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SUMMARY

This report covers two aspects of the short wave regime of
planetary radiation. First, extensive measurements of the reflection
properties of a number of surfaces have been made, both the directional
reflectance and the degree of polarization of the reflected radiation having
been determined, It is found that most surfaces show pronounced "limb- J
brightening' for large angles of incidence, while for small angles of inci-
dence the reflectance does not vary greatly with angle at which the surface
is viewed. The degree of polarization shows a characteristic pattern for
most surfaces, a maximum being located in the principal plane at 100° to
120° from the antisource direction and a small region of negative polariza-
tion being observed in the vicinity of the antisource direction, For most
surfaces the reflectance increases and the maximum degree of polorization
decreases with increasing wavelength,

The second part of the research has been the introduction of the re-
flectance values into the theory of radiative transfer to determine the char-
acteristics of the radiation field at high altitudes above the surface. It is
seen that fcr the cases of clear and slightiy turbid atmospheres the surface
properties have a strong influence on the contrasts which would be observed
from a high altitude vantage point. A possibility of using polarization char-
acteristics to enhance contrasts is demonstrated.
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Abstract

This report covers two aspects of the short wave regime of planetary radia-
tion. First, extensive measurements of the refllection properties of a number of
surfaces have been made, both the directional reflectance and the degree of
polarization of the reflected radiation having been determined. It is found that
most surfaces show pronounced "limb-brightening' for large angles of incidence,
while for small angles of incideuce the reflectance does not vary greatly with
angle at which the surface is viewed. The degree of polarization shows a
characteristic pattern for most surfaces, a maximum being located in the
principal plane at IOOOto 1&00 from the antisource direction and a small region
of negative polarization being ocbserved in the vicinity of the antisource direction.
For most surfaces the reflectance increases and the maximum degree of polariza-
tion decreases with increasing wavelength.

The second part of the research has been the introduction of the reflectance
values into the theory of radiative transfer to determine the characteristics of
the radiation field at high altitudes above the surface. It is seen that for the
cases of clear and sl

strong influence on the contrasts which would be observed from a high altitude
vantage point. A possibility of using polarization characterisfics to enhance

contrasts is demonstrated.
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1. Introduction

It is well known that the radiation which is directed to space from the upper
limits of the atmosphere, as well as that which is proceeding upward inside the
atrnosphere, is compesed partially of radiaticn which has been reflecied from the
planetary surface. One has only to lock at television pictures taken {rom the
TIROS or Nimbus meteorological satellites, at photographs obtained by Astro-
nauts while in orbit around the Earth, at photographs taken on an aerial mapping
or reconnaissance mission, or indeed at the sunlit scene presented at the win -
dow cf a high altitude aircraft, to seejust howimportant surface reflection is
in determining the characteristics of the upwelling radiation. The intensity and'
polarization of the radiation observed in such circumstances are obviously
functions of the angle at which the sunlight strikes the surface, the angle at
which the surface is viewed, the wavelength of the radiation, the physical proper-
ties of the surface itself, and the transmission and scattering properties of the
intervening atmosphere. The present research work has been an investigation
of the effects introduced by these¢ various parameters individually and of the
characteristics of the total radiation which proceeds outward through the upper
reaches of the atmosphere.

Measurements by different authors have already indicated some of the
reflective properties of various types of surfaces. The results obtained by
Miller (1955) show that a new snow surface may reflect more than 80 percent
of the visible radiation which is incident on it, The extensive mecasurements

by Krinov (1947) show total reflectance values of soil and rocks varying from
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as little as 0,02 for black zandy loam to 0.35 - 0,75 for highly reflecting clay,
limestone, and shale, Bauer and Dutton (1962) measured wavelength-integrated
total hemispheric 1etlectanc: of farmlands and wooded hills of Wisconsin by
radicmeters mounted on aircrait, obtaining values of 0. 10 to 0. 20 in the absence
of snow cover, Snow increased the average reflectance to 0,50 - 0,80 for other-~
wigse similar conditions, Except ‘or the effects of snow, the measurements
showed little change of total reflestance with season, although it is to be expected
that the wavelength distribution of the reflected radiation would vary with seasonal
changes cf vegetation,

The variation of reflectance with angle at which radiation is incident on the
surface and angle at which the surface is viewed has received much less attention
than has the total hemispherical reflectance. The effect of angle of incidence has
been investigated, both theoretically and experimentally, more for water sur-
faces than for other types of surfaces. Of particular note here are the works of
Cox and Munk (1955) in determining the effects of surface roughness on the
reflectance properties of the sea, and of Anderson (1952) in measuring the energy
reflected from an inland lake, The theoretically predicted strong dependence of
reflectance of water on incident angle is boras ¢ut in the measurernents, although
roughness of the sea surface is influentizl in fi2termining both the total reflec-
tance and the intensity distribution of the reflected light. For natural land
surfaces, the effect of incident angle is considered by Kondratev and Manolova
(1955) in relation to the radiation balance of slopes, Ashburn and Weldon (1956)

and Coulson (1956) showed a considerable depundence of the reflection properties
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of semi-desert surfaces on solar zenith angle, and a number of investigators,
Middleton and Mungall (1952), and Christie (1953), for example, have shown
a strong functional dependence of snow reflection on angle of incidence.

Measurements of the directional reflectance properties of terresirial
surfaces, as evidenced by the angular intensity distribution of the reflected
light, have been oriented mainly toward interpreting the reflectance properties
of the Moon. Orlova (1956) has made reflectance measurements of a number of
surfaces in the laboratory and classified the "indicatrices' into oxthotropic,
reflecting, rough, and rixed categories, depending on the number and position
of reflection maxima, Additional measurements on very complex terrestrial
materials, similarly directed toward the interpretation of photometric properties
of the Moon, have been made by vanDiggelen (1959), Hapke and varHorn {(1963),
and others. Most of these measurements have been confined to the principal
plane. Krinov's (1947) measurements were made mainly in the direction of the
nadir, but for a few cases the instrument was directed at a 45 nadir angle and
90o azimuth angle with respect to tiie azimuth of the sun,

Measurements on the polarizing propertics of materials extend back to
the pioneering work of Arago and to the relatively extensive set of measure-
ments performed by Brewster (1865} on painted surfaces, paper, cloth, snow,
and white powders of variocus kinds, Lyot and Dolifus {i949), by the use of a
polarimeter invented by Lyot, determined the degree of polarization of light
reflected by the Moon. The polarizing properties of a number of types of

natural and artificially-produced materials have been measured by Dollfus
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(1961, 1957) using the technique of Lyot. Dollfus applied his polarization
results to interpreting the composition of the lunar and Martian surfaces and
to a deduction of an upper limit for the density of the atmoephere oi the Moon
and in determining the total mass of the atmosphere of Mars.

Unfortunately none of these investigations has been adequate for present
requirements in equipment development, more complete data on all of the
different parameters being required. The general approach taken in this in-
vestigation was designed to provide results of maximum utility in the practical
problem of object detection by an imaging device, be the device the human eye
or a photographic o.r television camera, Ir particular, the possibilities of using
the polarization characteristics of the radiation to enhance contrasts in the
viewed field are of major interest. The investigation has encompassed measure-
ments of the directional reflectance and degree of polarization of the reflected
radiation for ten different types of surfaces, the instrumental requirements
for making those measurements, the theory of radiative transfer by which the
measurements can be quantitatively interpreted in the context of the problem,
and the computational results obtained, Each of thesc aspects will be discussed

below,

II. Instrumentation
The instrument which has been used for the measurements is shown
schematically in Fig, 1. The material sample is contained in a 2 feet square

sample tray S which is illuminated by a light source L from a zenith angle 6.
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Fig., 1 - Schematic representation of
apparatus used in reflection measurements

lectric raeflactaomaetar
lectric reflectometer
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The surface is viewed from a zenith angle @ and azimuth € by the photo-
electric reflectometer R.

The reflectometer itself is shown schematically in Fig. 2. The light
L. enters the collimator tube C, is chopped by a chopper rotated by motor M,
and passes successively through a rotating analyzer A and optical filter F, and
finally activates a radiation detector D. The detector for radiation of wave-
lengths A< 7%oX has been a photomultiplier tube (RCA}, and for A= 1.0254
a silicon photodiode has been used, The response of the detector is amplified
and recorded on a standard strip-chart recorder. The acceptance field for
the instrument is limited to a 2.5° half-angle cone by the diaphragms within
the collimator tube. In order to minimize possible polarization soarces within
the instrument, the optical components have been restricted to the bare essen-
tials, no lenses or mirrors being in the optical train, The analyzer which has
been used for most of the measurements is a sheet polarizer (Polaroid HN-22)
which gives better than 99. 9% polarization throughout the spectral range of
X £ 7960A. A Glan-Thompson prism was used at A= 1,025 H,

The measurements have been made in four spectral regions defined by
interference filters and centered at wavelengths 4920A, 6430A, 7960A, and
1.025 4 . Transmission curves for the filters are shown in Fig. 3., The {first
ths correspond, respeciively, to norinal
optical thicknesses of 0. 15, 0,05, and 0,02 for the Earth's molecular atmosphere.
The wavelength of 1. 025 H was chosen so as to minimize atmospheric effects,

both of scattering by the atmospheric components and absorption by atmeospheric
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water vapor.

A schematic diagram of the components of the reflectometer, for the
case in which the photomultiplier tube was used as the detector, is shown as
Fig. 4. The basic configuration is a standard one for a photomultiplier tube.

The most stringent requirement for the present application was that of obtaining

FS
€
3
¥
T

the required sensitivity. A low reflectance of some of the surfaces combined

R TR

with a narrow bandpass filter resulted in a very small energy flux incident on
the detector. The problem was particularly severe at 79603. for which case
the S-20 type cathode surface has a low sensitivity. A tube with an S-1 response
was not availabie'in time for use on this short period contr;ct.

These difficulties required a high-gain amplifier to be installed in the
system, a fact which introduced a severe noise pickup problem. It was necessary
to entirely repackage the amplifier in order to bring the noise down to a tolerable
level. The repackaging task required a considerable expenditure of both time
and effort and caused the measurement program to fall behind in the schedule
which had been planned.

A concentrated effort was made to bring the measurements back to schedule,
a goal which was only partially achieved. The net result of the whole instrurnentation
problem was to eliminate the possibility, within the time and funds available on the
contract, of making measurements in the ultraviolet spectral region as had been
anticipated.

i The circuit diagram of the final electronic configuration used with the

e,
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photormultiplier tube is included as Fig. 5. In making tke rtaeasurements, a
procedure was established by which an instrument calibration was performed,
Ly means of a series of calibrated rieutral density {ilters, after the instrument
had stabilized at the beginning of each day's measurements, This helped to
assure the validity of the measurements and it turned out to be very useful in
final interpretation of the data. The system response was found to change at
two different times in the measurement program. At the beginning of the
measurenients, the response was linear with radiation intensity throughkout
the full scale deflection but there was a constant scale offset correction which
had to be applied. This calibration curve, which is plotted as Curve I in

Fig. 6, was valid until September 15, at which time the major modification
to the amplifier was made.

The amplifier modification introduced a nonlinearity into the instrument
response, as shown by the calibration Curve II of Fig. 6. This nonlinearity
was taken into account during the data reduction process by fitting the curve by
a third degree polynomial and programming the computer tc automatically cor-
rect each measurement value appropriately. This added only a negligible in-
crease in the computer time required. Curve Il was applicable {or the period
September 25 to October 25, inclusive.

At the start of measurements on Ociober 26 it was found that a slight shift
of the calibration for low light levels had occurred between the calibrations of

Octeber 25 and October 26, while the original curve was still valid at deflections

greater than about fifty scale divisions, The new response, shown by Curve lII
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in Fig. 6, changed very little up until the 2nd of the measurements with the
photomultiplier, and it was fitted with another third degree polynomial for
data reduction, The reason for the relatively sudden shift has still not been
determined,

The final calibration curve of the eguipment, Curve IV of Fig. 6, is that
applicable for the silicon detector and its attendant electronics. A slight non-
linearity was again taken account of by a polynomial approximation in the data
reduction program,

In order to extend the spectral range of the measurements to beyond one
micron, it was necessary to replace the photomultiplier with a silicon photo-
diode detector and to install a Glan-Thompson arslyzer in place of the Polaroid
disk, Th:: photodiode was supplied by the Navy and th:a Glan-Thompson prism
was available from another project,

Sensitivity problems again were encountered and were finally overcome by
increasing the in:ident radiation by the use of two infrared heat lamps as the
source. This had an undesirable effect of increasing the dimensions of the
source itself, but it was the only alternative available within the scope of ihe
project. Increasing the area of the source tends o smooth out the angular
dependence in the measurements.

The electronic circuit diag

phctodiode detector is shown as Fig. 7.

14
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III. Measurements

A. Theory of measurements

A radiation field in an arbitrary state of polarization can be represented
in terms of four quantities, which are usaally called the Stokes parameters after
the English physicist of the 19th century, Sir George Stokes. If we denote two
orthogonal directions in the plane normal to the direction of propagation of the
radiation by i aid j , then the intensities Ii and Ij are, respectively, the
squares of the amplitudes of the electric vector along thei and j directions.
The total intensity of the radiation, which is the first of the Stokes parameters,
is given by

I=L + Ij (1)

The other three of the Stokes parameters are defined in terms of the orthogonal

components as follows:

Q = Ii - Ij
U= 2(;5 1) %os 6 2)
v = 2(1;1; M %in 6

0 is the phase angle betwcen the vibrations in the i and j directions. If § is
the angle between the direction i and the major axis of the ellipse described
by the vibration of the electric vector of the radiation, then

U=Qtan2¥. (3)
The parameter V is expressed in terrns of the major and minor axes of the

ellipse, denoted by a and b respectively, by the relations

16
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: Vs=Isin2P

i (4)
H B - arctan ( b )

a

E The degree of polarization is

i 2. .2, .21/2

; p=(Q+d+V)/ (5)
3

H I

In the present measurements it is assumed that the only type of polarization

present is linear, in which case

o TR, S Lab |1 W e

V=20 (6)

Then the only quantities necessary to characterize this partially linearly

L CHTAHMA e o

polarized radiation are Ii s 1., and ¥ . In the reflectometer being used, the

j?
output from the detector is monitored continuously as the analyzer is rotated
around the optical axis of the instrument, This means that the maximum signal
is obtained when the plane of transmission of the analyzer is parallel to the
direction i, in which case Y= 0. The minimum is obtained after another 90°

rotation of the analyzer, or at § = T/2. In both cases U = 0, and the intensity

and degree of polarization of the measured radiation are given by

1= 11 + IJ = Ipax ? Imin -
P L - 1_, _ Lwax = Imin
L + IJ lmax ¥ Imin

btained in the following manner.
It is known that a surface composed of magnesium oxide represents, to a good
approximation, a perfectly diffuse surface with a reflectance of 1,0 for visible

light, Such a surface is used as a standard reflector. If F units of energy per

17
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unit time and unit frequency interval are incident on a unit area of the standard
surface, the intensity I_ of energy reflected into an incremental solid angle d &
is independent of direction and satisfies the relation

fniudw=RsF=F, (8)

where 4= cos 0, @ being the nadir angle at which the surface is viewed, Ry
represents the total reflectance of the standard surface, which is taken as unity
for the magnesium oxide, and the integration is taken over the entire hemisphere.
A directional reflection coefficient Ps also has significance, and cai: be defined

by the relation

Is
p = S (9)
S F

Obviously PS is a constant for a perfect standard (Lambert) surface, By Eaq.

(8) and Eq. (9), integration over a hemisphere yields, for the standard surface,

j‘n pS bdw = RS =1 (10)
and
P . (11)

Let I{(K,®) denote the intensity of radiation reflected from a sample surface
into a direction given by the nadir angle 8 and azimuth ¢ for the condition in
which the sample is likewise illuminated by F units of energy per unit time and
unit frequency interval. We can now define a direction-dependent reflection

coefficient P( K, %) for the surface by the relation

I(K,9)= P(He) F. (12)

18
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These quantities must satisfy the relations

fn 1(k,P)¥dw = RF (13)
[, Pueypaw- r, (14)

where R is the ratio of the total reflected energy to the total incident energy.
The procedure followed for the actual measurements is toc illuminate the
magnesium oxide standard surface from a direction given by the zenith angle
9, = arccos K, and azimuth angle ¢ = 0 and set the instrument to view the
standard surface from a direction (0,%}. If the standard were a perfect Lambert
surface, the measured intensity would be independent of @ and Y, However, in
order to assure uniformity in the measurements, the standard surface is always
viewed from the direction of the surface-normal, in which case 8 = 0 and ¥
is indeterminate., Thus, an instrument response Dg for the standard surface

is obtained, The intensity Ij of the reflected light is then

I, = A& D, (15)

where As is the instrument transfer function at intensity Ig.
The standard surface is then replaced by the sample for which the reflec-

tion characteristics are desired, The sample is viewed from any desired

o
4]
(4
(¢
0
3
L

PR D Y e m = TRNIN A
i

direction, given by (8,0}, and ument response DU, is obtained.
The intensity I{0, ) is

I1(0,9)

A D@©,0) (16)
where & is the instrument transfer function at this new intensity,

The instrument transfer function may or may not be independent of intensity,

19



S ppid

W

o e

the only requirement being that it be a known function. The most convenient
situation is that 4 is a constant over the range of intensities of interest, or

AS = A, This ideal situation exisied during the first part of the prescnt

measurements, as was seen by the linear behavior of calibration Curve I

of Fig. 6 above. Unfortunately the instrument response has been non-linear
since the modifications introduced after September 15. A method of introducing
the corrections by computer was devised, however, and the non-linear behavior

has caused no significant problem in the measurements.

On taking the ratio of Eq. (16) to Eq. (15) and introducing Eq. (9) and

Eq. (12) we obtain -
I (6,¢) = D(6,9) = pP(6,0) (17)
IS (03") DS(O'-) ps“j:"j

The assumption has been made that the incident flux F is constant.

Finally, by introducing the known value of PS given by Eq. (11}, we
obtain the final expression for the directional reflectance .of the sample surface
in the (8 ,¢) direction as

P(6,p) = D (8,9) , (18)

+ D0

B. Mode of Operation

The mode of operation in the measurements was typically as follows:

The sample was placed in the sample tray in such a manner that the
surface was level with the sides of the tray. For soil and sand samples the
surface was carefully levelled off by means of a straight edge. Every effort

was made to avoid directional effects being int~oduced during the levelling

process. For plant materials the effective top of the plants, as judged by

20



eye, was made to coincide with the level of the sides of the sample tray.

The suriaces of solid materials such as concrete and blacktop were easily
adjusted to the correct height, and the sample of canvas was tightly stretched
over the top of the samptle tray.

Once the sample was properly prepared, it was placed on the stage of
the reflectometer mount. The stage is constructed so that it rotates in
azimuth as the reflectometer itself is rotated. The light source, a tungsten
filament bulb, was then positioned for a given angle of incidence. In these

fo) 0
measurements three angles of inrcidence were used, namely, 0 , 53.1 , and

78.5°.

The first data taken at the start of a day's operation was an instrument
calibration curve. This was done by placing calibrated neutral filters of
varying density serially in front of the entrance aperture of the instrument
and recording the instrument response on the strip chart recorder. After
calibration, the reflectometer was set to view the surface in the direction
normz:d to the surface (9 = 00), and the standard smoked magnesium oxide
plate was superimposed a few millimeters above the sample. After a record
of the instrument output was obtained for the standard, the plate was removed
and a similar measurement of the reflectance of the surface at 8 = 07 was
made. Thus the sample surface itself as viewed from 6 = 0° became a
secondary standard of known reflectance, and the later measurements for
this particular sample, wavelength, and source position were normalized

to the secondary standard value of reflectance in the data reduction process.

After the above steps had been completed, the series of measurements



P

at the azimuth €=180° was made varying the angle of view from 9 = 0° to

6 - 70%in ten degree steps and from 0= 70° to 6 = 30° in five degree steps.
When this was accomplished the reflectometer was rcwurned to 8= 09 and
the measurement on the secondary standard (sample viewed at 6 = 00) was
repeated. Thus a record was obtained from the secondary standard once
every ten minutes or so, by which the drift of the instrument response or
light source output could be compensated for in the data reduction process.
The refiectometer was then rotated to a new azimuth and another scries of
rmeasurements from 6= 0%to 8= 80° was bigun.

Finally, at the end of the series of sweeps at various azimuths another
set of measurements was made on the magnesium oxide standard and secondary
standard, after which either the wavelength, source position, or sample was
changed and the process was begun once more under the changed conditions.

C. Data obtained from the rmneasurements

Measurements of the directional reflectance and degree of polarization
of the reflected radiation were made on each of ten different types of surfaces.
The values of the various parameters for which data were obtained are
listed as Table I
Table I: Summary of values of the parameters

for which reflectance and polarization measurements
wer - made on each of ten selected surfacex

A(A) 8y ( ©) @( °)
4920 0,53.1; 78.5 0,180
6430 0,53.1, 78.5 0, 45,90,135,180
7960 0,53.1, 78.5 0,180
10250 0,53.1, 78.5 0,180

22
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The data for the principal plane are presented in the form of plots of
directional reflectance versus nadir angle of observation and degrce of
polarization versus nadir angle of observation. These plots make a total
of 240 separate curves for the principal plane alone. In addition, two
hemispheric maps, one for reflectance and one for degree of polarization,
are given for each of the ten surfaces, thereby raking a total of twenty
such hemispheric maps. Thus eight different figures are given for each
surface, making a total of eighty different figures for the measured results.
They are separated according to surface and presented below.

1, Black loam soil

The sample of black loam scil was obtained in Southwestern lowa near
the town of Mt. Ayr. It is typical of the soil covering large areas of the
Midwest, particularly that of the corn belt. The rerults of the measurements
are shown by Figures 8 through 13 for the principal plane and by Figures
14 and 15 for the hemisphere at A= 64308, Since the results are symmetrical
with respect to the principal plane only one half of the hemisphere is shown.
The other half is simply a mirror image of the one represented.

2, Desert Sand

The sample of desert sand was obtained from the Mojave Desert about

eleven miles northeast of Mojave. It is interesting that where the sample

wna o Ao
LA S

here was no appreciable change of darkness of the material with
depth below the surface. This is not the case for a sample collected previously

from a spot about one mile northeast of Mojave. At that time it was noticed

that the surface appeared to be bleached out, the material a few millimeters
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below the surface being considerably darker than that just at the surface.
The darkness was not cue only to a change of moisture, as seen by an
ection site a few months later. The disiurbed area
still showed up as considerably darker than its surroundings in that case.
The desert surface is obviously different in the two locations.

3. Green Grass

The sample of grass for which the data were taken is a lush, closely
clipped blue grass obtained from: a lawn near Philadelphia.

4, Dry Grass

This sample is also lush bluegrass, but it was permitted to die by
lack of water. There are a few blades in which the chlorophyll has not
bleached out although the entire sample is completely dry and shows no
sign of life at present.

It can be seen from the curves that there is a discontinuity in the
reflectance and polarization at 6 = 0°. This comes about because of a
preferred orientation of the blades of grass. The sample was taken from
an operation in which strips of sod were being put on a lawn, so it had been
part of a roll of sod. It can be seen by close inspection that the blades are
more frequently bent in the direction toward the photometer as the sample
was installed than in the opposite direction. As a consequence the incident
light penetrated more deeply into the grass for the measurements at ¢ = 180°
than at @ = 00. One can conceive of conditions in which such an effect would

be of interest.
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NADIR ANGLE (°)

Fig. 30 - Hemispheric map of 180°
the directional reflectance of

clipped green grass (90 = 53.1°,

A = 64304)
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5. Dead Leaves

The leaves from which this sample was prepared were collected during
the month of April from a3 weoded site in Val.ey Forge Park, They are
leaves from the previous year's growth, and are mainly from oak trees.
In order to make a reasonably uniform sample as seen with a field of view
covering a small area, it was necessary to break the individual leaves up
somewhat during the sample preparation, Otherwise the leaves were in
their natural dry state during the measurements.

6. Broad-leafed Plants

This sample is composed of smal! individual plants of Japanese Spurge,
The leaves are sufficiently dense so that no soil is visible through the
canopy. The leaves themselves are of an average size of roughly two
square inches, and do not appear either waxy or covered with fuzz. Their
natural non-homogeneity when viewed with this small {ield instrument
causes a considerable scatter in the measured data,

7. Crushed Limestone Gravel

This material is typical of the foundation often applied to roadbeds.
It is graded as 3/4" size, although the individual particles vary in dimen-
sicns from roughly 1/2' to greater than 3/4'". The particles are generally
angular in shape as a result of the crushing process by which they are
obtained from the massive limestone rock. This sample was obtained from

the quarry located two miles northeast of Pauli, Pennsylvania.
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Fig. 62 - Hemispheric map of the
directional reflectance of crushed

- (8]
limestone gravel (6, = 53,19, X = 6430A)
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Fig. 63 - Hemispheric map of the
degree of polarization of radiation
reflected from crushed limestone
gravel (6, = 53.1°, A = 64304)
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8. Dlackiop {(Asphalij Road Surface

The sample of blacktop used for these measurements was obtained,
through the cooperation of the Pennsylvania Highway Department, from a
reconstruction operation on Paper Mill Road in Oreland, a suburb of
Philadelphia. The road has fairly heavy traffic but since there was no
painted centerline there were no preferred strips of tire wear along the
roadway. The sample surface is not particularly smooth, asphalt covered
pebbles protruding as much as one eighth to three sixteenths inches aBove
the general level of the surface. There was no definite information avail-
able on the length of time the road surface had been in place, but it was
"'several years'.

9. Concrete

The sample of concrete for which the measurements were made was
obtained from Wayne, Pennsylvania. It is a section of well-weathered
sidewalk. The general surface is relatively smooth as concrete surfaces
run, and some small pebbles of the order of one eighth inch dimater are
visible in the matrix.

10, Canvas

The sample of canvas used is that supplied by the Naval Ordnance

Test Statioa, China Lake, California. It appears to be a weatherced

piece of & standavd type of green-colered canvas.
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weathered blacktop (principal
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IV, Theory

The aim of the {following sections is to incorporate the laboratory
measurements of the directional reflectance and degree of polarization
of the reflected radiation for a given sample into the solution of the
radiative transfer equation, This enables one, with reasonable approxima-
tion to compute the intensity and the degree of polarization of the radiation
emerging from the top of the atmosphere. Finally, the effects of the
atmosphere on the contrast inherent between an ohject and the surrounding
background will be shown. Before proceeding, it seems wise to mention
the asecumptions underlying some of the above statements, and to review
the work on contrastg due to R. Fraser (1964).

In the late 1940's, S. Chandrasekhar was able to formally solve the
equation of radiative transfer, including the effects of polarization and
multiple scattering. The solulion appeared as a series of articles in the

Astrophysical Journal which were ceollectively presented in his treatise of

1950 titled Radiative Transfer. The most important restrictive assumption

to realize is that the solution obtained has relevance for a so-called Rayleigh
atmosphere, i.e. one 1n which the scattering particles are very small
compared tc the wavelength of radiation. However, a ''real" atmosphere
contains larger particles, usually referred to as aerosols, and composed of
dust, by.products of combustion processes, etc,. Atterapts te include the
prescence of aerosols in the equation of radiative transfer have Leen made by

several authors, in particular Z. Sekera (1956), R. Fraser {1959), and

[ .

197

) _——L




D. Deirmendjian (1957;. The problem is complicated by several practical
considerations. In the first place, one must have good measurements of
the size distribution of aerosol particles per :nit volume. This imm-
ediately raises the question of whether this distribution remains invariant
with aititude, as well as the nature of the vertical density profile of
aerosol content. It was also found that the aeiosol content of the
atmosphere is dependent on geographi:al location, and even at the same
locality may vary with ¢time. The approximations usually resorted to,
which will be followed in this report, assume that the density of aerosol
particles decreases exponenticlly with %1titudf:, and that the size distribu-
tion of aerosol particles per unit volnme is constant. These assumptions
simplify the transfer equation considerably once arn 2evusol meodel is
chosen. We will elaborate on this later in the text.

Another important assnmption introc¢uced by Chandrasekhar in order
to make the problermn more tractable is that the atinosphere is idealized in
that it is considered to be plane parallel. In other words, the atmosphere
is considered to be bounded by two parallel planes of infinite extent such
that the characteristics of the at:nosphere depend conly on the altitude.
This idealization aveids the problem of sphericity of the atmosphere and
Earth, anrd the assumption is valid as long as one is not interested in
atmospheric effects near the horizon.

As an application of his solution to the molecular scattering problem,

which was originally solved assuming that there was no ground present,

108
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(that is, the atmosphere extended indefinitely downward), Chandrasekhar
introduced the effects that the presence of a ground would have on the

solution that he obtained. To be more specific, a Lambert surface was

chosen for two reasons. First, since a Lambert surface is one which

reflects incident radiation with the same intensity in all directions, and
in addition, the reflected light is unpolarized, the resulting equations

were very much simplified., Secondly, it was believed that the approxima-

tion of a real surface by a L.ambert surface was suificiently accurate for
most practical purposes. It was shown that the presence of the ground
created an additive correction to the so-called "standard'" solution;

that is the solution obtained without the presence of a ground. In 1960,
extensive tables were published (Cculson, Dave, and Sekera) giving the

numerical solution of the transfer problem with a Lambexzt surface : ,
Ve

according to the theory of Chandrasekhar. Fraser has uced these tables

in determining the atmospheric effects on contrasts. Our major
innovation, of course, will be to introduce a non-Lambertian surface.

Before doing this, it seems appropriate at this time to present a

statement of the problem, and to . roduce the nec2asgary notrtion.

In figure 88, we have a simplified representation of the physical

aspects of the problem. A small target, resting on an infir.ivc, homogeneous

background, both illuminated by sunlight, is viewed by &n observer {crx

instrument) situated at the top of the atmosphere. The field of view is

larger thar the solid angie subtended by the target, zad therefore a
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""contrast' between the targei and the background is perceived. It is
natural to call this an apparent contrast, and reserve the term intrinsic
contrast for that contrast an observer would perceive at the bottom of the
atmosphere. In c«ther words, the intrinsic contrast is altered due to the
presence of the atmosphere.

The notation to be employed in what follows is listed below. Detailed
explanation of some of these iterr;s will be postponed until the need for
their introduction arises.

6, £ the zenith angle of the sun (as seen from the target)

or the nadir angle of the target as seen from the
direction of the sun

Ho = cos 90
6 = the zenith angle of the observer (as seen from the target)
or the nadir angle of the target (as seen from the observer)
n = cos @
@ = the azimuth or horizontal angular meast re
of the ocbserver relative to the sun (i, e. the
sun is at azimuth ¢ = 0°). In the figure, the
observer is at ¢ = 186° lccking in the direction
@ = e°.
z £ aititude
A = wavelength of radiation

BR (A, 2) = the volume scattering coefficient for the Rayleigh
or '""molecular" part of the atmosphere. "This is
the rate at which incident energy is scattered per
unit volume per unit path length. It depends on
waveleagth and density, which in turn implies
an altitude depecadence,

>

the corresponding volurme scattering coefficient
for the aerosol content of the atmosphere.

™
1]
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R
T = the normal optical thickness of the molecular
component of the atmosphere.
R R
By definition, T = f B (z)4d =z
o
A : :
T = the normal optical thickness of the aerosol
component of the atmosphere.
AT A
T = J‘ B (z)dz=
o
T, = the total normal optical thickness of the
atmosphere.
R A a R s A
1'1=1'+1’ =fB(z)dz+fB(z)dz
o o
It (0; H, ¢©) = tne emergent intensity of the target-reflected
radiation at the top of the atmosphere in the
direction g, ¢.
lt(T: H, ©) = the intensity of the target reflected radiation
at the ground
IB(O;/J,(,D) = the corresponding intensities for the homogeneous
background.
IB(rl;u.so)
The quantities p (K, @), P (4, ¢),
1, I
1 or Q have been introduced previously,
lf U and their complete description will
Vv v not be repeated here. However, it
is important to remember that I, and I, are the intensity components
parallel and perpendicular to the vertical plane passing through the
zenith and the azimuth of the observer. lLater on, we will have need
for intensity components parallel and perpendicular to the plane of

*



polarization. The notation I, and lj will be reserved for this.

the scattcering angle, This is the angle formed
by the incident and reflected beams. The plane
i~ .»rmined by these beams is referred to as the
sy :.tering plane.

Y

(v) These are normalized matrix elements
describing the scattering properties of
(7) a particular aerosol model.

1

S T o Y

2

apparent contrast at the top ¢f the atmosphere,
and in the direction U, ¢.

: C (0, ¢)

C(q-l; H, @)  intrinsic contrast at the bottom in the
direction g, @.

Y R

Mt

vy (Tl;u, ¢©) = the contrast attenuation coefficient, which
holds in the absence of an analyzer in the
observer's optical system.

TS

ye(Tl. U ,9¥)= the contrast attenuation coefficient which
holds if the transmission plane of an
analyzer in the observer's system is
oriented perpendicular to the plane of

SRR D S
poiarization.

Y(7: 4, ) = the corresponding contrast attenuation

coefficient which holds if the transmission

plane of an analyzer is oriented parallel to

the plane of polarization.

Having introduced the notations for contrast and the contrast

attenuation coefficient, it remains to define these terms and point out
the great utility of the concept of the contrast attenuation coefficient. The
following discussion of these parameters is patterned after that of

Fraser (1964). The contrast at any altitude z corresponding to a normal

optical depth T, and in the direction f,¢, is defined as:




C(Tik,®) = L (Tipe@) - I5(Ti4,0)
Iy (T u,¢)

In particular, the intrinsic contrast is:

C(ns #,0) = LMk, @) - 1 (Ti 4, 0)
I.(hiu, 9)

The apparent contrast as perceived at the top of the atmosphere is:

C(O;“,¢)= It (0; u, @) - IB(O’“' <)
1 (0; 4, ¢)
B

The emergent intensity I (0; 4, @) is related to the intensity refiected
from the ground, I (‘rl; i, ©), by integrating the transfer equation. The

result may formally be written:

-Tl/p Tl -t/“
m 1(0; @) =1(miu,9) e + [ Stip,e) e at
o #

The quantity J is usually referred to as the source function, and the
integral term is responsible for multiple scattering etiects. The as-
sumption of very small target size implies that the contribution of the
target to multiple scattering effects is minimal. Hence if one assumes
that the multiple scattering effects above the target are the same as above
the surrounding background, then the integral terms for both the target
and background will be the same. Therefore, substituting equation (1)
into the definition of apparent contrast at the top of the atmosphere, we

have:



- 1'1/“
() COm.e) = {1 (o) - Igrime) ) e

- 7 Tl -t/“
I (tip,e)e VB o+ [ JT(u, 0 e dt
Bl ~o -——“

The contrast attenuation coefficient, y (Tl;p ,¥) is now defined such

that:

(3) COp,@) = y(mik,0) Ciniu,¢)

In other words, the apparent contrast is the product of the intrinsic
contrast and the contrast attenuation coefficient. Hence y (Tl; U,¥) is a
measure of the reduction of contrast due to atmospheric effects. Since

. = N N -1 T1, s . -
CiTu,0) It( LK, @) B (T1ik @) , we have by substitution,

Ig(T; b @)
-7
1/
Y A(TiM, @) = C (0K, @) = Io(T5H, @) e H
C (1:4, 0) :
", | " tu
I e TF JJJ(t;u.w) e dt
° M

The utility of y (7 H,¢¥) can be seen from the fact that the resulting
expression is independent of the target, and depends only on the back-
ground. The characteristics of the target are, of course, introduced in
the calculation of the intrinsic contrast.

It 1s further seen from the expression for the ccntrast attenuation

coefficient that 0 =y (1'1; H,0) =1. If the atmosphere is optically thick

-/
so that 7y is relatively large, then Ig {(T1, 4, Q) e ! K will be small,
T
1 -t/
while j‘ J(t, u,e) e 'udt may become quite large, giving rise to a
o K

small contrast attenuation coefficient. In this case, the intrinsic contrast
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is greatly reduced as the light traverses its path through the atmosphere.
Cn the other hand, if the atmosphere is optically thin, so that T is

-T
relatively siaall, then 1B ('rl;p,q:;) c l/u will be large compared to

?. -1 /#
g JHt ) e dt , and in this case, we have a large contrast
0 K

attenuation cocefficient. Hence the intrinsic contrast is not greatly
reduced as the light passes out through the atmosphere. Of course, these
qualitative descriptions are what one would intuitively expect in an
optically thick or optically thin atmosphere.

At this point, it is useful to distinguish between intensity of radiation
which is directly transmitted and that which is diffusely transmitted. A
convenient notation for this purpose is described as follows: In general,
the emergent intensity may be considered to be composed of five separate
cormmponents, The word '""component' here is used synonymously with
"contribution", and should not be confused with the previous reference to

vector components of intensity.

—t
Il

the solution to the radiative transfer problem in the absence of a
'"ground''. This is the so-called standard solution alluded to
previously.

bt
”‘

that contribution to the emergent radiation which consists of light
which was transmitted directly downward thrsugh the atmosphere,
ref*ected, and transmitted directly outward through the atmosphere.

DD

IdD that contritution to the emergent radiation which consists of
light which was transmitted diffusely downward through the
atmosphere, and transmitted directly outward through the atmos-
pherea.

IDd = that contribution to the emergent radiation which consists of light
which was transmitted directly downward through the atmosphere
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and transmitted diftuscly outward through the atmosphere.

that contribution to the emucrgent radiation which consists of
light which was transmitted diffusely downward through the
atmosphere, and transmitted diffusely outwasrd through the
atmosphere.

Before discussing these components in detail, and presenting the

expressions which will be used for each, it is worthwhile to note that the

contrast attenuation coefficient can now be written as:

Liplke®) + 1ip (B, 9)
I (K@) + 150 (@) + T (MK, @) + 15K, @) +14,(K e)

YTk e) =

(For Ve (Tl 4, ) and yr(‘rl ;4,90), we need compute the i and j components
of each of the above five '""contributions'.)

As a first step in computing these intensitities, it is necessary to
determine the normal optical thickness which applies. For the molecular
component of the atmosphere, the following table is taken from
Deirmendjian (1955}

Table 11: The normal optical thickness, T,
as a function of wavelength, A

T 1.00 0.50 0.25 0.15 0.10 0.05 0.02
X (A) 3120 3715 4365 4950 5460 6440 8090
In order %o illustrate the computation of y (1’1 #,9), we have chosen
a particular sample More specifically, we shall introduce the surface

reflection and polarization characteristics of desert soil for the wavelength

A = 54302, and a zenith sun angle of 8, = 53.1° (K = .60). Hence,
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for this wavelength, the required molecular normal optical depth is
R

T =.05.

A
In determiniag T , the normal optical depth of the ac.-osol content,

one must choose a model for the size distribution of aerosois per unit

volume. We have chosen a "continental' model aerosol from among
several considered by Fraser (1959) as being most representative for our

purposes. It is characterized by the following size distribution:

interval of radius, a Number of particles Number of
(micron) per cm~ of air per micron  particles per cm
of radius

Lower Upper 4
.03 0.1 2 251 x 10 1575.7

-4
0.1 20.0 2.25l xa 753.3
2229.90

A's mentioned previously, this surface value will be assumed to decrease
exponeniially. For this model, Fraser computed the volume scattering
coefficients at the surface for three different wavelengths. His result

A S ﬁ‘% -6 -1 )
for A = 6250A isPB =1.06 x10 cm . By interpolating according to an
. o ﬂA
inverse wavelength dependence, we have for A = 6430A, that B (0) =

-6 - .

1.03 x10 cm . Finglly, utilizing the assumption of an exponential

. . . A A ~z/H
density decrease with altitude, we have that £ (z) = B(0) e . The
parameter H is called the scale height. Phycically, it is thal altitude at

which the volume scattering coefficient assumes 1/, of its surface value.

The value H = .98 kilometers is given by Penndorf (1954).
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A 4 ® 4 ~z/yg 4
By definition, T = j‘ B (z)dz=] B {0)e =8 (0 H=
0 2
-6 -1 . 5 _
1. 03 x 10 cm x .98 x10 c¢m =.101 . Therefore, for A = 6430 K,
I3 ﬁ R . -
the total novmal optical thickuess, T o=T7 ¢ € is approximately equal

to . 15.
We shall now discuss briefly each of the five components, beginning

with 15 (0; 4, ). Our aim is to determine the Ie and Ir components for
each of the five. To reiterate, the subscript s is for '""standard'’, the
reference being to the solution of the radiative transfer equation in the
absence of a ''ground'’. In the present problem, I, consists of contribu-
tions from both molecular scattering and aerosol scattering. We have
made the simplifying assumption that these scattering processes act

R A

independently, so that I  can be written as Ig =Ig + Ig , separating

the molecuiar and aercsol contributions., Hence we desire the solution

R
for I_ with a normal optical thickness of 7 = .05, and the solution for

Ii with a normal optical thickness of 7 = .10, Values of I: (O; @,®) for
T = .05 are given in the tables of Coulson, Dave, and 3ekera (1960 ).
Actually the Stokes parameters I and Q, are given which make a
determination of Ie and I_ for IZ trivial. It is to be noted that this
solution includes the effects of multiple scattering. In compiling these
tabies for l: , an assumption was made that the flux of parallel radiation
incident on the top of the atmosphere is set at # Fq (F, = 1) units, per unit

area oriented normal to the direction of propagation, which, of course,
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makes an angle of § with the zenith, This assumption will be followed in
the present report,

_ , A

In computing Is » we follow the usual approximation of neglecting the
effects of muitiple scattering, since their inclusion renders the problem

intr.ctabie. The transfer equation, including primary scattering may be

written:
- — -T/ R -
pdl o = 1 - 1l/4e Ho P
dr —-
where
I = )'I i [11 + I_)
la] "y -
1 J
A r r fa)
P = Lu () plz\)/)
B A 2
L, Ly
F = rl
| 0

A

The scattering matrix P describes the aerosol scattering of incident

radiation, and enables one to compute the intensity components I; and Ij

parallel and perpendicular to the scattering plane, which is normal to thc
A A

polarization, The elements Lll {(v) and le(y) are the normalized

matrix elements introduced previously. Fraser (1959) has computed

these elements for the '""continental' aerosol meciel, and for a wavelength

o
A = 6250 A, Since they do not change rapidly with wavelength, these

)
values are also appropriate for A= 6430A.
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An important fact, pointed out by Deirmendjian (1959), is that the assumption
b

of exponential density decrease of aerosol content ensures that aLij(y) =0,
0T

This means that in solving the transfer equation above, these elements can

be brought out from under an integral with respect to 7. In fact since,

A - A A 2
P F = 1.,,\11(7)1%2 (M| 1 ) Ly (7
le()’) Ly (7) LO Lo (7) .
The transfer equation assumes the form:
A
pd |1 1 -7y L (7
- 1/4 e Po 11
Q = 1Q L,
ar
or
4 B T/y.
(5a) pdl = I - 1/aL,Me °
dr
A -7/
(5b) wdQ = Q - /4L, (¥Y)e ©
dr 12

The solutions to these linear differential equations may be written,

remembering that the boundary conditions are such that there is no radiation

reflected from a "ground",/gs:

‘ LTI U
(6a) I=1; + L = 1 Ly () g, { 1 - e n [T }
4 B, )
A
6b 2 - Ty 1+ 1 )
( ) Q*Il - I." 1 LlZ(Y) “uo i - [ # “
J 4“ o]
u+u0
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or -T {i— h 1 _’1 i
I = 1 HHq 1 - ¢ H H ) L (%) +4 L}J())
1 8“ o 11 =
Hi W

!
J TH Kty

These components arc parallel and perpendicular to the scattering
plane. To transform these components to components parallel and
perpendicular to the vertical plance through the observer's azimuth, we

2 2
need subject them to the matrix transformation sin.2 hd cos, X
cos X sin X

Hence we have,

I

2 2 2 2
e sin X cos X L Ii sin X + IjCOS X

1 roszx sinzx Ij Ilcoszx + I'.sinzx .

‘.:lL l_ J

In the computation of IDD (0;H,©) we must introduce our laboratory
measurements, P (K,9)and P(H,0 ). If TF, units of flux per unit
area normal to the direction of propagation are incident on the top of the
atmosphere at an angle Y, relative to the zenith, then the directly transmitted
-T
WV .

radiant flux reaching the ground per unit horizontal area is TF; H e

aigle in the [ ®

cL

The intensity of the radiation reflected intoc 2 unit soli
re "Tl

f
direction wouid be 1 (H¥) = P (H,9) T Fg Mo ¢ /""0 . We now make

use of the definitions of the Stokes parameters:

I =1 + 1
e r

QzIC’Ir

U=(I_- I)tan2X,



b Il dn it

wawwmb e e

My ey

ok B A [ A W 1

D e gy

2 2 \1/2
and P= {(Q + U )/

1
It will be remembered that X :s the angle between the plane of polariza-
tion and the vertical plane through the observer's azimuth., The assumption
that the plane of polarization is normal to the scatter.ag plane enables one
to compute X by spherical trigonemetry. Hence the values of Hor H, and @

determine the angles X (and 7) directly. We then have the following relation-

ships:
2 2 1/2
Pe) = {Q (0 + U o) |
- Ule (H,0) - 1_(4,0) + {Ie (H, @) - I (u.so)l tar 2 X]
_ I(4,9)
= {1 (@) -1 e feec 2 X
I(H,9)
and P (4,90) I(H#,P)cos2X = -1, =u-i) -1
=1 - 21
or ZIr = 1 {1 - P cosZk}.
Therefore, it follows that
f f
17 (w00 = 172 7% (4, ) {1 ¢ P (4,@) cos 2 x)
(ref) (ref)
o (M, ) =1/2 1 (p,q)){l - P (B,9) cost}-
-Tl/ Lo
Each of these components is attenuated by the factor e B in its out-
ward passage through the atmosphere. Substituting the expression for
Iref (#,¢),we have the final expressions:
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-T -~ T
(7a) [xc(u.w)}DD =12 P (b, 0) TR By e ug o 1/p{l 1 P (H,0) cos 22

SRV
(7b) [I (u,w-)J =1/2 P(K, )T M e ©e 1 - P (K@) cos 2.
r DD

In considering the remaining three components, we have made the
assumption that the scattering processcs for thesec components obey the
Rayleigh or moelecular scatteriug law. This approximation is probably not
a bad one for two reasons. First, the importance of these components
diminishes with decreasing optical thickness, and sccondly, the aeroscl
scattering matrix approar~“es the Rayleigh scattering matrix as the particle
size approaches zero. The cffect of the aerosol content is to increase the

optical depth to 71 = .15. The expression for IDd (O, 4,®) is

— 1 m v -'(ref) ) 1 1
; = f U o
(8) IDd(O.P.‘P) 1 . fI(T,y.cp,,.&.tp) 1 (H,90) dp do

C

4nu
There is little need in describing the computational schemes involved

in this integral, as the details are available in ar appendix to General

Electric Technical Information Series R64SD74 (1964). The important

(ref)

thing to realize is that the term 1 contains the measured values of P
and P, which are introduced into the intensity componeunts in the manner
described in the section on 1. (H,¢).
DD
For the remaining two components, 1 and Id .» one further assumption
dD a
was imposed. Because of the difficulty in evaluating the downward diffusely

transmitted light in the presence of a non-Lambertian surface, it was

decided to idealize the surface to a Lambert surface reflecting with an

1 7
albedo of ¥ = | J P (M,9)Hdpd®. This approximation is a good one
(o] <
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for two reasons. First, as noted before, these components are in general,
small, Sccondly, a computation of the downward diffusely transmitted
light would involve an integration over the whole hemisphere, thus
originating a tendency toward averaging. Actually, the problem is much
more difficult than it appcars, since an exact sclution would require the
solution of certain integral equations, In summary then, the components

IdD and Idd will be approximated by iatroducing a Lambert surface with

albedo R. These iniensities can readily be written in t¢ ms of the
function 'Ye, ‘)’r » and ¥ introduced by Chandrasekhar in the solution of
the Lambert surface. For the sake of completeness, these expressions

are given as foliows:

9 Low = B Py [ Y (ko) + Y, (o) ="y "V
g3 )

a1
O

[

'T‘/p -7/
o YlE) + Y (H) - 2¢

(10) 1,.(u) = Runf Yo (1) + Y, ()
dd Zn ©°° _§<1~§ ')‘L
s

The functions '}’e, 7‘1_. and s have been tabulated by Sekera and col-
laborators (1952) for T=.15. Two things are noteworthy about the above
expressions. First, they are azimuth indcpendent. Secondly, their
polarization is almost negligible so that the Ie and Ir components of each
can both be taken equal to one half the value of the intensity.

This concludes a brief description of the various components considered
in the calculation of the emergent intensity. As a matter of interest, the
relative contribution of these various components in the sun's vertical is

presented as figure 8% With these data, one can now compute the contrast
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attenuation coefficient, as previously described,

One further consideration remains, namely the computation of Ye
and y, at other azimuths. The intensity components I, and I, have been
computed relative to the vertical plane through the observer's azimuth,.
What we now require are the intensity components parallel and normal to
the plane of polarization. If the observer is situated in the sun's vertical
plane, as is the case in the preceding figure, then there is no complication,
since the sun's vertical coincides with the scattering plane and is normal
to the plane cf polarization. If this is not the case, then, in terms of

angle X, we have

(s) 2 2
(l1a) Ij = Ir = I, cos X - I sin X
cos¢X - siné X
(s) 2 2
(11b) I1 =1, = T.cos X~ I sin X
cos®X - sirfX
v Rocenlte nf Camrnutatinng
V. Results of Computations

The results of the computations for the contrast attenuation coefficients
are displayed in figures 90-94. As mentioned previously, these computations
are for the "Desert Soil" sample, for a wavelength A = 64303., and for a
sun zenith angle ko= .60 (8 = 53°1), Figure 90 shows the values of Ve
y, and y_ in the principal plane (i. e. the vertical plane containing the sun
and the zenith). A point of interest is the fact that maximum values for

both Ve and y are achieved on the solar side of the nadir, Figures 91, 92,
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Fig. 90 - The cunstant attenuation st zes B
coefficients as a function of Nadir.
angle in the principal plane, for . S e
9 =53,1° and A= 6430K i ST EEEES

TN

al

3

0.6

"y

0.7

b W ] ]

0.6

!
1
:
ERTEL TEIRTCATIN ™ T

05

i

04 k=3

PaTTe 2221 12500 12231 Dopes wobby PUUSs PUS IS POUE BE DS BSOS SRS S804 it
SunEe PEREY [SOYT SOTOT PSRGE PRISE U SES POSES DRSS MRS SRRRS SOBES SE. n T+
LS 33 Soeurs SrGus SUrpt DRSS PRSEE POBRE SEORY BOSES FEONE SO06S SOt IEONe adSe pare boRE SRALE Seds
SS804 S0LEE pluns § 500 S SRa: (R aas R taatiabs Perts Posps Sunss b0 JOUES SDOEE SOAIM 15 05050 S50 5 o0 SROM SRPRS t
s853e80ese Fo202 $S32e $I20e [Bies Sanks EEass Poshs fooss Eorrs FESs EoSe SE4: T 15 bopss SEROR BEES:
B eESITIIt IToT] Jo001 20100 ugie SSULSITLY SUSUY AIPEE SORLS PAGRS SOCRP BOREE MTET SEPY PEPEY D5 PEPTE B SORE Sad paat
03 = o 3335232 SE33T BESES SSEss £S028 PSE2S LSS RESRS ETRLS [Sore ateey 13 pezs: ST
ppS paad a8 S0591 pana: Joaas SRORS SEDES HESE Subes DONRE SHEOE Bte o JaSSe ppe PS STTUO RO SEE SBEDE DGR
Sagas peés SHH4 ; PSS" SETES SRR S200% e iinha AOAAA SSS0S S [OPS SRets PREES S Siestfiiiigiiiyg
[piree gaans o Daas hade e Rt IS TSR L1t ITTTT 22500 RUDSS Dot RRALE DRAGE DRSHS PEGY DISES OGS DEN3 up o - pe .
p " S BOS SORGS QEOLE ST 55 DESSE P
et pross son! 1as Subn | SRo0h aRods fos ot LR Ee E i Sanas SaTs) LECTS ED250 DEOos Soobe Ro0Ne b [Eont tovas 5. el teabesbetebas s R ie R
P [ 220N ROOES IR RS R a0y IS SRt 22227 20000 Sphus SUDEY PUBES BOGEE Rbbat bEeaE Setas Py : .
e SO 2000 22000000 RE SRSTO SRS JRTYS 12200 10004 $040t S000E Shons SRSed SABES SEGvS bodd LI 0004 RES5S Rind joge

o
™

:
!
:
:
'
pe
t
:
i
+ i
It {
ol : |
: issbesaigh seppappy T ppUs puP T i
it b Fhyi Hit
b4 T +44-o + 1++414+4
»e 1 [ -1 4 HI31 1T
o E 18te: fots HH
T 5 [F3s I23E: H +HH
+ + Jugis dwaay it 141 13T
25 Sabus Exo T o5 Jasss
jSses Shens FEes s fanas
it S HH] .
IS55s eal U :
ety t ﬁ«-«a
o iloatsbs 111t 1




NADIR ANGLE {°)

Figure 91 - The contrast attenvation
coefficient y_ as a function of azimuth,
for Desert Soil, 6 = 5371, and A= 6430A.
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and 93 are an extension of figure 90 and show the azimuth dependence of

v.. v, and v. resnectively. A
D o P PN &L 7

1L E L2422 BHIOW L%

asymmetry with respect to the 90° azimuth.

While these figures show the direction of miaximum contrast attenua-

~tion coefficient, it cannot be inferred that the apparent contrast is maximum

in this direction, since the apparent contrast is the product of the "intrinsic"
conirast and the contrast attenuation coefficient, However, in the absence
of any knowledge concerning the "intrinsic' contrast, the curves do show in
what directions the reduction in cor.xit‘rast due to atmospheric effects can be
minimized.

Finally, the relative advantage of using a polarizer is given as a
function of direction in figure 94. The relative advantage is defined by

Y, (#,9) -y (K@ x 100. A very strong gradient is seen toward the
y (K,¢)

horizon in the 90° azimuth direction. However, as noted in the previous

figures, the contrast attenuation coefficients approach zero as one looks
toward the horizon.
VI. Recommended Further Research

As can be seen from the above results and discussion, a good start
on an investigation of the problems of object detection by polarized light
has been made on this project. There are, however, many aspects to the
task, and it has not been possible within the scope of the present effort to
cover all of the areas adequately. In view of the importance of this new
and relatively unexploited approach to the problems of object detection,

it is recommended that further work be devoted to the following specific
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tasks:
1. Compute the contrast attenuation coefficients for additional types of
surfaces,
2. Determine, for a number of selected cases of object-background
combinations, the contrasts which one would observe at the top of the
atmnsphere.
3. Introduce additional types of atmospheric aerosol models and
determine their effects on apparent contrasts as seen from the top of the
atmosphere.
4. Extend the measurements to shorter and longer wavelengths.
5. Extend the measurements to more angles of incidence of the radiation
and to the case of diffuse incident radiation.
6. Extend the measurements to other samples and surface conditions,
and particularly to wet materials.

Most of the support work which would be required for these tasks
has already been accomplished. Essentially all of the computer programs
have been written and actually run on the machine, so the computation of
additional cases is straight forward. The present instrument would require
only relatively minor modifications for the additional measurements, and

the personnel are now completely checked out on its operation. An

extension of the research without interruption is strongly recommended,
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