 um, appeared to be in agreement with theory and with
alternative methods of transmittance estimation.

The alternative method that was examined and ultimately adopted for the
analysis of spectral radiometric data discussed in Section 1 of this volume
was a modification of thc Langley-plot method of solar disk radiance deter-
mination. This method, which was originally intended for the estimation of
extra-trrestrial solar irradiance, involves plotting the logarithm of disk
radiance versus the relative air mass of observation as estimated using the
secant of the observation zenith angle or air mass tables developed by
Bemporad® at low solar altitudes. The intercent of a straight line fitted

5 A. Bemporad, "Search for a New Empirical Formula for the Representation
of the Variation of the Intensity of Solar Radiation with Zenith Angle,"
Meteorologische Zeitschrift, Vol 24, July 1907.
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to the radiance/air mass plot at zero air mass was the extrapolated
estimate of the extra-terrestrial radiance. Normalization of the radiance
scale by the solar constant resulted in a path transmittance versus air
mass that was consistent with the calibrated output of the transmissometer
instrument. Ideally, the linear fit to the data would result in an inter-
cept of 0.0 (log 1.); however, the extrapolated estimation was generally
less than zero, particularly below a wavelength of 500 nm.

Examination of the equation of the slope of loge of the transmittance; that
is, log T(\) versus the relative air mass m, if it is assumed linear, yields
an instrument calibration estimate independent of the vertical atmospheric

transmittance, as follows:
93%23 T™™) = log Tv(x) Equation 2-1

Using a simple linear regression technique, slope estimates of the vertical
transmittance were derived for every wavelength and every site both before
or after true noon. A typical example of such a plot for three wavelengths
at one site is shown in Figure 2-2 for Vandenberg, California, on May 12,
1976. Not all day-sites exhibited a perfectly linear relationship, but by-
and-large, all scattering wavelength data could be approximated by a linear
function within the standard error of the measurement (estimated to be less
than 5 percent, see Vol 1, para. 3.4). Absorption transmittance measure-
ments corresponding to the water and molecular oxygen absorption bands also
exhibited non-linear variation with air mass because these absorption spectra
are not strictly linear with total absorber concentration, as discussed by
McClatchey.® The analysis proceeded linearly, however, with a correction
applied in a later stage of analysis for the non-linearity of the observed
data.

6 R. A. McClatchey et. al., Optical Properties of the Atmosphere (Third
Edition), Air Force Cambridge Research Laboratory Project 7670.
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2.3 ANALYSIS OF VERTICAL SPECTRAL TRANSMITTANCE ESTIMATES

By scaling samples linearly for air mass and correcting for the absorption
nonlinearity, any individual spectral transmittance sample could be re-
constructed. These reconstructed samples for each day-site were the basic
spectral transmittance data used in all subsequent radiometric analysis.
An example of the measured spectral transmittance showing the spectral
structure and using l0-nanometer instrument sampling is shown in Figure
2-3; this measured spectral transmittance was estimated by the modified
Langley-plot method.

The equivalent spectral transmittance for each day-site was then logged

(to the base e) and decomposed into Rayleigh and Mie scattering terms and
into molecular absorption spectra. This was done in a series of steps begin-
ning with the removal of an assumed, fixed amount of total path transmittance
due to Rayleigh scattering that was scaled for atmospheric surface pressure
in millibars as described by Robinson.” If the absorption bands are tempor-
arily ignored, the net spectra”is that corresponding to total extinction due
to large particle scattering. It was hypothesized that this scattering re-
sulted from a combination of dust particles and water droplets that com-
prise the so-called atmospheric aerosols. It was further hypothesized that
this would scale with the water vapor content of the atmosphere. A non-
linear function of the form suggested by Robinson’ and shown below was fitted
to the net spectra using regression techniques.

2 c
Taer K‘/k

where K‘ is the aerosol scattering coefficient and ¢ is the aerosol scat-
tering wavelength exponent. Figure 2-4 illustrates the fit of the function

7 N. Robinson, Solar Radiatio:{L Elsevier Publishing Co., New York,
1966, p 113.
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to the net log transmittance data. Recombining the scattering phenom-
ena equations and subtracting them from the total measured log transmit-
tance resulted in the log transmittance spectra for absorption alone.
The equation for total absorption extinction was then:

- 4 c Equation 2-2
10gT, 5o (2) = 10gT (2) - K /A" - K /2 q

As was expected, except for the spectral regions affected by absorp-

tion, the net spectra is zero (log E 1.0) within the standard error of the
equation's fit to the measured data. Arbitrary scale height values were
then found by linear regression techniques for molecular ozone, oxygen,
and water, all of which display sizable absorption spectra in this wave-
length region. These bands are clearly visible in Figure 2-5, which is
an example of the model equation used to approximate all structure of

each day-site spectral transmittance. The following equation combines
these terms. Figure 2-6 shows this equation fitted to the total measured

log transmittance for Vandenberg, Ca.; May 12, 1976 p.m.

4 c
T = Exp[— K/A™ = K /A" - KV () - K°2

V. (A) -K V_ () Equation 2-3
5 e B ]

Where: Kw'xo , and Ko are the relative scale weight values

4 9 corresponding to water, oxygen, and

ozone absorption, and

vw(x), Voz(A). and Vos(a) are the relative spectral shape vectors
for water, oxygen, and ozone absorption

spectra.

For the sample date used in Figures 2-2 through 2-6, the values of the
constants of each term were:

K. = 0.0712 K" = 0.100 Koz = 0.107
c = 0.685 k= 0.0157 K = 0.00884
03 T
2-9
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In subsequent analyses, the relative scale heights were related to the
physically measurable parameters discussed below in this section. However,
for purposes of analysis of spectral sky radiance and spectral irradi-
ance data, the exact coefficients derived from this reduction process were
used. These coefficients are summarized in Table 2-1 for all day sites
for which the transmittance analysis could be accomplished.

2.4 MODELING OF VERTICAL SPECTRAL TRANSMITTANCE

2.4.1 Scaling for Molecular Scattering

The molecular scattering beam alternation can be adequately described by
Rayleigh scattering theory. The coefficient of the Rayleigh form has been
shown to be a function of the atmospheric density and thus proportional to

- -0.008925 x AP Equation 2-4

T 1013.25

For the earth-to-space problem, AP becomes the uncorrected surface pres-

sure in millibars. For observations from an arbitrary altitude, AP is the
pressure difference between the observer's altitude and the terrain elevation,
and it can be found by integrating the atmospheric density versus the altitude
function. This density function has been modeled in SCAT3 as a closed-form,
continuous function of altitude referenced to sea level. Each ROAB density
profile was fit with (1) the function developed by Weibull® and (2) the co-
efficients studied as functions of surface meteorological measurements that
were made concurrently. The density function and its integral between any two

elevations are expressed in the following two equations:

.04 1.04
D(x) = PS (lb&‘.)(%) Exp [- (%) ] Equation 2-5

8 W. Weibull, "A Statistical Distribution Function of Wide Applicability,"
J. of Applied Mechanics, Vol 18, Mar 1951, pp 293-297.
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© TABLE 2-1
TRANSMITTANCE COEFFICIENTS SUMMARIZED BY DAY-SITE

Water Osone Oxygen
Rayleigh Aerosol Aerasd) Absorption Absorption Absorption
Coefficient Coefficient Exponent Coef”” ‘ent Coefficient Coefficient |

Date Site Kk L r “ %oy X2 |
8-12-75 am Athens, Ga. 0.00872 0.176 1.385 0,097 0.095 - (
8-27-75 pm Apalachicola, Fla. 0.008y9 0.199 1.486 0.173 0.163 0.0034
8-28-75 pm Apalachicola, Fla. 0. 008yy 0.347 1.068 0.189 0.165 0.0108
11=9=75 pm Vint Hill, Va. 0. 008y0 0.0658 1.254 0.114 0.051 -
1=11=75 pm Vint Hil1, Va. 0, 008y2 0. 0936 0.242 0.078 0,007 -
10-21-75 pm Denver, Col. 0.00736 0. 04,84 0. Theds 0.037 0.013 0.034
2-21-7¢ pm St. Cloud, Minn. 0. 00868 0, 0606 0.758 0.037 0.055 0.029
2-22-76 pm St, Cloud, Minn. 0.00870 0.0438 0.676 0.043 0,057 0.033
=276 am St. Cloud, Minn, 0,00858 0, 0690 0.801 0.050 0.035 0,069
2=2~76 pm St, Cloud, Minn. 0.00856 0. 04,73 0.899 0.043 0.043 0.029
3476 Glasgow, Mont. 0, 0L826 0,0583 0.989 0.020 0.077 0.033
3-5-76 am Glasgow, Mont, 0.00825 0.0408 0.752 0.2 0.061 0.056
4~26=76 am Alameda, Cal, 0089, 0. Q10 [ WAVA 0.050 0.034 0.142
&~26=76 pm Alameda, Cal, 0. 0084 0.0740 0.918 0.023 0,007 0.121
$=12-76 = Vandenberg, Cal. 0. 00884 0.0429 1.130 0.112 0.0072 0.130
$=12-76 pm Vandenberg, Cal. 0.00884 0.0712 0,685 0.100 0.Q16 0,107
6=7-76 pm Tucson, Aris, 0, 00810 0.0390 0,190 0,052 0,029 0.086
6-8-76 pm Tucson, Aris, 0.00811 0.0340 0.648 0.085 0,023 0.173
6-11-70 am Tucson, Aris. 0,00812 0.0490 0,184 0.070 0.022 0.089
6=17=76 am Tucson, Aris. 0,00811 0.0381 0.792 0. 080 0,023 0,086
6-28-76 am Winslow, Aris. 0,00752 0.0639 1.192 0.083 0.043 0.157
7=19=76 am Little Rock, Ark, 0. 0088y 0.0628 1.947 0.183 0,014 0.134
7=21-76 aa Little Rock, Ark. 0,00885 0.295 0.342 o.112 0,018 0.100
8-4-76 am Athens, Ga. 0. 00876 0.1311 1,263 0.119 0,078 0.083
8-6-76 am Athens, Ga, 0,00872 0.203 0.997 0.108 0.166 0.124
81176 a» Athens, Ga, 0,00877 0,153 1.257 0.091 0.081 0.094
8-12-76 Athens, Ga. 0.00877 0.184 1.305 0.153 0,072 0.091¢
6-13-76 am Athens, Ga. 0,00871 0.209 1.125 0.148 0.122 0.110
8-22-76 pm Apalachicola, Pla. 0.00895 0.161 1,480 0.160 0.078 0.114 (
8-23-76 am Apalachicola, Fla. 0.00894 0.168 1.627 0.5 0,042 0.166 |
9=12-76 am Albuquerque, N.M. 0.00739 0.025 1.780 0.111 0,008 0,100 |
9=13=76 aa Albuquerque, N.M. 0.0074,0 0.014 0.334 0.078 0,021 0.091 |
9=22-76 am Albuguerque, N.M, . 00074l 0. 047 0,226 0.107 0,008 0.076

* 9=19-76 am Albuquerque, N.M. 0,00737 0.027 1.732 0.107 0.011 0.127

9=28-76 am Ogden, Utah 0.00768 0.033 1.026 0. 061 0,026 0.077
9=28-76 pm Ogden, Utah 0.00768 0.035 1.065 0.057 0.024 0,080
9=29-76 am Ogden, Utah 0, 00769 0.032 0,904 0,051 0,026 0.069
10-28-76 am Dayton, Ohio 0,00872 0.076 0.828 0.036 0.057 0.112
10-28-76 pm Dayton, Ohio 0.00872 0.061 1.075 0.045 0.053 o.18




2 x. \1-04 = 1.04
AP '/ D(x)dx = KS exp [- Tl ]-exp [- _Fz— ]

Equation 2-6

Where: K_  is 124.87 + 6.754 x 1076 P

P is the station atmospheric pressure in millibars
(not corrected to sea level)

b is 7.315 + .000908P + .0236T
T is the station air temperature in degrees

Celsius, and

X. are the elevations above sea level of the

X -
“ station and the observer, in kilometers.

1’
Figure 2-7 shows a typical RAOB density profile (see x's) and the Weibull
function fit. A complete table of station pressure observations for all day-
sites of the project can be found in Appendix B of Volume 2 of this report.

The total vertical-beam-path transmittance due to pure Rayleigh scatter is

then computed as follows:

tg (A) = exp |- Equation 2-7

by )‘4

2.4.2 Conversion to Sea-Level Equivalent Pressure

As stated above, the SCAT3 model's algorithms were derived using station
pressure. This pressure as reported by weather stations is usually the

equivalent sea-level pressure obtained by reduction of the station pres-
sure to sea level, using an inverted version of the hypsometric equation
‘discussed by Gordon.® ;

9 A. H. Gordon, Elements of Dynamic Meteorology, D. VanNostrand Company,
Inc, New York, N. Y., 1962.
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The sea level pressure is the input parameter for SCAT3, and the model
converts the sea level pressure to station pressure by means of the
following equation:

_14. 825E
P PO x 10 273.16 + va Equation 2-8
Where: P0 is the sea level pressure in millibars
Ps is the station pressure in millibars

E is the station elevation in kilometers, and

T is the mean virtual temperature in degrees Celsius,

In a system of moist air, the virtual temperature, T .. is the temperature
of dry air having the same density and pressure as the moist air and is a
function of station pressure, vapor pressure, and temperature. Because in
most practical cases, the virtual temperature is not significantly dif-
ferent from the actual temperature, they were considered the same for this
study. Another approximation that was made was that the station elevation
in geopotential meters is equa) to the elevation in meters.

2.4.3 Volumetric Scaling for Aerosol Scattering

Separation of the measured atmospheric spectral transmittance into its
components permitted the aerosol extinction coefficients to be estimated

for each day-site. These were then analyzed as functions of other measurable
parameters, primarily moisture scale height. In addition, a joint experiment
was conducted in Albuquerque, N.M., with the Atmospheric Sciences Laboratory of
the U.S. Army Electronics Command, White Sands, N.M., in which measurements
were made of surface dust particle concentrations. The experiment was con-
ducted using two trailer laboratories located together in an area of sparse
vegetation. Aerosol measurements were made over eight consecutive days
(12-19 September 1976), and radiometric readings were made on four of these
days. A description of the experiment and a summary of the data is contained
in para. 5.2, Vol 2 of this report.

-




The Albuquerque experiment was used to refine this relationship between
the aerosol extinction coefficients and moisture scale height by intro-
ducing an independent parameter for dust concentration into the coefficient
equations. A complete list of aerosol extinction coefficients is contained
in Table 2-1 above.

The equations, as modified by the Albuquerque experiment, were:

Wavelength exponent, C = 1.492-.00042400 + .092MSH; C > .5 Eq 2-9

Extinction Coefficient, Ka = -,0705 + .000015D, + .0831MSH; Ka > .0481 Eq 2-10

0

Where: D, is the surface dust particle concentration in
particles/cm3 equivalent to the McClatchey mode
at sea level.

0 < Do < 13780, if 1 < MSH < 2

D0 = 1712, if MSH < 1 or MSH > 2

MSH is the total moisture scale height, in centimeters
(0 < MSH < 10)

Figure 2-8 shows the results of these equations when they are evaluated

for several levels of moisture scale height and dust concentration. These
parameters are used to estimate the aerosol extinction coefficient, Kg, and
the vertical beam-path transmittance according to the following equation:

a
C

tg (A) =exp |- Equation 2-11

a A

2.4.4 Altitude Scaling for Aerosol Scattering

Altitude scaling of the aerosol extinction coefficients was possible by
using the assumption that the amount of scattering due to aerosols would be
distributed vertically in the same manner as the amount of water content.
Thus, the extinction coefficient would increase approximately exponentially
toward the earth's surface and approach zero in space. In other models,

such as the one developed by McClatchey,similar distributional shape as-
sumptions are made,but the extinction coefficient distribution is not asso-
ciated with that of moisture.

"2-17
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The profiles of moisture scale height versus altitude from the RAOB

launches were used to model the vertical distribution. By area-normalizing
the moisture-scale-height curves and referencing them to ground level, it
was possible to compute a single-altitude vector that would reasonably ap-
proximate any of the curves. Figure 2-9 shows three typical area-normal-
ized distributions that have a general decreasing exponential shape with a
pronounced peak at about 9000 feet above ground level and a lesser peak

at about 22,000 feet. Note that the offset in the peaks in Figure 2-9 is
correlated to the difference in altitude above sea level for the three sites.

By scaling the moisture scale height according to the ratio of the areas
under the moisture distribution function, the scaled values of the aerosol
extinction coefficients can be computed using the same equations as in
para. 2.4.3. Equation 2-11 could then be used to compute the total ver-
tical beam-path spectral transmittance due to aerosols.

The altitude vector for the area-normalized moisture scale height is given
in Table 2-2. Note that the altitude bands are not in even increments.
This same unequal altitude stratification is used throughout SCAT3 whenever
altitude scaling is estimated from discrete data rather than closed-form
equations.

2.4.5 Estimating Moisture Scale Height from Surface Meteorology

The on-board weather data collection system and the NWS observations per-
mitted an examination of the relationship between surface synoptic data and
detailed atmpsoheric profiles from RAOB's. Because it was anticipated that
the total-column moisture scale height would be related to surface absolute
humidity, a simple mathematical approximation to a psychometric chart was
found useful in converting from relative humidity and temperature to absolute

water vapor pressure.

A nonlinear equation was found that could be used in estimating vapor pres-
sure from temperature (°F) along a fixed relative humidity curve. Relative

humidity therefore enters the general equation for vapor pressure as a

2-19
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TABLE 2-2

PRECIPITABLE MOISTURE AS A FUNCTION OF ALTITUDE

Area-Normalized Mean Row Vector

ALT (in Kilometers)

| 0 - .3048
: .3048 - .6096
.6096 - .9144

9144 - 1.2192

1.2192 - 1.5240

1.5240 - 1.8288

1.8288 - 2.1336

] 2.1336 - 2.4384
3 2.4384 - 3.0480
3.0480 - 3.6576

3.6576 - 4.2672

4.2672 -  4.8768

4.8768 - 5.4864

5.4864 -  6.0960

6.0960 - 7.6200

7.6200 - 9.1440

9.1440 - 10.6680

10.6680 - 12.1920

12.1920 - 13.7160

13.7160 - 15.2400

15.2400 - 18.2880

18.2880 - 21.3360

21.3360 - 24.3840

24.3840 - 27.4320

27.4320 - 30.4800

multiplying factor, resulting in:

.1588552
. 1344122
.1133070
.9514909
.8185085
.6916665
.5781139
.4907499
.7593858
.5431665
.3642236
.2548728
.1797324
.1170285
.1432864
.4041271
. 1005052
.2710833
.1031096
.6268420
.8532016
.5161841
.3155043
.1927280
.1193245

= .80SRH x cxp[ .1837+99 J

temperature in degrees F.

in millibars by multiplying by 33.9mb/inch Hg.
parameters of the model are in metric units, and a temporary conversion

A dn T

where RH is the relative humidity, expressed as a

A AAAATAAAATAAAA A A A A A AN
—
=]

Equation 2-12

decimal, and T is the

In the above equation, the vapor pressure is given in inches of mercury,
but for use in the model, the equation was converted to vapor pressure
In addition, the input

of the input temperature from % to °F is therefore executed internally
in the SCAT3 program to make it compatible with Equation 2-12.




The vapor pressure is then converted to precipitable moisture using a linear
relationship that exists between the square root of vapor pressure and the
natural logarithm of the precipitable moisture. This relationship had been
suggested by other experimenters!?’1l and also appeared to fit the observa-
tions made on this project although the exact coefficients deviate from the
relationships in the literature. The linear fit found on this project is
shown in Figure 2-10 as well as the functions suggested in the two references

above.

The equation used to compute moisture scale height (MSH) is:
MSH = 0.134 exp [.659 . VP ] Equation 2-13

where VP is the vapor pressure in millibars.
2.4.6 Scaling of Absorption Transmittance

Significant absorption bands are the result of water, ozone, and the oxygen
molecular content of the atmosphere. The resulting absorption log trans-
mittance can be expressed in the following vector form, as was discussed

above in para. 2.3.

log T,(A) = K, + V() «+ K, *V, (A) +K +V (A) Equation 2-14
2 2 3 3

Vectors established for earlier atmospheric models and discussed by McClatcheyl?

were used in this model with the corresponding coefficients, Kw’ Ko , and Ko

determined from mobile laboratory transmittance data for each day-sgte. :

The method of predicting these coefficients is discussed below.

10 J.L. Montieth, "An Empirical Method of Estimating Long-Wave Radiation
Exchanges in the British Isles,'" Quarterly Journal of the Royal Meteo-
rological Society, 551.521.32.

11 5.B. Idso, "Atmospheric Attenuation of Solar Radiation," Journal of
Atmospheric Sciences, Vol. 26, pp 1088-1095.

12 R.A. McClatchey et al. "Optical Properties of the Atmosphere," Air Force
Cambridge Research Laboratories -72-0497, Aug 72, Environmental Research

Papers #411.
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2.4.6.1 NWater Vapor Absorption

Water absorption occurs in four distinct wavelength bands: 720-735, 810-840,
895-990, and 1105-1150 nanometers. The depth of each band is given by the
product of the water absorption vector, Vw(x),and a scaling coefficientokw,
found to be related to moisture scale height. The water absorption vector is
shown in Figure 2-11. This vector was fitted to the measured absorption log
transmittance data, using the method of least squares, to determine the value
of Kw for each day-site. Because instrument non-linearities were suspected
beyond 1 ym, only the first three bands were used in those regressions.

As was anticipated, the relationship between the vector coefficient, Kw, and
the moisture scale height was not linear. Figure 2-12 shows the regression
equation fitted to the estimated coefficients as a function of moisture scale

height. This regression equation is:

K, = -0.0645 MSH 0.713

Equation 2-15
The model also scales the water bands as a function of the observer's altitude
and the terrain altitude. This is done by ratioing the appropriate partial
area, from the ground elevation to the observer's altitude, to the total area
under the moisture scale height as a function of altitude (see Figure 2-9 for

examples).
2.4.6.2 Oxygen Absorption Line

A molecular oxygen absorption line has been modeled in the 760-765 nm band.

As was the case with other absorption transmittance data, this narrow absorp-
tion band was fitted using an arbitrary vettor, Vo (A) and coefficient, V° .
Analysis of all day-site data resulted in an avera%e value of 0.0905 for .

Ko and a standard deviation of 0.042. Since the absolute amount of oxygen

iszrelatively constant, it was presumed that the variance about the mean K !
* was the result of pure measurement error; it was therefore not modeled as 2 ‘
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e

a function of any other measurable parameter. The vector has the following

values at the wavelengths listed below.

350-755 nm .00
760 nm 1.00
765 nm .24

770-1150 nm .00

Altitude scaling can be accomplished for the oxygen line if one assumes that
the absorption is linear with atmospheric density. Thus, the absorption for
a partial atmosphere can be computed by integrating the atmospheric density
profiles in the same manner as for molecular scattering discussed above in
para. 2.4.1.

2.4.6.3 Ozone Absorption

Molecular ozone absorption occurs in a broad band in the visible portion of
the spectrum between 470 and 710 nm. The amount of this absorption could be
estimated from analysis of actual path transmittance measurements (see para.
2.3). These measured absorption spectra were fitted with the vector V° )
and the coefficient Ko by regression techniques. The ozoné vector is

shown in Figure 2-13. 3 The average of the ozone coefficients was -0.049

and the standard deviation was 0.044.

Unlike oxygen absorption, which would be expected to vary only slightly with
physical changes in the atmosphere, large excursions occur seasonally and by
latitude in ozone concentration. In a previous study by Craig!3, the ozone
scale height (inmm) as distributed seasonally in the northern hemisphere was
used to scale the absorption transmittance. The absorption was assumed to be

a gaussian function having a peak value of 0.95 at 590 nm for a scale height of
of 3.8 nm. When logged and peak-normalized to 1.0, this function became the
ozone absorption vector used in this study as can be seen in Figure 2-13.

The scaling of ozone absorption can also be accomplished as a function of
altitude according to the ozone concentration distribution from the Handbook

13 R.A. Craig, "The Upper Atmosphere, Meteorology, and Physics, " Academic
Press, 1965, pp 179-181.
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of Geophysics and Space Environments. This distribution is shown in

Figure 2-14. The integral of the distribution function between the obser-
ver's altitude and the terrain altitude ratioed to the total earth-to-space
scale height (3.2 mm) results in the scaled concentration from which the
vector coefficient can be computed.

A proportionality constant co existed between the vector coefficient . and
3 3
the ozone scale height, as reported by Craig.!3 This proportionality constant

can be expressed as follows:

2 2
log, |1-.05 Exp - L1239

C° = Equation 2-16

Evaluating equation 2-16 at the normalizing wavelength .59 nm results in the
proportionality constant Co , which equals -.0513.

3
If the ozone coefficient is scaled linearly with the ozone scale height
relative to the base level of 3.8mm and the constant of proportionality is

introduced, the following equation results.

0z

R e ¢

3

= - ,0135 0z Equation 2-17

where 0Z is the ozone scale height in mm, which is consistent with the data
and definition discussed by Craig.!3 Scaling in the SCAT3 model is accom-
plished using the reference distribution of ozone concentration as a function
of latitude and date. The actual distribution of the coefficient Ko as ob-

served during this project is shown in Figure 2-15. S
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2.4.7 Scaling for Observer's Zenith Angle

Atmospheric transmittance, of both scattering and absorption types, is
assumed to vary with the observer's zenith angle according to the secant law
as discussed by Robinson!" except at low solar altitudes (below 30°) where
the air mass numbers of Bemporad!S are used. Analysis of the spectral trans-
mittance data indicated that the total extinction coefficient was linear with

air mass when computed in this manner. Water absorption level data tended to
be more erratic in this relationship, probably due to diurnal variations in
atmospheric moisture profiles; however, for the most part even these bands
were well approximated by linear air mass scaling. SCAT3 uses the following

equation for this purpose:
m
te(k) = tv(x)

Where: tv(x) is the total vertical spectral transmittance of the
atmosphere (after scaling for altitude, moisture scale
height, and dust).

te(k) is the total spectral transmittance of the atmosphere
for the angle 6.

0 is the observer's zenith angle, and
sec 6 for the range 0° < 6 < 60°,
m is the air mass = .
? Bemporad numbers for the range 6 > 60,

Table 2-3 lists the Bemporad air-mass numbers!S as a function of the observer's

zenith angle in 1-degree increments.

14 N, Robinson, Solar Radiation, Solar Physics Laboratory, Israel Institute
of Technology, Elsevier Publishing Co., 1966, p 52.

15 A,Bemporad, "Search for a New Empirical Formula for the Representation
of the Intensity of Solar Radiation with Zenith Angle," Meteorologische
Zeitschrift, Vol 24, July, 1907.
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TABLE 2-3

BEMPORAD AIR-MASS NUMBERS
(Observer's Zenith Angle > 60°)

Zenith Angle Air Mass Zenith Angle Air Mass
(in degrees) (in degrees)

61 2.06 76° 4.07
62 2.12 77 4.37
63 2.19 78 4.72
64 2.27 79 5.12
65 2.36 80 5.60
66 2.45 81 6.18
67 2.55 82 6.88
68 2.65 83 7.77
69 2.77 84 8.90
70 2.90 85 10.39
71 3.05 86 12.44
72 3.21 87 15.36
73 3.39 3 88 19.79
74 3.59 89 26.96
75 3.82 90 39.65

2.5 THE RELATIONSHIP BETWEEN METEOROLOGICAL/CLIMATOLOGICAL DATA AND TS50

As stated above, the atmospheric model was designed to use temperature, pres-
sure, and relative humidity as basic input parameters. Situations may occur,
however, where it would be desirable not to use the surface meteorology data
and key the model to a given transmittance value. For this purpose, the tran-
mittance at 550 nm was arbitrarily selected as the alternative input parameter.
Provision was therefore made in the SCAT3 model to input a T550 value instead
of the meteorological parameters. When the T550 input option is used, the
model creates a set of meteorological parameters that will give the specified
transmittance value at 550 nanometers. When the created values of temperature,
pressure, and relative humidity, are used, the model continues its calculation
of the spectral transmittance in the usual manner.
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To create the meteorological parameters, the model assumes a standard
pressure of 1013.25 millibars and a standard temperature of 20°C unless
they are specified otherwise by the program user. SCAT3 then solves the
equations in reverse order to calculate the corresponding relative humidity.
This is done by first calculating the Rayleigh coefficient, K, using the

following equation:

K, - -Tg"?—g%%— X AP Equation 2-18

In this calculation, the aerosol coefficient C is taken to be the overall
project average value of 1.1014 and if the values of K, C, t, are combined,
Equation 2-3 can be solved for the aerosol coefficient Ky after dividing out
an assumed amount of ozone absorption transmittance that is derived from an
input or default value for ozone scale height.

To compute the equivalent aerosol scattering coefficient, the following equa-

tion is used:

Ka = - 0.545 ¢ InT550 + 5.960 Kr + .296 K Equation 2-19
. Ve

Given Ka and C, the moisture scale height can be computed using the inversion
of equation 2-10, as follows:

MSH = - 11.57 Ka + .420C + .189 Equation 2-20

The vapor pressure in millibars can then be computed using the inversion of
equation 2-13, as shown below.

2
b Ay ( ln(MSH¥;92.011 ) Equation 2-21

As a final step, the relative humidity is computed using the assumed temper-
ature of 20°C and VP in inverted equation 2-12.

i 1 .69
RH = 1.242 VP exp [ .183T ] Equation 2-22
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If the relative humidity when computed is greater than 1.0, then the

program will increase T in one-degree increments until a relative humidity
of less than 1.0 is achieved. The algorithm then satisfies the require-
ment of T550 while physically possible surface meteorological conditions
are selected.

As can be seen in the description above, when TS50 is specified, average
values of the two meteorological parameters temperature and pressure are
assumed when the third, relative humidity, is calculated. This approach is
based on the assumption that relative humidity changes thrcough a wide

range of values in a way that is harder to approximate accurately than

by using values of temperature or pressure. In addition, pressure variations
affect the transmittance less than changes in temperature and relative humid-
ity do (see Figures D-1 to D-3 in Appendix D). If it is known that for a
particular case the temperature will be significantly different from 20°C,
the user may choose to input T.

For comparison purposes, measured temperature, pressure, and relative humidity
were used along with transmittance values at 550 nm to reconstruct the spec-
tral transmittances in Figures 2-16 and 2-17. Figure 2-16 shows the compar-
ison for a clear day having a low moisture scale height; Figure 2-17, on the
other hand, shows a similar comparison for a high-moisture, hazy day. Figure
2-16 shows practically no difference in the transmittance generated by either
method for low-moisture days. A slightly larger but still small difference
in transmittance across the spectrum is evident in Figure 2-17 for high-
moisture days. Because these differences are small, it was concluded that
the model can be used successfully in either the T550 or the meteorological
mode.

- To make the relationship between relative humidity, temperature, and TS50
easier to understand, Figure 2-18 was prepared by operating the program over
a large range of parameter values. In the figure, lines of constant TS50 were

interpolated to show the trade-offs in selection of temperature and relative
humidity.
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SECTION 3
ANALYSIS AND MODELING OF THE ATMOSPHERIC PATH RADIANCE

3.1 NORMALIZATION OF MEASURED DATA

The atmospheric path spectral radiance measured by the sky spectroradiometer
was analyzed in the sequence of manual and computer operations referred to in
Section 1. Each individual spectral measurement was normalized to a common
path-length and the geometry that corresponds to an observer looking vertically
downward from outside the atmosphere.* This was accomplished as a two-stage
correction, the first compensating for total optical path length, and the
second correcting for the relative fraction scattered as a function of obser-
ver/sun geometry. The measured spectral path radiance was:
N(X,4,0,,0) = Measured sky radiance in watts/m’
ster/5 nm
Where: A is the wavelength in nanometers
¢ 1is the observer's zenith angle

is the angle between the observer's ray and the sun's
ray measured relative to pure backscatter, and

® is the solar zenith angle (90° minus solar altitude).

%

The sky spectroradiometer telescope was always pointed at a specific point
in the sky, the azimuth (AZ) and elevation (EL) of which maintained a pre-
cise relationship to the sun's position as discussed by Edgerton.l® For
positions above and below 35° solar altitude, the relationship was different

and resulted in the following equations:

180°-26; 55° < 6 < 90°
Equation 3-1

Measurement angle ¢ = {
90°-0; 6 < 55°

* Another correction was required at extreme low solar altitudes to com-
pensate for the non-instantaneous nature of the spectral radiometric
measurements referred to in Appendix E.

16 Cc.F. Edgerton, Relationship Between Meteorological Conditions and Optical
Properties of the Atmosphere, U. of Cal. Scripps Inst. of Oceonography
and Visibility Lab, May 1967.
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Equation 3-2

. ° °
~. Measurement angle ¢, = { e° i 55 5-°°5 90 }
90° ; 0 <55

Measurement azimuth AZ = 180° - Solar Azimuth

The above restrictions in collection geometry significantly simplified
normalization of the spectral sky radiance data by eliminating the re-
quirement for scatter-angle correction for most of the measurements.

Figure 3-1 shows the geometry used to normalize measurements to the verti-
cal look.
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Figure 3-1. Measurement of Sky Radiance
(Sun's and Observer's Rays are Coplanar)
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The two equations of normalization are shown below. For solar zenith angles
between 55° and 90°:

1-t_(\)

N(2,0°,6,8) = N(A, 180°-26,6,0) - ( ) Equation 3-3

m
1-t ()

Where: ts(A) is the vertical atmospheric path transmittance
due to scattering, and

m is the air mass corresponding to a measurement
2zenith angle of ¢ = 180-26

For solar zenith angles less than 55°:

1t ) £ :
N(3,0°,6,6) = N(1,90°-8,90°,0) - . Equation 3-4
m 90%)
1-t_(2)
s
Where: m is the air mass corresponding to a measurement

zenith angle of ¢ = 90-6, and

£(08),£(90°) are the polar scatter function evaluated at ¢
and ¢ = 90°, respectively.*

As a result of the uniformity restrictions imposed by Equation 3-4 assump-
tions, not all the spectral radiance data could be used in this study.
Although data from the days having obvious cloud structure were avoided, a
satisfactory range of meteorological conditions were included. In all, 20
of the day-site measurement series over a range of solar altitudes were
examined that had moisture scale heights from 0.23 to 4.2 cm and terrain re-
flectances from forest to snow cover.

3.2 Vertical Path Radiance Analysis

As is shown in Equations 3-3 and 3-4, once the path radiance was normalized,
it was strictly a function of wavelength and solar zenith angle, 6. Normal-
ization of these data in turn by the extraterrestrial irradiance and vertical

* For the derivation of the polar scatter function, see Section 5 of
this report.
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path absorption transmittance permitted the examination of vertical path
radiance as a function of the total fraction scattered, as estimated by

1- ts(x). The mathematical model below for path radiance was hypothesized
and then regressed against all available spectral vertical path radiance
data.

b
NG ,0) = byH._(A) [1-:50) ] 2e ) Equation 3-5

Where: HSC(A) is the spectral extraterrestrial irradiance
in watts/m?,

ts(x).ta(x) is the vertical path transmittance due to
scattering and absorption, and
bl'bz are regression-determined parameters.

Dividing Equations 3-5 through by the solar constant, HSC(A), and the
absorption transmittance, ta(x), creates a normalized radiance variable
as a function of soatter fraction.

b

N(},8 & A 2 :
H . (D) t, () L [1 ‘s(*)] Equation 3-6

3.2.1 The Shape Parameter, bz'

Through study of the log of Equation 3-6, the relationship of the shape
parameter b2 to solar altitude and/or moisture scale height was determined.
A typical example of this relationship is solar altitude shown in Figures

3-2 and 3-3. On the basis of examination of all data, a two-piece linear
model was fitted to these data as shown in Figures 3-2 and 3-3. In addition,
a slight correlation was apparent with moisture scale height as can be

seen in Figures 3-4 and 3-5, and the equations were modified to incorporate
this minor effect. The resulting equation used to compute the shape param-

eter was:

b, (shape parameter) = 1.037 + .015 SA + .0030 SA Equation 3-7
(MSH - 1.0)

SA, SA < 40° ‘ and
40°, SA > 40°

Where: SA = Solar Altitude (’)-’
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1.0, MSH < 1.0

MSH = Moisture Scale Height (cm) =( MSH, 1.0 s MSH s 4.0
4.0, MSH > 4.0

As Equation 3-7 indicates, the shape coefficient is only allowed to

vary for solar altitudes below 40° and for moisture scale heights between

1 and 4 cm. These are empirical limits imposed from observations made from
plots of b, versus solar altitude and moisture scale height.

3.2.2 The Magnitude Parameter, bl

Once a suitable algorithm was found for the shape coefficient, b2' it was
possible to investigate the magnitude coefficient, bl' Linear regressions
were run against the normalized measured spectral atmospheric radiance data
using Equation 3-6. This time, however, the equation was not logged and
the values of b2 were fixed as calculated by Equation 3-7. The series of
scalars, bl’ developed for the normalized data for each day were then
studied as functions of solar altitude, moisture scale height, and terrain
reflectance. No spectral shaping could be observed in the normalized path
radiance data that could be correlated to terrain spectral reflectance.

The terrain reflectance at 6SO‘nm; that is, R6Sb’ was therefore used as a

single descriptor for correlation studies with bl'

The equation given below was fitted to plots of b1 versus solar altitude:

bl = sin SA 3° < SA < 90° Equation 3-8

The coefficient c, was found to correlate with moisture scale height, MSH,

and the terrain reflectance descriptor, R__, as follows:

650

c, = .2158 + .0978R650 - .0298MSH Equation 3-9

Figures 3-6 through 3-8 show three typical examples of the b1 coefficient
plotted versus solar altitude.
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3.2.3 Very Low Solar Altitude Modeling

Only a few sky radiance measurements were available below three degrees
solar altitude. To continue the model's applicability down to minus five
degrees solar altitude, it was necessary to adopt a relative scaling poly-
nomial for sky radiance that was independent of moisture scale height or

p——

surround reflectance. The polynomial itself does not involve spectral
shaping; in addition, it contains no parameters other than solar altitude
and is used strictly as a relative magnitude adjustment for the sky radi-
ance term. The adjustment polynomial P(SA)* had been evaluated at three
degrees solar altitude, and this value was divided into the coefficients

to normalize the polynomial to the lowest valid calculated spectral sky :
radiance. Equation 3-5 for the model is evaluated for the appropriate ‘
condition of moisture scale height and terrain reflectance at three de-

grees solar altitude; the spectral sky radiance is then multiplied wave-
length-by-wavelength by the normalized adjustment polynomial evaluated at

the solar altitude of interest. The polynomial and scaling approach are

explained in Appendix F. The normalized factor used for spectral sky

radiance is 0.01975.

‘Because refraction of the sun's rays in the atmosphere becomes substantial
below five degrees solar altitude, a correction must be applied to solar
‘altitude as used in Equation 3-8. The corrected solar altitude is re-
ferred to as the "apparent" solar altitude and is described mathematically

in Appendix G.**

* See para. 4.4 and Appendix F for a description of the polynomial
p(SA).

*= See Appendix G for the correction applied to solar altitude below 5°
to compensate for refraction of the sun's rays in the atmosphere.
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3.3 ATMOSPHERIC PATH RADIANCE MODEL IN SCAT3

Starting with the three parameters solar altitude, moisture scale height,

and the terrain reflectance at 650 nm, the vertical atmospheric path radiance
can be computed as follows from Equation 3-5 if the scattering and absorp-
tion transmittance ts()) and ta()) are first computed using the equations dis-
cussed in Section 2 of this report.

b
2 :
N(2,0°,0,6) = bIHsc(A) - ts(A)] ta(x) Equation 3-10

Where 6 is 90° minus the solay altitude.

Scaling for the path length and relative angle from back scatter results
in the following general expression for any path through the atmosphere:

bz(e,MSH)
N(A,6,6,,8) = K =b (8,MSH,Rcc0) + H (M) = [1 - t (V)]

Equation 3-11

1 - tm(dﬂ(,\)
. ta(A) . s . f(LA)

T-t,( £(6,, 1)

>

Where: is the wavelength in nanometers
is the solar zenith angle
¢ is the observer's zenith angle

is the relative angle between direct backscatter
and the observer's line-of-sight

MSH is the moisture scale height in cm

M(¢) is air mass corresponding to the observer's
zenith angle

f(¢,2) is the polar scatter function evaluated at the
observer's zenith angle

f(tb.k) is the polar scatter function evaluated at the relative
angle from backscatter, and

¥ is 1.0 when SA>3°, or is p(SA) when Sk<3°.
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3.4 ANALYSIS OF THE VOLUMETRIC SCATTERING FUNCTION, £(¢,A)*

3.4.1 Data Base

An estimate of the volumetric scattering function (the relative intensity

of scattered light as a function of the angle around a volume of atmo-
sphere illuminated by a collimated source) was sought that could be made

to vary spectrally and according to atmospheric optical conditions. For
this purpose, sky spectral radiance measurements were made during the data
collection program in 15-degree increments of azimuth between 0 and 360
degrees, and at an elevation of 7 degrees above the horizon**. Although the
complete hemisphere of downward radiance was actually mapped at 15-degree
increments of elevation from 7 degrees to 83 degrees above the horizon, only
the 7 degree ring was used in this analysis becausc this elevation ring
measured nearest the true profile of the scattering function when the sun was
near the horizon.The data base was also culled by eliminating all measure-
ments made above 10 degrees solar altitude. The spectral dependence was
evaluated by making measurements at the following three wavelengths: 450
nanometers, 650 nanometers, and 850 nanometers.

Because the measurements were made over a finite time and from the ground
looking out toward space, corrections had to be applied to the measurements
to convert them into equivalent, instantaneous, gonioradiometric measurements

of an equivalent volume of atmosphere. The method of correcting the data
and its subsequent reduction to equational form is the subject of this section

and Appendix H of this volume.
3.4.2 Time Correction

At the same time data was being collected by the sky radiometer at different
instrument azimuths and elevations, data was collected for horizontal sky
irradiance by one of the two irradiometers. Since this irradiometer was
oriented in the same position for all readings and at the same wavelength as

* See para. 3.3 for explanation of the use of this function.

*+* See Section 3, Vol 2 for an explanation of the polar scattering
measurements.
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the sky radiometer, any changes in this measurement were changes corres-
ponding to changes in sky conditions. The simultaneous sky irradiance data,
taken at a specific azimuth, were divided into the sky irradiance data cor-
responding to the time of the sky radiometer direct backscatter measurements
made at zero degrees azimuth from the sun. This fraction was then multiplied
by the sky radiance at the corresponding azimuth to give the following time-
corrected radiance.

H(0)

N'(AZ) = N(AZ) H(AZ)

Where: N'(AZ) is the time-corrected sky radiance at azimuth

angle AZ

N(AZ) is the sky radiance at angle AZ before time cor-
rection.

H(0) is the sky irradiance data recorded at the same

time as the sky radiance for pure backscatter,
made at zero degrees azimuth from the sun.

H(AZ) 1is the sky irradiance data recorded at the same
time as the sky radiance at angle AZ, and

AZ is the instrument azimuth angle measured relative
to the solar azimuth (zero degrees is directly
away from sun).

3.4.3 Path Length Correction

As stated above, only solar altitude data less than 10 degrees and at a 7-
degree instrument elevation were chosen for use. In the 15-degree azimuth
increments, there are 24 points in the 7 degree ring, each of which is illum-
inated differently, due to its atmospheric path length relative to the sun.
Since the atmosphere absorbs and scatters a fraction of the incident light,
the longer the path the light must travel, the smaller the amount of light
that reaches a particular point. The amount of light reaching its destina-
tion depends on the length of the path that the light must travel and the
extinction coefficient that determines the amount of light the atmosphere ab-

sorbs or scatters.
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Similarly, the total energy reaching the sky radiometer is the integration
of scattering gains and losses along the path toward the radiometer and L
along its line of sight. The double integration, sun-to-volume and volume-
to-radiometer, was digitally approximated using a Hewlett-Packard 9830
program, the arguments for which were the measurement's starting solar geom-
etry and the vertical air-path transmittance as determined from the day-
site measurements.* In the program, an azimuth-angle-dependent correction
was computed that was applied to the sky radiometer measurements. Details
about the deviation of this correction are discussed in Appendix H of this

volume.

Correction of the path length was made relative to the solar azimuth, as

was the time correction. Twenty-four correction values were computed and

divided into the value for the azimuth that corresponded to backscatter.

These in turn were multiplied by the data already corrected for time as indi-

cated in the equation above, resulting in the following: B

N''(AZ) = N'(AZ) - 1%%%%% Equation 3-12

Where: N''(AZ) is the path-length and time-corrected sky radiance
at azimuth angle AZ

N'(AZ) is the sky radiance at azimuth angle AZ before
path length correction

PL(0) is the relative amount of light reaching the
observer at the azimuth, corresponding to back-
scatter

PL(AZ) is the relative amount of light reaching the observer
at azimuth AZ, and

AZ is the instrument azimuth angle relative to solar
azimuth (defined as zero when it is directly away
from the sun).

3.4.4 Equational Form of Scattering Function

E | After the data were corrected for path length and time, the azimuth de-
' pendent radiance data were normalized by the data point nearest to pure

* See Section 2 of this volume, where normalization of this measurement
is discussed.
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backscatter and the relative azimuth was redefined as the angle from back-
scatter, ¢. The model, fitted to this normalized data was:

2 3¢ -3(¢-m)°
cos” 5~ ¢ A3e

£(0) = Ay + AL+ cos?) + A

0 Equation 3-13

2

where A, Al, AZ’ A3 are the weighting coefficients.

The terms of this equation were arrived at by examination of the normalized
polar scatter function measurements. It involved adding the classical
Rayleigh term to an empirical approximation of the aggregate scatter profile

of atmospheric particles on the range of Mie theory sizes.

The data for each of the three wavelengths was analyzed separately for the
four coefficients. Data points within 7 degrees of the point 180 degrees
from backscatter, where the instrument is pointed directly toward the sun,

! were eliminated because of the influence of direct sunlight on the instrument

measurement.

For each data set, the four coefficients (Ao, A Az, A3) were found by use

s
of nonlinear regression routines. For each wavilength, the coefficients
were further analyzed as functions of moisture scale height and the A1 co-
efficient. The wavelength dependency was then incorporated by finding the
coefficients for the moisture scale height and the Ao_3 terms as log-linear
fits to the 450-nanometer, 650-nanometer, and 850-nanometer wavelength mea-
surements. The final equations for computing the AO’ Al’ A2’ and A3 co-

efficients of Equation 3-13 were:

AO = 0.765 - 1.412A1 Equation 3-14
-2.13) :

A = 0.947e - (0.258 + 0.243 loglox) MSH Equation 3-15

Az = 0.288 - 0.813A1, and Equation 3-16
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A

3 = 8.083 + 7.076 logml - (10.37 + 7.836 10‘10” Al Equation 3-17

where )\ is the wavelength in nanometers and MSH is the
moisture scale height in centimeters.

3.4.5 Volumetric Normalization

The function in Equation 3-13 was then volumetrically normalized to corre-

spond with the definition of the scattering extinction coefficient. To

accomplish this, it was necessary to find the scattering volume by integrat- |
ing the scattering profile over all solid angles: ;i

2n m

jf(O) e = ff £(¢) sin¢g d¢ de Equation 3-18
Q 0 0

Where: ¢ is the angle from backscatter in the plane of the
sun's rays and

6 is the angle of rotation about the sun's ray.

Substitution of Equation 3-13 into Equation 3-18 results in the following

equation:
n/2 n/2
/f(ep) da = 4n Ao fs‘in¢ d¢ + 4w A1 f (1 + cosz¢) sin¢ d¢
9] 0 0
n/3 .
+ 4n A2 f cosz(%?.) sin¢ d¢ Equation 3-19 |
O 1

1:
2
+ 4m A, fe's("") sin¢ d¢
0
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Because the terms of Equation 3-19 could not all be solved in closed
form, numerical integration techniques were used. The resulting inte-

gral was a function of the coefficients Ao 1*2 3

‘,}(o)dﬂ = 4nA0 + 5.33ﬂA1 + .938nA2 + .31517A3 Equation 3-20
Q

Dividing Equation 3-13 through by the normalizing integral of Equation 3-20

results in polor scatter function** that was coded into the program SCAT3,
as follows:

2
_/;(¢) = Bo + B (1 + CcOs ¢) + Bzcos (3¢) + B3 ~34-%) Equation 3-21
Q

4
]

Where: x

A A A
0-4+ 1‘1'333"1"*'23512—* .079 A"
0 0 0

A Ky v
g 0} Ay R 2 3
Bl = .4TI’— —A_ + 1.333 + ,235 'A'_ + .079 r‘
1 1 1
-]
A A A
21_(_‘\2 1.333 Tl + .235 + .079 Z"’—)
2 2 2

1 " s -
-— + 1,333 — + ,235 — + .079 , and
™ A3 A3

2, and A are computed from Equations 3-14
through 3-17.

Equation 3-21 is useful because it always integrates, over all solid angles,
to a unit volume regardless of the estimates of AO’ Al, A2' and AS'

* The A, coefficient is exactly equal to the l_., integral for pure Rayleigh
scattér.

*+ pefinition of this function was also necessary in the analysis of atmo-
spheric path spectral radiance as discussed above in para. 3.1.
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3.4.6 Examples of Scatter Function Fit to Data

Figure 3-9 shows typical examples of the model expressed in Equation 3-21,
fitted to typical examples of the original polar scatter data corrected for

time and path length.
3.5 SCAT3 MODEL FITTED TO MEASURED DATA

Equation 3-12 was used to generate spectral atmospheric path radiance func-

tions corresponding to specific measurements on days typical of the collection

program. The actual mcasured data and the model fit are shown in Appendix C,
Figures C-1 through C-29.
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SECTION 4
ANALYSIS AND MODELING OF HORIZONTAL DAYLIGHT IRRADIANCE

4.1 APPROACH

The total irradiance incident upon a horizontal surface can be considered

to be the sum of three distinct irradiance forms: (1) direct solar irradia-
tion, (2) indirect atmospheric downward scatter, and (3) indirect reflected
irradiance from the earth's surface rescattered downward by the atmosphere.
To create the spectral model described below, each individual horizontal day-
light irradiance measurement made by the radiometric trailer was separated
into these three components. The coefficients derived from regressing the
model against each individual spectral sample were studied as functions of
measurable parameters such as solar altitude and moisture scale height.
Figure 4-1 illustrates the three-component model.

ATMOSPHERE

e—ascnvm
S TR TR T e T T TR TR T T

Figure 4-1. Model Used for Horizontal Daylight Irradiance
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In preparing the data set for analysis, only those day-sites having
estimates of the spectral transmittance parameter (see Section 2 of this
volume) were used. This eliminated most of the days having obvious cloud
structure and permitted the analysis to be devoted to modeling of uniform
but optically varying cloud-free atmospheric conditions. Data from days
having cloud cover observable from the ground were only included if there

was no indication of sun obscuration.
4.2 REGRESSION ANALYSIS

Expressed mathematically, the component sum equivalent to total horizontal

daylight irradiance according to Robinsonl7 is:

Hpy(V) = Hj() + b.H(A) + b H, () Equation 4-1

Where: HDH(A) is the total measured horizontal daylight spectral
irradiance in watts/m2/5nm

H (A) 1is the direct solar spectral irradiance in watts/
v m?/5nm

Hg(1) is the indirect skylight spectral irradiance in
watts/m?/5nm

HA(A) is the indirect skylight spectral irradiance derived
from reflected energy from the earth (albedo term)
in watts/m2/5nm, and

bs and ba are the proportionality constants derived from re-
gression analysis of the measured data.

4.2.1 The Direct Solar Irradiance Term

The first term, HD(A), can be described explicitly in terms of path transmit-
tance, the cosine of the solar zenith angle, and the extraterrestrial irradi-
ance as shown below.

H)(A) = Hg (M) « cose [t () » t,00 1M Equation 4-2

17 N. Robinson, Solar Radiation, Solar Physics Laboratory, Haifa, Israel,
1966, pp 118-120.

4-2
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Where: HSC(A) is the extraterrestrial spectral irradiance
(solar constant) in watts/m2?/5 nm

0 is the solar zenith angle

ts(A) is the vertical spectral transmittance due to
scattering phenomena

ta(x) is the vertical spectral transmittance due to absorption
phenomena, and

M(8) is the air mass corresponding to zenith angle 6.
4.2.2 The Indirect Skylight Irradiance Term

The definitions of the second two terms of Equation 4-1, HS(A) and HA(A), are
less easy to derive because they involve the integration of the non-uniform

downward sky hemisphere irradiance, and in the case of HA(A), the non-uniform |
surround reflectance of the terrain. The equational forms chosen for use in

the model were:

HS(A) HSC(A) « cos® [1 - tsM(e)(A)] . ta(A) Equation 4-3

and
H, (W) = HSC(A) «cos [t () - t, () ]M(A)R(X) . A Equation 4-4

[1 -t ]+ t,()

where R()\) is the spectral reflectance of the general surround terrain.*

Substituting Equations 4-2, 4-3, and 4-4 into Equation 4-1, dividing through

by common terms, and subtracting 1.0 from both sides results in:

* See Volume 2, Section 5.1 of this report for the derivation of these
reflectance data.

4-3




m(6)

Hpy ) [1-t ()]

: t,(6)
H () + coss [t (), ()™ ® [t,(0t ]

m(8)

Equation 4-5

+ b RO [1-t,(N)] t (V)

Examination of the measured spectral irradiance data showed that the terrain
term did not noticeably affect the irradiance data except under extreme
conditions of snow cover. By disregarding the day-site measurements where
snow was present, the bs coefficient was found by linear regression tech-
niques for all other spectral samples. The spectral transmittance values
ts(A) and ta(k) were derived from .ne scattering and absorption coefficients

estimated for each day of measurement*.

Within the random error of estimation, the daily plots of bs versus solar
altitude could be estimated from linear equations. Figure 4-2 shows two
typical examples of the by coefficient versus solar altitude. The slope and
intercept of the daily plots of bs were regressed against moisture scale
height and found to correlate. Figures 4-3 and 4-4 show the slope and inter-
cept terms versus moisture scale height and fitted with the regression equa-
tions. The complete equation for the indirect skylight irradiance coefficient

bs in terms of solar altitude and moisture scale height is:

b, = .387 - .0131MSH - (.00392 - .00221MSH) SA Equation 4-6

S

Where: MSH is moisture scale height (cm), and
SA is solar altitude (degrees)

* See Section 2, Table 2-1, of this volume for the list of coefficients.
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where the equation limits are: 0 < MSH < 3.5 cm

-5° < SA < 90°

4.2.3 Terrain Reflectance Term

The day-site data collections in which there was extensive snow cover were
used to estimate the coefficient of the terrain reflectance term. By evalu-
ating the bS coefficient for the appropriate solar altitude and moisture

scale height, the skylight term could be effectively subtracted from the
measurement in the same manor as the direct solar irradiance term and resulted

in the following equation:

o) -t ™®7 ¢ )
"o mTeY -1 -bs (SA,MSH) 2 -
HSC(A) . cose[ts(x)ta(x)

[t ) £, 01"
Equation 4-7

= b RO [1-t (V)] t (V)

By following the same regression procedure used for bs’ b8 coefficients for
each solar altitude and each day-site could be estimated. A solar altitude
plot of the average ba coefficient for all snow sites is shown in Figure 4-5.
The upward curvature of ba at low solar altitude was considered to be more
an artifact of the analysis than a physical condition and was therefore not
modeled. No attempt to correlate the ba coefficient with moisture scale

height was, or could be, made. The resulting equation for ba was therefore: |

ba = 3.908 - 0.0739 SA Equation 4-8

The value of ba is limited to a minimum value of 0.5 corresponding approx-
imately to the highest solar altitude observed with snow surround.

4.3 MODEL EQUATIONS IN SCAT3

The mathematical model for horizontal daylight irradiance discussed in this
section is a mixture of physical and empirical equations. It has the dis-
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tinct advantage of satisfying both the requirements of atmospheric physics
and observed spectral data. In the final form of the SCAT3 equation, the spec-
tral reconstruction of horizontal daylight is accomplished as follows:

Hyy ) = Hge(D) coso [t (0t (01" Lk

mge; Equation 4-9 l
+ ks . bs{SA,MSH) . Hsc(x) cos® E-ts A ]ta(x)

+ b (SA) + H, (1) - cose * [ts(x)ta(x)lm(°)

* RO) [1-t )] t ()

Where: HSC(A) is the mean extraterrestrial spectral solar
irradiance corrected for seasonal variation*
(watts/m2/5nm),

) is the solar zenith angle between 0° and 87°,

ts(x).ta(x) are the spectral vertical atmospheric scatter-
ing and absorption transmittances,

M(8) is the relative air mass corresponding to solar
zenith angle 6,

R(1) is the spectral reflectance of the general terrain,

bs(SA,MSH) is the skylight irradiance proportionality constant
evaluated for a specific solar altitude and mois-
ture scale height (as calculated in Equation 4-6),

ba(SA) is terrain/skylight irradiance proportionality
constant evaluated for a specific solar altitude
(Equation 4-8), and

* See Appendix D for a description of this correction which adjusts the
solar constant for the orbital eccentricity of the earth about the sun.
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X " 1, SA > 0°
0, SA < 0°

. g 0, SA > 3°
p(SA) SA < 3°+

Apparent solar altitude**

(7]
>
"

-4.4 VERY LOW SOLAR ALTITUDE MODELING

Only a few daylight irradiance measurements were available below three
degrees solar altitude. To continue the model's applicability down to
minus five degrees solar altitude, it was necessary to adopt a relative
scaling polynomial for daylight that was derived from separate data.

The polynomial itself does not involve spectral shaping; in addition, it
contains no parameters other than solar altitude and is used strictly as
a relative magnitude adjustment for the skylight irradiance term, HS(A).
The adjustment polynomial p(SA) had been evaluated at three degrees solar
altitude, and this value was divided into the coefficients to normalize

the polynomial to the lowest valid calculated daylight spectral irradiance.
Equations 4-1 through 4-4 for the model are evaluated for the appropriate
condition of moisture scale height and terrain reflectance at three degrees
solar altitude; they are then multiplied wavelength-by-wavelength by the
normalized adjustment polynomial evaluated at the solar altitude of inter-
est. The polynomial and scaling approach are explained in Appendix F.

The normalized factor used for horizontal daylight spectral irradiance is
0.037440.

Because refraction of the sun's rays in the atmosphere becomes substantial

- below five degrees solar altitude, a correction must be applied to solar
altitude as was used in Equation 4-10. The corrected solar altitude is re-
ferred to as the '"apparent" solar altitude and is described mathematically
in Appendix G.

* See para. 4.4 and Appendix F for a description of the polynomial
p(SA).

** See Appendix G for the correction applied to solar altitude below 5°
to compensate for refraction of the sun's rays in the atmosphere.
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4.5 SPECTRAL RECONSTRUCTION OF MEASURED DATA

Equation 4-10 for the model was used to reconstruct a series of actual
s _ spectral daylight irradiance measurements that typify the overall collec-
tion program. These data and the model fits are shown in Appendix C.
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SECTION §
ANALYSIS AND MODELING OF HORIZONTAL SKYLIGHT IRRADIANCE

5.1 INTRODUCTION

For the purposes of this study, horizontal skylight irradiance is defined as
the total irradiance on a horizontal surface with the direct rays of the sun
blocked. The horizontal surface in this case can be considered to be irradi-
ated by light from the sun that is both (1) scattered downward by the atmo-
sphere on the horizontal surface and (2} reflected from the surrounding terrain
and scattered by the atmosphere downward to the horizontal surface.

To create the model for horizontal skylight irradiance, the following were
used in the analysis: irradiometer data recorded by the mobile radiometric
trailer, estimates of the vertical transmittance based on the analysis in Sec-
tion 2, and meteorological data collected concurrent with the radiometric data.
The data had a solar altitude range of 0.73 to 80.95 degrees and a moisture
scale height range of 0.23 to 4.? c:ntimeters. Figure 5-1 illustrates the
geometry of the model used in this analysis. Each of the additive terms has

a coefficient associated with it that was estimated by linear regression of
the model equational terms to the measured skylight irradiance.

ATMOSPHERE

RECE IVER

Figure 5-1. Geometry Model for Horizontal Skylight Irradiance
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matically below.

Hey (2

Where: HSH(A)

Hg (1)

Hy (V)

bs,bA

As was the case for

The first component

scattered downward.

outside the atmosphere that is not transmitted but scattered by the atmo-

sphere, and is represented by the equation:

watts/m2/5nm,

Hg(A) = Hg
Where: Hg. (1)
Tg(A)
T,
m (o)

The skylight irradiance model is illustrated in Figure 5-1 and shown mathe-

bsHs(A) + bAHA(A) Equation 5-1

is the total horizontal skylight spectral
irradiance, in watts/m2/5nm

is the spectral irradiance from the atmospheric scatter
of direct solar rays, in watts/m2/5nm

is the spectral irradiance from atmospheric scatter
of reflected daylight from the surround terrain
reflectance, in watts/m?/5nm.

are the proportionality constants determined from re-
gression analysis.

Derivation of the above terms and their coefficients is explained below.

5.2 ANALYSIS OF COMPONENTS

other forms of ground-level irradiance, the equation

terms were taken sequentially in the regression analysis.

5.2.1 Direct Atmospheric Scatter Term

of skylight irradiance is the direct solar irradiance
This term represents a fraction of the total irradiance

-

C()‘)cose . E‘- Tg(e)(x)]- TA(A) Equation 5-2

is the extraterrestrial spectral irradiance, in

is the vertical spectral transmittance due to scatter-
ing.

is the vertical spectral transmittance due to absorp-
tion, and

is the air mass at solar zenith angle 6.
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It was assumed that the terrain reflectance term of Equation 5-1, HA(A),

was negligible for all day-sites except those with snow surround, and all

non-snow day-site data was regressed according to the following equation:

HSH(A) = bS . HSC(A)cose [1 - TS(AT(G)] TA(A)

Equation 5-3

The regression-determined value for bS was then studied as a function of

solar altitude and moisture scale height. Each day-site bS value set was

fitted with a linear regression, and the slope and intercept were determined.

Figures 5-2 and 5-3 are two typical plots of the bS ceefficient versus solar

altitude.

No relationship with moisture scale height could be found for the intercept

of the linear equations; however, as Figure 5-4 illustrates, the slope term

correlated with moisture scale height to a slight degree. The final equation

for the bS coefficient was therefore:

bS(SA,MSH) = 0.348 + (-0.000326 + 0.001318 MSH) SA

Where: MSH is the moisture scale height, between
0 and 3.5cm, and

SA is solar altitude (SA = 90° - 9).

Equation 5-4
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The terrain coefficient, bA’ was found to operate in a manner similar to
that for horizontal daylight irradiance (see para. 4.2 of this volume).
The horizontal daylight functions for bA below were therefore used for the

5.2.2 Terrain Reflectance Term

The coefficient for the terrain term, bA’ was investigated using day-

site measurements acquired while snow was present on the ground around the
measurement site. An equational form identical with that for horizontal
daylight irradiance was chosen for use and regressed against the measured
data as follows:

Hgyy (1) [1-t,(\)]
= s A [l-tsm(e)(k)]

H (1) cos (-, ¢,

[ta(A)- ts(x)]m(e)- R(A).Equation 5-5

where R(A) is the spectral reflectance of the surrounding terrain.

skylight irradiance model.
Equation 5-6
bA(SA) = 3,908 - 0.0739 - SA

where SA is the solar altitude (SA = 90° - @).

5.3 VERY LOW SOLAR ALTITUDE MODELING

The model described in Section 5 was considered to be valid to a solar alti-
tude as low as 3 degrees. Extension of the model to -5 degrees solar altitude
was accomplished using the scaling function described for the horizontal day-
light irradiance model, in Section 4, and Appendix F of this volume.

The scaling factor is applied to the skylight term and operates only below
3 degrees solar altitude. The factor is not a function of wavelength and

atmospheric condition.




5.4 MODEL EQUATIONS IN SCAT3

The following equation is used in the program to model horizontal skylight

irradiance:

Hgy(A) = kg * bg (SA,MSH) + Hg.(A) cose [1-ts“(°)(x)] + t,(\)  Equation 5-7

+ bHg () cos® [t, ()t (A)]

[1-t 0] + £, ()

Where: Hsc(x)

t ().t ()

R(A)

M(6)

6

b (SA,MSH)

bA(SA)

SA

* See Appendix I
** See Appendix G
**+ See Appendix F

m(e), RO\

is the mean extraterrestrial spectral solar {
irradiance corrected for seasonal variation* ¢ 4
(watts/m2/5nm) .

are the vertical spectral transmittances due
to scattering and absorption.
is spectral reflectance of terrain.

is the relative air mass corresponding to the
solar zenith angle 6.

is the solar zenith angle, between 0° and 87°.

is the skylight irradiance proportionality con-
stant evaluated for a specific solar altitude
and moisture scale height (as computed in Equa-
tion 5-4).

is the terrain/skylight irradiance proportionality
constant evaluated for a specific solar altitude
(as computed in Equation 5-6).
is the apparent solar altitude,** and
<1, SA 2 3°

P(SA), SA < 3°%**,
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5.5 SPECTRAL RECONSTRUCTION OF MEASURED DATA

Equations 5-4, 5-6, and 5-7 were used to re-create spectral skylight irradi-
ance data corresponding to a typical set of measured data. Graphs of these

data are shown in Appendix C.

T
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SECTION 6
ANALYSIS AND MODELING OF VERTICAL DAYLIGHT IRRADIANCE

6.1 INTRODUCTION

The vertical surface irradiance measurements made by the mobile radio-
metric trailer and described in Volume 2 of this report were all made with
the sampling aperture axis co-planar with the sun's azimuth. These measure-
ments were of two types: (1) looking directly toward the sun, and (2) look-
ing directly away from the sun. The analysis of data from the first type,
vertical daylight irradiance, is described in this section. The second

type is described in Section 7 of this volume.

Although the terms are similar, the model for vertical front daylight irradi-
ance differs in several respects from that for horizontal daylight as shown

below.

Hpy(Q) = Hp(x) + b« HE(A) + by« HI(A) Equation 6-1

Where: HDV(X) is the spectral vertical daylight irradiance
(front-lighted), in watts/m2/5nm,

Hﬁ(x) is the direct solar spectral irradiance, in
watts/m2/5nm,

H;(k) is the indirect skylight irradiance, in
watts/m2/5nm).

n;(x) is the indirect reflected irradiance from the nearby
terrain, in watts/m2/5nm, and

b;,b; are the proportionality constants determined from
regression analysis.
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Figure 6-1 shows the geometry that is assumed in the basic model of
Equation 6-1.
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Figure 6-1. Geometry Model Used for Vertical Daylight Irradiance

6.2 DIRECT SOLAR IRRADIANCE COMPONENT

The direct sunlight component can be expressed as a product of four items:
the solar constant HSC(A) times the scattering transmittance t (x)m(e)
times the absorption transmittance t (A) m(e) times a sine of the solar zenith

angle ¢, which is in conformity with Lambert's law of illumination. Thus,
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the irradiance of the direct component can be written as:

HY() = He (1) sine « [t (1) » ¢, (0)]™®) Equation 6-2

Where: HSC(A) is the spectral extraterrestrial solar irradi-
ance in watts/m2/5nm.

ts(A),ta(x) are the scattering and absorption spectral
transmittances.

m(e) is the air mass corresponding tc¢ che solar zenith
angle 6, and

) is the solar zenith angle (equal to 90° solar altitude).

6.3 INDIRECT SKYLIGHT COMPONENT

An equation that approximates the skylight term can be formed by considering
the atmosphere as a plane surface that is irradiated by the sun. The light
that passes through the atmosphere is partially scattered and partially
absorbed. The scattered portion is(l—Tsm(e)) and the portion not absorbed

is T,. Thus, the component of the total skylight reaching a vertical surface

A
can be approximated by:

HY) = Hg, * cosd - -t ™) - Equation 6-3

6.4 INDIRECT SURROUND REFLECTANCE COMPONENT

Since any plane orientation other than horizontal receives some irradiance
from the terrain within the field of view, a third term is necessary that
involves the reflectance of the instrument surround. The mathematical approx-

imation for this term is:

HI() = Hgo() + coso » [t (1) » £, (01"« RO Equation 6-4
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where R(A) is the spectral reflectance of the terrain surrounding the
instrument.*

6.5 REGRESSION ANALYSIS FOR PROPORTIONALITY CONSTANTS

The three terms described in Equations 6-2, 6-3, and 6-4 were substituted
into Equation 6-1 and algebraicly manipulated as follows:

Hy () -1, 00" ¢ )

- tang = b' Equation 6-5

H, (2) cose [t (2) - ts(x)]"ﬂe) [t ,(2) - ts(l)]mce)

+ b; R(X)[l-ts(k)] . ta(k)

Observations that had been made from the measured data indicated that, as
in the case of horizontal daylight irradiance, the indirect skylight com-
ponent coefficient b; could be determined from regression analysis of the
data from all days not having snow surround so that the terrain reflectance
term could be assumed to be zero. The b; coefficient was then studied as a
function of solar altitude and moisture scale height. The coefficient did
not show strong correlation with either solar altitude or moisture scale
height. However, a linear model was regressed and fitted because of a weak

dependence upon these parameters.

The assumption that the terrain reflectance term is small compared to the
skylight contribution for low and medium surround reflectances was verified
by experiment. Vertical daylight irradiance measurements were made in the
normal manner that were followed immediately by similar measurements made with
a black cloth positioned so that it eliminated direct reflections from the

.

* Section 5.1, Volume 2, for a description of these data.
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terrain into the irradiometer. These measurements, when compared with
the direct component calculated from the measured transmittance, showed
the skylight contribution to be considerably greater than that from the

terrain reflectance. o
6.5.1 Skylight Coefficient

The bs coefficient that corresponds to the proportion of skylight irradi-
ance, is shown in Figure 6-2 as a function of the moisture scale height.

The plotted bs coefficient, which is the average coefficient determined for
all solar altitudes of a given day-site, shows a tendency to increase with
moisture scale height. A slight solar altitude dependence of bS can be seen
in Figure 6-3, which is a graph of all the values of bs for each day-site
plotted versus their respective solar altitudes. The regression equation
shown in Figure 6-2 for bS versus moisture scale height was determined first.
A multiplying factor was then determined that was based on the solar altitude
versus bs regression, and it was used to modify the bs moisture scale height

relationship.

The multiplying factor is the value of bs at a given solar altitude as deter-
mined by the regression equation shown in Figure 6-3 divided by the regression
value of bS at 28 degrees solar altitude (the median solar altitude of the
data forming the relationship of Figure 6-2). Thus, the multiplying factor is
normalized so that it does not change bs at 28 degrees solar altitude, but
makes a change at all other solar altitudes equal to the fractional change of
bs in the solar-altitude-dependent regression of Figure 6-3. The equation for
bs in terms of both the solar altitude factor and the moisture scale height

becomes:

bs = (0.3355 + 0.0428 x MSH) x (0.848 + 0.00544 x SA) Equation 6-6

where MSH is the moisture scale height between 0 and 4.2cm, and
SA is the solar altitude, in degrees.
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6.5.2 Terrain Reflectance Coefficient

A scaling coefficient, bA’ that was based on acquired data was calculated
for the term expressed in Equation 6-4. Because only the days with snow
surround were considered to have sufficient reflectance to exceed the noise
level of the measurements, only these data were considered in forming the
bA coefficient. In Figure 6-4, it can be seen that bA is a function of
solar altitude. At about 10 degrees solar altitude, specular reflections
caused a large increase in the bA coefficient, making it necessary to model
the bA coefficient in two parts (below 10° SA and above 10° SA). Both solar
altitude ranges were fitted separately with straight lines determined by least
squares regressions. The two line segments were then modified so that they
would be without discontinuity at 10 degrees solar altitude. The final

equation for bA was then:

R 2 2.50 - 0.1945 SA, SA < 10° "

- uation 6-7
A 0.5927 - 0.003769 SA, SA > 10° sy
The terrain term above is allowed to go to zero at zero degrees solar altitude
in accordance with the cosine term in Equation 6-4. It is set to zero for

solar altitudes less than zero degrees.

6.6 MODIFICATION OF THE DIRECT AND SKYLIGHT COMPONENTS FOR IMPROVED
FITTING TO EMPIRICAL DATA

The sum of the direct, skylight, and terrain terms as calculated in the
model slightly underestimated the vertical daylight irradiance compared to
a cross-section of actual measured data. To make them fit the model better,
the first two terms (direct and skylight) were increased by a factor calcu-
lated to correct for the average offset. The necessary multiplying factor
was found to be 1.14. The factor was not applied to the albedo term, how-
ever, since the offset was needed even in cases where the terrain contribu-

tion could be considered negligible.
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6.7 VERY LOW SOLAR ALTITUDE MODELING

Although the model's equations were shown to be valid for solar altitudes
down to and including 6 degrees, below 6 degrees, there was insufficient
data to verify the model. Equation 6-2 continues to be used as the model
for the direct component down to zero degrees, below which it is set to
zero. However, Equation 6-3 for the skylight component is not suitable

down to zero degrees because the term goes to zero even though skylight is
physically present below zero degrees. Modeling of skylight below 6 de-

grees is accomplished by applying the adjustment polynomial P(SA) given in

Appendix F. The model-predicted skylight values at 6 degrees solar alti-

tude then define the shape of the function with the skylight irradiance

decreasing in proportion to the decrease in the irradiance scaling polynomial ;

p(SA).
6.8 EQUATIONS USED IN SCAT3

The derivation of each of the terms making up the vertical daylight irradi-

ance were discussed above. In its complete form, the daylight irradiance is

represented by:

: m(6

Hyy () = ki + He () sine « [t (1) t, ()]
Equation 6-8

+ 114 K2 « b! (SAMSH) + Hg cose [1-t, (™) + t,(0)

C

m(e)

+ b} (SA) * Hg. cose [t (A) t (N)] « R(\)

Where: HSC(X) is the spectral extraterrestrial solar irradiance,
in watts/m?2/5nm, corrected for seasonal variation*. -

0 is the solar zenith angle (equal to 90° solar alti-
tude) .
ts(x),ta(x) are the scattering and absorption spectral trans-
mittance.

¥ See Appendix I for a description of this correction.
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m(A)

R(6)

b;(SA.NSH)

bg (SA)

SA

is the air mass corresponding to the solar zenith angle 6.

is the spectral reflectance of the terrain surrounding
the instrument.

is the skylight irradiance proportionality constant evalu-
ated for a specific solar altitude and moisture scale height
computed in Equation 6-6.

is the terrain/skylight irradiance proportionality
constant evaluated for a specific solar altitude com-
puted in Equation 6-7.

is the apparent solar altitude*

, 1, SA > 0°

0, SA < 0°

3 1, SA > 6°
P(SA), SA < 6°**

* See Appendix G for the correction applied to solar altitude below 5°
to compensate for refraction of the sun's rays in the atmosphere.

** See Section 4.4 and Appendix F for a description of the polynomial
P(SA).




SECTION 7
VERTICAL SKYLIGHT IRRADIANCE

7.1 INTRODUCTION ,

Vertical skylight irradiance is defined for this study as the indirect 4
irradiance from atmospheric scatter and terrain reflectance on a vertical i
plane oriented 180 degrees away from the solar azimuth. This measurement i
is the sum of contributions from the skylight half-hemisphere and the

horizontal surfaces surrounding the instrument, that define the terrain

half-hemisphere. Special experiments were conducted to remove the effect

of surround so that the skylight term could be studied independently. The

surround term was later re-introduced into the final equations. Figure 7-1

shows the model assumed in the analysis.

SUN
SOLAR
BLOCK
A INDIRECT
ATMOSPHERE — SKYLIGHT
") RRADIANCE
;::::: N\ My’
T::::::: — INDIRECT TERRAIN
— A REFLECTION |RRADIANCE

NN ANNNANNNANNNAN

RECE I VER

Figure 7-1. Geometry Model Used for Vertical Skylight Irradiance
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7.2 ELIMINATION OF NEAR-FIELD SURROUND EFFECTS

The vertical backlit measurements were found to contain a significant
amount of trailer reflection irradiance along with the skylight irradiance.
The amount of reflection is substantially influenced by the azimuth of

the instrument because a variety of reflecting surfaces are present near
the irradiometers on the trailer roof. As an irradiometer changes azimuth,
it sees various portions of the ground, the trailer top, and the other
instruments. Furthermore, the white styrofoam hatch covers that are also
visible to the irradiometers were surfaces of higher reflectance than the
rest of the gray trailer roof.

In order to back the unwanted trailer reflections out from this data, an
experiment was conducted to measure vertical backlit skylight at various
azimuths, both under normal operating conditions and also with trailer re-
flections minimized. The trailer reflections were eliminated by covering
the trailer top with a large black canvas tarp. Measurements were also
made with the tarp extended from the trailer so as to block almost all
direct reflections from the terrain surrounding the trailer. These measure-
ments indicated that ground reflectances were insignificant and that they
could generally be disregarded.

Because the experiment was conducted in the morning of two consecutive days,
readings were made with Irradiometer No. 1, which was used for all morning

vertical backlit measurements during the main collection program. No read-
ings were necessary with Irradiometer No. 2, which had been used for after-

noon vertical backlit measurements, because the correction for its measurements

could be determined from symmetry considerations.

A plot of the experimental data, both with and without trailer reflections,
is shown in Figure 7-2 as a function of azimuth (550 nm wavelength). This
plot shows that an increase was necessary to correct the data as computed

from the ratio of the readings as a function of azimuth. It was also observed
that the correction was not strongly influenced by wavelength. The correction
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ratio was computed using data from all the wavelengths sampled in the
experiment; that is, 550, 650, 750, 850, 950, 1050, and 1150 nanometers.
A third-order polynomial was fitted to the correction ratios as follows:

HéVB(A) = [3.52 - 0.307 AZ + 0.000886 az® - 0.000000823 A23]
Equation 7-1

* Hgyg(N)

The correction ratios for Irradiometer No. 2 were made by substituting
360°-AZ for AZ in Equation 7-1.

7.3 REGRESSION ANALYSIS

Once the vertical skylight data had been corrected by removing the effects
of the trailer roof, a mathematical model was fitted for regression analysis.
A surround reflectance term was later added by assuming that the surround
contribution would be the high solar altitude model that had been chosen

for vertical daylight (see Section 6 of this volume).

7.3.1 Skylight Component

The skylight can be approximately modeled by considering the atmosphere as
a plane surface, the illumination of which is equal to the solar constant
times the cosine of the zenith angle as illustrated in Figure 7-1. Taking
absorption and scattering into account, the vertical backlit irradiance can

be approximated by the foliowing equation:
HVSK(J\) = bs . Hsc(x) cos® [l - ts (x)]- ta(x) Equation 7-2
eff

WVhere: HVSK(A) is the spectral skylight irradiance component
on the vertical surface, with surround reflec-
tance effects removed, in watts/m?/5nm.

Hsc(A) is the mean spectral extraterrestrial irradiance,
in watts/m?/5nm.
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] is the solar zenith angle

ta(x) is the vertical spectral transmittance due to absorption
ts (1) is the effective vertical spectral transmittance due to
eff scattering, and
bs is the regression-determined proportionality constant.

Unlike the other regressions discussed above, the model had to be modified
to better approximate the spectral shape of the data. The correct description
for t

(1) was determined by trial and error, first by trying tg () =
eff

eff
ts(x)"(e). This equation produced skylight values that were too high in the

blue end of the spectrum and too low in the IR end of the spectrum. A tailor-

ing of the shape of this function was achieved by letting t

(X) equal a
m(6) f

Sef

fraction of ts(x) as in the following equation:

m(6)

T (x) = 0.3 ts(x) Equation 7-3

Seff
Once the shape had been defined, the scaling coefficient bs could be com-
puted to make the skylight model fit the data. This scaling coefficient, as
determined by the regression of Equation 7-2, is a function of solar altitude
expressed by:

bs = 0.217 - 0.00199 SA Equation 7-4
The fitting of this regression to the skylight data is shown in Figure 7-3.
No attempt to correlate bs to moisture scale height was made because of
statistical errors associated with normalization of the data to an equivalent
no-surround condition.

7.3.2 Terrain Reflectance Component

Because the vertical skylight data was altered specifically to eliminate
surround reflection effects, it therefore could not be used to formulate a
model of this effect. After reconstructions of the vertical spectral skylight
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samples were examined, it was decided that this term could satisfactorily
be approximated by the one for vertical daylight irradiance by eliminating
the equation change associates with specular reflection at low solar
altitude (see Section 6 of this volume).

7.4 VERY LOW SOLAR ALTITUDE MODELING

Solar altitude data as low as 8 degrees was used in developing the vertical
backlit irradiance model. In addition, a scaling coefficient was applied
to the 8-degree spectral curve to extend the model from 8 degrees to minus
5 degrees solar altitude. The scaling function was again necessary as with
the other irradiance conditions already described because the skylight does
not physically go to zero when the equations do. The terrain reflectance
term is allowed to go to zero at zero degrees solar altitude as required
by Equation 6-4, and it is set to zero for solar altitudes less than zero

degrees.
7.5 MODEL EQUATIONS IN SCAT3

The equation in final form as modeled for use in SCAT3 is:

Hygp() = Kg * bg(SA) Hg (1) cose [1-.3 2 s R

m(6) Equation 7-5
+ Ky * by (SA) Hgo(\) cose [t ()t ()] + R()

Where: HVSB(X) is the vertical spectral skylight irradiance,
in watts/m2/5 nm.

H.~()) is the mean spectral extraterrestrial irradiance,
SC : 2
in watts/m</5nm.

) is the solar zenith angle (6 also equals 90°
minus the solar altitude).

ts(x),ta(x) is the vertical spectral transmittance due to
scattering and absorption.
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m(g) is the relative air mass corresponding to solar
zenith angle 6.

R(A) 1is the spectral reflectance of the surrounding
surface near the receiver.

bA(SA) is the surround reflectance proportionality constant
evaluated for a specific solar altitude, as computed
in Equation 6-7.

bs(SA) is the skylight proportionality constant evaluated
for a specific solar altitude, as computed in
Equation 7-4, and

z 1.0 for SA > 6° or,

ks p(SA)* for SA < 6°
1.0, SA > 0°
%
0, SA < 0°.

Typical vertical spectral skylight irradiance curves reconstructed from
Equation 7-5 are contained in Appendix C along with the actual measured
data.

* For a description of the polynomial p(SA), see para. 4.4 and Appendix F.




APPENDIX A
ABSTRACT DESCRIPTION OF ANALYTICAL SOFTWARE

A.1 INTRODUCTION

The software needed to analyze the radiometric van data was a combination
of package programs for the IBM 370 and Hewlett Packard 9830, and software
written in-house for the IBM 370, Hewlett Packard 9830, and Data General
Nova.

In general, three different types of analytical software were used for the
analysis: (1) the transmittance analysis, which used the nonlinear and
linear regression programs previously developed for the IBM 370 and Hewlett
Packard 9830; (2) the analysis of the scattering function, which used pro-
grams developed for the Data General Nova and a nonlinear regression program
on the IBM 370; and (3) the daylight horizontal, skylight horizontal, day-
light vertical, skylight vertical, ‘and sky radiance analysis, which used
lirear regressions on the IBM 370 and the Hewlett Packard 9830.

The equipment required in the analysis was: (1) an IBM 370 with a 3330 disk
pack, card reader, printer, an Eastman Kodak Komstar microfiche generator,

and a 936 Calcomp plotter; (2) a Hewlett Packard 9830 with a cassette unit and
plotter; and (3) a Data General Nova with a nine-track tape drive and a tele-

typewriter.

The three different types of analytical software involved are described be-
low, and a flowchart that illustrates each one is included. All of the flow-
charts contain the EXTRACT Program, which is used to transfer data from the
direct access files to the sequential access files. (See Section 7, Vol 2,
for a description of the EXTRACT Program.)

A.2 ANALYTICAL SOFTWARE FOR ANALYSIS OF THE TRANSMITTANCE

Figure A-1 is a flowchart that shows the programs used for transmittance
analysis. Seven programs were involved in its analysis. The first program,

it e LEVEINERS VPP THERRP - = S8
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EXTRACT, has already been mentioned.

The second program, TRALINEAR, computed the coefficients of the linear re-

lationship of airmass and log transmittance for each half day in which data
was collected. The coefficients, slope and intercept, were then stored in

a disk file for further processing.

The third program, CRETSCAT, has two inputs: (1) a card input that specifies

the 1/2 day for which the analysis is to be performed, and (2) the file that

was created by TRALINEAR that contained the coefficients. The two functions

of CRETSCAT are: (a) to eliminate absorption and Rayleigh scattering from the
slope-estimated transmittance so that it has only aerosol scattering transmit-
tance (the slope term from TRALINEAR was used to estimate the transmittance as
described in Section 2), and (b) to put the data created above in the card format
which is needed to run an in-house non-linear regression program. The output
from CRETSCAT is a card-formatted disk file of aerosol scattering log transmit-
tance, and a disk file containing the data sets chosen for the analysis.

The fourth program, TREGANA, is a standardized in-house nonlinear regression
program that solves for the coefficients C and Ka referred to in Section 2.

The output from this program consists of (1) the coefficients C and K. written
on a disk file in card format, (2) a printout of the estimated value of the
aerosol scattering log transmittance, and (3) a printout and plot of the resid-
uals; that is, the actual aerosol scattering minus the estimated.

The fifth program CRETABSORP has two functions: (1) to isolate the absorption
component of the slope-estimated transmittance, and (2) to create a card-
formatted disk file that is passed to a multiple linear-regression prdgram‘

The absorption component is isolated by subtracting the Rayleigh scattering

and estimated aerosol scattering from the original slope-estimated transmittance
that was contained in the file from CRETSCAT. The disk file contains the ab-
sorption component of the transmittance analysis plus data for the water,

ozone, and oxygen bands. This data is regressed agains® the absorption com-
ponent.

T




The sixth program is again TREGANA,an in-house multiple linear regression

in which coefficients are calculated for the water, ozone, and oxygen bands
to predict the absorption component. The input file is from the program
CRETABSORP, and the output files consist of (1) the coefficients from the
regression which are on a disk file that is in card format, and (2) a print-
out of the estimated value of absorption, the residuals (the actual absorp-
tion minus the estimated), and the statistics associated with the regression.

The last program for the transmittance analysis is CRETBACKSUB, which uses
(1) the coefficients from the non-linear regression, (2) the coefficients
from the linear regression, and (3) the data and atmospheric pressure that
were written on the intercept and slope file by CRETSCAT to recreate the total

log transmittance.

The final regressions between the nonlinear and linear coefficients and
the meteorological parameters was done on a Hewlett Packard 9830 calculator.

These results are discussed in Section 2.
A.3 ANALYTICAL SOFTWARE FOR THE SCATTERING FUNCTION

The software for this function necessitated use of the Data General Nova, the
IBM 370, and the Hewlett Packard 9830. A flowchart of the Data General and
IBM 370 programs needed for the analysis is shown in Figure A-2.

The Data General software was used in creating the correction factors for

time and path length. The inputs for the Data General program included:

(1) a back-up, nine-track magnetic tape that contained irradiance measurements
necessary for the time correction; and (2) the date, time, solar altitude,
solar azimuth, and transmittance that were input manuaily at run time. The
date and time were used to locate the data set of interest on the magnetic
tape; and the solar altitude, solar azimuth, and transmittance were needed to
compute the path length correction. When the correction factors were calcu-
lated, they were printed out on the teletype. After these factors were checked
manually for validity, they were then punched on cards for input into an IBM

370 program.




Figure A-2. Analytical Software for the Scattering Function




Program EXTRACT, which retrieves the required data from the disk files as
described above, places this data on a sequential disk file ready to be
processed by a subsequent program.

This program's three main functions are (1) to apply the correction factor

to the sky radiance data, (2) to extract data that has an instrument elevation
of seven degrees only, and (3) to generate the disk file in the card format
that is necessary to operate the in-house non-linear regression program.

This non-linear regression program determined the coefficients A AZ’ and

A
e
A3 of Equations 3-14 through 3-17 for each data set. The output of this pro-
gram is a printout of the coefficients and a plot of the residuals; that is,

the actual data minus the estimated data.

A Hewlett Packard 9830 desk calculator was used to complete the analysis.
A linear regression program that was written for the calculator was used to

perform the appropriate regressions.
A-4, ANALYTICAL SOFTWARE FOR THE IRRADIANCE AND RADIANCE DATA

The daylight horizontal, skylight horizontal, daylight vertical, skylight
vertical, and sky radiance all use similar software. Figure A-3 shows the
flow of the data in the IBM computer.

The main purpose of the EXTRACT Program, which was referred to above, is to
extract the desired data from the direct access files. Both irradiometer
files were needed because each irradiometer was used to record the different
irradiance types. If only sky radiance data was processed,only the sky radi-

ometer file was used.

The file was then sorted by year, month, day, hour, and minute by an IBM
System sort routine and sent to a program that converts the data to even in-
crements of solar altitude. To accomplish this, a method of linear inter-
polation was used. The same program also provides a time correction for low-
solar-altitude data.
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A permanent file is used to store the data that was converted to even increments
of solar altitude and time-corrected. This permanent file is the data base
for the analyses described in Sections 3 through 7.

This file was then input to a program used to prepare the data for the regres-
sion program, TREGANA. In the case of daylight horizontal irradiance, the H
program subtracted the direct component from the total measured irradiance and

then passed the data to the linear regression program. In the case of sky

radiance, the program converted the data to log base ten before passing data to
the regression program.




APPENDIX B
GLOSSARY OF VARIABLE NAMES IN SCAT3

ABBREVIATIONS

AM(0)

AZ
CATS

DUST
EL
HZO(X)

Hy * [\, T,(0), Tg(A), SA, AM(ZEN)]

AM(ZEN) ]

v [}» SA, MSH, R(}), T,(1), Tg(\),
AM(ZEN))

Hoe [X, SA, MSH, T,(A). T.(A),
PS pemen e A S

Hy [\, SA, MSH, RV, T,(\), Tg(\)
AM(ZEN)]

Hgc (V)

Hgy [\, SA, MSH, R(Y), T,(), Tg(N),
AM(ZEN) ]

H [x, SA, MSH, R(}), T,(A), Tc(}),
SVB ()] A s

IEL

A
MSH

DEFINITION

Airmass as a function of solar zenith
angle 6.

Solar azimuth angle in degrees.

Angle between observer's ray and
sun's ray.

Atmospheric dry aerosol content in
parts per milliliter.

Terrain elevation above sea level
in kilometers.

Spectral structure for the water
absorption bands.

Direct Solar Irradiance Component*

Daylight irradiance on a horizontal
surface.*

Daylight irradiance on a vertical
surface perpendicular to the sun's
azimuth.*

Indirect downward scattered skylight
irradiance on a horizontal surface.*

Indirect downward scattered skylight
reflected from the terrain.

Johnson's extraterrestrial spectral
irradiance outside the atmosphere.*

Skylight irradiance on a horizontal
surface.*

Skylight irradiance on & vertical

surface perpendicular to the sun's
azimuth and pointed away from the

sun.

Instrument elevation above the horizon
in degrees.

Wavelength in nanometers.

Moisture scale height in centimeters.

*"All irradiances have the units: watts/meter2/5 nanometers.

B-1




APPENDIX B (Cont'd)

ABBREVIATIONS

N[A, OBS, CATS, ZEN, AM(OBS), TA(X),
TS(A) MSH, R(650)]

0,0
05(0)

OBS

R(A)

RH

SA

C

TF

T, [, 0500, HO0M), 0,(0)])

Tg [\, P, MSH, DUST]

2EN or ¢

DEFINITION

Atmosgheric path radiance in watts/
meter</steradian/5 nanometers.

Spectral structure for the oxygen
absorption band.

Spectral structure for the ozone
absorption band.

Angle between observer's line-of-
sight and local zenith.

Pressure in millibars.

Spectral reflectance.

Relative humidity in percent.
Sclar altitude in degrees.
Temperature in degrees centigrade.
Temperature in degrees Fahrenheit

Spectral transmittance due to absorp-

tion.

Spectral transmittance due to scattering

Solar zenith angle in degrees

This program also created the control cards necessary to run the in-house,

multiple-linear-regression program TREGANA. This program then:

(1) com-

puted the appropriate coefficients, (2) printed and card punched the co-

efficients, and (3) printed the statistics of the regression.

A subsequent program then performed the calculations needed to run a second

regression, which included calculating the residuals between the results of

the first regression and the data that went into the first regression. For

the irradiance data, only the days with snow albedo were passed to the second

regression; this program therefore extracted only those days with this type
of albedo. The coefficients from the linear regressions where then regressed
against solar altitude and/or moisture scale height. For this purpose, a

Hewlett Packard 9830 calculator multiple linear regression program was used.
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Several computers were used for different purposes; for example, the IBM 370
was used for large-scale data analysis, the Hewlett Packard 9830 was used for
small-scale data analysis and testing, and the Data General was used to re-
format data to make them compatible with the IBM 370 system. Because of the
large volume of printout from the IBM most of it was written to microfiche

to provide easy accessibility.




APPENDIX C
EXAMPLES OF SCAT3 RECONSTRUCTION OF ACTUAL DATA

Estimates of actual measured data for a selected cross section of
meteorological and solar altitude conditions are shown in Figures C-1
through C-84. Reconstruction was accomplished using the surface meteo-
rology algorithms of SCAT3, substituting in the exact measured pressure
temperature, relative humidity, and geometry given in Table C-1 below.




( -Ooﬁovmwonmmu._.uzozczu HLIN313AUM

,00°S1l  00°S0 00°S6 00°SL  00°SS  00°SS  00°Sh  00°Sg,
J T U T T ™ — -m S
x M e
|A
w
o X
=1
(9))
D
-oo 8@
5 ~
~J
o
+9
O
8 = b
l o
£
+£2
3
(8))
—
—
- 5
8

ol ’ P : e N HS=ZYTCAQsSTHICE SINIWWOI
SNL? VIS JA0AY AFT] 226 IwNSSIWE T8 INLVIIUIL | AEZ aTWMM 0 NNTLIIINTO ONTM =~ €2 a374S ONIA

€T A3 VISNT TTE TV MNISNT -
T IeCOTI= J0NLTW0TY AT°ZE J0NLTIVY 80°0 0GAL T B2CTET  IVE 1 24°%9LT VR T A 04191 ML T 9L/1Y /9 Viva

TOUTTTTANS WISNT

[-2 @andty




%

( 101X) (SH3L3WONEN) HLINI13AUM
00°s8 00°SL 00°S9

©00°Sll 00°S0l  00°S6 g 00°$S  00°Sh  00°Sg,
§ v T .m S
-
, =
1))
£o =
- !
W
D
o as
&
s
w
() .
12
o
=B
= M
o “
o
Lﬁw
N
—t
n
e O
L
8

HO=ZNTCAN=TNTICE SININNO)D

L2€ VIS IA0RY ATII FOOT INNSSINd T8 INNAVHIANIL  WZ% aTSAH 0 NOTIITWTA ONTA 92 03345 ONIA
o1 A313 MASNT___ 2GE_ 7V WISNI
T ISTOTY=WONITONIY SIVSC T JONMYIVY TULYY0T 0491 9FSLIV CIVE T §ANeLT VR 16216Y Wl oL/217%5 vivd

‘ ..l,...,,, .. e T
Z-0 9andty




( 10TX) (SHILIWONBN) HIINIT3AUM .,“
- 00°S11 00°S0! 00°S6 00°s8 00°SL 00'S9 00°SS 00°Sh 00°S, i
X e < g o 14 -m % u
= |
i, £
o H
AL |
W |
D
VOD a9 :
&£
=
Ay
n |
erm =
D
l T
m g
ie
3 3
al
—
n)
- D
3

: HSEZNTSAAS=THISE SINIWWO)D
__17F_935 IA09Y AII3__ FONT INSSING 09 WNAVHIINIL w2y OTwee 0 NOTLIINTAONTN 9% 03345 ONTA

M S .2 LU AIYI WISNT 22 7V MISNI
£5°071= IOALTONNT SL°4¢  IANLTAVY  29°0 0694  09°T07 7vS  %G°»L  ¥§ 0 67102 INTL  9L/21/ vivO

=N PR . da i : ; St e s T T - TR

£-) aandty




‘o ( 101X) (SH3L3IWONEN) HLINIT3IAUM :
00°sil  00°SOl 00°56 00°S8 00°SL 00°S9 00°SS 00°Sh 00°S§,
né $ % M w
>N
-
W
M '
92
>
Ul
Q
Qo
-
D
—t
5 1 S
@ o
49
&
Q0
N
W
- O
8

_HS=ZHTSAAS=THT*E SINIWWOD ~

07 VIS IANAY AT STOT IWNSSINd 6 INNLVYIMNIL SLE AT GEF  NNTIIINTA ONTR &€ A334S ONIA

144 A3V NASNT 10€ 7V ¥iSNI
T FOTSE=T WNLIWTY ELCKZ INLIALVY 16°0 nGoj 19°021  7vS L7 Ad L A 0 :66:67 WL 9L/¢2/8 vava

—pmn : i oy ; e R § L R 181)

v-0 aandty




( 101X) (SH3ILIWONUN) HLONI13IAGM
0058 00°SL  00°S3  00°SS  00°Sh  00°Sg,

"

00°SI1  00°SO 00°S6

MS AMS

0930
‘3160 0°ES :BS

C-6

08°0

9LEC8

E

00°1

ke RS B 0xe e v  HO=ZWICACSTYICE_ SININWOD
07 VIS IANUV ATII  GTO1 IWNSSIW4 €6 IMIVNIMIL  €O% OIWM  ROF  NOTIDTHTA ONIA __ OS _ G334S ONIA

T T

-

L  AITII WISNY €62 TV ¥ISNT
TTYOUCE= INITINOY EL°KZ T IONITIVY TTT09°0 NGOL T UZ9C2TYTVS T TOWETIS VST T U IT2TT WIL gLRZ/A VIVA

-

e st eI WO
§-0 2In31]




00°Sii  00°S0 00°S8 S £ - : 00°Sh 00°S§,
: 8

e -

( 101X) (SHILIWONUN) HLINIT3AUM
00°S8 00°SL 00°S8 00°SS

US AMS

02°0

*31650 8°Sh *HS

9.L118

I

R s Gl R R e :  HSSZWI*AG=THI'E SININWOD
nwhml Quﬂg Du..-u g :.NNO INNSS3Iud . L7 A IWNEVNINIL £92 Ot [ ] “ NNTLIMIO i—n. & aw.a&n,-g—l

. €% AT VISNT OL? IV ¥iISNI
J%ﬂﬁq‘dghnalidha,daanniiﬂcali.d’ull:aﬁj.!.jdﬂmdd.ut‘n-ldhawdldbdq

e e i AR - e e o i Sl el ¢ . 48 | L3 |

9-) 2andt4




( 101X) (SHILIWONEN) HLION3ITIABM -
00°S8 00°SL 00°S8 00°SS

- 00°S1l  00°SDI 00°S8 : - : 00°Sh  00°Sg,

L3 - 14 —— 2 4 v ow S
N
|_A

4 o
e A
8
(62
D
lo o
8 W=
an
o
s =
s D
I—
e
P
8
~J
nN
—
I &
8

: § y i ] = . o&lﬁlnoﬂ’al—lnw.n SANIMD) _
e VIS JA0GV A3 ~ $00T JWNSSINd 6" IMNLVNIMNIL 0RS  OTWM 7267 NNTIININTO ININ oS 03343 onin

: Gy AT WISNT o1z v wiswt ~
ST 7= JONITONOT Z8°5C — JONITIVY T I%°0 NGOl CTIS°TE CIVE - BAGS WS T 0 0 ISY WIL T TeL/TIZ/L VAVE

s o T : e T AWS WASNT
L-D dan3dr1y




( 101X) (SH3L3WONBN) HLINITIAEM
00°S8 00°SL 00°S9

8.m““ SQRW- 8.3 > 5 SS9 BCPB 8.@ 8.%
> — 2 \ 1 4 g om S
%
lA
(@))
u.ﬁu X
3
w
: D
o =
& QL
Q0
w
voo
)
8 D
—
e
40
g
~J
n
[—y
LS mw“
8

HSSZNTCANSTNI®E S1NIWND)

. _TIE_ VIS 3A08V ATI3 SOOT WNSSINA AR JUNIVIINIL 965 OGTWAM  ReZ NNTIIIWIO ONIA 26 03345 ONIM

S — . ——— — — . — —— . ot Oyt o S e

TS A3V WISNT  TLZ 2V WASNI
T STTZES C WMALTMOY 26°%€ T IGNITIVY RSSO0 NCOL  BAT06 CTVE  OR°RF VS~ N 10€:0T IWIL T OL/T7/L VIVE

—— .~ e e . 2 et < 4 e

e e S WO

8-D 2an3d1y]

-

-

&




( 101X) (SHILIWONEN) HLINITIAEM
00°S8 00°SL 00°S9 00

00'Sll 00°S0l  00°SS S 2 's§  00°Sh  00°SE,
- T ow S
N
l.
W
AN
3
0))
D
lj.o 88
&

o
‘1180 S°8€

Cc-10

080

9L21S

00°1

AO=ZNT WNsTYI*E SINIWMDD ~

476 v3IS 3A0UY A313  FOOT IWNSSIWS T8  IWILVNIMNIL  <O% OTWAM 0 NATIDINTG ONTA 02 03345_ONTA'
.t 76 AI13 WASNT 99 IV wWiSNI
...sgui!.g;ﬂ.onS:-:«...n-.eeaa.3.3~.~.1.$.3.3..3:.3.#.3..1#33:33

AXS WISNT

6-D dan3dry4

et s




( {01X) (SH3ILIWONEN) HLINIT3AEM
00°S8 00°SL 00°S8 00

- 00°StI 00°S0t 00°S6 S .mm 8.m= 00°SE,
v .m S
M
*.
8))
o X
1]
w |
D H
Y ,
= |
o W |
~J M
nN)
+£
O
8 D
e,
m =
es o
{0
S
(@)
[—
[y
= 5
-]

-

HO=Z7YT *AAS=TNI*E SININNOD -

——— R

SOLZ VIS IANGY ATV 276 TUNSSINd YL IMNIVHIAIL  GOF QTWNM O NOTLIIWTA ONTA 0 GI34S ONTA ~

- —

ahi €¢ A3V WISNI 997 IV ¥ISNI
.-*6.347«!.-3..33.3-«3»:3 cn.eea.: 21.:.‘3 a~.~n<4a.aﬁa-a..:.l-..n\:.\a.‘.c-«aa

e e R R L T (L
01-D dandty




( 101X) (SH3IL3WONEN) HLIN3T3AUM
00°S8 00°SL 00°S9 00

© 00°S1}  00°SO] 00°S6 59 "SS 00°Sh 00°S§,,
- i . Vel T T om S
>N
-
& w
x42 =
-]
&)p)
D
Too [ ] ]
5 W
n
(@)
40
-
8 - )
o’
e
19
8
N
—
w
- 3
]

. : SAS=7YI*HSsTUT*E_SLNIWWO)
L7F VIS IADAY A1 £0OT IWNSSIN 7B IWNLYNIAWIL  FOM ATMAM O NNTIIIWTO ONTA

i

5 __DNG e

€2  AIVNI wWiISNI 16 2v viSNI

T AST0ZIS I0NLTIMOY SLTYE T JONLTAVY T 4L°0 0691 ANOLZ  IVS T OF°TC VST T N AT WMTL T WLJEN/S VIvVE

T ST e et e et e M T A NP T AWS WISNU
11-D @andty

C-12




( 101X) Amcu._.uzozmzu :Szu..u>¢z

00°S11  00°SOI 00°S8 00°Ss s 00°ss 00°Sh 00°SE,

\J .w S

=

.IA

w

=

W

D

w

n

n
o E

D

p—r

m
+9
- 4

w

o

a

- o
&

RATE it . BTSN o Lk .3-8:..3-::.« . S4%3Wn)

6L2T VIS IJA0NV AN 9€6 3IJVNMSINd ol INLVHIMNIL 799 GINMH GEY  NOTIIIMNIN ONTA 12 03348 ONIR ~
¥

92 A13 MASNT ___2€C__7V_WASNT _
YO WOT= IMITINAT Z2°86  IONLTAVY GL°0 O<¥ ~ 22%73F IvE ~ Q133€ v 0 i1cvill INILT GL/S /£ vive

e e — e : AR e N E LA nﬂﬂJﬂﬂlﬁll«

Z1-D 2andt4




00°S11 00°S01 00°S6

A

( 101X) (SHILIWONEN) HLINITIABM
00°58 00°SL 00°S9 00

"SS 00°Sh

.ODN.N.:C.* IAMNAY ATV 9F6 IJWNSSIUd

T 7ETS0T= IMITINTY ZTOWE T TINLTEVY

6 IMIVHIMIL

" LL°D 0281

\

999 Atww

"60°%%T T 2IvS

£1-D dandty

TTTORCtAY T

‘HS  MS UMS

09
‘3180 S°6e

C-14

9/.S0€

HO=ZWT*ANSTHTSE SINIWNOD _

LST wOL1IINT aNtR §

1€ ATYI WISNT %26 7V WASNT
5 1STLY WVi LT Vavd

ANSTNISNT

03345 ONIR

-

]
|
|
|
]




o (101X) (GHILIWONEN) HIONITIAGM |
b A L 00°S6 00°s8 00°SL 00°S3  00°SS 00°Sh 00°sg,
: 3 : ; " 3 T L] v .w S
=
lA
9
>N
w
> |

08°0
3180 9°Le

®
.
C-15

08°0

9LEc8

00°1

————— - @m———- - — o i+ i i o . e s . i . e+ e —

HS=ZHT*GASSTNI'E SINIWWOD

-

0Z VIS 3A0UV A313  GTOT JuNSSINd &9 IWNLVNIMWIL __ 449 OIWAM __ SCE WOTLIIINTA ONTA 9T 03345 ONTA
. GF AT WISNT €42 2V WISNT
——EU SH= IONIISNOT TI°6Z  JONLTAVY  19°0 0oL  IC°TE& T TVE T MGOLZ VR D ic2:¢V ImIL T LT/ viva 1

- ey B XWS WISHT —
y1-0 2andty




00°S11 00°s01 00°S6

oz (a INgv LEAL) STOT IMNSSING

R A 1 a.’-u!d. FL6?

INNLTAVY

00°s8

( _oﬁxuamcuhw%wwczu Ihwzu4u>¢z

Smm

™ INIvIIdNIL

66°0 069})

os°an  7VS

S1-D dandyy

PG o Ao AP

T L0°12

00°Sh 00°SE,
T m %
|A
6))
o X
=)
1 &b
D
loo aw
X 2 n
x & % o
X 5 X e
R W o
O
i D
—
m
L5
&
Q0
n
A
42 hH
a8

¥ :aawz_.>a.-¢-.n SANIWKDD

AES__NITLIIINIO ONTA 92 03345 ONTA

v

Ry

A3 WISNT 697 IV ¥ISNI
N 3CC17T WT) T eL/F2/79 vwviva

TTRYS MASNT

Cc-16




( {0IX) (SH3IL3WONGEN) HLINITIAUM
00°ss *S9 00

00°sii  00°SOl 00°56 ; 00°SL 00°S¢ "SS 00°Sh  00°Sg,

L v L g v om S
| >N
m -t

Ao 4
K T

W

D

¥ ;ﬁ-o -
8

on'o

0S°0

e A B | SONTLLTMSNVNL INOM4 ‘HS=ZNTSQASST¥I‘Z SINAIWWO?
..aﬁu..m,m.a;amao«)a.._a

2 €S A3 WISNT $SZ IV ¥ISNT
.;s.o‘ddﬂgug.ﬂ—oﬂnagnth Naoaanan,:oﬂh.,s.,,Ncos‘j .q.unA¢ﬂ~#q—.::d~.\n4\a<h¢°

..,..-.l:l.-!-. ‘.:-... R = > A T T N AR AW
9T-3 2an3ry

0€°0
1180 9°81

C-17

9L118

226 JUNSSIWA 69  IWNAVYIMNIL __ OTF_ OIWAH 0 NOTLIINTQ ONIM O 0I3dS ONIM

<




US AMS

"S

oe
=3180 S°nl

C-18

9L1¢cL

HO=ZUTCIAS=THTE SINIWWOD
TI€ VIS JA08Y AFTNI SO00T INNSSIN AL LUALEE LE] _ Bz o1WM S%7  NOTLOIMTA ONTA hd ! 03345 ONTN

—————— e S o . . e———— e —

19 A3T73 WISNT 662 7V MASNT
§TI°Z6~ IJONLITINOT 28°4¢  INNLTLAVT 29°0 DNgoy ¢neGy 7vs 5C°HY vs 0 :NEL2T INTL T 9L/7T2/L VviIvVO

ANS ¥ISNI
L1~D dan3dTy




1‘1$ — iE
e ( 101X) (SHILIWONUN) HLINITIAUM
00°S8 00°SL 00°S9

00°S1t 00°S01 00°S6 00°SS 00°Sh 00°SE,
A - 2 — s
™ ™~— ™ . w S
>
—
M g (0))]
"_ lo X
| o
| =
o
O
. o
! o ss
L L'.
v 8 "
o=
[
w
o
AT.
g O
o
(/]
5y .2
(1] (&)
.Tmm
W
o
<
g.mm Ie)) u
3
i
- = o SB apesn - - >4 A
L P AR LT b3 ST PR : gy L. MSEZUICAASSTNICE SINIWMOD
_ &L77 VIS MMV AN °ce JUNSSINA 1 INNLYEIMIL 9ZL atww 2T WOTLOINTO ONIA O 03345 ONIA _
: 29 AN NISNT 962 7V WiSNI |
79°907= WNITWDT 2Z2°0% IONLTAVY 29°n Aaqoy TE®OIY 7IvS G2°Y ve N :GT2¢T T 94/¢ /€ viva _ M_

--« l :,. .. o T =
81-D 2and1y




( 101X) (SH3ILIWONEN) HLINIT3AUM
00°S8 00°SL 00°S9

- 00°St1 00°S01 00°S6 00°SS 00°Sh 00°Sg,
3 . LJ om S
o
|
6))
o X
‘ =
w
m D
o (1]
<o
w —
=
o
.:uoo
O
i’ D
— o
m 9
se o
o
G
6]
[o—
=
1
8

e e DR, ALY gt Sihte pedtyel vl _ GASSZNIMO=INTSE SININWOD
42€ VIS IANGY AITI €OOT INNSSIN 0 IWNIVHIMNIL  SZ9 ATWMH D NOTIIWIG ONTR 0 GI34S ONIA

. Z9 AT WISNI €01 IV MiISNI
Jﬂjd!lﬂﬂdﬂﬂllguajlaaﬁlandulu':cv-ﬂ-ﬂda.'.gcﬂd.inidnlﬂaluotnd.thh"ldngn!dhdﬂ

e e : = e s e o
. 61-D 2andty




( 101X) (SH3L3WONEN) HLINIT3IAUM
00°S8 00°SL 00°S8 00

. © 00°S11 00°S01 00°S6 > "S5 00°Sh 00°SE,,
— ! 4 om S
=
|A
w
o X
=3
W |
nHU 13
Jvoo BT [
8 p—t
n
(e))
:m o
D
v T -
il P
Avco ]
g . a
—n
-t *
~J i
lroo
. |
VT b Sl Ay R e --.‘.l 'I.L.nusn.)an.u.l,m.o.m!uplz.‘llo. = ‘

_ SOLZ VIS 3A0UV ATIT 226 JUNSSINE A9 IWNIVNAAMIL  TTE OTMAM A NOTLIINIO ONIR 0 G3I4S_ONIA

€9  AIII WISNT 062 IV WISNI
“—-ZWCOTT= JONITIMNT ST°Z¢ —JANITIVY R0 0G91 ~ TS"0L ~~ 79§ ~ Q€77 “V§ ~ “§ 1G2ICY IWIL— DL/IT/9 VIVE

T ANS WISNt

0Z-) 9an3ty




( 10IX) (SHIL3WONBN) HLINITIAUM
. 00°slI 00°SO 00°S6 00°S8 00°SL 00°S9 00°SS 00°Sh 00°SE, i
“ _m = |
= |
! O > M
t ”
L W |
D m
.foo se A_
8 |
— 1
o
+9
L
& 1
=y oy
voo
&
o !
gt 1
w
49 %
8

. HOEZNT*HS=THTSE SINIWWOI
L7F VIS IANRY AT FOOT IWNSSINA AL IWNAVHIAMIL 4TS OTNAM O NATIITYTO ANTR 0 OII4S_ONTA

. !9 AITI WISNT <Ot 7v wisul
AE*HT7TV= IONLTNT &l °»¢ WNLTAVY tneh 069} Goceny? Py 60T v} 9 15621 3Nl 9L/tt/6¢  vive

S — e e e e s < a2 = e S ‘I‘.‘uxq.’a.l‘b"!~lll . _
12-D 2andty

— -

AR e e s S RIS s .- S W A L 1 N N 500 0 e e M0




( 101X) (SH3L3WONUN) HLONIT3AUM
. 00°S11  00°SOI 0068 00°S8  ©00°SL  00°S9  00°SS  00°Sh  00°SG,
L5 o S
8 X
.l -
W
| e A
_w =
w
D
4B **
3
w
~J
49
O
a8 D :
o
5.2 S
49
g
w
O
=3
(=]
g g
g
:
e " A . : , MO=ZWE*AGSTHIE SINIWWOD 4
La.mn..c.ﬂl...,»:.am!:..a...m _.9€6 INNSSIN T IMLVYIMNIL  LZL_ OTWMM  Z9T  NOTIIININ ONTR O 0334S ONIA
2k w A3V ¥ISNT 0AZ IV MISNI —
TUTT79%°90TS WMATINNT CZ7°8% 1 00LATAVY €£9°0 069} OF°0IY TVS  €O° " V§ 0 1¢H26T INTL T T /¢ /¢ vivo
S e : o : s iy i e
2z-D dandty




( 10IX) (SH3L3WONUN) HLONITIAEM
00°58 00°SL 00°59 00°SS

00°S11 00°S01 00°S6 S 00°Sh 00°S&,
]-1 . i v w S
=
a2
9))
19
]
W
D
.'oo (1]
S
Qo
~
19
o
& D
—
m
o
AT.
8
~J
n
—
~J
18
8

TI€ VIS IANAY AFVI S00T IMNSSIud

SV Z6~ IFINLIMOY 26°4F

NIV

6L IMNIVYEIMIL 79L  OTwMM

%9°n 0g9)

Zi°nL vs 99°

£2-D dandry

_ HS=ZNT*AQ=TUI'E SINIWNOD |

7VZ NOTLIMTA ONTA 0 034 ONIR

ves

fL

AJ1I WISNT 162 7V ¥ISNT

% 30 321 WIL oL/T2/L viva

COTTTTTANTWISNTT T

C-24




Aﬁoﬁx:mmm»uzozczv_._Bzm._m>¢z.
- 00°S11 00°S0! 00°S6 00°S8 00°SL 00°S8 00°SS 00°Sh 00°SE.,

MS AMS

01°0

"S

0820
‘3140 0°8

C-25

oh'o

9LELS

AQ=ZYT*HO=TNT*E SINIWNNOD

__ 17€  v3I% 3IA08Y ATY3 €091 IWMNSSINd L INNLVYIMNIL 6F% QTN 0 NOTLIIYTO ONIA O 03345 ONIN _

: L AIVI MISNT 40T 7V NISNE
T LG°0TT= JONITINGTY T SL°HE INLTLYY ZR°0 06o| wmeon? 7IvS L0 vs 0 30122 WMTL ~ SL/FTI/S vivEa _

.,..i:..-..!-,;-: e ———
yz-2 aandty




( 101X) (SHILIWONEN) HLONITIAUM
00°St11 00°S01 00°S6 B.Mu B.Mh 8.% 8.mm S.m.-. SL.E.U
v v m m
i v.lL = i
W | ]
m ;100 ” :
e
| D
._-oo 1)
8
o))
o
49
M 8 uUu
N
w l.o
5 = A
o
3
_ F S g
m a

3 i G : S  AGSZWIHSTINTSE SINIWMNND
ST_ VIS JANEV AT13 PG JWNSSINE A INNAVNIANIL  OLE OTWM  6AZ NATITIMIN ONTA €6 N34S ONIN

' AL A3V ¥ISNT €07 TV WiISNT
guﬂl-;:—:t.ﬂlooedl--.!:l&lﬂg.(z.gqﬂlida.u-.jainv.,MSHldH\HN\a-cniﬂ

B o e . . . SRR —
§Z-D 9andt4




. ( 101X) (SHILINONUN) HLONITIAUM
| 00°ss  00'SL  00°S9

00°Si1  00°SO1 00°S8 > 00°SS 00°Sh 00°SE,
q ) 8 v v v v v ow %
¥ % =
ixx« 152,
4o =
i3
(@)
D
L'.o o
%
W
et
49
O
8 D
—_
o
Lvoo
8
o=
n
i
i O
=)

SWNOSE HSTNTS IV R-ATY80° 2= THTHO=ZVIHS=TUTE SINIWNOD

v |¢:*:§.¢..)ﬂ.-ul fal. INSSIN 99 IWNLYNIMNIL 10% OJwnM  16Z NOTLIINIA ONIA 89 033¢S ONIA °

T PEeIYIS JGNATIMOY  WLULE - 30017 AV SR°0 069} ST°GRZ  IVS

82-D 2and1y

- ——

S8 AN NiISHE <01 7V wiSNg

L L 0 V8§ B cet7 vy T N2/ viIva ~

SRt Il.gl. |

Cc-29




00°s11 00°S01 00°S6

S IMS

"S

s
)

90
‘3180 2°€

C-28

9.6¢c6

o1'0

| 2-10°Te(0GEIZYT  A-vv T=(0SCITHT  *HS=ZWISAGSTUI*E_SINIWMOI ~

m B

ANLS VIS IANGY AT FLe 3IWNSSIWd 96  JUNLVHIMIL 0% aINH 46  NOTIIINTO ONTA 1?77 03343 ONIR
‘ : i Aoplgrt Bt L g T il -

s &8  AIVNI WISNE QLT 7V WASNI
J%Jsglilg:-:idn-cgﬂlu..dﬂ-al-ai!lﬂcﬂcal..ljﬂdaqtﬂn dﬂ\gﬂld-a

S . d e e . e om0 b e et e
L2~ 2an314




i ot St e PGS A SN s PRV

( 101X) (SHIL3IWONBN) HLINITIAUM
00°S8 00°SL 00°S8 00°ss

-00°SI}  00°SO1  00°S6 ) 00°Sh  00°SE,

v v L S + = 1 2 ow S
-
|A

X
XK @
X (-]
&tm
w
D
'Qo o
2
n
n)
.52
-
. D
l
m
Luoo
&
0
n
3
12 WU
=)
ﬂhiu

. e —— -

02 v3IS 3aoav )ud.u 0201 INNSSINd 06 d‘.a-(‘ﬂb!dh. e B L L OST  WMITLIIINTA ONTK L1 0334S aNTR

6L AF13 WISNT  R6 2V WISNT -
T SOPSES T IONATINY  €L°67  INATIVI L0°0 0691 SGUSLZ TVS  Z7G VS SG10eeC2 IWIL  GL/LZ/9 viva

TS AN WISNT T

9Z-) dandty

Cc-27

o s Blcns harn o dbimlin. . e




( 101X) (SH3L3WONUN) HLINITIAUM
00°s8 00°S¢ 00°S9

¢ " 00°S11 00°S01 00°S6 00°SS 00°Sh 00°SE,
- v .w S
=2
l/é |A
&))
le X
E
(@)
D
AToo { ] ]
2
o
N
Al.o
-
8 D
—
m
+0
Tw
w
nN)
=
..mw (@)
o

A=LL°Y=(0SFIZAT  6~L5°9=(NSENTH]

L1 A7 WASNT “L2 7Y ¥ISNI

Y T SRt R T T AYNS WISNT
62-D dan3dty

A D A s A A5 5%

‘MS=ZNTAN=TYI'E SINIWNOD

)

RNLY VIS IANGY ATNI FLO® IWNSSIWd €S JUNAVHEIMNIL 90y QWM ®IT  NATLIINTA ONTM  €TIT 03345 ONIR

TTTUIRTTIIVE IONLYTONNT 21T JONLTAVY AL°0 069} 12 hd 1] s 11 ] ve N tOFLEY 3INWTL -~ OL/A276 VIVA

C-30




00°s11

o

( 101X) (SH3L3IW
00°S8 00

ONUN) HLINITIAGM
*SL 00°S9 00

o' 00°e L 00°S s oosn oose,
L (i Wi i - e o AJ m
4
X
A\ X
x ey ]
j
X
" Xy
...!xr-x-r .
X Lv
P
X
%
-Jucuw nxnwpannr *
P TN
3oy 5 wﬂ”ﬂa@t vmmxlxw :
STy
4

COLZ VIS 3JANAY A3V

(9°011= IONATINOY  6T°2F

2?6 IWMNSSINY R

Janirivy

f9°n acoy

INNPVYNIANT

X AEAL |

0€-D @andty

NTWNH

77s

™ NOTININTA NNTE L

§s° N0 we

<

*3180 9°08 :HS {0 cHlI

9.118

HN=INFOQAC=TINTIF CIMINNNTD

A AT wLSNT
LEERE ETS BTV T |

7HT NISNT

NINAT ANTE

Te¢  JV MITMY
NI/ YN

Cc-31

oo




( 101X) (SHILIWONEN) HLINITIAUM
00°S8 00°SL 00°S9 00

00°S11 00°S01 00°S6 'S 00°Sh

T ” bﬂ v L I
0

no

()

-

w

D

-~

w

(6)]

O

D

]

m

A

—

N

~J

e g

47€ VIS 3A0EV A3

LS 021~ ANNLIMOT  GL°Y€E

€0NT INNSSING i INNLVHIANT ) 2y aIwWoN 0

InLILY? 49°0 o0%<ol Z2° Lt 7vs Qcecy ve

1€-D dani]

UN=ZNT AN TNISE SININenY

NOLLYINEA AN e

ne A3ITY HISHT
N tGCal TuT)

L 24

A334< NN

16F v wieny
/176 vivn

PHNY NISNT

C-32




TUTOTX) (SHILIWONN)  HLONTTIAM
00°S8 00°SL 00°S9 00

00°S6 'SS  00sh  potsg
v v v v v v m m
n
M .* o
4 I
3 ¥ w
3 W
xwxsn«t R X P mmv
xwrx. “ -t 8 an
X &
X
xixxllszﬂ ()
¢ .rmU
el -
8 D
s
it
2 ©
+9
: 8
w Q0
n
q = <
mj«ogus,&g is &
LWUrpyay s 2 c
v e To, oy )J‘.”“vwn; *ng w
35 STy

HA=PNTANTINTIE SonINwng

( 24 YIS 3A08v A3Y3 STOT 3uNSSINg €A INNLYNIANT ) €0% nNiwnu 90F  NNTIIININ ANTe ne N34S wre

. 9% AN MISNT C fa? 7V wpewp
€0°59- 300 191 L w? IonLILVY 09°q fcayg 29°211t v K° 76 ve Swﬂ\uﬂ— U‘Q- .h\”ﬂ\' .-Q\-

2N NLSNY
Z€-D aan3dty




( 10TX) (SH3L3WONUN) HLIIN3IT3AUM
} S.m.—ru S.BT- S.mpo s.mpn S.MF S.Mu S.Mm 8.M-. S.mm.u
5 3
.a< mm:xM1 ()
, o I
. e =
5 x
J!:J:,c % - . .
x D
g E
X X 8 =
) . mud
¢ 0 3
4 A
O
8 D
- -
49 :
2
~J ,
N
—
~J
L.w.. (0))
8

HN7HTSQASETNTOC SINIWNWNY

TI€  V3S JANGY A373  SOOL IMNSSINA 48 INALYNIAMIL  0FS ATHNM  ZCZ WNTIIINTA ANTM  0G  AI24S ANEN

Na - ATV NISNT 207 7Y NISNT 4
S1°26~ IJANLIINDT  ZA°HE 30NLTLYY 16°0 0g9) 19°%a  7ve 0n°%y  ve A 11 6T WYY QL/177L viva
PMI NICNT

Sl

€¢-D aandty




v£-0 @andty

[ - A A 8.&
v v v v v i . Caae v m m
[
(-
-
w
D
(@))
Qo
4 N
t o
D
—_
m
49
&
n
[
n)
~J
d o

e ¢ s N4
- QU N Ty A 2% 3 AR Wodg
£ AT O LLITVnt gosg o 5} ,

Yd SIAZ

ANsZNLSHA=TNTSE < NTHunT

47€ VIS 3JA09Y A3V €00T INNSSING A L) ANNIYNIANIL <O QrWNM ] NAT)IINTA ANTH (3] AJIAS uTH
¥ Na A3V3 NISNT o9 Y MISNT
L4S°021= I0TLIW0T  SL°v¢ ELIRER A €L°0 069} A9°992 7vS 9&°ng ve N A%ec” WYL o)/71/¢ viIivn

™IE WLeNg

C-35

0




( 101X (SHILIWONEN) HLONITIAUM
00°s8  ©00'SL 0069 00

S.m—“ 8.3— S.M 5 .wm S.Mv 00°SE, |
g8 S5 _

n “
= .
-
w
D
(@)
~J
n

Lﬁm o
D
o
m =
e ©

42

=

(6))
—
—
~J

Lvom (@))

MN3?NTOQACTINTSE SINIHNND
ST VIS IANAY AIV3 276 ANNSSIng ~4 INVLYHIANIL COFf AWM n NNT1VINTN ANTH n NI e

: ag [ERE I TLA T 407 IV NITNT
£8°011- I0NLIWOT 41°Z€  IONLILYY  OL°0 ACOL  TO°SR  Z¥S  42°IF  ¥S 4 1CTicY WIL 91/T1/% Viwn

uT MpSNT

S€-0 2an3ty




( 101X) (SH3LIWONEN) HLINIT3AUM
00°S8 00°SL 00°S9 00

oo'SIL ool 00'se 'S oo oo'sg,
| v L] L v L w m
n
)
P e
8
L4 “
0“ [ 1]
8 nN)
6 |
N !
1'-9
G ]
= w |
m 3 |
lo ‘
8
(@))
o
(@)
~J
| '8 ))

00°01

- LA g
; . PN TWHSTYMIG e
RSty ¢ ZLITIN g o w,\.w“.,. il
SLE0v< s1ag

UNs"NTAN=THTEE SINTINWNTD

6L2Z v3S 3ANAY A3T3 9€s  INNSSINA A INNAYNIANIL | %99 ATWNH 1SV NOTLIININ AnTe [ 13345 anTe

A% A3 NLSND &7¢ 7V NjeNY
29°901~ IONLIINOT 2Z2°a%» 3aNLTLYY Lo ncay 40°%51  7vS €6 we n tcrLy WD @)/Cc 1€ viva
INT NITNTY

9¢-) 2an3yy




- i e e et

( 101X) (SHILIWONUEN) HLINITIAEM
00°S8 00°SL 00°S9 00

/00°SI1  00°SOl 00°s8 " 00°gh 00°Sg,
v , L v - e —t
ﬁ : xlﬁm X
, n
i (o)
b i I
m 8
: wm
b D
K Jtm [ 1 ]
8
;fmU

00
+dlud 1°1¢e

c-38

v
00°8

9L€EC8

00°01

HNe?YTSAN=TUT¢E SINIWWNI : M
oT V3S 3A09V A3 S101 3INWNSSI4 1§ ] ANNLVYHIAWIL 0L OIwWnu AEC  NOTLIININ ONTH 52 N334S aQue

. 04 LERERR I8N ) | ®97 7Y wiewNT
€0°S0= 3I0NLIINOY €L°62 0NLILYY 4G°0 0G9) on°an 7vs L1012 ve 0 1C5:77 IWIL 2)/87/0 viva M

PNT MISNTY

L£=-D @and1y




( 101X) (SHILIWONEN) HLIONITIAEM
00°S8 00°SL 00°s8 00°Ss

. i 00°s01 00°s5 -8 00°Sh 00°S8,
v v L . v = ¥ 3 : I
8
1 4 2
m
1;!00
.x N .ur : ; |
.vli'l!!: uﬂﬂ -u me |
R x
® 2 °°
X .ﬁxm_ : =
o=
x X Wy :
W X > ¥ o
< xx LW.
Toah R ot g
o =f o
-...: S
J.W
~J
nN
[y
g.m .m_u
e 000 o1 a@ryer E
.aaoquauqmm~u~q<=a»mumumuhwthm”w

UA="NTCGAS=INTSE SIWINWNT
11  v3S 3A0aVv A3T3 $091 INASSING 14 INNIVHIANIL BZL atwnu CH7 NNTEININ ANTA 9t N334 NNTN

' na [ERERR TR LT €C7 TV Mi<wg
ST°76= 3IONLIMNTY 26°%¢  30NLILVY 70°9 0c9) Ga°GL  7vs b hdd SR MR AREL 1] 0./%7/71. viva
7uY MISNTY

8£-D dandiy




( 101X) (SH3L3WONEN) HLIN3T3AUM
00°S8 00°SL 00°S9

00°Sll  00°S01 00°58 00°ss 00°Sh 00°SE,,
| g - v L 2 | ww [ —
X m) HU
A —
O
P

X .mamw

®
A : od B
f .ﬁoo o5
X

8 —
» o =
X o
x; " m ()
Lg> D
Yl =

ol T
an
—
w
~J
E (@)

€00l IMNSSINA 09 ANNLYNIAWIg

4T€ v3IS ANV A313 GI% NTpou "

L4G°021= IONLIWOT  SL°s¢ mmeLiLvy 23°6 069 8°292  7vs

65£-0 9and1y4

LT 2 ve

AAS=INT SUN=TYTSE SLNTIWWNT
NNTIIINTN NNTR n NJ34c ANEN

ne A3 MpeNg
M e T TWTL

£°T 7V v(ISwY
NIIFW/E viva

INT NLSNT

C-40




00°st_

( 101X) (SHILIWONEN) HLINIT3AUM
s6 00°s8 00°SL 00°S9 00°SS

8.mm~ 00°S 5 5 S 8.m~_ 00°S§,
v v , v mw MMW
n
_ O
X .4 X LWW«u pui o
e | 8§
N 3 % w
Xx D
-Mx"n ¥ o lo o
Ly’ s X
Sk & . B |
“l'“ X X x n
> &&—x ®
....&zili.f... @
So By, il ATm o
D
-
m
3
(@)
—n
[y
PR ;r? %

SOL? v3IS JA0AY AT

LR°OUI~- IONLIMOT  A1°2¢

EDUTREE A

226 MUNSSINA

HA=2NTSAN=INTSE SINTMNWUNY

f9 ANNIVHIANIY 11€  arwnM n NNTLVINTA NNT™ n N3JJAS AN
ne A3V NiCONT nec? IV MISNT
$8°0 0Gal &°nL Vs RG22t ve A egrect NI o /tt/o vive

2NT MASwNY

0y-D 2andty

C-41




|

BN W NI - 5 A

00°Si1  00°SOl 00°S6 ss 00°Sh 00°SE,
2 v v L v A L i
8
] :
x Ly .
" g
x iy S |
gy X » o L
e ¥ 8

oe
*J180 O0°11

C-42

e
9LEILS

UN2?2NTUS=TNTC S NINY
472€ Vv3S 3A09Y A313 €001 INNSCING AL INNLYNIANI] ST L) r MNT 1 VINTA ANTE n N34¢ avee A

- Aa AT NECNT cer? TV wIeNT
LS°0ZT- IANLTIINOT GL°YE JonLILvY 18°0 o0sol SA°HN2  2vS on°11t ve 0 gcceY I eQ/f1/6  viva

21 Niewy . ’

Iy=D @andty




( 101X) (SHILIWONEN) HLINITIALM
56 00°s8 00°SL 00°S9 00

] Somm— 8.3.— 8.P St i .m 8.%- Soﬁ
F L4 3 . y : m m
N
-
- A
w (6]
|
w
/—
O
D
l
m
4'n|
Z
W
(&)
e
R iv @
i gm.cai THSTWHE X200 woary 8

TVN® &5y o 974 S14g

HN=TNToAN=TNTIC < NTHNND
SL22 ¥3S IANAY A3N3 AEA  INNSSING  § INNLYNIAWIL L7 OINNW 291 NNTLAINTN NNTH L] N34S WNTR

* s A3 NISNTY 047 7V wMISwNT
NOoOO-Oagnué‘znuobo waapq-da n..aanon Qno:‘auqa AO.) <n enn'utqut: 0~\A\ﬂ.<-¢:

ZNT YICNT
Zy-D dandry

C-43




( 101X) (SHILIWONEN) HLINITIAUM
S6 00°S8 00°SL 00°S9 00

co'sti _ 00's0l  00s : . 'S oo'sh  oosg,
!U)v L4 i dud LA L4 LA L B m m
\ -4
1)
X 5 s ” o o
T——— x L'oo H
. ¥ 5
Mt . X |
do. x _
X W |
. 9 |
DX 7508 o eeo
2
o
Aﬁ. 3
8 O
B
«: S
Y 6 J
+
m t
an
—
(&)
iy W_u 1

AN=E2NTSHN2THTSE SINTWWNND
L7€ VIS IANAY A3 €001 INNSSINA L INNJVNIANIL HEY ATWNH L] NATIEINEN NINEN n N334 ANrm

ne LERRIR 181 T 7V NISNT
LS°NZT= INLTINIT SL°%C JaNg LYY ZR°C 0%9L «8°982 7Iv$§ 92y ve N tATLY  WIL QL/Et/S viva

INT NASNT

1
1

g£p-D 2andijy




T ——

( 101X) (SHILIWONEN) HLINITIAUM
58 00°58 00°SL 00°59

e . e 00°ss 00°Sh 8_.Bu 2
. . : . . 8 3
X X o o
x.llxxx. > X
e ,. .
o T
&
(@))
D
{9 *°
8
N
e
nN)
10
8 3
—
H..J S
49
2
Q0
n
~J
SOA By Ay ﬁ‘ L
INOTIONGS 1 rronn o TR XAOC wones el
TV A o1 e - i w

T Th

AAS=ZNToUN=INTSS QINTWNNY'
' 24 ¥3S 3ANeV A3 0201 3INNSSING L 1Y INNJYHIANIY 96  AINNKH 0ST  NOTANININ NNTM At N334 NNTN

W13 A3V NeNg LY 7V SNt
no.a.oao::at:..np.z w::-:«a ..c.oaao. :n._.:.:a uv.m ¢a ..n.;..:.vu:: n..spv\..:ca

THT NISNT
yp-0 2an3r4




( 301X) (SH3L3WONGN) HLONIT3IAUM
00°sll  00°SO0 00°S6 00°S8 00°SL 00°S9 00°sS

+ - 4 -+
. ? Lm

08°0

- o

CUNIGE MSINT4 1Y A~ 2=TuTUN:" U UC=THTE CINTWIMT)

st v3S 3ANaY A3YV3 Is2 3IWNSSIN o9 INNIVAIAT] 10% QlunH IA7 S ININ INTR %o N34T M=

E ne A3IYI wiewyg €17 TV Apewng

72€°221- 3ONLIMOY BL°LE AonLiLvy ¢a°n 0<9} «{°s9Z 7vs RN°F vs n 37 Wi /877 wiva
TH] MICNTY

Sy~3 aindt4

HO cHI

bS

*3180 1°€

C-46

9lLLch




( 101X) (SHILIWONEN) HLINIT3IAUM
00°S8 00°SL 00°S9 00°SS

00°S11 00°S01 00°S8 00°Sh 00°SE,
le» u bT d-w 1 5 “ ™ V od
X m )
-
n
X
- W
8 —+
w A_
D
n [ ] ]
18
~J
~J
L ]
o
l!.c
8 O
)
l "
m 5
L ] ] o
&
8 O™
po—y
— ]
T LN ERHSTYMME AKK %
TAAOTIOVEL LTIV $555 O BT C1kd 19
HSE2NTSAN=INISE < INININD i
$O0LT V3IS 3ANAY A3 224 IWNSSINA m ANNIYNIANIY AE7 OTuNH n NATIIINTA NNTH £7 O34 NNgR

s A>9I NiSNT 1€ET 7V MISNTY
48°Gt1i- 3CNLIMNT swl°2€ o0NLILVY 49°0 0¢cof sZ°1Ftl  2vS th°ag ve N AN gY INTL L/1t/9 vivn

PSSR IR

ZNT MiSNT
9p-D aandy4




S S AR

( 101X) (SH3LIWONEN) HLINITIABM
S8 00°S8 00°SL 00°S9 00°SS

A 4 -

s o

00°S01

00°Sh

-

A
T —t + 4 -+

HST7NTSQAC=INTSE SININUINY

4Z€ VIS 3A0AY AITI €001 AWNSSING o INNLYNIANIL »7% nlund n NNTLIINTN NINTH or N34S INTR
fs AT NISNT 207 7V wpewt
LS 071~ IONLIONOT GL°%E INLTLYY L9°0 0<9) N9°102 1Ivs $5°7TL ve A 3C7:07 3NN eL/717¢ viva
79T vISNTY
Ly-D dandry

‘dS HS cHI

C-48

9.c1S #3180 S°2eL




00°S11 00°S01 00°S8

A

( 101X) (SH3L3WONEN) HLINITIAEM
00°S8 00°SL 00°S8 00

1.
<

v v v

.MB 8.9 . Bop%
y 8

S

C-49

9L119 :3160 8°Sh *HS HS cHI

bl
vy @ or
ésag g1

X700 n
Q
waqm WHES =3

USTEZUTAN=TNTEE SINIWMND)

SHLZ v3S 3ANARY A3 276 3AUNSSING Q. INNLYNIAMI) €92 alwnu n NATLIINTN ANTM ' N34S NN

2 AzY3 wpew] e v et
49°0TT= INALIMNOY ATI°2F I0NLTLYY “L°n 0NcC9) 2$°AR vs FYRL ) we N tAg2eT WNT] . 2 /T1T/0 viva
MY MISNT

8- 2and1y4




00°s11 00°S01 00°

( 101X) (SH3LIWONUN) HLINIT3AGM
S8 00°S8 00°SL 00°S9 00

*SS
A
L)

1€ VIS 3AN9VY AIMN

T

S00T INNSSINA

$1°%26~ 30NLIMNT 2ZA°SE 30nLTLVY

A
v LA s

INNLYNIANI) 946  drINnu

AC°0 059 44°04 7vs oR‘af

6¥-0 2an3dty

vs

HCEZNTSAN=TNTSE € LNTHNND

T MNIIAINIO NwEe

NR AT W SNT
IR A LA Sl L] ]

t 4

NINAS NN

ALY VY NicNT
/127 wywn

AT NISHY

o0’
gLicL

00°¢
3160 6

C-50

"8E US HS cHl Lj




( 101X) (SHILIWONEN) HLINITIALM
00°S8 00°SL 00°S8 00°SS

A
v

R 00°S11 00°501 00°S8

-

v v

00°Sh 00°SE,
8

00°1
‘dS HS THI

o
3160 €°cE

=
v |
]
o
L'.h
fam—y
~ i oaq 0Nz CFHS Ty o I—
g«. ™ 3 i (i 300 RO g
tUgNSw.ﬂ.‘wwnhﬂﬂum.’« ‘..Nd.l...h Aﬁ.s
-4 IV Ve :n..mh w
X
OACE?MTOUS=TINI*F < INIWMNTD
L2€ VIS 3A09v AITNI €001 INNSSING 22 AIMNLYNIANIY €9% aTwnu " NNT 1IINTN ange 27  0334c anm r

LTS A3713 WISNT 11?7 7v wmiSung
LS 021~ IMNLIMOT CL*°SE INLTILYI S1°n 0Go) !0z  1vs 0€*2¢ vs N 2919 T QQ/CT/C VIVUN ]

THT wiSwNT

0S-D ?aIn3dt4




2 3

( 101X) (SH3LIWONGEN) HLIN3TIAUM
00°S11  00°SDI 00°S6 00°S8 00°SL 00°S9 00

A A 4
v v v v

‘s 00°Sh 00°se,
3 8

00°¢
9/.S € 3100 2°¢€ :HS HS cHI

C-52

00°%

HS=Z2ATOAS=INTIE SIN3WINY
6L2T VIS 3ANAY 2373 9F6 INNSSING ot ANNLYNIAWIYL 299 AnTWN4 SET  NATEIINTN VTN | §4 N334¢ NN

Ax A3YI WESNT 2T IV MISNT
29°901- IONLIANODY 22°8%  30NLTILVY SL°0 0oy 22251 2¥S e1°2¢ v¥< 0 :GeseT WTg o(/c /¢ wiva

INT NiSwNy
15-D 2an31y




e

( 101X) (SHILIWONEN) HLINITIAGM
00°S01 00°S8 00°S8 00°SL 00°58 00°ss 00°Sh

L

\.Q ey
) v O @S
T e i L
& AR LAV u.\.\ 5 <7 THw : vy e
-
UT 2PN OASINISE < ININMND
oz v3IS IANAY A3N3 ST0T INNSSINA L1 AN VNIAWIAL yo0  ALWNH NEE  MNTEIINTA ANTH ot ATI4S NN

ng AN WISNT £& 7V NNt
€0°Go= IONJFIWNT €L°AZ ONLIAYY 19°0 069} LS°26 vs 8s°t1? ve A g2%:cy WY Qp)/c?2/0 vwIvAn

INT MNASNT
z§-J ?and14

C-53

gL€28 3180 9°L2 WS HS cHl




00°Snt

A

00°S11

00°S6

( 101X) (SH3L3WONEN) HJINITIAUM
00°s8 00°SL 00°S8 00

.

*SS
e

€OLZ VIS IANAY A3V3

49°011~ 30N IMNT  A1°2¢

ZZ6  IUNSSING

INNLTLYY

4
L iy v v v

CONTLLTWSNYN] INNUA

69 INNLYNIANIL ole Aatuwnu ] NITEIINTN ONTH

N AITT NISNT

ZR°n 0g9L L8°eL s 29°qy ve n :GC:cT MNY

£€5-2 andry

SUCEPUTIQAS=TINT ¢ €| NIWWN)

n N334S NNTR

&2 7V MISNT

Qel/11/9 viva

ZAT VISNT

‘dS HS cdlI

3180 9°81

C-54

9L119




- ( 101X) (SH3L3WONUBN) HLONIT3AUM : 4
00°S1t  00°SO1 00°s8  00'S3  00'SL  00°S8  00°SS  00'Sh  00'Sg,
v v v v v . A v v m I
-
n) 1
w :
s
(0]
"4
—
= ”
w
O
D
=
myg
18 w
1&1:59:1.\ U 4 50 n D

UT22NE0AATINTSC SINTWHNN)

AL7Z VIS IANGY ATV 9FA  INNSSINA [ INNIVNIAWIE  OZL AfWNM IFT NATLIINIA aNge e 0334% cuge

a4 A3V NIINT MY 7V ViTNT

29°901- JANLTINNY ZZ°A%  3AOLILYY  2R°H  0SOL TE°OIT 2vs  67°%1  wS A cricl W) ORER PR NP
ZNT WISNY

¥S-0 2andry




“111!\11 . PR st T ——

( 101X) (SH3ILIWONGN) HION3T3IABM
<8 00°S8 00°SL 00°S9 00°sS 00°Sh 00°Sg,
™ L v v uw

|

00°S11 00°S01 00*

s -
L

HS THI

‘Us

0e
iﬂ%UO 0°11

1

9Lcl1S

HA=7YTUS=INTE SINIANT

4Z€ V3IS IA0HY AINI €001 3ANSSIYJ sl INOJYHIANAL Al OTUNH n NNTIIINTN ANTE 9 N34S aNTR

A4 A3 MISNT Ga7  7v WiewNt
LS°0T1= INLINOT  GL°Y€E NIV 19°0 060l sA°YaZ  7vs o0° 11 vs N 164 (N Q)/¢e1/¢  viva
IWT WISNT

§5-0 aandt4




00°Sit  00°SOl

T1€  V3S 3IA06Y AIVI

1 et Lo

00°Sh

30NL19N0T  ZA°YE

S00T 3INNSSING

JangILv

-~

-

A A
v v

rew, leof
1o I oy
T8 K 1myng g0 1o
hmﬂm o:dﬁ&
ST NOQ
4 Stag
HSe2NTSAN=THTE SINIWWNTD
'yl ANNAVYHIAANIA) 9L NIWNYy TUZ AT LVINTO ONTH n NIIAS ANTA
na A3V3 NISNT " TV NISNT
49°0 0¢<9l 21°1L 7vs e9°n vs ® 0 2?7 WV /1?70 vve

95-D dIndty

s e s e

e e

ZNT MASwNY

‘dS HS cHI

*3160 L°8

C-57

9lL1cL




I —

8.

( 101X)
S8 00°s8

s

(SH3L3WONUN) HLINIT3AUM
00°SL 00°S9 00

-

00°SI1  00°SOl

st v3S 3A09Y A3 LLL

7€°221= INLTINOT RLCLS

ANNCTINA

N TAVY

s
v

69 INNLYNIAMNIY

F£R°O  0¢9)

A
-+

X

0A*222  7vS

LS~D @andt4

e NTuWNH

9a°C

v

L1

vs

AN=7MNTOUSINTSE SINTWNY

NATHINTA NuNTH

ne AT MISHT

LER s td

EL IR

L 244

N34S MM

cn~ 7V viTMY

2707/ "IIN’

TNT VvISNT

[
|
.

‘S HS 1HI

9lLLch 3160 0°9

C-58




AR ( 101X) (SHILIWONEN) HLINIT3IAUM
00°sit  00°SOl 00°S6 00°S8 00°SL 00°S8 00°sS

s Vs A -
il i L 2 L v v

~e A3T73 wISNT oa TV MISWY
LA°TIT= J0NLTINNTY  Z1°TS ONLTLYY 95°n 069} (€9 7vs eQI°¢ ve N 1593F7 INTY QUIN? /6 VIVYN

PNT MISNTY

85-) @andty

o S Fi N)\g
V5T 30y, Mouy
“ S,
L=LN°I={(CEIINT R-uatT=nCEITNY MCETNTSANSTNTIC I NIWNND
ARLY VIS 3A09Y AN} FLR  INNSSING G ANNIVHIAWIL 1R> niwnu (X NNTLIINTA INTN 17T N34S INTe .

e

001

‘dS HS cHI

C-59

‘3160 C°€

9.6¢c6




( 101X) (SHILIWONEN) HLINIT3IAUM
“0°S8 00°SL 00°S8 00°sS

00°S11 00°S01 00°S8 00°Sh 0o0*
[ 8 A A -_— ' ol
v . i i L v v v g v

SWNOCE HSTNT4 Y Qe TYAN®2=IHTN=7NTUC=-THTIC S INTWWNT)

ST v3S 3Anav A3V 148  INNSSINA 99  INPLYNIMMIL 0%  aTwnM A7 BALIIZHED ANga o R T
n& A3ITY wiSHT CR? Yy NITNTY
Z€°221= I0NLTWMNTY  SL°LE  IONMT LYY 39°n 091 ~1°%82  7vS ans¢ ve Y 236> 2wy oL/1vre  viva
TNT wiSwy
6S-D 2and1g

F 1 RN st e (o e

St oo

*dS HS I[HI

‘31680 1°€

C-60

9LLch




( 101X) (SH3L3IWONEN) HLON3T3IABM
00°s11 00501 00°SE 00°8 00°SL 00°S9

A A
. A3 B

e mﬁnwﬁﬁﬂm‘
Py 3 ST
TIOMy ALTTrnn w? Adl( A
.\&.u&u ST 5nw - S
< AauTe Mu.um't
R=LL°y=(OQSCI2NT A=1S°=(NCF I TNT fusS=7uTéAq=TuTée SLNI

8040 v3S 3A0av A313 €18 INNSSINA €6  INLYNIAWI) 9g% NYNNM STT NOTLIINTT ANTS €17 N334 anNge

06 AIVY MISNT e IV wpeng
LATIT- IONLTINGT  ZT°Ts  INNLFAVY  31°A 0CO)  ERSEA  7vS S0 ¥ A 1I6reT WTL A/k7/4 viva
PHT NISNT

.

09-J @andty

00°SS 00°Sh 00°

1

3

‘dS HS cHI

‘3180 h°0

C-61

9L6¢26




e —

( 101X) (SHIL3WONUN) H1ON3T3AUM
00°S8 00°SL 00°S8 00

00°S1l  00°SOl 00°56 i "SS 00°Sh 00°SE,

v . v v v LA v m I
-
fo—
o
<
W
D
~
~
o
o
3
mi
(o))
e
fa—y
~J
(o))

UCeIWTIAN=THTE SLNIWWNY

€OLZ v3IS 3A0AV A3INI 276  IWNSSINA 18 INNLVNIANIY AEZ QTHNH n NNT1YINTN ANTH £7 N34S NIm

¥ n A3TY NiISwNT TFY TV vitwy

29°011= IONLIONNTY A61°2€  ONLILYY #9°0 ncol G?°IEL  2vS 16°9) v< N a%:37 WL QeQp/1v/e  viva
INE WISwT

19-D 21n314 ]




00°S11  00°S01 00°S8

( 101X) (SH3IL3WONEN) HLIN3T3AUM
00°S8 00°SL 00°S9

00°SS
4
v

. i
- v La

-

—"  0QC OI CIHSTWMA X300 WO
FToP0TIOVMI XI1TVNE 3579 ST Z9Vd SIHL

L. v3S 3JA0GY A3VI £00T IYNSSINA 19 INDLVHIAMIL 82% alwnuy

L$°02Z1~ IONLIMNOT  GL°5¢ nLTIvy Lo°n 9q9y oz Ll 7IvS

.

29-D 2and1j

2¢° €l

A

UN=2M[AN=THNTIC CjVIVINY

o HNT JYINTN ANTE ar N334 yTH
L AT MPSNTY PIY TV NAITNY
ve A 2GCAT T CYFAL FA SR L L]

Ty wiIi=ny

‘dS AQ ITHI

‘1180 9°€EL

C-63

9L2l1S




| ( 10IX) (SHILIWONUN) HLINITIAUM
8.m~.~ 00°S01 8.mm B.MQ S.MN 8.mm

00°SS 00°Sh 00°Sg,

i

x *
3 xﬂr v“
X Xx
% * X
X X X
. X XX
% e X
g™ X, &

HI=2NT AT E SINWWUNY

ot V3S 3ANAV A3Y3 SINT INNSSINd [ INNIVYNIANIL 0% OIWNNH GOF WAL IIINTA ANTH nz NI4T NANTR

€0°%8~ 3NNLTINOT €L°4Z  INNLTLVY pecg ngay 70°211  7vs anerc  vs A ecrecy WT) ag/e77a wyva
THT MISNT

£9-) aandty

n A3V NaNT FIT 7v witwy

‘S A0 T4I

C-64

+3180 O°€ES

9LEc8




. ( 101X) (SH3ILIWONEN) HLINITIAGM
00°S11 00°S01 00°S8 00°s8 00°SL 00°S8 00

[ —— 'y e A .-& 8'.3 .SOﬁ
- 1 v v v Lg s LA mw poe
20
-
o
<<
)
D
=
&)
00
O
-
vy
mg
6))
[o—y
. s
%y, 0% o ~J
Hgfﬁwq«%urw;» - O
(hmwmmumw&cc 32“ Av-o
S&WN@“ Mw

HSEZMTCAN=TYTOE SININMNY
SOLT VIS 3A09V A3V 2726 3INNSSINA ap INNLYNIANIY €A2 ATHNH n NATIIINTA INTH ' N334 Nwin

5] A3ITY] wiSwT na v uiTNng
48°0TT= INNLIMNNT &1°2¢€ InNLTIvY ~L°n NG9y 2G°AR 7vs LY AL L ve A 217297 UL 2/11/9 vwivn

TMT NISNY

¥9-) 94n314

|
E E
1




i

( 101X) (SH3L3WONEN) HLIN3T3AEM
00°Se 00°SL 00°S8 00°SS

c'Sl_ 00’0l o0’ 00°S : . s o o0'se,
L v S v v v =i a w I
- o
i g =
. n.m. i O
" N} x g =
- X
X x 3 w
e Xx X X D
o e "
% 2
0 . (@)
R x Q0
kW) : ©
fx Lvos G
X 1
-
-4
m
+2
8
n
pum—y
~d .
; (@)

00°01

HS=7UTAN=THTSF SINIANT
TIF  ¥3S 3A0AY A313 <001 IWNSSING 88 INNLYNIAWIL 946 NIWAKM A2 NATLIINTA ANTR 26 NII4S ANTw

.o A3II NISWT Th 7V uiewy
S1°26= 3IONLIINDT 24°%E 300LTAVY AG°n 069 H4°0hH 7vs 9g°Re ve 9 17€:57 AWTL IT?/L vivn

TNT MNITNTY

S9-D aand1y4




" ( 101X) (SHILIWONUN) HLONITIALM
00'ss  00°S.  00'S8  00°SS

00°sil  00°SOI 00°S8

S S 00°Sh 00°SE,
- v v bd Mw e
-
Lﬂ n
X O
s g <
x = L 1]
(3 R, X X x ESy
| " X X *Sep _L
| RS X © |
St R X

< -
¢4 ¢ 8 v

X —

mig

42

Bpul
nN
~J
0000l CFHSTINAL X400 NONL )

FTvITIOVES XI1TVAD 3539 ST ¥DVd SIHZ i

00°0t

AN "NTSUTI=INTSE SINIWNWNT

L7€ V3S 3IANQY AN €091 INNSSIYA L L] INNJVAHIAWI ] S NIWNu n HNTIITNTA ANIM n> NITAS INTH

n ATy wiSNT Q27 7Y MiSuy

LS°021= INDLTINNT  SL°%E N 11V £L°N 0g9) 9&8°99” 7vVS a&®ac vs n o2rezc? YT nps7t7% vIvQ
7T SNy

99-) 2andt




. 0 101X) (SH3LIWONEN) HLON313AUM _
00°sil  00°SsOl 00°S8 00°S8 00°SL 00°s9 00°SS 00°Sh 00°SE, q
' - g v 2 v N Lz . 2 R 7"
\ 8 |
) |
x ~
R
& X x % w
xX .vm .
e x w |
% Y D |
l= o |
X
| :
3 g
" x XXX a
X x al
g x x +42
S ¢ 8 |
- ,. 3
b 4 . x X LX) -
— % -
‘ ' ~ Lﬁo
X 8 w
n
>
i
8
UN=7YTSAN=THTS SINTWINTY
6L2T VIS 3A0NY A3 €6 INNSSING 'S AINNJYHIAWAYL 999 OTWNH 1GT  NOTLAINTA ANTH < NI4T INTN
i n AIT3 wi~NT ®&81 TV N|SNY
.m 29°00(~ IMNLIINAT 2Z°A%  INNLTIYI LL°6  ngay PRLTTS B 21N €66z  ¥S LIRTA TR O i 1] 0476 /¢ *ivQ
INT ¥ISNT
_v £9-2 @and1y
| ¢ 4
Lt — e




( 101X) (SH3ILIWONEBN) HLIONITIABM
00°S8 00°SL 00°S9 00°SS 00°Sh

02'1
BS AQ THI

C-69

08°€
$3L8U CBELC

e ——

, 907 01 TS rangng
Hogq :ija%mﬂm S1 NMOW”M

9LEc8

(627 ¢ ﬁg
SIag <.
8

HA=?HTSAN=INTSE SININWNTY
OZ VIS A0V A3 SINT NUNSSINd I® WNIVHIANIL 90L AIWNH AT NATIOININ ANTH %7  NI34S WNTR

n A3 wiISNT L1} Tv MiSut
€0°CR= IJONLIINOY €L°A2 INNLILYY #6°0 0691 08°8q 7vs iz ve 0 15C221 I o/e2/e  vivq

™ML MISNT
89-D) 2andty




_ﬁodxugmm_u.—uzozczur:.ozu._u>¢z
00°S1l  00°SDi 00°S8 00°S8 00°SL  00°S8 00°SS

a 'S
T L 4 Y = i v .

1
‘S AQ THI

09°¢
‘3180 9°cl

C-70

9L119

[ -
X}

UA=THTSANSINTIC CINININY

GOLZ VIS 3JANAY A3INI TZ6 ANNSSING Ro IMNIYNIANI] 11f AtwnoK L NOTIDINTN ANTM i NJIJAC NTN
: " A3 MISNT 8) 7V ONISNT
L8°011~ NLTINNT  61°2€  30NITLVY sR°0 N9y 1%°0L  2vS G 7T ve N 2376t WL o)/1179 vivn
TYT NISHTY

69-0 2and1y4




,t

( 101X) (SHILIWONEN) HLINITIAGM
00°S8 00°SL 00°S9 00

00'sll__ 00's)l  00'8 00°S 'S . ‘s oo'sh  oo'se,
48—
Y 2
X X —
| w0 o O
X xx_' g <<

A X (X°VS
x
) (92
x u"%lﬁlﬁllmwx I
+e’ 3¢ X o ; ﬁow
s A Y

X7 o
(8))

i
g L
D
o
m
es

+2
8 w
a
&

00q og azys
Lyt ST
TVOTIOVNS XI1ynp mmmyw_nmwﬁwmﬂw 15 : :
8

HA«PMT AN TNTOC S LNTNUNTD
&L2Z YIS IANIY AN 9€s  INNSSINA  { INNLYNIANIY L2L OTWNH 29T NNTLIININ ANTe n A4S ANTe

n AV NICNT LA A AR RN |
79°901~ INNLIMNOTY 2?°¢> niTv €R°0 ngai accatY  7vs 694 ws NGS5 IWTL n)/I% I wiva

TNT N(ISNT

0L-D @andty




00°St1

00°S6

( 101X) (SH3L3WONEN) HLINITIAGM
00°S8 00°SL 00°S9 00°

SS 00°Sh

00°S01

T1€  VvasS 3A09v AN

CU°Zh~ IANLIWNNT ZA°HE

COOT MNNSSINA

WAOLILVYY

: 0°se,
{ -]

[y} INNIVYHIAWI | 9L OTuNH 1T NN MINTA aNTe n N34S OANT e
" A3 MISNT \f} IV NQONT
4Q°%9) NGoj JI°1L 7vsS Qo*n ws A A 7T NT A L/t>71 vIvAn
THT NISWNT

1£-D 2and1y

USINTAAN-THTC CINTIWWND

e

00

00°01

S AQ THI

3160 L°8

C-72

aLl1cL

|
|
|
|
|

s




( 101X) (SHILIWONBN) HLINITIAUM
00°S8 00°SL 00°S9 ;

00°SIt 00501 00°S6 : 7 00°ss  00'Sh  00°SG,
T ‘ﬁ,.- . g o i i vrvm i
L
" n
| F v O
T8 <
{ &, Vmwx D
.-~ o *
8
Qo
o
+2
O
’ D
s 52
me
42
8 U
P
n
~J
)

——

daq oz TTHS TYNG
P i
ST v XITTYNR S539 51 muwmmﬂm«m

00°01

AA="NT'UN=THT!S SINTIWWNTY

L2€ Vv3S 3IANAY A3N3 FONT INNSSING AL INNLYN3IAWI) AES  OTWOM n NOTLIINTN AINTM 0 N334 NNT™

A A372 NISNT 297 7Y MNiewg '

LG°07T~ A0NLIINGTY  GL°>¢ IANLILYY 287 0894 SR*9NZ 7vS wynepR ve n 17 3ANTL ap/eT/G Yivn
INY WLISNT

2L-) dan31y




AD=AO072 080 EASTMAN KODAK CO ROCHESTER N Y APPARATUS AND OPTICAL DIV F/6 1472
SPECTRAL RADIOMETRIC MEASUREMENT AND ANALYSIS PROGRAM. VOLUME 3==ETC(U)
APR 79 L G CHRISTENSEN: R SIMMONS: 6 SCHAUSS

UNCLASSIFIED ) AWS=TN=79/001=VOL~-3

END
FiLuED
9-79




”m 1.0 & 1= k=
=i 0K
.

"m% sy ‘:;:i

22 s s

I

MICROCOPY  RESOLUTION TEST CHARL
NATIONAL BUREAU OF STANDARDS 1903 A




-

( 101X) (SHILIWONEN) HLINITIAUM
00°ss  00°SL  00'S®  00°

00°S11 00°S01 00°S6 00°
e . a -
L} v L v e LE .,1
' .
& x =
[4 o
x ku‘?vv'
3V e g
1; (;é
e i & &
i " " Xy
i
ANaZNTIMC=TNTIE S LNINWNTY
6t  V3S IANGY A3TI AR INNSSINA A9 INNIVYNIANIL aLe  niwnu 622 NOLIVINEA ONEM £2  N334< ANTA
o A3 WQSNT cnc IV WISNT
2€°221- 0ONLINNT  QL°LE  INNLTLVY €R°0 069) D6°782 ?vS LYST vs 0 TA¥:? WL Qs VIV

€.-D dandty

= 7NT MISNT

9lLLch 3160 0°S

00°01

‘HS AQ cHI

C-74




T,

SS 00°Sh

y . 'y
v

( 1O1X) (SHIL3WONEN) HLINIT3AGM
00°S8 00°SL 00°S9 00°

+

\|lt
OO AL THS TYung

; VOl Ol GErHSY A3 Wy

TINVOTIOVNA KL TTYRt son o

HC?NTIAAS=THISF S(NINWNY

L2€ V3S 3IA0GY A3V €001 WNSSINA L L) INNLYNIANIL 2% NINNY a NOTLYINTA ANT M oF N34S NIe

L A313 wpewT 7?7 7V MISNT -
4€°021~ INLIMNNT SL°%E  3I0NLILYY L9°0 o099l Q9°tnZ 7vs aGe7L  wS 0 162247 W) /2176 vIvn

T INT MienT

pL-D 2an3ty

B e ]
I S1 ¥DV4 SIRZ N

i e o |
o O

‘dS GAS THI

3180 S°cL

C-75

9.c1S



AR5 5 R i

00°si1

e

00°S01

UN=TUESGAS=TNUTIC CiNnIwnT

TI€ VIS 3A08V A3YI CO0T IWNSSING Y] ANNLYNIANIY nac  aTeNM €7 NATIATIMTA INTE ac N334< ANTH
" ELYRILL L a5y IV upeng
SI°Z4= IMLTIWNT  Z4°€  IONLTIVY Ls°n  ncay 19°¢a  7vS 0neze  we n o2y 22T Wy 9 /v771 viva
T vieNT
GL-D dan3dty

0s°t
*31H0 0°Sh *HS 8AS IHI

9L1cL




\‘
entai ., o BTTRRNG 100 Wk

SOLT VIS IANGY AV 226 UNSSIINM L INNLVHIANIL S0E NIWNOM 0 NATLIINTN ANTN n N34S ANTH

L48°0T1- IMNLIMNNTY Al°2€ INOLTIYY 9L°0 0¢91 L0 M 1] Zvs [ 344 X3 ve 0 262321 ML Qp/11/9 viva
THY WISNT

9.-D @an3ty

HA="NTSQASSINTSF S LNIWWNY”

" A3 NISNT a7 7V w(SwNT .

9,119 3180 2°LE HS EAS THI




005D}

N—

© 101X) (SHIL3WONEN) HLINITIAUM
00°S8 00°SL 00°S8 00°SS

o - N 4

00°S6
.
v

P

X

+—

47€ VIS Janav AN CINT INNSS INg

L£6°021~ INLIMNT  CL°HF InnLILv

A
L L v v

AAT=PUIOUTINTSE © N TR

20 INNLYNIANTS ENS:  agunu ) MOFIYANEIN ANTe 77 A14¢ qure

- SRR TR Ta Y wgewy

$1°0 0coy La*mz  7vs LA 4 v, A taven Iyl NI/ vavn
UE Ny

LL-D d@and14

0s°t 00°1

‘3180 €°c€E

00°2
9.21S

‘dS 8AS cHlI

C-78




—— T 101 (SUILIWONEN) HLIONITIAUM

00°SIt  ©00°SO}  00'S8  00'S8  OO'SL  00'S®  00°SS
~ L o v v bl v m
b 4

e

¥

ﬂs:
‘dS 8AS 1HI

C-79

0s
‘3180 c°c€

m——

TRy e >

9.S €

¥ X B e Ol
PIrent scorn o =v.: o .\

UCINTCAASTVI'E SLVTINY

SLTIT VIS 3ANAY AZYV) ofh  IMNSSING L] | IWNIYNINIY 299 ANjenu CFYT  NNTIIININ NN 1 AJIILC NN

" AINY wiSwTY TEE 7V MISNT
79°001- IMLTNNT 2Z°8e 0N LYY S1°0 0¢9} Zzeest  Ivs L ’e ve A 2ce20 T IWIL 2 /C /¢ viva
THT NISNT

8.-) dand1y




( 101X) (SH3L3WONUN) HLINIT3AUM
00°se 00°SL 00°S8 00

00°s11  00°SOl 00°S8 : . 'S5 00°Sh  00°S§,
177 v L4 v 4 .5 : 2 ' J m ™.
. X B -
\ % 3 o x et
. ' Xx X o O
T <
x K : 8 o
W
>
18
|
J'“.l

os
*3180 9°L¢e
C-80

00’z
9LEcC8

HSe2NISAAS=INE’F < (NTWMNY

[ 14 VIS 3A00Y A3VI CINT IWNNSSINY L INNIVHIAWIL 949 Ny SEE NN IIINIA ANTH ot N34S WA

n AT NLSNE F17 IV wiewy
€O0°So- IONLIMWDY €L°62 IONLIAVY 190 oc9| L8°26  2vS acLr  vs N 262257 W) opse2/a  viva

INE VIswt

6L-) 2an314




00°Si1  00°s0l

-

( 101X) (SH3LIWONEN) HLINITIAUM
00°S8 00°SL 00°S9 00°Ss

: k. o 00°Sh 00°SG,
v v " - T ¢ " s
8
b
b
49
> |8
i
AT".!
8
Eal
L XY
#
4N
e
= 000 01 TERSTINL X200 ROHZ
FIEVOTIOVS XLTTYAE 5538 ST DY STRT s
L]
8

SOLT VIS 3A08Y A3V 2Z4 3IWNSSING

L0°011- IONLIMNTY Al°2¢C

INLILYY

CANTLLINSMY YL INNUA SuC=2NT*aASeINT 2 SN
~ ANNLYNIMNIG otle atwnu " NNT 1IN TR (] N334< NwIN

" AI93 weewt 4C? IV wiswe
28°0 9691 e8°cL 7vs 7e°at  we AN 15CTT WL St/1t/e wivn

LI TUU

08~ aandt4

‘dS 8AS 14l

9L119 :31H0 9°81

c-81




1I€ VIS JA09V A3YI

SONT IMNSSING

SI°ZA= 3I0NLIWNT 24°6E IONLILVYY

T bt KN et A L 5 B

INNLYNIMNIL R7L QTwm

29°9 0¢9y s0°SL vs b A |

I18-D @and1y

Co2

ve

UN=2YWT S AAS=THTSE SINIANY

NATLIINTA INTH

L) AN NSNT
n tAFs T WL

ot

NMI248 Nge

€Cr v MiTwy

/177 vive

THT uiSNT

00°1

3180 S°hl

C-82

pa— ¥
v
0s°1

00 SZ
aLicL

‘"dS 8AS THI

koo .




o T =
S — A 5

( 101X) (SHILIWONGN) HLONITIALM
00°S8 00°SL 00°S9 00°

s 00'sh ..B.R.u
=

/ . 00°Stt 00°sot 00°S8
. | . .- - A A
L v v v . v v r
X

‘dS 8AS TdI

9.8 € :31H0 €°hl
Cc-83

000 01 TR IMNAG X300 mewg
PIEVOTIOVNS i1 TV AR $S3E ST 3DV SIHI .

UG UTOOAT=TINESY SINTHWND

AL77 VIS JADAY ATII OFA INNSSINA T INOIVNIANIL 9L OTWOM  ZFT NATLIIAEN ANTe A A4S anpe

L) AYYY NSNT 947 7V NLISNY

29°901~ IONLIINNT  22°%  IONLTLVY  2A°0 96GOL  TF°OIL Zve  GZ°el S o rcnicl Wit e /e vivA
THT NiSwTY

z8-D aandry




( 101X) (SH3L3WONEN) H1I9N3T3IAUM
00°se 00°SL 00°S8

00'sll 0001 00'S s . 9 00'ss  oo'sh  00se,
12 v v L v L] L v m I
x 0
n
g RL xxx A1-° wn
<
o xnz«:«r:-zx:xrnxxx:.ar«smm 2 5
w ;
;i 5
8 -
=
=
+o
-
2 3.
me
IED
8 U
fa—y
nN
~J
e %7
8
AAS=2NT 'HNN=INTC SININMN) u

e

L2€ V3S 3A09V A3V €001 INNSSING 68  INLYNIMNIL G2y Otwnu A NATLIINEN AT » 13348 NwIA

A AV WIENT AT 7V WLeEwT
LS°0TT~ JONLTIINNT GL°~€  IJONLTLYY  9A°N 0CoL  LA°737 JvS A€l € LB ol L PEEERER Sy
IHT wiCwnT

£8-D d1ndt4




( 101X) (SHILIWONUN) HLINITIAUM
_00°ss  00'SL 00°S9 00

00°S1l  00°SOl 00°S6 sS 00°Sh  00°SE,

oy
*dS 8AS cdlI

Saisacaliatia

GLL28 :3180 ¢°S

CEVOYLOVNS XL Tvr

v ..W &.‘ ﬁz

QASYINTSUN=TINESE SININUND

[ 24 VIS JANAVY AT 07201 INNSSING 0% INVIVYIANIY 99¢ OTHNN NZT  NATIINNTA ANTR "y N34S NTR

a AT1Y MQeNT A& 7V MISNT
S0°CR- 3JONLIMMNT €L°AZ  IONLLLYY Ly°0 0<9l ¥G°QL? 7ve 22°¢ ve ¥Geasc? JWTL SL/LZ/7  viva
ZUT NICNT

pg-0 @andtg




t2 A ) 69° HS‘SAS 9t6 91- ‘9S £09° (4 €T L-ze Sy:Ll 9oL/S/E
Iz°e 69’ HO‘AG 9¢6 91- ‘9S £09° z £T° £5°62 St:Lt oL/S/s
[ 14 69° HS‘QAS 9£6 91- ‘9S £09° 4 £ sZ°vl St:st 9L/S/s
T 69° Ha‘AQ 9%6 91- ‘9S £09° 4 €T S9°6 Sy:rt oL/s/s
6° 9t | & HO‘GAS 0001 62 ‘SS 180° £ o't 00°Sy 00:S1T 9L/tz/L
76° S L HS‘AQ 0001 L ‘29 180° € 0°¢€ 98°8¢ 19 4§ oL/nz/L
6° S | & HA‘GAS 0001 14 ‘0L 180° € o't 144 0g£:Z1 oL/1zZ/L
76° 9% 1 HS'AQ 0001 £ ‘6L 180° € 0t 99°8 00:Z1 oL/1z/L
61°zs 8’ HA‘9AS £26 (44 ‘9z v9zZ* 1 9L’ Ss°08 01:61 oL/TL/9
61°2¢ I8 HS‘AQ £26 t44 ‘9z voz* 1 9L’ L6°9L or: 8t 9L/1I1/9
61°Z¢ 8’ HS‘AQ €26 (24 ‘9z v9Z° 1 9L’ 6L°9% 01:91 oL/TI1/9
61°2% 8’ HO‘GAS £26 (44 ‘9z v9Z° 1 9L vZ LS SZ:St 9L/TIL/9
61°28 8 HS‘GAS 6 Lt “6Z v9Z* 1 9L’ 29°81 SS €1 9L/11/9
61°Z¢ 8’ Ha‘AQ 26 Lt ‘62 yoz* 1 9L* 8s°Z1 SZ: €1 w/tLes
SLYE AQ‘Ha £001 9z 11 181 ¢ (AN 1 y0°8 o1:2z 9L/sT/S
SL°YE | HA'HS £001 9 17 181" 1 z°1 00°11 SS:1 oL/st/s
SL°YE 1 9AS‘HG £001 9z ‘€S 81 ¢ 'l 66°¢1 or:t oL/st/S
SL S | & 9AS‘HS £001 9 1 8t 1 [Aa ¢ 0g°zs 01:0 oL/st/S
SL°YE | & AG‘HO £001 9z ‘ge 181° 1 rA § 9¥°8g or: gz oL/z/s
SLYE 1° HS‘8AS £001 9z ‘e 81 1 [N ¢ ¥S°ZL SsZ:0z oL/zL/S
SL° VS T Ha‘AQ £001 9z 1Y 8t 1 (Al § 9s°¢L SsS:61 oL/zt/s
sT°62 0 HS‘GAS viot 144 S$°(8 §S0° £ S8°¢ 8s°L2 SZ £l oL/sz/8
£1°62 0 HA‘AQ viot 124 S°L8 SS0° € S8°¢ Loz §S:Z1°  9L/sz/8
s1°62 0 Ha‘AQ stot 1€ ‘8S SSO° € S8°¢ 96°2S SsZ:st oL/sz/e
g1°62 0 HS‘GAS stot 1€ ‘8S SS0° € S8°¢ 8L°8S S§S:St oL/sT/8
S 1) S (wy) (qu) (2,) {s) (wd) ()
FONLILIVT UoOTIBAIY odAL Janssaig Janjexadway H dueIIAIANY adAL ydrey IPNITITY T 3) °3eQ
ujeIId] IUSWIINSBIN uyrelId] utelia}l aredg Iej0S
Jduerpexra] 21n3sTON

SATdWVXd NOILONYLSNODIY £LVOS Y04 AUVWWNS YILIWVIVd LNANI

1-D 9719Vl

C-86

PPN

M

i




APPENDIX D
SCAT3 MODEL RECONSTRUCTED SPECTRAL TRANSMITTANCE

The following Figures D-1 through D-3 illustrate the dependency of the
SCAT3 model for spectral transmittance on surface pressure, relative humidity,
and temperature.
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Figure D-2. Effect of Relative Humidity on Transmittance
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APPENDIX E

TIME-FOR-MEASUREMENT CORRECTION REQUIRED
FOR LOW SOLAR ALTITUDE SKY RADIANCE DATA

Because sky conditions change rapidly at low solar altitudes, the
measurements made at these altitudes need to be corrected by use of
a time-correction factor. For this purpose, a correction factor was
determined from measurements taken at 350 nm immediately following a
full spectral sequence of measurements that compared these readings
with the initial spectral measurement, which was at 350 nm.

The percentage change was divided equally into 173 parts since the
first measurement was taken at a starting time of 1 unit and the last
measurement was taken at a starting time of 173 units.

The final equation for correcting data was:

(n-1) . PC
DataCorr(n = Data , orr (M) 1+ _iﬁ—]

Where: Data (A) 1is the time-corrected spectral measure-

Corr mant

DataUncorr(A) is the uncorrected spectral measure-

ment
n is the nth spectral sample
173 is the number of spectral samples in-

cluding the first 350 nm sample and the
last 350 nm spectral sample, and

Data(l) - Data(173)

Gt Data(l)

Not all spectral sequences at solar altitudes below 8° had a 350 nm mea-
surement taken immediately following. In order to correct those data
that did not have the extra measurement, a function for PC was formulated
from the sequences that had had the extra measurement. PC was found to
be a function of solar altitude.




Thus, from repeated measurements at various solar altitudes for the .
daylight vertical, skylight vertical, daylight horizontal, and skylight |

. horizontal irradiances the following equation was determined for the
percentage change as a function of solar altitude:

PC = .23784 - .041119 « SA + .0025274  SA2

where SA is between -1° and 8°.
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APPENDIX F

VERY LOW SOLAR ALTITUDE SCALING OF SPECTRAL QUANTITIES

At solar altitudes of eight degrees or below, either sufficient data
was not always available to test the model or the model was not ade-
quately describing the data, whether it was radiance or irradiance da-
ta. At lower solar altitudes than those thought to be the minimum so-
lar altitude (MSA) for an accurate fit, the model was extrapolated down
to -5 degrees by multiplying the model results at the MSA by a scaling
coefficient. This scaling coefficient is solar-altitude-dependent and
is based on horizontal daylight irradiance. The scaling coefficient
(SC) is considered valid down to -5 degrees solar altitude. This co-
efficient is:

£, (SA)
10 !
SC = @——— Equation F-1
10fl(MSA)

The factors fl(SA) and fl(MSA) are computed using the following polynomial:

£,(SA or MSA) = 2.112 + .1575 SA - .00721 SA? Equation F-2

where SA is the solar altitude between -5° and 90°, and MSA is the
lowest, valid solar altitude between -5° and 90°.

Application of the coefficient to haze radiance or irradiance gives the

following equation:

H(A,SA) = SC + H(A, MSA) Equation F-3 |

F-1
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Each irradiance type and the haze radiance have a different minimum

t valid solar altitude (MSA). For this reason, when the MSA is involved,
reference should be made to the different sections of this report to
find the MSA associated with each irradiance or radiance.
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APPENDIX G
CALCULATION OF APPARENT SOLAR ALTITUDE

The continuous change in the index of refraction of the atmosphere as a :
function of altitude causes the apparent position of the sun to be higher

than its actual geocentric position. For a typical atmospheric density

profile, this solar altitude error was computed by McClatchey et al* for

solar zenith angles in excess of 75°. These data are reproduced below.

Apparent Geocentric 2
Solar Zenith Angle Solar Zenith Angle '
(In Degrees) (In Degrees) H

75 75.061

80 80.090

83 83.124

85 85.167

86 86.199

87 87.248

88 3 88.311

88.5 88.858

89 89.417

89.5 89.997

90 90.570

Since the SCAT3 atmospheric model uses trigonometric functions to compute
the parametric spectral vectors for several radiometric quantities, it was
necessary to substitute apparent solar altitude in the equations rather than
true, geocentric solar altitude. The conversion between geocentric and
apparent solar altitude is done in the program by using the following
polynomial equation :

2

SA. = SAg + .544 - .1572-SA‘ + .01764-SA" ¢ : .

* McClatchey et al, "Optical Properties of the Atmosphere," Air Force
Cambridge Research Labs 71-0279, May 1971, Table 6, P 41.

G-1
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Where: SAg is the geocentric solar altitude in degrees, and

SAa is the apparent solar altitude in degrees.

This equation was derived from the above table data by first converting

the data from zenith to altitude angles (90° - solar zenith angle) and then
regressing the apparent solar altitudes, SAa, against the geocentric solar
altitudes, SAg.

No correction is applied to solar altitudes higher than 5°. Below 0° apparent

solar altitude, corrected values are computed, but they have no significance
for the SCAT3 equations.
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APPENDIX H

PATH-LENGTH CORRECTION FOR THE POLAR SCATTER FUNCTION

Each particular volume of air in the sky that is observed by the sky
radiometer receives a different amount of light depending on the extinc-
tion coefficient of the atmosphere, and the atmospheric distance each
point is away from the sun. In addition, the sky spectroradiometer re-
ceives an amount of light from this volume of air along its line-of-
sight that is diminished by the air path length to the radiometer. As a
result, the total relative amount of light reaching the radiometer can be
expressed in terms of the following quantities:

a. The amount of light reaching a particular volume of air whose
positibn lies along the observer's line-of-sight,

b. The amount of light reaching the observer from that volume of
air, and

c. The scattering of light by the volume of air toward the obser-
ver.

The geometry involved in the above is shown in Figure H-1 for the volume
of air at point P in the atmosphere. Two integrations are involved: (1)
over the path defined by the sun-to-volume line, and (2) the volume-to-
radiometer path defined by the observer's line-of-sight. The integral that
expresses energy reaching the observer (or radiometer) is:

Lmax

PL(AZ) sf TP-O' TE-P(AZ) . HSC S +dL Equation H-1
0

Where: PL(AZ) is the relative amount of light reaching the
observer at point O from a volume of air at
point P and for an observer's azimuth AZ rela-
tive to the sun,

Ts_p(AZ) is the transmittance of light between the edge
of the atmosphere, point E, to a volume of air
along the observer's line-of-sight, point P,

H-1
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" sun's RaYS
\
\ x
~
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Earth's Surface

Observer at Point 0

Figure H-1. Definition of Geometry Conditions of Integration
of the Sampled Volume of Atmosphere
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P-0 is the transmittance of light between the
volume of air at point P along the observer's
line-of-sight to the observer at point O,

observer (or instrument field of view) with
‘ zero corresponding to the earth's surface and
: Lmax to the intersection of the line with the
effective edge of the atmosphere,

b 4 3
l 7 L is the distance along the line-of-sight of the

of air along the observer's line-of-sight toward
" the observer. (S is taken to be proportional
4 to the atmospheric density of the volume of air

at height h above the earth and can be expressed
as S = e-.1535h)'

He( is the solar irradiance outside the atmosphere, i
and ¢
S is the fraction of light scattered by the volume ;

The following equation describes the transmittance of light reaching a vol-
ume of air located along the observer's line-of-sight as a function of alti-
tude and path length. In Figure H-2, the distance r corresponds to this

transmittance.

Tmax
.{ aoe' ’1535Hdr Equation H-2

LT

Where: T is the distance along a line between the sun and the
volume of atmosphere under consideration as measured
tfrom the edge of the atmosphere,

a is the extinction coefficient of the atmosphere at the
earth's surface calculated for each day,*

rmax is the distance from the outer edge of the atmosphere
to the volume of atmosphere under consideration, and

H is the perpendicular height above the earth to point r.

* The daily calculation of atmospheric transmittance is explained in
Section 2 above.
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Sky Radiometer f.o.v.
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P = Point along observer's line of sight

0 = Observer

Figure H-2. Trigonometric Definitions for an Atmospheric
Volume at Point P




The equation for rmax, the distance between point E and point P, is
derived from the Pythogorean theorem (see Figure H-2) and is expressed
algebraically as follows:

rmax = |(6400+h) * cosZ & v 64302 - (6400+h)? sin’Z Equation H-3

. Where:  h is the height of the volume of air above the
earth's surface,

| Z is the solar zenith angle at point L along the
s observer's line-of-sight.

6400 is the radius of the earth in kilometers, and
30 is the effective height of the atmosphere in

kilometers.

The equation for H is derived using the law of cosines (see Figure H-2) and
becomes:

h = / (6400+h)2 + (rmax-r)? + 2(6400+h) (rmax-r) cosZ - 6400 (Equation H-4)

The height h is also derived using the law of cosines (see Figure H-3) and
is expressed algebraically as follows:

h= V64002 + s2 - cos(ALS) + S + 6400 - 6400 Equation H-5

Where: S is the distance from the observer to a point along
the line-of-sight, and

ALS is 90° plus the angle between the observer's
line-of-sight and the local horizon.

The cosine of the zenith angle, Z, is derived from the spherical law of
cosines (see Figure H-4); it is expressed algebraically as follows:

CosZ = cosZ * cos¢ + sinZ < sing + cosé Equation H-6

H-5
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Figure H-3. Trigonometric Definition of the Angle ¢
and Altitude h
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Figure H-4. Spherical Trigonometric Definition of Angle 2




Where: Z is the observer's zenith angle,

is the arc between the observer and the nadir of
& point along the observer's line-of-sight, and

8 is the solar azimuth relative to the azimuth of the .
observer's line-of-sight (90° - AZ).

The equation for sin¢ is derived using the law of sines (see Figure H-3):

S + sin (ALS)

Sing = 640040 Equation H-7

After the relative amount of light reaching each volume along the observer's
line-of-sight is determined, the amount of light reaching the observer after
it is scattered by each volume must be considered. The transmittance of light
between the volume of air and the observer is defined in a manner similar to
that resulting in Equation H-2, and becomes:

s
max
J ae” e Equation H-8
0

TP-O = e

Where: B is the distance between the observer and the edge
of atmosphere in the direction of the observer's
line-of-sight, and

s is the increment along the line from the volume of
air to the observer.

The relative amount of light reaching the observer at the observer's azimuth
relative to the sun, AZ, is determined from Equation H-1. It is used to
normalize the sky radiance to one point in the sky. This normalizing is done
by evaluating PL(AZ) in Equation H-1 at the azimuth corresponding to direct
backscatter (away from the sun) and dividing through by PL(AZ) evaluated at
each of the other azimuths of measurement. As indicated below and in para-
graph 3.4 above, the corrected path radiance is:

N"(AZ) = N'(AZ) 4 t 22

e S PSRN N Os SE Y PR L £e



N'"(AZ) is the path length and time-corrected sky radiance
at azimuth angle AZ,

N'(AZ) is the sky radiance at azimuth angle AZ before
path-length correction, and

Where:

AZ is the instrument's azimuth angle relative to the

solar azimuth. (The direction away from the sun

is 0°).
1
|
*
|
Y
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APPENDIX I
CORRECTION OF MEAN EXTRA-TERRESTRIAL IRRADIANCE BY TIME-OF-YEAR

The SCAT3 model incorporates a function to change the extra terrestrial
spectral irradiance with time-of-year according to the orbital eccentricity

of the earth. This correction is described below.

The values for the Solar Constant are the mean of the extraterrestrial ir-
radiance values, and are given for the mean distance between the sun and
earth (one astronomical unit distance). The annual variation in irradiance
due to the cyclical variation in earth-sun distance amounts to approximately
7%, and can be determined with much greater accuracy than the Solar Constant
itself.* This variation can be computed directly from an eccentricity of
the earth's orbit and from the mean anomaly (the angular difference between
the mean solar longitude and the mean solar longitude of perigee). The com-
putational procedure as used in SCAT3 is outlined below.

The irradiance factor applied to the mean irradiance is given by:
K = (I/R)?2 Equation I-1

where R is the earth-sun radius vector. This radius vector (R) is computed

from:
R=1+ (1/2) €2 - (e cos M) -[(1/2) e? cos2 M]

where e is the eccentricity of the earth's orbit, and M is the mean anomoly.
The eccentricity, which diminishes constantly, can be computed from:
e = .01675 - .00004 T

where T is the number of centuries elapsed from the epoch beginning noon,
1 January 1900, each century being of 36525 ephemeris days (Julian Calendar).

Therefore, T = d/36525.

* Explanatory Supplement to the Astronomical Ephemeris and the American
Ephemeris and Nautical Almanac, H.M. Nautical Almanac Office, Her Majesty's
Stationary Office, 1961.

I-1
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The mean anomaly is computed from:

A M = 358.475845 + 0.9858600267d - 0.0000112 D? - 0.00000007 D3

Where: d is the number of ephemeris days elapsed from noon, 1 January
1900, and
D is d/10000.
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