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ABSTRACT

An experiment in aerial photography is described to determine the 

enhancement of image modulation produced by the filtering of polarized 

skylight, the amount of radiation polarized by atmospheric scattering 

which entered the camera was determined, and thus the enhancements of 

both the aerial image modulation and the modulation transmission were 

calculated for two wavelength regions (450 ± 25nm and 690 ± 30nm). The 

experiment was carried out for an atmospheric path from 5.2km above mean 

sea level to the surface at 0.6km on two clear days northwest of Tucson, 

Arizona. The radiometric data were obtained with photographic film cam

eras by using agricultural fields as the sources of reflected radiation.

Enhancements of the aerial imagfe modulation and the modulation 

transmission were found only in the blue band with average enhancements 

of 43% and 51%, respectively. An illustration is given which shows that 

the resolution cut off frequency for an f/5 diffraction limited system 

using Panatomic-X film at a wavelength of 450nm can be increased by 20% 

when the modulation is increased by 43%.

Statistical error calculations for the radiances of the fields 

gave standard deviations varying from 1% to 6%, which propagated to an 

average standard deviation of 20% for the modulations and 22% for the 

modulation transmissions. An attempt is made to correlate the results 

with theory.

vii



CHAPTER I

INTRODUCTION

When an object on the surface of the earth is viewed through the 

atmosphere, the eye or the optical system used as a detector sees not . 

only the light from the object attenuated by the intervening atmosphere, 

but also light scattered by the atmosphere into the direction of obser

vation. The addition of this scattered skylight reduces the modulation 

of the scene being viewed, and the modulation approaches zero as the 

attenuation by the atmosphere increases.

Since scattered skylight is partially polarized, the apparent 

modulation can be enhanced by placing a polarizing filter with its 

transmission plane perpendicular to the plane of polarization of the 

scattered light in front of the detector to block some of the skylight. 

If the skylight were completely linearly polarized, this, process could 

block ail of the skylight incident on the detector and the modulation 

of the ground scene would not be affected by the atmosphere (except for 

absorption, which is slight in the visible region). Conversely, if 

there were no polarization of the scattered skylight, the polarizing 

filter would block not only half (actually about 60%) of the incident 

skylight, but also half of the light incident from the object. For this 

case there would be no enhancement of the modulation. The polarization 

effect is easily noticed on a clear day when the sky is viewed at right
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angles to the sun’s direction through a piece of polarizing material.

The luminance of the sky will change in brightness as the polarizer is

rotated.

Theoretical studies on this subject have been made by Fraser 

(1964) who calculated the apparent differential contrast between objects 

on the earth's surface as seen from above the atmosphere. Using a Ray

leigh atmosphere (that is, one in which the scattering particles are 

much smaller than the wavelength of the incident light) and atmospheres 

with two different aerosol concentrations, he found the apparent con

trast and the contrast attenuation coefficient as a function of wave

length, surface albedo, the sun's zenith angle, and the angle of view. 

Mazurowski and Sink (1965) made a study of the attenuation of photo

graphic contrast by the atmosphere. Coulson (1966) also studied con

trast transmission through the atmosphere but included polarization of 

the light reflected from the ground. Sekera (1957) and. Dave (1970) per

formed detailed analysis of the scattering of light by the atmosphere 

and the polarization of the Scattered light.

This study is presented in two main sections. In the first sec

tion an expression is derived to describe the modulation of the ground 

scene as viewed from within the earth's atmosphere. A short discussion 

of Fraser's results is given and a prediction of the pattern of modula

tion for measurements made within the atmosphere is made by analogy with 

his theoretical values for above-the-atmosphere measurements. The re

sults of an experimental study of modulation transmission and enhance

ment are presented in the second section. .



The experimental study utilized multiband photography for in

vestigating the wavelength variation of modulation transmission, and the 

enhancement of modulation by using a polarizing filter. Two bands in 

the blue and red regions of the spectrum were used. Photographs were 

taken on two clear days at an altitude of 4.6km above an agricultural 

region northwest of Tucson. Since these measurements were made in the 

span of 30 minutes, the sun's zenith angle varied by only.6° from the 

beginning to the end of the high altitude photography. Photographs were 

also made at the ground so that modulations could be compared for the 

two levels and the effects of polarization of the light reflected from 

the ground could be taken into account. The clearest days were chosen 

to maximize the expected effect since molecular scattering in the atmo

sphere produces the highest degree of polarization (as opposed to aero

sol scattering or scattering from clouds) .



CHAPTER II

THEORY

Equation for Apparent Modulation 

The radiance of upward directed monochromatic radiation in the 

atmosphere is given by the solution to the equation of radiative trans

fer.

L(t ,6,<|0 = L(TT ,0,<t>)e
-(TT-T)sec6 rxT -(T*-T)sec6

secQdr1.
T

L is the radiance at an optical depth t , zenith angle 0, and azimuth <j).

If a beam of radiance L becomes L + dL upon traversing a distance ds

through a medium of density p, then

dL = -kpLds,

where k is the total mass extinction coefficient. The optical depth at

the height z is then defined by

t (z) = | kpdz1.
z

The total normal optical depth of the atmosphere is at the ground. 

The monochromatic radiance is here defined as the amount of monochro

matic radiant energy per unit solid angle passing through a unit area 

normal to its direction of propagation per unit time per unit interval 

in wavelength.



The first term on the right side of the equation is the radiance 

of the earth's surface attenuated by the intervening atmosphere between 

the optical depth levels x-p and x. The second term represents the radi

ances of all sources contributing to L(x,0,<J>) between x-p and x attenu

ated by the atmosphere between the source and the observation level. 

Figure (1) illustrates the transfer equation solution. For this paper 

only sources in the visible wavelength range are considered, and the 

source term will be composed only of scattered visible light.

To simplify the notation, the following definition is made:

,x -(x'-x)sece
L'*SJ (x,6,<J>) = J (xf ,6,<j>)e secedx*.

x
It must be understood that (t ,0,<#O represents the contribution to 

the radiance from all scattering sources attenuated by the proper opti

cal path length.

The apparent modulation between two objects as seen from the 

level with optical depth x is

LiCx,©,*) - L2 (x,0',<j>')
M(x,0,<j>) = ------------------------- '

L1(t ,0,<|)) + L2 (x,0'

where L1(x,0,(J)) and L2 (x,0' are the radiances of the two areas. If 

the two areas are adjacent and are small, measurements of the radiances 

can be made so that the 0',#' direction is nearly the same as the 0,4) 

direction. Using the solution to the transfer equation, the equation 

for the apparent modulation at the level x becomes
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J(t * ,Q,<p)

tt (Ground)

Fig. 1. Illustration of the solution to the transfer equation.

The solution is at the optical depth level t for upward 
directed radiation from the ground where the total op
tical depth of the atmosphere is Tj, and for sources of 
radiation between and x.

\



-(t -T)sec6 (S) (S)
[L1(t ,0,(j>)-L2 (T 6,(J))]e +[Li (T,e,<f>)-L2 (t ,6,(J))]

M(T,e,<f>)=----------------------------------------------------     •
-(TT-T)sec6 (S) (S)

[^1 (Tj, 0, <f))+L2 Qj ̂ 3 ] g + (t, 0, <f») +L2 (t, 0, <f>) ]

(S) (S)
L1 and L2 include all the sunlight scattered into the Q,<p 

direction plus light from the target area scattered by the atmosphere 

into the 0,<j> direction. Since the scattering from sunlight dominates 

that from the target area if the albedo of the target area and its sur

roundings is low, and if the target area is also small, the difference 

of the scattered radiances in the numerator will be small. This allows 

the equation for the apparent modulation to be expressed as a fairly ac

curate approximation.

-(t -T)sec0
[ ^ ( t .0,<f>)-L2 (T ,0,<j>)e

M(T,e,t) = --------------— I------- -— I------!-----------------------
—(t-ji—t) sec0 (S) (S)

[L̂  (x̂ ,, 0,(j>)+L̂ C'T'p* 9><i))e + *̂1 Cx, 0,<|))+L2 ]

This clearly shows that the scattered sunlight, which comprises the major 
(S) (S)

part of L1 and L2 , reduces the ground level modulation as seen from 

the level t .

If there were no atmospheric scattering, the modulation at all 

levels would be the same as the modulation at the ground given by

Li(xT,e,<J0-L2 (x ,0,<j>)
M(xt ,0,<J>) =  S------------  *

L1CxT>0,(J))+L2CxT,0,(j))



When the scattering term in the apparent modulation equation be

comes much greater than the difference of the radiances from the target, 

the modulation approaches zero. Since scattered skylight is partially 

polarized, the apparent modulation can be enhanced by using a polarizing 

filter with its transmission plane oriented perpendicular to the plane 

of polarization.

Modulation Calculations 

At this point a Rayleigh atmosphere could be used to calculate 

the radiances and degree of polarization of the scattered sunlight for 

a single scattering process. By assuming a Lambertian reflecting sur

face, values of the modulation could be obtained for different angles of 

view. However, even on a very clear day the aerosol content of the at

mosphere is significant enough to affect its scattering properties, more 

so in the blue wavelength region of the spectrum (Herman 1971). Thus, 

results would be obtained that could not be investigated experimentally. 

Even though this is the case, some idea of the results may be realized 

by looking at the Rayleigh scattered portion of the scattered sunlight. 

This can be done by reviewing the study of apparent contrasts as seen 

from above the earth's atmosphere (Fraser 1964).

To calculate the contrast he used the equation for the differ

ential contrast, which is



It can be shown by starting with the reciprocals of the differential 

contrast and the modulation that the two quantities are related by the 

equation

C
M = ----------  •

C + 2

He showed that the maximum enhancement of contrast from above a Rayleigh 

atmosphere does not occur along the plane perpendicular to the sun’s 

direction as might first be expected. The degree of polarization for 

Rayleigh scattering is given by

1 - cos2 (h)
p = ---------------  ,

1 + cos2 ©

where ©  is the angle between the incident beam and the scattered beam 

( ©  = 0 °  indicates forward scattering and @  = 180° indicates backward 

scattering). This equation shows that the radiation scattered into the 

plane perpendicular to the sun's direction (®  = 90°) is completely 

polarized.

Since the reflecting surface was assumed to be Lambertian, the 

radiance of the reflected light has a specific dependence on the zenith 

angle of the sun. The combination of the maximum degree of Rayleigh po

larization and the 0 dependence of the reflected radiance produces a 

maximum contrast locus somewhat different from the line of the plane 

perpendicular to the sun's direction intersected with the earth's
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surface. The maximum possible contrast enhancement was found to be at 

a point in the sun’s vertical along a line of sight perpendicular to the 

sun’s direction.

Fraser (1964) then found contrasts for a continental atmospheric 

model which contained aerosols giving a low turbidity and a total normal 

optical thickness for the aerosols of t = 0.092. The solution of the 

equation of radiative transfer included single scattering of direct sun

light by the aerosol particles plus multiple Rayleigh scattering by the 

gaseous constituents. His results were given in a graphical form for 

the 0°-180° azimuth direction, and it was stated that the azimuthal de

pendence of the contrast enhancement was similar to that for the Ray

leigh atmosphere.

Figure (2) shows the contrast attenuation coefficients, which 

are directly proportional to the contrasts, for a wavelength of 436nm, 

a solar zenith angle of 53.1°, and an albedo (the ratio of reflected to 

incident radiation) of 0.25 for the object space. The lines of contrast 

coefficients are symmetrical about the 0°-180o azimuth line, so only one 

half of each graph is shown. In this figure the point directly below 

the stationary observer is the point at which the nadir angle of view is 

0° and the azimuth angle is indeterminate. Any other point can be spec

ified by two angles. The nadir angle of view is measured from the ver

tical to the line of sight. The plane containing the sun, the observer, 

and the 0° nadir angle point, called the principal plane, defines the 

0°-180° azimuth line. The 0° azimuth direction is for lines of sight 

looking into the sun, and the 180° azimuth direction is for lines of
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Fig. 2. Contrast attenuation coefficients for a Rayleigh atmosphere.

Coefficients are for X = 436nm, a solar zenith angle 6 = 53.1° 
and an object albedo of A = 0.25. Coefficients on the left 
(dashed lines) are for no polarizing filter, and coefficients 
on the right (solid lines) are with a polarizing filter with 
its transmission plane perpendicular to the plane of polari
zation of the scattered skylight.
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sight looking away from the sun. The 180° azimuth line contains the 

antisun point which is the location of the observer's shadow on the 

ground. The antisun point thus has a nadir angle of view equal to the 

solar zenith angle.

Figure (3) shows the contrast attenuation coefficients for the 

continental atmospheric model for a wavelength of 503nm, a solar zenith 

angle of 53.1°, and an object space albedo of 0.25. Solid lines are the 

coefficients obtained by using a polarizing filter, and the dashed lines 

are the coefficients without a polarizing filter. This figure is a 

graph of the contrast attenuation coefficients in the principal plane 

with the sun to the left (<j) = 0°). The pattern of the coefficients when 

plotted on a polar graph is similar to that shown in Fig. (2).

Although Fraser (1964) made these calculations for a point of 

view from above the atmosphere, they can serve as some indication of 

what to expect when the earth's surface is viewed from within the atmo

sphere. Even though the ratio of the contrast (or modulation) with a 

polarizer to that without a polarizer will not be as great, the same , 

general pattern should be evident.

Calculation of Polarized Skylight. - 

In order to determine the modulation enhancement due to filter

ing of only the polarized skylight, the polarized component of the light 

reflected from the ground must be eliminated. . Two objects on the earth's 

surface will appear to have the following radiances at the level with 

optical depth r:



13

0.9

+j
§

•HO
•H4444a>ou

0.6

0.5g
■H

3
§
<

0.4

+->
V)cdA■M
§U

0.2

0.1

100° 80° 60° 40° 20° 0° 20° 40° 60° 80° 100°

<j) = 0° Nadir Angle <f> = 180°

Fig. 3. Contrast attenuation coefficients for a continental atmosphere 
in the sun’s vertical.

Solar zenith angle e = 53.1°, X = 503nm, and the albedo of the 
object space is A = 0.25. The solid line is for a polarizing 
filter and the dashed line is the coefficient line without a 
polarizing filter.
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L (t,6 ,<t>) = Lx e
- (TT-T)sec6 (S)

+ L (T,e,<j>)

and

-(t -T)sec9 1 (S)
(t ,6 ' 4  *) = L2 (TT ,0l,c|)’)e + L (t ,6 ' ,<f>') .

Again it is assumed that the objects are close together and are small so

that the 8 1 1 direction is the same as the 0,<f> direction. Since scat-
(S)tered sunlight is the dominating factor in L , the radiance due to 

scattering is assumed to be independent of L1 and L2, although this is 

not strictly the case. With the T,0,<f> dependence notation dropped, the 

equations are

Iq - Lio e
- (T-p-x) sec0 ^

and

-(TT-T)sec0 (s) 
+ L

CS)An expression for L may now be obtained by eliminating the exponen

tial factor. The result is

L(S) L10L2 " L20L1
L10 L20

This equation can now be applied to the photographic measurement 

to find the amount of scattered light which was filtered by the



re')polarizer, L • Data from the film which was exposed without the po 

1 arizing filter will give values for the total scattered light, . 

Data from the film which was exposed with the polarizing filter will 

give values for the scattered light which was allowed to pass through 

the filter, L ^ - L  Thus, the scattered light which was filtered
(S')by the polarizer, Lp , can be determined.

The radiances of the two objects as seen from a high altitude 

can be corrected to eliminate the polarized skylight.

and

Li = Li - L„ (S)

L„ = L„ - L (S)

The enhanced modulation is then given by



CHAPTER III

EXPERIMENTAL STUDY

For the experimental section of this study the radiances of dif

ferent fields were determined from aerial photographs and their modula- 

t.idhs were. calculated, as a function of wavelength, height above ground, 

and the polarization of the scattered skylight. This chapter describes 

the apparatus used, the data taking procedure, the data evaluation, and 

the results.

Apparatus .

Cameras, Filters, and Film

The cameras used to record the radiances of the ground scene
■ ' • were from the S065 system used on Apollo 9. Four Hasselblad cameras

with Zeiss Planar, 80mm focal length lenses, were mounted on a ring and

their shutters were triggered simultaneously by electrical connections.

Two cameras were operated with blue filters and the other two with red

filters, with a polarizing filter mounted in front of one blue filter

camera and one red filter camera so that it could be rotated in front of

them. The purpose was to obtain distinctions between photographs made

with and without the polarizing filter.

The two wavelength filters were blue (Wratten 47B) and red.

(Wratten 25A); One of the red filters was part of the original S065

16
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equipment., and a plot of its spectral transmission was made with a ; 

Perkin-Elmer spectrophotometer, model 450. It was found that the curve 

matched that published by Kodak for the Wratten 25A filter. The Wratten 

25A filter was cut from a gelatin filter and mounted on the camera lens 

with a filter holder designed for the lens. The two blue filters were 

constructed by mounting each in a cardboard frame, and the frames were 

taped to the camera lenses. A circular, plastic polarizing filter was 

.mounted in a cardboard ring and fastened to the plywood which held the 

cameras so that it could be rotated in front of the cameras. A plot of 

its transmission as a function of wavelength was made on the Perkin- 

Elmer spectrophotometer, and it was found that it had a nearly constant, 

transmission of 40% through the red and green portions of the spectrum 

which then fell off to 10% at 400nm. The cardboard ring holding the 

polarizing filter was marked for angle increments of 10°. This was done 

so that any polarization of the reflected light from the fields could be 

determined when the ground level measurements were made. The polarizer 

angle setting used for the high altitude exposures was also used for the 

ground level measurements. The uniformity of the polarizing filter was 

checked by measuring its density at various spots. The densities were 

found to vary by no more than 0.02 density unit. . .

The film used was Kodak SO-146 (Pan-rX type emulsion) with an 

Estar thin base. The relative response curves for all filter-lens-film 

combinations are given in Figs. (4) and (5).
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Aircraft aiid Camera Mounting ■

A Cessna 206 aircraft adapted for aerial photography was used 

to make the exposures. The aircraft had a hole cut in the floor through 

which photographs were usually made for only nadir views. To obtain 

variations in the angle of view a plywood mounting used by Cuneo (1970) 

in his research was placed over the hole, and the camera system was
l ' -

placed on this mounting. The mounting was designed to vary the nadir 

angle of view in increments of 5°, up to a maximum angle o f -45°.

Photographic Targets

Ideally the targets should consist of two small, uniform, adja

cent areas large enough to be measured accurately on the film, or one

small area surrounded by a uniform background in order that accurate

correlations could be made with the theoretical predictions. However, 

there were no natural surfaces meeting these specifications in the area,

but a site was found which contained fairly uniform areas. Fields in an

agricultural region at an altitude of 609 meters above mean sea level in 

the Avra Valley northwest of Tucson were chosen to be photographed.

In order to find fields with good uniformity, photographs of a 

section of the area were made from 2.6km above the surface. Three adja

cent areas were found which had the desired qualifications, and these 

fields were later photographed to give data for calculations. The field 

with the lowest reflectivity contained alfalfa and had furrows oriented 

in the east-west direction. With the furrows oriented in this direction 

there was no problem with furrow shadows since the Sun was to the east.



' . " ■ 21 

"Photographs were made only in a direction perpendicular to the sun's 

direction, so the shadows of the plants caused no variation in the re

flected radiance for different look angles. The intermediate field had 

been plowed with furrows in the east-west direction and there were no 

plants in the field. The soil was very dry, and it appeared that the 

field had not been prepared for cultivation for quite some time, All 

fields appeared to be very uniform as seen from the air, and the unifor

mity was also good for photographs from as close as six feet, from the 

surface.

Prior to the photographing of these three fields, two other 

fields had been photographed with hopes of obtaining acceptable data. 

However, the two fields had been completely missed in some of the ex

posures and had been vignetted by the plywood frame in others. It was 

therefore necessary to take measurements from other fields in order to 

make comparisons of modulation with and without the polarizing filter. 

These initial data were used to draw conclusions about photography in 

the red band.

Sensitometer and Densitometer

An EG$G Model Mark IV sensitometer was used for all of the sen- 

sitometry work. The xenon flash tube had a daylight quality output and 

its .repeatability was ±3%. Exposures were made at 10"" sec, with Wratten 

neutral density filters having a total density of 2.20 being used as an 

attenuator,; A MacBeth densitometer with a digital output display was 

used for all the density measurements. The instrument was calibrated by 

adjusting the density level to zero and then measuring the known density



of a standard filter and adjusting the instrument to read that density. 

The instrument was also checked by measuring three known densities of a 

Step wedge. Records of these measurements over a period of four months 

showed that the mean values matched the known densities, and that the 

densities varied by no more than 0.02 from the mean. A 1mm aperture was 

used for reading the densities from the high altitude photography, and 

an aperture of 4mm was used for the ground level photography.

Film Development

A Kodak Versamat Model 11C was used for all of the film develop

ment. Type C chemistry was used at a temperature of 27°C with the film 

going through both racks of developer at a rate of 1.3 meters per minute. 

Although this speed was slightly slower than that recommended for type C 

chemistry and the Pan-X film, a gamma of 2.1 was obtained which made it 

possible to detect small changes in contrast levels'. The film went di

rectly from the developer into three hypo racks and was then Washed in 

the final two racks in water at a temperature of 24°C.

The fog level for the developed film was low, and development 

was fairly uniform along both dimensions of the film. To check the uni

formity a length of film 3 meters long was exposed with sensitometric 

strips and developed. Sensitometric strips were placed along the film, 

and the beginning and the end of the film contained two sensitometric 

exposures side by side across the width of the film. Measurements of 

densities across the width of the film showed no density gradients, but 

there was a gradient of 0.08 density unit along the length of the film 

for the highest density step (density 3.5). However, since the
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densities measured in the, photographs did not exceed 1.20, the gradient

of density for practical purposes was no greater than 0.03 density unit

per 3 meters of film:. The developed film was also free of scratches and

foreign particles.

A variation in the development which had not been expected was 

noted for lengths of film differing by only a meter. Exposures for the 

first day were made on 7 meter and 6 meter lengths of film, and after 

development it was found that the density of the eleventh sensitometric 

step for the shorter length film was about 0.10 density unit below that 

of the longer length of film. However, the densities of the most dense 

step were the same for both lengths. Apparently the replenishment of 

developer supplied more fresh developer to the longer film which gave 

the most noticeable boost in density to the middle steps of the sensi

tometric exposure. Because of this variation in development, it was de

cided to average the sensitometry for each length of film rather than to 

combine all of the sensitometry for all of the films even though the 

lengths of the films were nearly the same.

Data-Taking Procedure .

High Altitude Measufements

The first set of exposures was made on April 26, 1971, between 

8:20 a.m. and 8:45 a.m. at an altitude of 5.2km above mean sea level 

(4.6km above the target). During this time the average zenith angle of 

the sun was 54°, and the visibility was 72km. For the graph in Fig. (2) 

the observer was stationary and the lines of sight were to different
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parts of a uniform target. In the experiment the target was a small 

area completely included within the field of view of the cameras, so the 

target was photographed with the cameras changing position to provide 

different lines of sight. The target area was photographed from the two 

quadrants to the right of the sun's direction for azimuthal directions 

of 0°, 45°, 90°, 135°, and 180°. For each pass over the target area' the 

nadir angle of view of the cameras was varied from 45° to 5° in incre

ments of 10°. Figure (6) illustrates the geometry of the experiment.

Evaluation of the photographs showed that there appeared to be a 

maximum enhancement of modulation along the 90° azimuth for the blue 

band. For the red band there appeared to be no significant enhancement 

of modulation for any direction. Since the primary target area did not 

appear in many of the photographs and since there were ho two uniform 

areas common to each set of photographs for any one azimuthal, direction, 

a second set of exposures was made using only the blue band.

The exposures were made on June 5, 1971, between 8:15 a.m. and 

8:45 a.m, at an altitude of 5.2km above mean sea level. The average 

zenith angle of the sun for this time was 51°. The meteorological data

for Tucson at that time were a temperature of 22°C, a barometer of
■ ■ . ' . . .  ^30.04, a relative humidity of 18%, and a visibility of 80km. Both cam

eras were focused at infinity with shutter speeds of 1/30 sec. The f 

number for the lens with the polarizing filter was f/5.6, and the f num

ber for the other lens was f/8. For this set of data the photographs 

were taken only in the azimuthal directions of 0° and 90°, and the nadir 

angle of view of the camera was varied as before. The pitch of the
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camera

target

sun's
direction4, = 180

Fig. 6. Illustration of the geometry of the high altitude photography.

The azimuth angle of view is 4>, and the nadir angle of view 
is 6.
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aircraft.was monitored by a bubble level, and it was found that the nose 

was raised only 1°. .

In making the exposures the polarizing filter was rotated until 

the contrast of the ground scene appeared to be maximum. Exposures were 

made for the same orientation of the polarizing filter along any one 

azimuthal direction, and the orientation of the polarizer was recorded 

so that the same orientation could be used for the ground level photo- 

.graphs« If there was significant polarization of the light reflected 

from the ground and the plane of that polarization was the same as the 

plane of polarization of the scattered skylight, these two polarizations 

would both contribute to the change in modulation for one polarizer ori

entation. As the aircraft was returning to Tucson at a low altitude, it 

was noticed that the appearance of the ground below could be darkened by 

rotating the polarizing filter, indicating polarization of the reflected 

light. It was not determined if the plane of polarization was the same 

as that for the scattered light, but the procedure for making the ground 

level photographs insured that the effects of polarization of the re

flected light would be eliminated from the data.

Ground Level Measurements

The theoretical study assumed that the surface of the earth is 

Lambertian which means that the light it reflects is not polarized. 

However, measurements by Coulson (1966) arid Ferhald, Herman, and Curran’ 

(1969) have shown that there is significant polarization of the light 

reflected from typical desert surfaces.
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Photographs were made on the afternoon of April 26, 1971, of the 

two fields which were the primary targets, but the high altitude photo

graphs had not been developed and it was not known which fields had ac

tually appeared in the photographs. Thus, the conclusions drawn 

concerning exposures in the red band were made without knowing the ef

fects of the ground polarization. Direct comparison with the blue band 

showed that there was little, if any, enhancement of modulation.

The film exposed on June 5, 1971, was developed and examined be

fore any ground level photographs were made. It was found that the 

three fields previously mentioned appeared for all angles of view in the 

90° azimuth direction. On June 13, 1971, the three fields were photo

graphed from a six foot step ladder between 8:15 a.m. and 9:00 a.m. The 

meteorological data for that time were a temperature of 26°C, a barome

ter of 30.02, a relative humidity of 28%, and a visibility of 80km. The 

atmospheric conditions were nearly the same as the day when the aerial 

photographs had been made, and there had been no rain during the week 

that would cause the two higher reflecting fields to change in appear

ance. Since the low reflectance field was completely covered with green 

alfalfa, any irrigation during the week should not have changed its ap

pearance.

The camera settings were the same as for the aerial photography 

except that the focus was for 6 feet. The polarizing filter was set at 

the same orientation that was used for the 90° azimuth in the aerial 

photography, and the exposures were made 90° to the sun’s direction.



Data Evaluation

Fojr the first set of data the sOnsitometric exposures were put

on the film used for the aerial photographs with the EG§G sensitometer

the day before the photographs were made. The film was then processed

on the.third day after the photographs were taken. Since latent image 
- ' ) \ - . ■ : 

decay is an exponential function of time, decay of the latent image had

proceeded long enough to make the sensitometry representative of the

data. For the second set of exposures the film was processed after a

delay of two days since the last exposures were placed on the film.

Four sensitometric exposures were made on each end of each strip of

film.

The density of each step of the strip was recorded and the den

sities for all of the steps on the film were averaged to give one 

D-log-E curve for each strip of film. The 1mm aperture was used to 

measure the densities of the fields for the aerial photography, so the 

1mm aperture was also used for the sensitometry of that film. Likewise 

the 4mm aperture was used for the ground level photography. Gamma for 

all of the film except the last set of ground level exposures was 2.1. 

When the last set of film #as developed, a fresh solution of developer 

had been supplied to the .Versamat which raised the gamma for that film 

to 2.8. Since the sensitometric exposures were exactly the same for 

all of the films, any variation of development would cause no problem
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in comparing relative radiances for different films. Figure (7) shows 

the D-logE curve for the development.

To convert density readings to radiances a method for expressing 

densities as exposure logarithms was used, and these logarithms could 

then:be transformed directly to relative radiances since all exposure 

times for any set of data were the same. The D-logE curve for each set 

of sensitometry was assumed to be a straight line, between two consecu

tive density steps. The eleventh step was assigned a radiance of 10, or 

an exposure logarithm of 1. By knowing the densities of the step wedge 

in the sensitometer, each of the other steps of the D-logE curve could 

be assigned exposure logarithms relative to the eleventh step. Then any 

density number could be given an exposure logarithm and a radiance by 

using the linearity assumption for two sensitometry steps whose densi

ties were on either side of that density number.

There had been some concern about exposing the film to the full 

range of light from the flash tube in the sensitometer and letting this 

exposure represent light only in the blue portion of the spectrum for 

the radiometry photographs. To see what difference there might be in 

the response of the film, a Wratten 47B (blue) filter with a density of 

0.95 was placed in the sensitometer with neutral density filters having

a density of 1.20, and exposures were made with this filter combination.
\The results were nearly identical with the original sensitometry, giving 

a gamma 0.1 lower than that for the 2.20 neutral density stack; the min

imum densities and maximum densities were the same for each process * .
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The film was processed in a Kodak Versamat 
Model 11C with type C chemistry (two racks) 
at 27°C at a rate of 1.3 meters per minute. 
The wash water was at 24°C.



the sensitometry using the neutral density.filters was therefore indica

tive of the film’s response in the blue wavelength region.

Radiance Measurements

Since the exposures made,on Jdne 5, 1971 and June 13, 1971 sup

plied most of the data for the final results, the discussion of radiance 

measurements will refer to these data. For, each field three spots were 

chosen for which the densities were measured in the high altitude pho

tography, and the densities were averaged to give a mean density for 

each field. The areas on each of the fields were close enough together 

so that variations in the image plane irradiance due to geometrical fac

tors should not have caused any differences in the densities. The polar 

position of each field in the frame was measured, and the distance above 

or below the center line perpendicular to the line of flight was also 

measured so that the actual nadir angle of view could be determined.

Each density was converted to a radiance, and the radiances were then 

corrected to give center-of-the-frame readings by using the.cos4law.

Since the image plane irradiance is also inversely proportional 

to the square of the f number, an additional correction was made before 

the radiances and modulations were compared. The radiances measured by 

the camera with the f/8 setting were .multiplied by the square of the 

ratio of the larger f number to the smaller f number so that comparisons, 

could be made for all radiances at f/5.6.

The ground level radiances were determined by making density 

measurements at three polar positions on the frame. Four densities were
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measured for each polar.position and these densities were averaged to 

give a mean density. The three mean densities were converted to radi

ances, the radiances were corrected to give center-df-the-frame values, 

and then these- radiances were averaged to give a value for each angle 

of view.

Values fdr all of the radiances are given in Tables (1) and (2) . 

To. simplify the nomenclature the high reflectance field is called field 

A, the intermediate reflectance field is called field B, and the low re

flectance field is field C.

Modulation, Modulation Enhancement, 
and Modulation Transmission

Modulations were calculated for the ground level and for 5.2km. 

Modulations were calculated for the highest reflectance field with the 

lowest reflectance field, and for the intermediate reflectance field 

with the lowest reflectance field. To find the modulation enhancement, 

at 5.2km the radiances of the scattered light which was filtered by the 

polarizer were subtracted from the radiances measured by the camera 

without the polarizer. Using these new values of radiances, an enhanced 

modulation was calculated and the percentage of enhancement was found by 

taking the ratio of the difference of the two modulations to the modula

tion calculated without the polarizing filter.

The scattered skylight filtered by the polarizer was calculated 

in the manner described in Chapter II. Values of the radiances from two 

fields at the ground and 5.2km were used to find the total scattered, 

light and the scattered light which was admitted through the polarizing



Table 1. Field radiances in arbitrary units for ground level and high altitude exposures with the
polarizing filter.

*Ground level radiance of field A at 5° is an averaged value of the four other radiances. 
The actual radiance could not be determined from the photograph.

**A standard deviation of 4% is estimated for the high altitude radiances.

Nadir
Angle

Field A Standard
Deviation

Ground Level 

Field B Standard
Deviation

Field C Standard
Deviation

45° 6.43 0.39 4.68 0.18 1.82 0.22

35° 6.40 0.38 5.30 0.23 1.82 0.22

25° 6.23 0.39 5.13 0,25 1.70 0.17

: 15° 6.53 0.51 4.80 0.12 : 1,82 0.22 •;

: 5° 6.40* 0.38* 5.33 

High Altitude**

. 0.12 1.60 0.10

45° 10.4 0.42 8.07 0.32 5.92 0.24

35° 10.3 0.41 8.08 0.32 .. 5.92 0.24

25° 10.3 0.41 7.77 0.31 5.70 0.23

15° 11.3 0.45 7.98 0.32 5.70 0.23

5° 10.7 0.43 7.40 0.30 5.40 0.22



table 2. Field radiatices in arbitrary units for ground level and high altitude exposures without the
polarizing filter.

*A standard deviation of 4% is estimated for the high altitude radiancies,

Nadir
Angle

Field A Standard
Deviation

Ground Level 

Field B Standard
Deviation

Field C Standard
Deviation

45° 7.74 0.19 4.70 0.26 1.77 0.04

35° 7.61 0.23 4.57 0.40 1.78 0.16

25° 7.63 0.27 . 4.77 0.27 1.75 0.18

15° 7.31 0.41 5.16 0.19 1.83 0.08

5° 6.99 0.09 5.74 

High Altitude*

0.17 1. 72 . 0.12

45° 15.7 0.63 13.9 0.56 10.5 0.42

35° 16.0 0.64 13,1 0.52 10.1 0.40

25° . 15.1 0.60 12.1 0.48 9.03 0.36

15° 14.8 0.59 11.4 0.46 8.77 0.35

5° 14.9 0.60 11.6 0.46 8.90 0.36



filter. The difference of these two. quantities gave the amount of scat

tered light filtered by the polaroid. Different values of this radiance . 

were found for different combinations of the fields. This was probably 

caused by light reflected from the target areas contributing to the 

scattered light* and since each of the fields was in a slightly differ^ 

ent angle of view, this would also contribute to differences in the 

amount of scattered light. The last part of the statement is borne out 

by the fact that the differences of the values for the total scattered 

light for the two different combinations of fields at lower angles of 

view are greater than for the higher angles of view. For a low angle 

close to nadir the fields are. separated by a greater angular subtense 

as seen from the aircraft than they are when the angle is 35° or 45° off 

nadir. Table (3) shows the scattered skylight radiances.

With the modulations calculated for the ground level and 5.2km, 

•the modulation transmission with and without filtering of the polarized 

skylight was calculated by taking the ratio of the modulations at the 

two devels for each angle -of view.

Experimental Error

There were many sources of error present in performing. the ex

periment and in measuring the data. Most of the errors in the experi- 

ment were concerned with knowing the true direction of view for each 

camera, and it is felt the actual determination of the field radiances 

was carried out with reasonable accuracy.

It was previously stated that the pitch of the aircraft was'+1°.' 

This reading was made immediately after the five exposures had been made



Table 3, Radiances of the total skylight and the skylight filtered by the polarizer* in arbitrary 
units. " ' '

Nadir
Angle

Total Skylight 
Radiance

Fields A and C

Standard
Deviation

Filtered Skylight 
Radiance

Standard
Deviation

. 45° 8.96 0.24 4.81 0.21

35° 8.29 0.24 4.10 0.21

25° 7.22 0.22 3.25 0.19

15° 6.76 0.26 3.22 0.23

5° 6.94 0.20 3.62 0.17

Fields B and C

45° 8.45 0.19 3.90 0.24

35° 8.19 0.20 3.40 0.19

25° 7.25 0 .37 2,58 0.31

15° 7.32 0.33 3.01 0.31

5° 7.74 0.28 3.20 0.22



along the 90° azimuth direction since there was little time.available 

between releasing the shutters and aligning the cameras for the next ex

posure. Since the air was calm, the aircraft could easily be held in 

position, and it is felt that the tolerance for the pitch was no greater 

than ±2°. It was found by measuring the coordinates of the same object 

in the exposures taken by the cameras for any one angle of view that 

boresighting errors were not detectable. : The largest source of error 

'affecting the angle of view was the larger angular separation of the 

fields close to nadir. Calculations were made to find the exact nadir 

angle of the fields. For the 45° and 35° angles of view the fields were 

within ±2° of each other, and for the other angles closer to nadir they 

were within ±6 .

Cuneo (1970) had found a systematic error in the shutter of one 

of the cameras that allowed progressively more light to enter if expo

sures were made every few seconds. With a 10 second time delay between 

exposures there was no detectable difference. Therefore, all exposures 

were made with at least a 10 second delay between consecutive exposures.

In making measurements of the radiances at the ground, three 

values were averaged to give the mean. The root mean square was calcu

lated as the standard deviation of the ground level radiances, in mak

ing the measurements of the radiances as seen from 5.2km, a standard 

deviation of 0.01 density unit Was used for densitometer readings of the 

intermediate field radiances which corresponded to a standard deviation 

of 4% for the radiances, For calculations involving the scattered 

light, modulations, and modulation transmissions the- standard deviation
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was calculated assuming a functional dependence with independent vari

ables.

For a function of two variables for which the errors in the 

variables are correlated the variance of the function is

Z 8f A 2 Z  3f Y  Z 9f 3f 'x
°2f = W  + V 1 7  v  + 2 C—  —  W x z )

where a is the standard deviation of x and r is the correlation be- x xy
tween ox and When this is applied to the modulation equation, the

variance of the modulation is

r 4Ll + 4L2 1  r 2 - 4L1L2
L a! + l2) 4 -I 0l °2 cl1+ l2)4 Cl°2ri2"

°M =

The radiation detected above a field is not only radiation re

flected from the field plus sunlight scattered off of the atmosphere, 

but also radiation reflected from adjacent fields and scattered by the 

atmosphere into the direction of view. There is some correlation, then 

between the radiances of the adjacent fields and their errors. The ex

act correlation between the errors cannot be determined, but is probab

ly small. By omitting the last term containing the correlation factor, 

the variance of the modulation will be at least no smaller than the 

actual statistical variance.
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Results

Modulation Enhancement

Rayleigh scattering accounts for ten times as much scattered 

radiation at a wavelength of 400nm than at 700nm. It should therefore 

be expected that the enhancement of modulation by filtering polarized 

skylight in the red wavelength region would be much less than the* en

hancement for the blue wavelengths. Analysis of the data of April 26, 

1971 showed that with the polarizing filter there was a significant in

crease in the modulation for the blue band, even without corrections for 

the polarization of the reflected light. Measurements of the modulation 

enhancement in the red band gave values close to zero. Considering the 

statistical error in making the radiance measurements, it was determined 

that there was no measurable modulation enhancement in the red band.

Table (4) gives the modulations and modulation enhancements cal

culated for the.three fields.photographed on June 5, 1971.and June 13, 

1971. Figure (8) shows a plot of the average of the modulation enhance

ments for both combinations of fields as a function of nadir angle. The 

results show that there is a significant increase in the modulation when 

the polarized skylight is filtered out, especially for the longer opti

cal path lengths.

Modulation Transmission

The modulation transmission between the ground and a level in 

the atmosphere is defined as the ratio of the modulation at that level 

to the modulation at the ground. Table (5) lists the modulation



Table 4. Modulations and modulation enhancements at 5.2km above mean sea level.

Nadir
Angle

Modulation with 
Polarized Skylight

Standard
Deviation

Fields A and C

Modulation without 
Polarized Skylight

Standard
Deviation

Per Cent 
Enhancement

Standard
Deviation

45° .198 .030 .314 .049 ■■ ■' 59 8.8:

35° .226 .031 .330 .046 ‘ 46 6.4

25° .252 .030 342 .043 36 . 4.3

15° .256 .030 .353 .045 38 4.6

5° .252 .031 .361 

Fields B and C

.046 . 43 5.2

45° .139 .030 .205 .046 47 10.3

35° . 129 .028 .183 .044 42 9.7

OinCM .145 .030 .186 .051 43 10.7

15° .130 .030 .186 ,051 43 10.7

5° .132 .030 . 191 .047 45 10.4
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band.

Error bars are for one sigma.



Table 5. Modulation transmission coefficients-

Nadir
Angle

Transmission with 
Polarized Skylight

Fields A and C

Standard
Deviation

Transmission without 
Polarized Skylight

Standard
Deviation

OinKt* . 315 . .046 .500 .084

35° - .364 .050 .521 .080

25° .402 .050 .545 .072

15° .426 .049 : .589 .086

5° .416 .050 .580 .077

Fields B and C

45° .307 . 066 .452 .110

35° .294 .069 . 394 .104

25° .314 .069 .414 .104

15° .272 .063 .390 .112

5° .245 .055 . 355 .087

K)
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transmission coefficients.for the two field.combinations. Figure (9) is 

a plot of the modulation transmission as a function of the nadir angle 

of View, for fields A and 0, and Fig. (10) shows,the same plot for 

fields B and C. The modulation transmission was calculated by using the 

modulation at the ground as determined from the photographs without the 

polarizing filter and the modulations at 5.2km with and without the po

larized skylight (see Table 4). The transmission of modulation is sig

nificantly increased when the polarized skylight is subtracted, but 

nothing definite can be stated about the dependence of modulation trans

mission on the nadir angle of view.

A study by Fraser (1964) showed that the contrast transmission 

for the use of a polarizing filter would be nearly constant out to 40° 

for the 90° azimuth and that the contrast transmission without the po

larizer would fall off slightly. The ratio of his theoretical contrast 

transmission with the polarizer to that without was about 1,3. The 

ratios of the modulation transmission coefficients shown in Table (5) 

vAry from 1.32 to 1.59. Discrepancies between the theoretical predic

tions and the experimental results may be due to several factors. The 

theoretical calculations were made for a point of view above the atmo

sphere, and the earth's surface was assumed to be a Lambertian reflec

tor. The areas that were photographed were definitely not Lambertian 

since polarization of the reflected light was detected. The theoreti

cal study had assumed that the objects being photographed were small . 

enough so that their reflected radiances were independent, but in the 

experiment the fields were probably large enough to cause an



Modulation transmission without polarized skylight

Modulation transmission with polarized skylight

§
w 0.6- </>
•Hs10
§ 0.5-

•S 0.4 
tdrH
■3 0.3

15° 25° 45°

Nadir Angle

Fig. 9. Modulation transmission versus nadir angle of view for fields 
A and C in the blue band.

Error bars are for one sigma.

4̂



Mo
du
la
ti
on
 

Tr
an

sm
is

si
on

Modulation transmission without polarized skylight

Modulation transmission with polarized skylight
0.5"

0.4

0.3

5° 25° 35° 45°

Nadir Angle

Fig. 10. Modulation transmission versus nadir angle of view for fields 
B and C in the blue band.

Error bars for this graph represent one half sigma errors. 
This was done to simplify the graph since the full sigma 
error bars overlapped. 4̂Cn



■ ' 46
interdependence . of the radiances^ especially for the low angle photo- 

graphs.'

Conclusion

When the work was begun for this thesis the main objectives were 

to show that there could be an enhancement of modulation in aerial pho

tography by using polarizing optics, and to correlate the results of the 

.experimental study with theoretical predictions. An average modulation 

enhancement of 43% (see Fig. 8) and an average modulation transmission 

enhancement of 51% (see Figs. 9 and 10) were found in the blue band, but 

no enhancements were found in the red band. Considering the conditions 

under which the experiment was performed, the correlation of the results 

with theoretical predictions was good. For example, the ratio of the 

modulation transmissions with a polarizer to those without varied from 

1.32 to 1.59, while Fraser (1964) gave predictions for contrast trans

mission at a value of 1.3. The results of this experiment should not 

discourage the use of polarizing optics in high altitude photography 

(that is above 10km) in the red band since there is increased molecular 

scattering due to the greater amount of molecular atmosphere between the 

aircraft and the surface of the earth at high altitudes.

To illustrate the usefulness of increasing modulation, the in

crease of resolution cut off frequency can be calculated. For an f/5.. 

diffraction limited system using 3400 type film at a wavelength of 45tirim 

a 44% increase of modulation from 0.23 (or a contrast ratio of 1.6:1) to 

0.33 (a contrast ratio of 2:1) produces a cut off resolution increase 

from 66 lines/mm to 79 lines/mm, or an increase of 20%. Thus,



polarizing optics should be.useful in high altitude reconnaissance pho

tography and in photography from satellites.for increased resolution.

There.are areas related to this research which remain to be in

vestigated. The scope of this particular experiment could be expanded 

by: making measurements from higher altitudes and at larger nadir angles. 

When viewed through the polarizing filter, the contrast between clouds 

.and sky on the horizon was seen to increase greatly. The increase of 

resolution by using polarizing filters could also be investigated.
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