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CHAPTER I

INTRODUCTION

Today's world is characterized as existing in a time of increasing
population, increasing industrialization, and particularly a time of
increasing water utilization, It has been estimated that between the
years of 1960 and 1980 the United States will increase its average water
utilization from 250 billion gallons per day to 600 billion gallons per
day. In order to accomplish this, it is expected that the national water
reservoir capacity will have to be raised from 275 million acre feet to
around 600 million acre feet (1).*

The problem of evaporation from our reservoirs is very important.

As an example of this, the following case is presented. During the very
dry year of 1956, Lake Carl Blackwell, which supplies water for Stillwater,
Oklahoma, and Oklahoma State University, lost over four times as much water
by evaporation as was used for domestic purposes (2).

At least three methods have been proposed for the reduction of
evaporation losses, The least theoretical method is that of placing an
inflated plastic covering on the surface of a pool or lake. This method
has been considered mainly in the area of swimming pool heating, where such
covers reduce the evaporation and make much of the additional energy

available for raising the water temperature (3).

“Numbers in parentheses indicate references in the bibliography.
s



A second method of evaporation suppression involves reducing the
surface wind over a pond by placing a network of floating wind barriers
on the pond surface, This idea was considered by Professor Frank Crow
at Oklahoma State University as part of his research, which was sponsored
by the Bureau of Reclamation under contract No, 14-06-D-4275,

The third method and the one which has received major attention during
the last fifteen years makes use of certain monomolecular surface films
(monolayers), which act to increase the evaporation resistance of the
water surface., The molecules of the various monolayers are long chain
hydrocarbons, which have the chemical property of a hydrophobic and a
hydrophilic end. Consequently, upon contact with water, they tend to
form an oriented layer, one molecule thick, It has been found that mono-
layers of cetyl alcohol and stearyl alcohol can cause a reduction of
evaporation from 25 per cent to 35 per cent, and values as high as
70 per cent have been reported (4) (5),

The purpose of the present study is to investigate analytically
and experimentally the reflective properties of film-covered water
surfaces, This is being done for a twofold purpose. The first is that
of determining any possible change in the reflectance of a water surface
when a monolayer is applied, This information will be helpful in the
energy balance analysis of the evaporation suppression problem for large
lakes. The second purpose is that of proposing the possibility of a new
method of evaporation suppression. Such a method would be that of applying
some surface film which would increase the radiant energy reflected from
a lake surface so that less radiant energy would be absorbed and less

energy would be made available for driving the evaporation process.



CHAPIER II
LITERATURE SURVEY
The Development of Evaporation Suppression by Monolayers

The study of the properties of monolayers on lake surfaces dates
back to 1765 when Benjamin Franklin first estimated that the thickness
of a monolayer must be of the order of 25 X (6). In 1891 Agnes Pockels (7)
did elementary work related to the surface tenslon of water contaminated
by certain oils. She used a system of movable barriers in which the
contaminants were confined. From her measurements she found that surface
tension was inversely related to the area covered by the contaminant.

In 1917 Langmuir (8) proposed that the forces involved in formation
of films of certain organic substances on water surfaces do not originate
from the organic and water molecules as a whole, but rather from certain
atoms in these molecules. In this work he demonstrated that certain
paraffinic long chain hydrocarbons would form oriented monclayer films,

By 1925 thers had developed & significant interest in the use of
monolayers in the retardation of evaporation. Hestrand (9), Rideal (10),
and Langmuir (11) made early attempts to evaluate evaporation suppression.
These esarly works used various indoor laboratory devices which attempted
to control specific variables, rather than to spproximate the boundary

conditions of a lzke,



Sebba and Briscoe (12) in 1940 showed the importance of surface
pressure, and they proposed a critical surface pressure below which there
was little evaporation suppression, By 1943 Langmuir (13), who had won a
Nobel Prize in 1932 for his surface chemistry work, was convinced that,
for monolayer studies, a series of energy barriers (mathematically similar
to electrical resistors) should replace the single barrier concept of
Fick's diffusion law, This was further verified by Archer and LaMer (14)
in 1955 when they stated that an energy of activation is required for a
water molecule to be directed along a path between the monolayer molecules.

Along with the development of an analytical model for evaporation
suppression, field work has been done on lakes of various sizes, Testing
procedures have been developed to determine the selection of the optimum
monolayer forming substance and application method. Some investigators
tried to isolate the effect of single variables; such as, the surface
pressure of the film and the influence of wind and wave action., In fact,
in 1960 the U,S., Geological Survey (15) listed 322 references in a liter-
ature review on evaporation suppression,

Some generalizations which are widely accepted in the literature
are as follows, Monolayers of cetyl alcohol and stearyl alcohol are
effective in the suppression of evaporation (16). The evaporation resist-
ance of a monolayer increases with an increase in its surface pressure
and with monolayer purity (17) (18). Although the best monolayer applica-
tion method has not been agreed upon, it has been found that for the
maximum effect the application rate should be a function of lake size
and orientation,wind velocity, air and water temperature, and other

climatic conditions (4).
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The Evaluation of Evaporation

In order to determine the effect of monolayers on evaporation, one
must first of all be able to svaluate the evaporation of a system.

In 1915 Schmidt (19) attempted to utilize the energy balance or
conservation of energy approach to estimate the yearly ewvaporation of an
ccean., His work assumed that the difference between the net radiant
energy input and the convection snergy loss is used solely in creating
evaporation, His work did suffer from a mistake in his calculation of the
diffuse reflectance of water, so that his determined values of 0,17 was in
error, His value of the emissivity, consequently, was in error also.
lonetheless, Schmidt's work did much to stimulate the analysis of water
evaporation,

Angstrém (20) in 1920 applied heat radiation measurements to the
study of evaporation from lakes. He used 0.94 as the value for the
emissivity of water, saying that Schmidt's value was too low, probably
because of wave length considerations, His values for radiation input
to the earth were taken from Kimballt's (21) work at the U,S. Weather
Bureau, Angstrom also presented a correction factor for the effect of
cloud cover on the effective back radiation from the earth:

R = (1.0 = kem) Ry,
where R, is the earth radiation loss during clear sky conditions, k is
the constant 0.9, and m is the cloud cover measured as a fraction of the
sky covered by clouds,

Also, in 1920 Anklof (22) followed Angstrom's work by presenting
data and an empirical equation for the effective back radiation from the

earth, His equation considered this energy to be a function of the vapor
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pressure of the air, the water surface temperaturs, and various constants
determinaed by curve fitting.

In 1930 Kimball and Hand (23) made tests from an airplane to deter-
mine the reflectance of various surfaces, In February, they determined
the reflectance of the Chesapeake Bay under smooth conditions to be
0,097, and in May under white.cap conditions the reflectance was between
0,034 and 0,040, That is to say, they determined s decrease in reflectance
with increased water waves,

By 1931 Richardson (24) had recognized that the evaporation of water
was an important problem in the western United States and that this
demanded investigation, He defined the term *insolation” as the exposure
of the earth to the energy from the sun and the sky. He presented three
different approaches to the problem of calculating evaporation, but
actually his approaches required tooc many assumptions for terms for which
there was no specific data, Consequently, his method gave only very rough
estimates of evaporation,

Brunt (25) presented in 1932 a review of models for radiant heat
transfer in the evaporation process, His work included comparison of the-
various empirical equations for back radiation from the earth to the
atmosphere, And in 1939, his book inciuded three chapters on radiation
as applied to the evaporation problem (26), Specifically noted was a
growing awareness of the necessity of considering the wave length distri- :
bution of solar energy, He noted the change of this distribution with a
change of solar angle. Also, he emphasized the importance of the absorp-
tion spectra of water vapor, ozone, and oxygen,

Powell and Clark (27) presented measurements of the reflectance of



the ocean in 1939, They determined that the reflectance on a clear day
reaches a minimum value of about three to four per cent and that the
percentage is increased one or two per cent when water waves exist. This
was in direct contrast to the results of Kimball and Hand, whose work
showed that water waves cause reflectance to be less than that from a
smooth surface, Powell and Clark noted this difference, but they made no
effort to explain the discrepancy.

In 1941 Holzman (28) determined that the heat balance method for
determining evaporation was theoretically precise. He concluded, however,
that the difficulties encountered in trying to determine accurate values -
for some of the parameters were sufficient to make this method useless.,

In his work he assumed the value of 0,906 for the emissivity of water.

Penman (29) presented in 1947 a study of evaporation which used an
aerodynamic approach, He essentially used a simplified mass transport
equation with the coefficient of eddy diffusion being determined from an
application of the Prandtl mixing length theory. He also presented a sum-
mary of the energy balance approach and various empirical equations for
evaporation as a function of wind speed and the difference between the
saturation vapor pressures at the air temperature and the dew-point
temperature,

In 1951 Langbein and others (30) presented work related to the evap-
oration of water from stocg ponds in an arid area of Arizona, The problem
of water inflow due to drainage of dry wash areas and the problem of
seepage losses were discussed, By proper selection of pond sites which
did not have continuous inflow and by making a continuous record of

the change in water level, data for the inflow and the net loss due to
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seepage and evaporation were obtained, The method of isolating the
seepage loss from the evaporation was that of plotting the change of water
level, corrected for any possible inflow, as a function of an "evaporation
factor,” The evaporation factor, though not equal to the evaporation
loss, was designed to be equal to zero when the evaporation was zero. It
was determined empirically to bes

where,
E i ({-5'\ i-(gl };)’:’r‘ ati' ()n :Ea C J!:,()r
U = wind velocity

ey ¥ partizl pressure of water vapor at the surface

e, = partial pressure of water vapor in the air above the
surface,

The intersection of this line with the change of water level axis (i.e.,
where © = 0,0) was then considered to be the seepage loss, Thus, by
this interpolation process, the seepage loss was isolated and the evapo-
ration loss was determived readily,

In 1952 Ferguson (315 noted that previous energy balance work had

assumed bulk approximations and that the variation of ths various terms

with time had not been considered. Consequently, he proposed a dif-

surface, Dmplrical equations were assumed for various energy terms, and
the differential equation was solved by numerical methods on a differential
analyzer, The results of his work showed that the caleulation of evapora-
tion from merely a knowledge of the net radistion input can cause a serious
error for shallow ponds., Pond depth and sbsolute humidity were shown to

be important variables.



Sverdrup (32), in the radiation chapter of his book, gave a tabulation
of the total reflectance of water surfaces for sun and sky energy inputs.
He gave these reflectance values as a function of the altitude of the
sun on clear days. He then postulated that the presence of water waves
caused an incresse in the reflectance of a lake surface, particularly at
low sun angles., He further noted that on a clear day with a high sun angle,
85 per cent of the radiant energy comes from the sun and the remaining
15 per cent comes from the sky. However, on a clear day at low sun altitudes,
the sky energy was noted to be as high as.ho per cent, He corrected the
input energy and back radiation for cloud cover with essentially the same
equation that Angstrom used in his work to correct the back radiation.
Sverdrup also discussed the wvariation of transmitted energy through
the water as a function of depth, wave 1ength, and the lake from which
the water sample originated.

The U,S., Geologicsl Survey (33) published a report on the work done
at Lake Hefner in Oklahoma City, Oklahoma, in 1954, Extensive work was
done to determine the validity of various technigues for evaluating the
parameters influencing evaporation, Apparatus was developed for meas-
uring: radiant energy; wave height as a function of wind épeed and
velocity profiley; water and alr temperatures; wabter inflow, outflow,
and total volume; and meteorclogical conditions, such as, cloud cover
and height, humidity, and barometric pressure,

The study concluded that the energy balance approach is a wvalid
method for evaluating the evaporation from a lake surface provided'
that (a) the solar radiation is determined experimentally at the loca-
tion, (b) the advected energy (internal energy crossing a system boundary)

terms are included, and (c) the energy storage terms are considered.
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Also, the report showed that (a) reflection is a function of cloud cover
and solar angley (b) the emissivity of water.is 0.970; (c) about 60 per cent
of the energy irradiating a lake surface is from the atmospheric radiation,
and the remainder comes directly frem the sun; and (d) Bowan®s ratio,
which is generally considered to be a practical device for relating con-
vected energy to the energy of evaporation, has not been sufficiently
investigated to be used in precise caleculations,

One chapter of this study dealt with the Cummings® radiation
integrator. It was described as a thermally insulated pan, four feet
in diameter, which may be used to measure the energy radiated to a lake
surface. In this approach, such a pan is placed next to a lake being
studied; and it is assumed that the radiant energy transferred to the
pan is the same as that to the lake. This energy may be determined using
the energy balance equations together with proper measurements of change
of water level, net rain fall, surface and bulk temperatures, and the
use of certain physical constants, such as, the heat of vaporation, water
emissivity, the Bowan ratio, and others., It is assumed that the dif-
ferences in the wind conditions above a pan and above a typical element
of lake surface are not significant., Such differences, however, could
result in different water wave magnitudes, which would possibly cause
differences in the effective emissivity and reflectivity for the two
surfaces, Also, the effective emissivity and reflectivity could be altered
by different surface contamination on the two surfaces,

In 1958 a follow-up study to the work at Lake Hefner was done at
Lake Mead (34). The purpose of this study was to evaluate the Lake Hefner

techniques in an arid area. The study used approximately the same



instrumentation as at Lake Hefner, and it was assumsd that the values
for emissivity and the values for reflectivity as a function of sclar
angle and cloud cover would be the same, The conclusions which are of
interest were: (a) Over a year's time, the daily average radiation
values of the integrator were very close to that of the flat plate
radiometer and the pyrheliometer; and (b) there was excellent agreement
between the water balance and the energy balance determinstions of

evaporation on an annual basis,
The Evaluation of Evaporation Suppression by a Monolayer

The problem of evaluating the effect of a monolayer on svaperation
from lakes has received considerable attention during the last ten or so
years, However, there is presently no method of evaluation which is
acceptable to all researchers (35).

In 1955 Mansfield (5) reported work on the evaporaticn suppressicn
effect of a cotyl alcohol monolayer in outdeoor svaporation pans, These
pans were 12 inches in diameter and 18 inches deep. Two pans were filled
with water, and a monelayer was applied to the surface of one, By
measuring the change of water level, he was able to determine an evapora-
tion suppression of 75 per cent during the first week of 2 test. During
the second week, the monolayer had deteriorated slightly so that the
evaporation saved was down to 45 per cent; and for the third week, there
was no evaporation suppression detectsd. The pan concept suffers from the
fact that the boundary conditions of a pan are not those of a lake.

In 1958 Crow and Daniel (2) presented work using two adjacent and

specially constructed 12,000 square feet ponds. The basic instrumentation
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was that of point gages, readable to one thousandth of an inch and
operated in a stilling well outside each pond. A prefabricated plastic
liner eliminated the variable of water seepage loss, and a one-month
calibration run showed that the two ponds had equivalent evaporation
losses, Their work with cetyl alcohol concluded that it reduced evap-
oration by from 33 per cent to 60 per cent, depending on the application
technique and the wind conditions.

Harbeck and Koberg (36) presented in 1959 a method of evaluating
the effect of a monolayer on a siﬁgle large lake. Their method was
essentially az combination of the energy balance equation with a sim-
plified mass transfer equation, A calibration period was required for
a lake so that the mass transfer and convection heat transfer coefficients
could be determined. By studying the order of magnitudes of the various
terms in the energy balance equation and by considering which terms are
changed due to the presence of a monolayer, a relationship was developed
involving certain energy terms realized during a time when a monclayer is
on the lake surface and certsin energy terms which would have been
realized if the monolayer had not been present.

In 1963 Koberg and others (37) presented work done in 1959 and 1960
which used the above method for studying evaporation suppression on four
one~acre farm ponds. 4 series of nine field tests were run, using dif-
ferent monolayer forming substances and different methods of application,
The results showed evaporation suppression ranging from no effect up to
27 per cent decrease in evapeoration, Some of the shortcomings of the Harbeck
and Koberg method were indicated. For instance, the simplified energy

relationship does not include the possibility of a change in the radiant



energy from the sun and sky between the calibration period and the test
run period, Also, it does not consider the transient nature of the change
in energy storage of the water volume and the increase of evaporation over
the initial conditions, which Woﬁld result if the monolayer were removed
or allowed to deteriorate after once being applied.

Thus it is seen that problems still exist in evaluating the actual
evaporation suppression of a monolayer in a given situation, Much of
the cause for this is the complexity of the measurements required. A
further problem is that of maintaining a "compressed®” monolayer on the
entire lake surface, which is made difficult because of the wind's ability
to blow the monolayer across the surface and water wave's ability to cause
the monclayer to become dispersed., As the various monolayer substances
have different properties, the selection of the best monolayer substance
and the best application method is very complex, Certainly such a study
must always include the economics of the situation so that the optimum
evaporation suppression per dollar may be known,

The present study, howsver, is related to the problem of determining
the reflectance of & monolayer-covered water surface relative to that of
a water surface without a monclayer, This is being studied in order to
determine if the presence of a monolayer changes the radiant energy
absorption or emission, This is important because the net radiant energy
input to a body of water is actually the driving potential for the evapora-
tion process, and a change in this input would result in a direct change

in the amount of water evaporated.
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The Reflection of Radiant Energy

Radiant energy 1s generally studied by considering the optical model
presented in electromagnetic theory, For this model, the energy is assumed
to be a combination of individual electromagnetic waves, each having
its owm amplitude, angular orientation, wave length, and phase angle.

The early discoveries in electricity and magnetism were made by
many persons, Among the persons who made significant contributions
are Cowlomb, Ampere, Faraday, Hertz, Lorentz, Fresnel, and especially
Maxwell (38).

From 1888 to 1890 Drude(39) (40) (41) presented a series of papers
on the determination of the optical constants (index of refraction and
extinction coefficient) of metals, In particular, his papers presented
equations which are deduced from the law of refraction and the reflection
formulas of Fresnel. These equations related the behavior of polarized
light upon reflection from various clean and contaminated surfaces., He
presented experimentally determined values for the optical constants of
various metals., He also considered the effect of surface layers on
reflection from the metal surfaces, giving equations for the change in
fhe polarization properties caused by such layers.

In 1900 Drude (42) published his optics book, which was significant
in that it was a’unified collection of the optics knowledge up to that
time. Thoﬁgh the words "magnetic field® and "electric field” were not
used, Drude did propose that a "displacement current” could exist in an
fiether,” and that this "displacement current" should have the same
magnetic effects as the conduction currents noted in metal cenductors.

With these assumptions, he found a better understanding of Maxwell's



equations. In his book, Drude presented Fresnel's equations for the
reflection of light from a real surface, In this he proposed a transition
layer, of some small thickness, across which the optical properties change
from those of the first medium to those of the second medium.,

Schmidt (19), in his 1915 paper which has already been mentioned,
presented a table showing the variation of reflectance from a water
surface with angle, His values were determined for radiation at the
sodium line, using an index of refraction of 1,333. Schmidt then extended
this work to determine analytically the diffuse reflectance of a water
surface, It should be noted that a mistake was made, in that a ray of
energy with intensity, I,, striking a horizontal surface at an angle of
incidence, &, should have I, cos (@) as the energy per unit area, instead
of the value, I,, as Schmidt assumed. This error was pointed out and
corrected by Burt (43) in 1953, He showed that Schmidt*s value of 0,17
should be approximately 0.066,

In 1927 Raman and Ramdas (44) did experimental work studying the
thickness of transition layers on liquid surfaces. In particular, they
studied the ellipticity (which is the ratio of the amplitudes of the
light vector in and at right angles to the plane of incidence) of various
ligquids, one being water, As one of thelr results, they found the
ellipticity of a clean water surface to be positive; but for a water
surface contaminated by a monolayer, the ellipticity was negative.

Because of this, they proposed that it was unlikely that a layer absorbed
from the atmosphere existed on the clean water surfaces. Although their

paper expressed a desire to continue this work, it is interesting to note
that in the next year Raman presented his famous paper on light scattering

(the Raman Effect); and a search of the literature indicates that they
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presented no further work on the transition layers of surfaces,

In 1933 Stréchen (45) presented analytical work on the reflectance
of a surface covered by a monolayer. He considered the monolayer to act
as a two-dimensional assembly of scattering centers, and his principal
method of analysis was to consider the monolayer as az surface distribution
of Hertzian oscillators. He considered that the total field noted during
the reflection of a ray was made up of two parts, The first part was due
to the incident, reflected, and refracted waves; which would be produced
without a film; and the second part was produced by the oscillators. For
polarized incident light, he derived first order expressions for the difw-
ference in the ratio of amplitudes, tan\V, and for the difference in the
phase retardation, &, for the cases with and without a monolayer present,
It is interesting to note that these equations are similar to the ones
developed by Drude, though they start from different assumptions.

Also in 1933 Tronstad (46) reviewed the theoretical and experimental
aspects of Drude's optical methods for thin surface films on metals, He
described the method for studying the change in the state of polarized
light at various angles of incidence when reflected from clean and from
filmgcovered surfaces, He noted that the two quantities which may be
determined experimentally are the phase retardation,A , and the ratio of
the "absorption coefficients,® tan¥ . He described an optical system which
included a prism to select wave length, a polarizer, a quarter-wave plate,
a half-shade system, an analyzer, and a2 telescope. As specific examples
of problems studied using this method, he mentioned normal and passive
oxlde films on metals, absorption of gases on metals, and monomolecular

films on metals,
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Tronstad (47) presented a discussion of the validity of Drude's
method of studying thin films in 1935. He noted the assumption of
optically sharp interfaces and that the films are assumed isotropic,

He then noted the presence of a thin invisible oxide film on most real
metal surfaces, and he proposed an experimental study of vacuum

evaporated metal films which could be undertaken prior to exposure to the
atmosphere, The assumption was mentioned that scratches cause negligible
effect so long as they are small compared to the wave length of energy
being considered. The assumption of constant film thickness was indicated.
Also, the possibility of double refraction caused by internal film stresses
was considered to be negligible, because of the proportionality to both
stress and film thickness,

In 1935 Blodgett and Langmuir (48) determined the thickness and the
index of refraction of a film of barium stearate using interference
methods. A procedure was presented for applying a known number of mono-
molecular layers of barium stearate onto a surface, Assuming uniformity
of the layers, the interference method was considered to be accurate
enough to measure a film thickness down to approximately 10 X with an
accuracy of about 3 Xn

Bruce (49), in his 1939 study of nonabsorbing transition layers,
noted that ellipticity is found in the reflected ray at the polarization
angle if the incident ray is plane polarized at the 45° azimuth, as was
stated earlier by Drude (40), Bruce stated that polarization reverts
back to Fresnel's model of plane polarized light outside the viecinity of
the polarization angle, Drude originally assumed the index of refraction

was a function of height in the transition layer. Bruce, however,
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following the example of Tronstad assumed that the index of refraction and
the thickness of the layer were two unknown énd independent constant values.
After studying the equation for change of phase, he determined that Drude's
form did not permit the mathematlical separation of layer thickness and the
index of refraction, He stated that such a separation was not possible
even by use of a series of observations and the solution of simultaneocus
equations, He did, however, show that the minimum thickness of the layer,
that will be compatible with the equations of Drude, could be found by
assuming that the index of refraction of the absorbed layer is the

geometric mean of the known indices of refraction for the two media,

In 1941 Centeno (50) presented a compilation from the literature of
the experimental determinations for the variation of the optical properties
of water with wave length. These results were determined by finding the
extinction coefficient from transmission studies. Then by using this
information, the reflectivity data (smoothed-mean values from the litera-
ture), and the reflection equation at normal incidence, the index of
refraction was determined.

In 1945 Rothen (51) presented a method for measuring the thickness
of thin films on metal surfaces, He developed apparatus for comparing
the ellipticity of twe film-covered surfaces. With it, he prepared a
calibration curve for the change of ellipticity with film thickness, using
Blodgett and Langmuir's (48) values for the film thickness of built-up
barium stearate monomolecular layers. The main assumption here was that
the index of refraction for the film being studied must be the same as
that of barium stearate, and thus this method has severe limitations.

In 1945 Mooney (52) presented an exact theoretical treatment of



transparent reflection-reducing optical coatings. He started with Maxwell's
equations and applied Gauss's law and Stokes's theorem to determine the
boundary conditions which must be met at the interface of the two dielectric
media, These boundary conditions were found to be: (a) the continuity of
the normal components of electric and mégnetic induction, and (b) the
continuity of the tangential components of the electric and magnetic
intensities. TFrom these, he then developed equations for the reflectivity
and transmissivity of thin transparent film-covered surfaces for normal
incident energy radiation.,

Vasicek (53) presented in 1947 a graphical interpolation technique
for determining the index of refraction and the thickness of a transparent
thin film on glass., For the reflection of plane polarized light, he
developed analytical equations for the phase change,h , and the azimuth,
W, as a function of the angle of incidence, the index of refraction of
the glass and the film, and the film thickness., A polarimeter was
developed, which gave data for the orientation of the major axis of the
vibration ellipse and its ellipticity, from which values of A and ¥ could
be determined, With this information and by using known values of the
index of refraction of glass, he considered the inverse problem of deter-
mining the index of refraction for the film and the film thickness., This
was done by assuming various values of the index of refraction of the film,
and then calculating the corresponding film thickness for the known
azimuth,%’a Then, the film thickness values were used to calculate the
corresponding phase changes,b. By plotting these A values versus the
assumed values for the index of refraction, the actual value of the index
of refraction corresponding to the measured phase change,d ; was determined,

The calculation of the corresponding film thickness was then determined,
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In the above procedure, the angle of incidence was arbitrary.

Vasicek continued his work to include certain simplifications for specific
angles of inecidence.

In 1949 Chandrasekhar (54} authored a boock in which there is a very
good development of the representation of polarized light., Stokes
parameters were developed from a basic mathematical model of an elliptically
polarized energy beam, He discussed natural light and the fact that any
particular beam of light can be considered as a mixture of elliptically
polarized light and an independent\stream of natural light.

In 1951 Curcio and Petty (55) presented their work studying the near
infrared absorption spectrum of liquid water at 20° C. They presented a
graph of the variation of the absorption coefficient with wave length over
the range of 0,70 microns to 2.50 microns,

Also, in 1951 Simon (56) presented a graphical method of determining
the index of refraction and the index of absorption for an absorbing
surface, This method used the Fresnel equations at two arbitrary angles
of incidence with various values of the optical properties to construct
graphs of reflectances, Such graphs were constructed for natural light
and for light polarized in the s-plane and the p-plane, By taking
experimental measurements of reflectance at the two angles of incidence
and by going to the graph, the correct pair of values for the index of
refraction and the index of absorption were determined. Simon included
a procedure to correct for the polarization of the spectrometer when
natural light is used,

Avery (57) proposed in 1952 the use of a method for determining the
optical constants of an absorbing substance which avoided the direct

measurement of reflectance, He proposed the use of the ratioc of the
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reflectance coefficients for incident light polarized in and perpendicular
to the plane of incidence, Such a ratio, when determined at two angles

of incidence, was used with a ratio of Fresnel's equations and a graphical
procedure similar to that of Simon (56) for the determination of the optical
constants,

Heavens (58) published a book in 1955 on the optical properties of
solid-thin films, In it, he used the boundary conditions mentioned by
Mooney (52) to develop the equations for the reflectivity and transmis-
sivity of film-covered surfaces. He, at first, developed equations for
the reflection of a nonabsorbing surface. Then, he considered the
absorbing surface by the introduction of the complex index of refraction
and the complex exponential function, He then considered a nonabsorbing
film on a substrate which was either an absorbing or nonabsorbing substance,
Finally, he developed the reflection equation for normal incident energy
which was reflected by a single-absorbing film on an absorbing substrate.

In 1959 Kislovskii (59) presented a rough graph of the variation of
the refiectance9 the index of refraction, and the absorption coefficient
of water with wave length from 2,0 to 200 microns,

Vasicek's (60) book in 1960 on the optics of thin films presented
a development of essentially the same equations as presented by Heavens (58).
However, his approach was to use the methods of complex algebra to expsnd
the complex exponential functions into terms of real valued functions.

In 1962 Shurcliff (61) authored a book on the polarization of light,
In it, he described the various descriptions of polarization and the
methods of analysis, Of particular interest was his practical description

of the Stokes wector,



The next year Abeles (62) presented a survey of the methods for deter-
mining the optical parameters of thin films, The methods he discussed are:
the photometric method, which makes use of energy reflectance measurements;
the polarimetric method, which makes use of various polarization measure.-
ments; and the interference method., He considered the application of
these methods to birefringent and inhomogeneous thin films as well as to
ideal absorbing and nonabsorbing thin films.

In 1965 Rouard and Bousquet (63) presented a very good analysis of
the state of the art for the study of thin filwms, They reviewed the
literature on determining the optical constants and the film thicknesses
for both absorbing and nonabsorbing films., Particularly, they noted that
usual analytical analysis requires that ideal films be homogeneous,
isotropic? and bounded by two plane and parallel surfaces. For a real
film, however, they reported that this is not usually the case. It has
been found that the optical properties of a thin film are dependent on
the details of the ﬁethod of preparation and on the thickness of the
film, as well as the wave length of the energy being used in the analysis.,
As most of the work in the optical properties of thin films has been done
for metal films which are prepared by evaporation techniques, considerable
discussion centered around the structure of the film and the substrate and
on the contamination caused by the formation of oxide films when the film

is exposed to air.
The Optical Properties of Cetyl and Stearyl Monolayers

Little work has been found in the literature which presents the-

optical properties of the various monolayer forming substances in their



monolayer states on water surfaces, The most commonly used evaporation
reducing monolayer substances are cetyl alcohol (hexadecanol) and stearyl .
alcohol (octadecanol), No work has been found in the literature giving the
index of refraction for these monolayers in their monolayer states,

However, a study by Hofmeister (64) in 1953 was found, which investi-
gated the index of refraction of various fatty acid monolayers on water
surfaces, Included in this study were palmitic acid and stearic aecid,
which are of a similar structure to that of cetyl and stearyl alcohols,
Though these acid products are not found to be effective in suppressing
evaporation, the trend of the results may be helpful. After making the
original assumption that monolayers are transparent, Hofmelster used the
methods of Drude (40} to determine the index of refraction from the
measured values of ellipticity at the angle of polarization (Brewster's
angle), His results showed that the index of refraction for a monolayer
substance is smaller than for the same substance under bulk conditions.

His work also indicated that an increase in the surface pressure increases
the index of refraction, Further, he noted that monolayer substances
with longer chain lengths tend o have a higher index of refraction,

A study of the zbsorption coefflcients of cetyl alcohol and stearyl
alcohol in the monolayer states has not been found in the literature.
Though the work of Rouard and Bousquet (63), previously mentioned,
indicated that monolayer substances will have different optical property
values for the monolayer state and for bulk conditions, the following
absorption spectra information for bulk conditions is reviewed.

In 1937 Fox and Martin (65) presented results of their work on the

absorption spectra of cetyl and stearyl alcohols, They noted a strong
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absorption band at 3.4 microns and wesker bands at 2,7 and 3.0 microns.
The absorption spectra of stearic acid was noted by Freeman (66) in
1952 to include absorption bands at 7.78, 10,7, and 13.8 microns.
In 1952 Sinclair and others (67) also detected the presence of
stearic acid absorption bands at 3.3, 5.8, 7.8, 10.7, and 13,8 microns,
Freeman (68) in 1953 again confirmed the stearic acid absorption
bands at 5.9, 7.8, 10.3, and 13.7 wmicrons,
In 1955 Swern and others (69) determined absorption bands for cetyl
alcohol to be at 3.0 microns, and for palmitic acid the absorption bands

were found to be roughly at 3.5, 5.8, 7.0, 7.8, 10,6, and 13,8 microns.
The Reflectance of Water Wave Surfaces

It has been well documented that a cetyl alcohol monolayer on a water
surface has a calming effect on water waves (70) (71). The general reason
postulated for this damping effect is that the magnitude of the surface
stress reversals noticed as a wave passes a particular location is reduced
due to the compressional elastic behavior of the surface films which have
a lower surfaée tension than the uncontaminated water surfaces (72),

A controversy exists in the literature as to the effect of the presence
of water waves on the reflectances of a water surface. As was mentioned
earlier, Kimball ard Hgnd (73) detected a decrease in the reflectance of
water with an increasé.of wave action; and Powell and Clark (74) indicated
an increase in the reflectance for a similar increase of wave action.
Sverdrup (75) postulated that the presence of water waves increases the
reflectance of a lake surface, particularly at low sun angles.

A partial attempt to answer this controversy will be presented in

the analytical section of this thesis,



CHAPTER III
ANALYTICAL STUDIED

Radiant energy is generally studied in terms of electromagnetic
theory. Using this model for analysis of the energy incident on a lake
surface, it is seen that the incident energy may bs broken down into
components according to the angle of incidence, 43 s the wave length, N\,
and the state of polarization, If I>»¢> denotes the total radiant inten
sity per differential wave length at a particular angle of incidence and
if dw represents the differential of the solid angle around the angle
of incidence, the total radiant energy on a unit area of lake surface can.

be represented by:
@

q = SS Ly cosd dw dx. | (111-1)

e Hemspheve

Of the total energy, ¢% s a portion will be reflected; and, for a
deep lake, the remainder will either be absorbed at the surface or trans-
mitted through the water until it is absorbed. The reflected energy can

be represented by:

Ry = ([ Rup T,y cnd dudn, o
°
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where R>w¢ is called the specular-monochromatic reflectance, and where

the quantity, is dependent on the polarization as well as the

RA¢Ix¢’
wave length and angular distributions of the incoming radiant energy. -
The portion of radiant energy which will be absorbed by the water

and, consequently, will tend to increase the water temperature and the

driving potential for evaporation is represented by:

%( 1.0 -R).

The study of the reflectance of water surfaces is therefore impor-
tant for a theoretical understanding of the effect of radiant energy on
evaporation. Lake surfaces can be classified generally as either
clean or contaminated and also as either smooth or wavy,

Since the techniques of evaporation suppression most often involve
contaminating the water surfaces with a monomolecular chemical film or
monolayer, theoretical considerations studying the effect of these films
on the reflectance of radiant energy are presented in this chapter and
in the appendices,

Since it has been shown that monolayers have a stilling effect on
water surfaces, an analytical study of the influence of water waves on

the reflectance of water surfaces is also presented.
The Reflectance of Thin-Film Covered Water Surfaces

As a first statement, it should be noted that the techniques of -
optics in electromagnetic theory will be used in the development of
analytical expressions for reflectance. The energy ray therefore is

‘répresented by independent monochromatic sinusoidal waves in each
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of the two customary planes of polarization., These planes are the p-plane,
which is parallel to the plane of incidence, and the s-plane, which is
perpendicular to the plane of incidence. From basic electromagnetic theory,
equations are developed in Appendix A, which may be used in the calculation
of the total energy reflectance for both the conditions of unpolarized
light and arbitrarily polarized light.

In terms of the physical properties of the system, it is assumed that
both the water and the film may be absorbing substances; i.e., they may be
opaque., It is assumed that both substances are homogeneous and isotropic,
in that their optical properties are considered constant with respect to the
space coordinates. The optical properties, however, are considered to be
a function of wave length. It is assumed that the reflection analysis may
be made at some typical surface element and that at this location the
alr-film interface and the film-water interface are perfectly smooth and
are parallel, It is further assumed that the thin film-covered water
surface acts as a specular reflector for all wave lengths under consideration.

There is found in Appendix B an analytical development of expressions
for reflectance. In this appendix, it is shown that the reflectance in
either plane of polarization may be considered to be a function of the
following variables:

(a) the optical propsrties of the film and the water
(index of refraction n,, n,, and coefficient of
absorption k,, ki),

(b) the thickness of the film, d,

(¢) the wave length of the incident energy ray, N , and

(d) the angle of incidence of the energy Tay,(¢ o

The optical properties of water are dependent on the wave length and
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these values are considered to be known from the literature (50)., In
Table I, values are presented for the reflectances of a clean water Surface
at 0.5 and 2.0 microns., The symbols used in Table I, R, Rp, and R refer
respectively to the s-plane polarized, the p-plane polarized, and the
unpolarized energy reflectances. The‘symbols (ﬁ, nyy and k, refer resﬁec-
tively, to the angle of incidence,the index of refraction, and the coefficient
of absorption, The latter two are a function of wave length,

The optical properties of a particular monolayer forming substance
in its oriented and compressed monolayer state are expected to be a function
of wave length also, but few indications have been found in the literature
as to what this functional relationship might be. From the absorption data
of bulk cetyl and stearyl alcohol in the literature, rough calculations
indicate that the coefficient of absorption is small, with & maximum value
of approximately 0,007 at 3.4 microns (65). The thickness of the monolayer
is assumed to be 24 Rg which is the average of values calculated by
Hofmeister (64) for the thickness of palmetic and stearic acid monolayers.,

Thus, the reflectance of an energy ray having a particular wave
length and a particular angle of incidence onto a monolayer-covered
surface has only two independent and unknown variables; n,, and k,;. If
more than a single monolayer is present, the thickness of the film must
be considered as an additional variable., Various values of n,, k,, and
film thickness are assumed; and a computer program was written to aid in
the analysis. A copy of this program in found in Appendix C. The results
for unpolarized energy at 0.5 and 2.0 microns and at various angles of
incidence are also presented in Table II and Table III. In Figure 1 and

Figure 2, curves are presented which show the varistion of unpolarized
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reflectance of 2 monolayer as a function of the optical properties of the

monolayer and the angle of incidence,
TABLE T
THE REFLECTANCE OF CLEAN WATER SURFACES

Q.2 Microns
4) R Rp R N ks

0 0.0207 0,0207 0,0207 1,336 0.,00000
20 0.0249 0,0169 0,0209 1.336 0,00000
L0 0.,0437 0,0060 0,0248 1,336 0,00000
60 0.1162 0,0043 0,0603 1.336 0,00000

-

80 0.4588 0,2390 0.3489 1.336 0.00000

2,0 Microns

qS RS Rp R ne ks
0 0,017k 0.0174 0.0174L 1,304 0,00110
20 0,0210 00,0141 0,0176 1.304 0,00110

Lo 0,0376  0.0048  0,0212 1,304  0.00110

60  0.1037  0.0047  0.0542 1.304  0.00110

80  0.4386 0.2367  0.3377 1.304  0.00110

As it is desirable te know the change in the reflectance of water due

to the application of a monoclayer or a film, a second computer program was
written, This program providss for the calculation of the ratio of the
monochromatic reflectances at various angles of incldence for a water
surface having a monclayer or film to the similar reflectance of a clesan
water surface, This program, together with a listing of the results, is
also found in Appendix C., Table IV and Table V present the results for
unpolarized incident energy. Figures 3 through & show graphically the

variation of the unpolarized reflectance ratio with the various properties

of the film at 0.5 microns,



TABLE II

THE PER CENT REFLECTANCE OF FIIM-COVERED WATER SURFACES

HAVING UNPOLARIZED INCIDENT ENERGY

AT 0.5 MICRONS

30

NThickness One Hundred
of Film One lMolecule Ten Molecules Molecules
g ' N . .
ki 1.3 1.4 1.5 1.3 1.4 1.5 1.3 1.h 1.5
0 2,07 2,07 2,08 1.97 2,32 2,93 1,75 3.21 6.28
20 2,09 2.09 2.10 1,99 2.33 2,91 1.85 3,06 6.05
.0000 40 2,48 2,49 2,49 2,40 2,71 3.26 2,44 2.99 5.52
60 65,02 6,03 6,04 5.92 6.30 6.94 5.95 6.09 7.76
80 34.89 34,89 34,90 34,74 35.24 35,99 34.11 35,00 35.49
0 2,07 2.07 2.08 1.97 2,32 2,94 1.75 3,21 6,28 -
20 2,09 2.09 2.10 1.99 2.33 2,92 1,86 3,06 6.05
L0001 40 2,48 2,49 2,49 2,40 2,71 3,26 2,44 2,99 5.52
60 6.02 6.03 6.0h 5.92 6.29 6.94 5.95 6.08 7.72
30 34.89 34,89 34,90 b7 35.24 35,98 34,10 35,00 35,48
0 2.08 2.08 2,00 2,07 2.43 3,05 1.88 3.29 6.13
20 2,10 2.10 2.11 2,09 2,43 3.03 1.97 3,16 5.93
L0100 40 - 2.49 2,50 2,51 2,50 2.82 3.38 2.48 3,14 5,53
.60 65,04 6.04 ¢,05 6,06 6.4 7.09 5.78 6.25 7.99
80 34,91 34,92 34.93 34,96  35.45 36,17 33.64 35,10 35,96
0 2,18 2.20 2,22 3,01 3,48 4,18 2.71 3.97 5,71
20 2.19 2,21 2,24 3,00 346 4,14 2.65 3.90 5,67
L1000 40 2,59 2,61 2,64 3.40 3.85 4,50 2.71 4,00 5,82
60 5,17 6,19 6.22 7.31 7.78 8.47 5,60 7,40 9.42
30. 35.12 35,13 35.14 36,90  37.25 37.77 33.99 36.68 38,65
0 3,24 3.4 3.65 16,76  18,81L 20,95 25,50 27,47 29,42
20 3.25 3.45 3.67 16,67 18,72 20.87 25.56 27,52 29.46
1.000 40 3.69 3,89 4,12 17.06 19,07 21,17 26,60 28,38 30.17
60 746 7,67 7.90 21.39 22,98 24,05 32,41 33.39 - 3k.46
80 36,30 36.39 36.50 47,71 Wb7.68 47,68 53,76 58,07  57.47



TABLE III

THE PER CENT REFLECTANCE OF FIIM-COVERED WATER SURFACES

HAVING UNPOLARIZED INCIDENT ENERGY
AT 2,0 MICRONS

31

hickness . One Hundred
of Film One Molecule Ten Molecules Molecules

ky n3 1.3 1.4 1,5 1.3 1.4 1.5 1.3 1.4 1,5
0 174 L7 1,7 1.7 1,76 1.81 1,67 3.47 6.13
, 20 1,76 1,76 1.76 1.75 1,78 1.82 1.69 3.43 6.05
L0000 40 2,12 2,12 2,12 2,11 2,14 2,18 2,05 3.76 6,34
60 5,42 5.42 5.42 5.41 544 5.49 - 5.32 7,51 10.53
; 80 33.76  33.76  33.77 33,76 33.80 33,86 33.61 36,58 39,99
0 1,74 1,74 174 1.7 1,76 1,81 1,67 3,47 6,14
20 1,76 1,76 1.76 1.75 1.78 1.82 1.69 3,43 6.05

.0001 40 2,12 2,12 2.12 2,11 2,14 2.18 2.05 3,76 6,30
60 5.42 5.42 5.42 5.41 5.44 5.49 5.33 7.50 10,53

80 33.76  33.76  33.76 33.76  33.80 33.86 33.61 36,68 39,99

0 1,74 1,74 1,74 1.76 1,79 1,84 1,80 3.57 6,17

20 1,76 1,76 1.76 1,78 1,81 1.85 1.82 3.53 6,09

L0100 4o 2.12 2,12 2.12 S 2.4 2.17 2,21 2,20 3,87 6.50
60 5.42 5.42 5,42 5.45 5.48 5.53 5.58 7.70  10.61
80 33,77 33,77  33.77 33.82 33,86 33,92 34.09 36,96 40,08
0 1,77 1.77 1,77 1,99 2,06 2,15 3.30 4,91 7.15

20 1,78 1.79 1.79 2.00 2,07 2.15 3.31 4,88 7,08

.1000 40 2,14 2.15 2.15 2,36 2.43 2.52 3.79 5.32 7.6
60 5.45 5.6 5.46 5.78 5.85 5.94% 7.99 9.68 11,92

80 33.83 33.83 33.83 34.38 34,41 34,48 38.11 39,70 41,48
0 2,00 2,04 2,09 4,90 5.44 6,03 28,49 30,63 32,69

20 2,02 2,06 2,11 4,90 5,45 6,04 28,23 30,41 32,50
1,000 40 2.39 2,43 2.48 5.36 5.91 6.52 28,38 30.50 © 32,54
60 5.76 5.81 5.87 9.25 9.79 10,32 32.82 34,27 35,70
80 34,16 34.20 34,24 37.57 37.75 37.95 57.86  57.53 57.24
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TABLIE IV

THE RATIO OF THE REFLECTANCE OF FILM-COVERED WATER SURFACES

TO THE REFLECTANCE OF WATER SURFACES WITHOUT A FILM

FOR UNPOLARIZED INCIDENT ENERGY AT 0.5 MICRONS

Thickness

of Film One Molecule Tep Molecules o::ltzzgz:d
L IS IS S L A B L3 Lk L5 13 Lk L5

0 1,000 1,000 1.005 0,952 . 1,120 = L, 415 0,845 1.551 3,034

20 1,000 1,000 1,005 0.952 1,115 1,392 0.890 146k 2,895

L0000 ho 0.99 - 1,000 1,000 0.964  1.c88 1,309 0.980 201 2,217
60 0,998 1,000 1,002 - 0.982 1,045 1,151 0.987 1.010 1,287

8o 1,000 1,600 1,000 0.996 1,010 1.032 0.978 1,003 - 1,017
o] 1,000 1,000 1,005 0.952 1,121 420 0.845 1,551 . 3,034

20 1,000 1,000 1.005 0.952 1,115 1,397 0.890 1, b6kL 2,895

,0001 4O 0.99 1,000 1,000 0.964. 1,088 1,309 0,930 1,201 2,217

: 60 0.998 1,000 1,002 0.982 1,043 1.151 0,987 1.008 1,287 -

80 1,000 1,000 1,000 0,9% 1,010 1.031 0,977 1.003 1,017

o 1,005 1,005 1,010 1,000 - L 1Th 1,473 0,908 1,589 - 2,961

: 20 1,005 1,005 1,010 1,000 1,163 1: 450 0,943 - 1,512 2 537
.0100 ko 1,000 -i.,004 1,008 1,00k 1,132 1,357 0.9% 1,261 2,221

60 1,002 1,002 1,003 1.005 1,068 1.176 0.959 1.037 1,325

80 1,001 1,001 1,001 1,002 1,016 1,037 0.964 1,006 1,031

0 . 1,053 1,063 1,072 45k 1,681 2,019 1,301 1,918 2,758

20 1,048 1,057 1,072 1,435 1,655 1,981 1,268 1,866 2,713

L1000 L0 1,040 1,048 1,060 1,365 1,546 1,807 1,088 1,606 2,337
60 1,023 1.027 1,032 1,212 1,290 1,405 0.929 1,227 1,862

80 1,007 1.007 1,007 1,058 1,068 1,083 0.97h 1.050 1,108

0 1.565 1,662 1,763 8.097 9.087 10,12 2,31 13,27 14,21

. 20 1,555 1651 1,756 7.976 8,957 9.986 2-25 13,17 W10

1.0000 &Ko 1,482 1.562 1,655 6.851 17,659 8,502 10,68 11,40 12,12
60 1,237 1,272 1,310 3,547 3,811 4,088 5.375 5.537 5.715

8o 1,040 1,043 1,046 1,367 - 1,367 1.367 1,684 1.664 . 1,647




TABLE V

THE RATIO OF THE REFLECTANCE OF FIIM-COVERED WATER SURFACES

TO THE REFLECTANCE OF WATER SURFACES WITHOUT A FIIM

FOR UNPOLARIZED INCIDENT ENERGY AT 2.0 MICRONS

Th:gk;fi; One Molecule Ten Molecules 0;21‘:::‘::24
L 1,3 1.k 1.5 1,3 1.k 1,5 1.3 Lk 1.5

0 1,000 1,000 1,000 1,000 l1.011 1,040 0,960 1. 9%k 3,523

20 1,000 1,000 1,000  0.99%% 1,011 1,034 0.960 Lokg 3,438

L0000 ko 1,000 1,000 1,000 0.995 1,009 1.029 0,967 LTTh 2,991
60 1,000 1,000 1,000 0.998 1,004 1,013 0.982 1,386 1,943

80 1,000 1,000 1,000 1,000 1,001 1,003 0.995 1,086 1,184
0 1,000 1,000 1,000 1,000 1,011 1,040 0,960 1,994 3,529

20 1,000 1,000 1,000 0,994 1,011 1,034 0,960 1.949 3,438

.0001 ko 1,000 1,000 1,000 0,995 1.009 1,028 0,967 L77Th 2,991
60 1,000 1,000 1,000 0,998 1,00k 1,013 0,683 1,386 1,943

80 1,000 1,000 1,000 1,000 1,001 1,00% 0.995 1,086 1. 184

0 1,000 1,000 1,000 1,011 1,029 1,057 1,034 2,051 3.5h6
‘ 20 1,000 1,000 1,000 1.011 1,028 1,051 1,034 2,006 3,460
,0100 ko 1,000 1,000 1,000 1,009 1,024 1,042 1,038 1,825 3,019
60 1,000 1,000 1,000 1,005 1,011 1, 020 1,030 1. 421 1.958
80 1,000 1,000 1,000 1,06l 1,003 1,004 1.009 1,094 1.187
0 1,017  1.017 1,017 1, 4L 1,184 1,236 1,897 2,822 4,109

20 1,0i1 1,017 1,017 1.136 1,176 1,222 1,881 2,775 . 4,083
.1000 ko 1.009 1,014 1,01k 1,113 1,146 1,189 1,788 2,509 3,519
60 1,006 1,007 1,007 1.066 1,079 1,096 1, b7l 1,786 2,199

80 1,002 1,002 1,002 1,018 1,019 1,021 1,129 1,176 1,228

(o} 1,149 1,172 1,201 2,816 3,126 3,466 16,37 17.60 18,79

20 L8 1170 1,199 2,704 3,097 3.432 16. Ok 17.28 18,47

1,0000 4o 1.127 1,146 1,170 2,528 2,788 3.075 13,39 14,39 15,35
60 1,063 1,072 1,083 1,707 1,806 1.917 6,055 6,323 6.587

80 1.012 1,013 1,014 1.113 1,118 1,124 1,713 1,703 1.695
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From the tables and graphs, it is seen that the reflectance of a
monolayer-covered surface increases with an inerease in the optical
properties, ny and ki, of the menolayer, It is also seen that under certain
gonditions, the reflectances will be less than those of a clean water sur-
face, Further it is noted that by greatly increasing the thickness of
the surface film, it is possible to increase significantly the reflec~
tance, Howsver, this does not always hold true, as in the case of small

values of n, and k,.
The Reflectance of Water Wave Surfaces

As was mentioned in the literature survey, a controversy exists
as to whether water waves increase or decrease the reflectance of radiant
energy. The following snalytical analysis is‘designéd to give new light-
to this controversy.,

As assumptions for this analysis, it shall be considered that the
water waves under consideration are perfectly smooth sinusoidal wavés
and that their wave length is very large compared to the wave 1eng£h of
the incident energy which is arbitrarily selected at 202 microns, It
shall further be considered thait the standard équations preseﬂted by
Simon (56)‘for the reflectancs of a single absorbing surface are knowhg
ag the equations derived in Appendix A become essentially the same és the
equations of Simon, when the film thickness is set equal to zero,

The general procedure for this analysis is to assume that a water
wave 1s irradiated by a ray of energy at some incident angle, ¢>, and
that each point of the wave then is irradiated by energy at an angle,<$+q,

where o\ 1s the angle between the horizontal and the tangent to the wave
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surface at that point, This is illustrated for smsll incident angles in
Figure 7 and for incident angles large enough to cause a shadow effect in
Figure 8,

Further for the analysis, the secondary reflections which could be
caused by a reflected ray being dirscted toward another part of the water
wave surface will be considered te cause only a negligible effect, It
is evident that under certain circumstances this may be a poor assumption
in that, by making it, the calculated reflectance of a water wave would be
higher than is theoretically accurate.

If the reflectance of a surface varies from point to point, the
average reflectance may be determined by performing the following

integrations

R = —i\: R dx

where it is assumed that esch pointy, x, has the same incident energy,
and where L is sufficisntly large so as to make the value of R representa-
tive,

In the case of an energy ray being reflected from a wave surface, it
is obvious that the energy reaching esch element of the wave surface is
not the same, Thus, an integration technique is used that considers the
ray of incident energy to be divided into n equal elements opr subrays which
do not necesssarily interact with the same amount of surface area, This
was also shown in Figure 7 and Figure 8. For each exterior point of the

individual ray elements, the total angle of incidence ($+&) of the
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prejected exterior point is determined. With this information, the
reflectance equations are used to calculate the reflectance values at these
points; and the average value is assumed to be valid for the element of

the ray under consideration., The integral then takes the following form:

A4}
R = Z [@XL;RXL\-\] [ %~ %) (111-3)

420

x L '
= AX 'i Rxb‘\— RX‘ N RXZ-‘- T +RXY\+ Z. RY\V\-H] (III—LP)

where x3 and X341 denote locations for the external points of a typical
ray element, where Ax is the x direction thickness of the ray element, and
where the values of in for sach external point are determined for the
corresponding total angle of incidence, ¢+—¥ o

Appendix D contains the analytical development of equations used in
the evaluation of R, A computer program, which was used in the study of
the effect of the angle of incidence, ¢ s and the ratio of the water wave
amplitude, A, to the water wave length, W, is also presentedo The results
of this study are presented in Figure 9.

As a further study, the reflectance of water waves under the condition
of diffuse irradiation was investigated. Basically, this involved the -

evaluation of the following integral:
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A tabulation of the results of this study is given in Table VI,
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TABLE VI
THE REFLECTANCE OF A WATER WAVE SURFACE FOR DIFFUSE
INCIDENT ENERGY AT 2,2 MICRONS

Ratio of the Water Wave
Ampiitude to the Water

Wave Length Reflectance
G.00 0.063
0,05 0.048
0,10 0.039
0.25 0,035

L6



CHAPTER IV
EXPERIMENTAL APPARATUS

An experimental apparatus was developed in order to determine
experimentally the change in the reflectance of a water surface when a
monolayer film was placed on the water surface. The three basic optical
setups used for experimental measurements are shown schematically in
Figures 10, 11, 12, PFlates I and II show pictorially the ;etup illus-
trated in Figure 11. The basic apparatus requires the following elements:
(a) a monitored and chopped energy source, (b) an energy collimator, (c)
a wave-length selector, (d) a polarizer, (e) a gonio-reflectometer device,
which includes a water trough for the test surface, and (f) a detection

system; A description of these elements follows,
Energy Sources

The two energy sources which were found to be useful in this experi-
mental work were a carbon arc® and a tungsten filament lamp.? The
carbon arc operates around 3800°K and the glass enclosed tungsten filament

operates around 2300°K.,

“The carbon arc energy source was supplied by the Mole-Richardson
Company of Hollywood, California,

2The tungsten lamp was a General Electric type 9 AT-8 1/4 with a
vertical filament.

W7
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‘ Thé carbon arc was equipped with manual controls for detérmining the
éégigions and the feed rates of the positive and the negative electrodes.
A variable voltage power supply transformer with a built in arc-stabilizing
series ballast resistance was also provided by the manufacturer. For each
experimental run, care was taken to adjust the electrode positions, the
electrode feed rates, and the.arc voltage to achieve the optimum stability
of thé arc, This process was aided b& the projection of a visible image
of the arc onto a white paper screen, This made it possible to detect'

visual éhanges in the electrode positions and major arc fluctuations,
Since the arc, even when it was visually stable, did have a tendency
to change its intensity, a thermopile* and a recorder? were used to |
monitor the source. By considering that the energy seen by the monitoring
-thermopile and the energy in the test apparatus beam originated from the
same point.and by assuming that the monitoring thermopile was a grey
receiver and that the source was a grey emitter, it was possible to calcu-

late the relative change in the test signal., This was done by assuming

(T + AT)"
T

and that the energy beam for the test apparatus underwent a corresponding

that the monitoring thermoplile saw an energy fluctuation ratio of -

fluctuation as determined by Planck's Law, Calculations to correct for
these changes in the energy level were made with the aid of a computer,
The computed results for the carbon arc and for the tungsten energy

sources are presented in Figures 13 and 14, respectively.

‘The thermopile had surface dimensions of 1.5 mm, by 16 mm, and was
manufactured by the Eppley Laboratory of Newport;,.Rhode Island.

’The recorder used was a Speedomax H Recorder, Model S, supplied by
the Leeds and Northrup Corporation.
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The second energy source was that of a tungsten filement lamp. A
constant voltage transformer was used to smooth the line voltage, and a.
variable transformer was used to select the appropriate voltage across the
filament, As in the case of the carbon arc, the monitoring thermopile was
used to give a continuous recording of the relative source energy.

- Since a pulsating energy beam, chopped at 13 cycles per second, is
igénarally used with the available detectors and the smplification system,
a signal chopper was located in the optical path, The position of the
chopper used in the setup for studying wide wave bands of energy is shown
in Figure 10, In the study of smaller wave bands of energy as shown in

Figures 11 and 12, the chopper in the monochromator was used. .
Energy Collimators

Two basic energy collimator systems were used. The first system, as
shown in Figure 10, consists of a front surface sphericsl mirror with &
21 1/2-inch focal length. This was used to direct slightly converging
energy into the goniowrefle@tameter system, In the second system shown
in Figures 11 and lé; a. two-ipch diameter glass lens with an eight-inch
focai<length was used to focus energy onto the entrance slit of the mono-
chromator, The energy leaving the monochromator was then diverging, and
aLZl 1/2-inch spherical mirror was used to slightly reconverge it and
direct it tc the gonlo-reflectometer system,

During use of both the above mentioned collimators, care was taken
to insufebthat there were nc losses due to the divergence of the energy

beam after it reached the water surface of the gonio-reflectometer., For

a tonstant energy source, this care in collimation insured that the total
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quantities of energy reaching the detecticn system would be decreased only
by mirror and test surface absorption losses. As the mirror absorption
losses are constant for reascnable time intervals, the relative values of
signal would indicate the relative values of the reflectance of monolayer-

covered and clsan water surfaces.,
Wave-Length Selectors

Two methods of wave-length selection were used., The first was that
of using the optical setup shown in Figure 10 and various filters. Figures
15 and 16 show the variation of signal per wave length as a function of
wave length for the varlious filter and source combinations. The informa-
tion noted in Figure 15 was determined by using the monochromator, a fused-
guarts prism, a sulfur sphere, and the Reeder thermopile. Fused-quartz
érystals have been shown to have a relatively flat transmission curve over
the 0.2 to 2,0 micron region, with major absorption bands af 2,2 and 2.8
microns,® Similarly, the information given in Figure 16 was deterﬁined'
asihg the monochromator, = NeCl prism, & sulfur sphere, and the Reeder
thermopile, Crystals of NaCl have alsc been shown to have 2 flat trans-
mission curve for the 0.4 to 14,0 micron region, 3
The second method of wave-length selection is illustrated in Figures

11l-and 12, This method made use of 2 monochromator® as is illustrated in

‘Optical Crystals, Bulletin 1100, Iscmet Corporation, Palisades Park,
New Jersey, 1963, p. 36. ’

?Ibid., p. 12,

*The monochromator was a Model 99 unit made by the Perkin Elmer
Corporation of Norwalk, Comnecticut,
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Figure 17; Calibrated fused quartz and NaCl prisms were used in the
monochromator to isolate energy in the 0.4 to 0.8 micron and 1,0 to 2.4

micron ranges, respectively,
Polarizers

Calibrated polarizers were available from a manufacturer to cover
the wave-length ranges of 0.3 to 0.75 and 1,0 to 2.4 microns.! These
polarizers were used in the optical setups which used the monochromator,
as was shown in Figure 11 and Figure 12, A mounting device was positioned
on the entrance arm of the gonio-reflectometer, as is shown in Figure 18, .
By using the two available polarizers, it was possible to have energy
Folarized in either the s-plane or the p-plane of the water surface over
&he wave-length range of 0.3 to 2.4 microns. These made possible the
éxperimental determination of the s-plane and the p-plane reflectance

ratios over this range.
Gonio-Reflectometer

The gonio-reflectometer is a device designed to measure the specular
refléctance ratio of a surface as a function of the angle of incidence of
the incoming energy. A side view pictorial representation of the gonio-
reflectometer is shown in Figure 18 and in Plate III. As the gonio-
reflectometer is a three-dimensional device, the entrance and exit portions

have been separated in Figure 18,

*The polarizers were Model Nos. IMA-1380 and IMA-1500, and they were
purchased from Isomet Corporation of Palisades Park, New Jersey.
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The water trough and the overflow cdtch pan are also shown in Figure 18,
The water trough was constructed from plexiglass. The sides were smooth,
and the bottom was machined with a‘?éOG ve-groove mill te reduce the possi-
bility of significant reflections from the bottom surface. To further
reduce this possibility of undesirable reflected energy, the inside surfaces
of the trough were painted with a waterproof flat black paint. The top
edge of the trough was flat; so that a level water surface could be attained
by wiping the excess water away with a teflon barrier, This procedure of
wiping not only provided a reproducible location of the level water surface,
bﬁt also provided a simple method of flooding and wiping to clean any
contamination of the water surface,

For the experimental work undertaken, the gonio-reflectometer was
;rbitrarily set so as fo direct the energy beam onto the water surface

at an angle of 200,
Detection System

The basic layout of the detection system is shown in Figure 19, The
system has four major parts, The first is that of a black detection box,
which was designed to prevent stray light from being directed on the
detector surface.

The spherical mirror is located in the box in order to fecus the
energy from the exit portion of the gonio-reflectometer into the entrance
holé of the signal averaging sphere. |

The signal averaging sphere shown in Plate IV is designed to reduce
thé variable of the focusing of the energy beam onto a detector surface;-

Since detectors generally have a variation in their spatial sensitivity,



PLATE IV

GONIO-REFLECTOMETER WITH DETECTOR




¥

e presence of g aﬁéndl averaglng sghere did muen Yo assurs the rellability
of the signals detected., The entrance hele of the sphere was sufficiently
large so that the energy beam could bs focused into the sphere. The inner
surface of the sphere was specially selected so that the energy leaving fhe:
exit hgle of the sphere would be diffuse and at the same time large enough
to detect., Further, it should be noted that with a diffuse sphere the exit
éhérgy is diffuse and proportional to the energy entering the sphere andv
is not a function of the focusing of the incoming energy. Therefore, a
détectér placed in such a manner that it sess the exit energy of the sphere
will ?foduce 2 signal which is proportional to the ensrgy of the energy"
beam which is directed intc the signal averaging sphere. Work by thé
National Bureau of Standsrds indicated that a special white paint is a
&éfy g@@d sphere caatiﬁg for the 0,5 to 1.4 micron region and that a
%Eeciéi sulfur product is very good in the infrared region,*
- The detecterg used for the various measurements wers: a standard
RCA lPZl phbtomultlpxier tube, a N=2 lead sulfide cell made by the Eastman
Kodak Company, and a large area thermopile built by the Charles Reeder
Gémﬁahy;
' For the situation where the filters were used as wave-length selectors,
tﬁe Reeder thermopile was used in conjunction with the sulfur-coated sphers,
The energy wave bands in Figure 15 and Figure 16 were determined by using

this detection setup,

*Private communication from Mr, 5, T. Dunn of the National Buresu of
Standards indicated that the white paint manufactured by the 3M Corporation
under the brand name, "Velvet Coating 101-Al0," was both highly reflective
and diffuse in the visible range., Also, extensive work done with a special
sulfur, supplied under the brand name, "Crystex Sulfur," by the Staufer
Chemical Company, 380 Madison Avenue, New York, New York, indicated that it
produced a very good sphere surface out to at lesast 7.0 microns,
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ENERGY FROM THE ;//
GONIOREFLECTOMETER~ |
| FILTER (WHEN USED)}

SPHERE
—DETECTOR

| Figure 19, Detection Box (Top View)

For the case where the monochromator was used as the wave-length
selector and where polerized energy rqflectances were studied, the fol-
lowing detection combinations were used. The photomultiplier tube and
the sphere coated with white paint were used in the v1s1ble region, and the
lead sulflde cell and the sphere coated with sulfur were used in the near
1nfrered:reglon. |

The amplifier used ln all the above detector systems had four
dlfferent response levels, so that the signal noise could be 51gn1flcantly

i dampened while still maintaining the hlghest possible sens1t1v1ty°

In order to determlne that the detection system was operating cor- _ -

rectLy, a 51gnal attenuator was built. -As shown in Plate v, it oon51sted

“The amplification system was that of a Model 107 amplifier manu~-
factured by the Perkin Elmer Corporation of Norwalk, Connecticut,



PIATE V

SIGNAL ATTENUATOR




of a high spesed chopper which when placed in the energy beam would

attenuate the energy transmitied by 50 per cent,
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CHAPTER V

EXPERIMENTAL TECHNIQUE

The experimental techniques for this research fell into two main
areas. The first area included the work done relative to the quality of -
the test surfaces, which were the water surfaces and the cetyl alcohol
monolaysr-covered water surfaces, being investigated. The second area
was that of the measurement of the relative reflectance of an energy bsam

incident at 20° onto the above mentioned surfaces,
Test Surface Quality

The test surfaces were designed to be perfectly smooth and clean
surfaces, Distilled water was used, and a wiping and flooding process
was developed to insure that the exposed surface was free from significant -
contamination. This process involved flooding the test surface trough with
distilled water and then wiping off the excess water with five strokes of
ﬁ’nitric acid cleaned teflon strip. The flooding process worked to wash -
the old surface away and to cause a new and clean water surface to be
forﬁed. The wiping process assured the fact that such was the case, as
with each wiping the old surface molecules were directed toward the over-
flow pan and a new water surface appeared,

The problem of the application of a cetyl alcohol monolayer onto the:

water surface was answered with the use of a 1,00 cc, syringe and a cetyl
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alcohol in methanol solution, The solution strength was 4 gm/cc.

By use of the standard indicator oils developed by ‘the Bureau of
Réclamation, it was possible to detect the presence of a compressed mono-
iayer when one drop of solution (approximately 0,005 cc,) was applied to
the 12,5 square inches of water surface (77) (78). The indicator oils
had the property of forming either surface films or lenses on the surface,vﬁ
depending on the surface pressure of the .oil and of the surface beingf‘
studied, Thus, the indicator oils were, themselves, considered to be
surface contaminants. Therefore, they were not used in actual test runs
which determined the relative reflectance of monolayer-covered water
surface, They were used, instead, to develop an assurance that the mono-
layer application technique produced a compressed monolayer (one with a
surface pressure of approximately 40 dynés/cm,)'and;that.the flooding and
ﬁiping process produced a clean water surface (one ﬁi;h a surface pressure
of zero dynes/cm.).

Another interesting problem in the quality control of the test surfaces .
was that of the presence of very small water ripples on the water surface,
These fipplés were kept to a minimum by placing the energy chopping device;
which had moving parts that tended to induce these ripples, on a separate
mounting stand, Isomode pads® ﬁefe uséd to isolate the gonio-reflectometer
from the vibrations of the building floor, With large vibrations, it was
possible to achieve detrimental water waves; but with care being taken to

eliminate such vibrations, the ripples were not found to be detrimental,

» ‘These vibration pads were purchased from the Isomode Division of
M, B, Electronics, P, 0, Box 1825, New Haven, Connecticut. '
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The Measurement of the Relative Reflectances

The experimental apparatus and the calculations required for any change
in energy source were described in the previous chapter. The technique of
measuring the reflectance of energy reflected from a cetyl alcohol monolayer-
covered water surface relative to that of a clean water surface is as
follows.

First of all, the idea of determining the reflectance of one surface
relative to that of another involves a simple analysis, The.energy reaéhing
a detector is some particular solid angle of the source energy which is
transmitted through the wave-length selector, the various diaphrams, and
the integrating sphere. In addition, this source energy is reduced by"
lésses at‘each reflecting surface. If one reflecting surface is'feplaced
>b& another surface which is positioned identically the same as the original
surface, the signal indicated by a linear detection system should be the -
original signal times the ratio of the reflectances of the two surfaces,
if-the source is steady, Thus, the reflectance ratio is proportional to
the signal ratio,

Consequently, in the present study, the original surface was selected
'as” the clean water surface., After a detector signal had been determined
for the water surface, a monolayer was applied; and the corresponding
signal was recorded. By noting the zero of the recorder and by using
detectors which were linear, it was possible to determine the reflectance
ratio, Corrections were made for the variation of the level of the energy
source, if such were required.

Values of the reflectance ratios for energy polarized in the s-plane -

and the p-plane were determined in the above mentioned manner where the
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incident energy was polarized respectivel& in the s-plane and in the
p-plane. Over the range where these polarizers were considered to be good
(0.4 to 2.4 microns) the monochromator and the fused quartz and NaCl prisms
were used to isolate energy bands. The detectors which were used were
selected because of their ability to detect low levels of energy. No
values of the unpolarized reflectance ratios were taken directly with the
monochromator system because of the fact that the monochromator iﬁself

acts as a significant polarizer. However, for unpolarized light, it is
sbown in Appendix A that the reflectance is £he average of the s-plane -

i

éﬁd the p—plané reflectances,

| Values of the unpolarized reflectance ratios were determined with .
the use of filters as wave-length selectors. The Reeder thermopile and
the sulfur coated signal aveyraging sphere, which were used in determining

the energy transmitted by the various filters, were also used in this

éxperimental work.,



CHAPTER VI
EXPERIMENTAL RESULTS
The Presentation of the Experimentsl Results

The average of the results for the experimental tests which used

| cétyl alcohgl a5 the monolayer forming substance and which used filters
as the wave-length selectors are given in Table VI, These results are :
consequently limited to the reflection of unpolarized energy in the giveﬁ
wave bands as indicated previously in Figures 15 and 16,

For energy that was polarized in the p-plane, the average of the
experimental results are given in Table VIII and are shown graphicall&
in Figure 20,

Similarly, for energy that was polarized in the smpléhe9 the average
bexperimental results are presented in Table IX and in Figure 21,

In Figure 22, the averaéé of the experimental results for the s=plane
éndvthe p-plane is presented to indicate thejresults which would be
ﬁoticed if unpolarized monochromatic energy were incident on a cetyl alcohol .

monolayer-covered water surface.
The Discussion of the Experimental Results

The analysis of experimental results must snswer three basic questions,
First of all, the results must be shown to be reproducible., They muSt.then

be shown to be consistent with themselves, And then, they must be shown to
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Be either consistent or inconsistent with the results predicted by the
analytical model.

The question of reproducibility raises the prbblem of the scatter of
the data. In the experimental work, a minimum of four test runs was made
_ for each condition reported, In Tables VII, VIII, and IX, the last column

represents the standard deviation, which is defined as:
n z 1Yz
2 () ] |
S = Awy

n-1 |

where d; is the deviation of each point from the average; and n is the
number of data points.,

Thus we note a significant scatter of data, when compared with the

TABLE VII

THE AVERAGE OF EXPERIM$NTAL VALUES FOR THE RELATIVE REFLECTANCE OF
UNPOLARIZED ENERGY ‘INCIDENT AT 20° USING VARIOUS FILIERS
AS WAVE LENGTH SELECTORS '

T ‘ ;
Sl :
" Peak Wave Number Average

1 ' ' Wave Length of Relative = Standard
Source . Filter Length Range Runs Reflectance Deviation
Tungsten Lamp Glass. . 1,20 0.98 to 2,21 7 0.99 0,015
: Glass and o ’ ' . '
Carbon Arc : Silicon 1,20 0.95 to 2,16 ok 0.99 0,010
Carbon Arc Glass 1,02 0,5 to 213 = 5 1.00 0.016
Carbon Arc Silicon  1.40 0.95 to 2,12 A& 1,00 0,007
Carbon Arc Kodak Cut On _ 2,40 2,00 to 4,55 5 1.00 0.013
One Sheet : :
Carbon Arc Polyethylene 1.55 0,95 to 5,15 .5 1,00 0,014
Without '

Carbon Arc Filter 1,00 o.sov;o 1,78 b 1.00 0,008



- TABLE VIII

THE AVERAGE OF EXPERIMENTAL VALUES FOR THE RELATIVE REFLECTANCE

OF MONCCHROMATIC E

i

NERGY INCIDENT AT 20° AND POLARIZED
IN THE P-PLANE
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Number of

1

Average Relative Standard

Wave Length Source betector ' "Runs Reflectance ~ Deviation
0,40 Tungsten Lamp  1P21 Tube " 1,04 0,024
0,50 Tungsten Lamp 1P21 Tube ‘,5 1,02 0,022
0.60  Tungsten Lamp  1P21 Tube 4 1,01 0,007
0,60 Carbon Arc 1P21 Tube 6 1,01 0,008
0.66 Carbon Arc 1P21 Tube ‘4 1,00 0,008
0.70 Tungsten Lamp 1P21 Tube L 1,01 0.006
0.80 Tungsten Lamp  1P21 Tube b 1,00 0,010
1,00 Tungsten Lamp  FbS Cell 4 1,01 0,006
1,00 Carbon Arc PbS Cell 5 1.00 0,004
1.20 Tungsten lamp  PbS Cell 5 1,00 0,010
1,20 Carbon Arc FbS Cell L 1,00 0,010
1.401 Tungsten Lamp PbS Cell L 1,00 0,005
1.40 Carbon Arc PbS Cell L 1,00 0.004
1,60 Carhbon Arc PbS Cell L 1,00 0.003
1,80 Carbon Arc PbS Cell L 1.01 0,009
2.00 Carbon Arc PbS Cell 4 1,01 0,005
2.20 Carbon Arc PbS_Cell 7 1,02 0,012



TABLE IX

THE AVERAGE OF EXPERIMENTAL VALUES FOR THE REIATIVE REFLECTANCE

OF MONOCHROMATIC ENERGY INCIDENT AT 20° AND POLARIZED

IN THE S-PLANE

Number Average Relative Standard

Wave Length Source Detector of Runs Reflectance Deviation
0.40 Tungsten Lamp "1P21 I 1,04 0,026
0,50 Tungsten Lamp 1pP2l 5 1,02 0.013
-~ 0,60 Tungsten Lamp 1p21 5 1,02 0,009
0,60 Carbon Arc 1p21 b4 1,01 0,007
- 0,66 Carbon Arc 1p21 4 1.00 0,008
0,70 Tungsten Lamp 1p21 6 1,01 0,016
0.80 Tungsten Lamp 1P21 4 1,00 0,009
1,00 Tungsten Lamp FbS I 1,01 0,007
1.00 | Carbon Arc S T 1.00 0,007
1,20 Tungsten Lamp Pbs b4 1,01 0,008
1,20 Carbon Arc PbS L 1.01 0,009
1.40 Tungsten Lamp PoS b4 1,00 0,011
1.40 Carbon Arc PoS 4 1,00 0,015
1.60 Carbon Arc PbsS 4 1.00 0,004
1.80 Carbon Arc S b4 1.00 0,004
2,00 Carbon Are PosS 4 1,00 0,007
2.20 Carbon Arc " PoS b 1.00 0.005

76



o 104
00
>§
a4% 102
o O
L
m o

~ 1.00

. 098 04 R 12 —13 20 24

‘ Wave Length Microns
Figure 20,  Average Experimental P=-Plane Reflectance Ratios for a Monolayer-

Covered Water Surface Relative to a Clean Water Surface when Monochromaticv

Energy is Incident at 20°

- 104f—d
o § .
@ ‘ \
oH 102 : :
348 -
85 ol 9 9
P~ 1.00 o ey S . B &
098 , — ’ S——
0.4 08 2 1.6 20 24

Wave Length, Microns

Figure 21, Average Experimental S-Plane Reflectance Ratios for a Monolayer.
Covered Water Surface Relative to a Clean Water Surface when Monochromatic

Energy is Incident at 20°

.04}

1.02

Relative
Reflectance

1.00}— o—¢———f———yr : 9

098 o — -
04 0.8 ' L2 6 2.0 , 24

Wave Length, Microns

Figure 22, Average Experimental Results for the Relative Reflectance of
a Monolayer-Covered Water Surface Relative to a Clean Water Surface
when Unpolarized Monochromatic Energy is Incident at 20°

77



78

change in the reflectance caused by the monolayer. The following five

¢

statements present possible causes for this scatter.

1).

2)

3)

)

5)

There was a serious attempt to determine a procedure that
could be used to assure the fact that the water surface
being studied was clean, However, slight contamination

of the water surface which was not expected may have caused
this scatter. ‘

Care was taken in the optical aligmpment to assure the fact
that all the energy leaving the water surface, with the
exception of that lost by mirror absorption, was directed
into the signal averaging sphere of the detector system, How=
ever, it is anticipated that a larger degree of wave action
and, consequently, dispersion in the reflected energy beam

is expected when the water surface is clean than when a
monolayer covers the surface, Thus, the possibility of
irregular dispersion may contribute to the scatter of the
data,

A careful experimental study with indicator oils was made
in order to assure the fact that one drop of monolayer
solution would result in a compressed monolayer on the
water surface, However, it is possible that the size of .
the drops varied enough to cause the scatter of the data.

It is known that the energy source varied during the data-

taking period, Though a monitoring thermopile was used and
a correction procedure was developed, it is still possible

that assumptions made in the correction procedure were not

valid,

Certainly the random noise of the detection system and
the fact that low levels of energy were directed into the
detector system could account for much of the scatter of
the data,

The second procedure for anélyzing the results has to be with its

self-cdnsistency, This can be checked by noting that for a particulaf wave

length the reflectance of unpolarized energy should be the average of the

reflectances of energy polarized in the s-plane and p~plane, Then, bj

comparing the results tabulated in Table VII with the average of the

results found for the various wave lengths in Tables VIII and IX and shown

in Figure 22, the self-consistency of the results can be evaluated, By

doing this, it is noted that the experimental results using the filters
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ﬁith unpolarized energy generally tend to result in slightly lower values
for the relative reflectaﬁcés, particularly in the short wave lengths, How-
ever, this lower value is well within the range of the scatter of the dataj
and, consequently, it is seen that the data is self-consistent.

The third procedufe for analyzing the experimental results is to com-
pare them with the results anticipated from the analytical work., It is-
noted that the presence of a monolayer caused a change in the experimental
unpolarized reflectancg of two per cent at 0.5 microns and zero'per cent at
2,0 microns, This Qorresponds with the analytical results found in Tables
IV and V for monolayers having an index of refraction between 1.3 and l;5v
énd'an absorption coefficient between 0.0001 and 0.,1000, These optical
property ranges include the values anticipated from the literature, which
were (a) the index of refraction of palmatic acid being 1.396 at 0,57
microns and (b) the absorption coefficient of cetyl alcohol being 0,007
at 3.4 microns (64) (65). Further, from the analytical study, it is
predicted that for constant film thickness and for constant property
values, the relgtive reflectance will increase with a decrease in wave
length., The experimental results did noté this increase as the short

wave lengths were approached.



CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

The basic purpose of this investigation had been twofold, First;
it was desirable to determine if the presence of a monolayer on the surface
of water changed the energy reflectance. The solution to this qﬁeétion
had been answered on the basis of two different approaches.

The primary approach was to investigate analytically and experimentally
the relative increase in the reflectance of a flat water surface when a
monolayer was applied. This approach assumed that the water was distilled,
that the surface was clean, and that no water waves were present,

The results of the analytical study showed that the relative reflec-
tance is increased by afbitrarily increasing the index of refraction of
the filrﬁ9 by increasing the coefficient of absorption of the film, and by
decreasing the ratio of the wave length to the film thickness. These
results are tabulated in Appendix C and are illustrated in Figures 1
through 6 in Chapter III.

The results of the experimental study using cetyl alcohol as a mono-
layer forming substance were presented in Chapter IV. They indicated that
the relative reflectance of a cetyl alcohol monolayer-covered water surface -
changed on the order of minus one to a positive four per cent, By con-
sidering monochromatic energy incident at 20° and in the wave-length

region of O.4 to 2.2 microns, it was shown that with a decrease of the
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wave length, there was a tendency to inecrease the relative reflectance.,
This is a favorable result, as it is noted that the solar energy incident
on a lake surface reaches its peak value around 0.5 microns,

The secondary approach to answering the question as to the change in
enargy reflectance caused by é monolayer was to consider anzlytically the
effect of the presence of water waves on the energy reflected from a water
surface., This was a reasonable investigation because it is known that the
presence of qggg}qurs on lake surfaces has a tendency to reduce the magni-
tude of the water waves. The results of this study were presented in
Chapter III. In Figure 9, the variation of the energy reflectance with
the ratio of the water-wave amplitude to water-wave length and with the
angle of incidence of the incoming energy was presented. This figure
showed thalt for near normal incident energy the presence of water waves
increases the reflectance of the water surface. Alsc, for large angles
of incidence,»the presence of water waves substantially decreases the
energy reflectance, This study further showed that for diffuse irradia-
tion, as would be the case for a very overcast day, the presence of water
waves substantially decreases the energy reflectance, These resultis
were presented in Table VI.

The other purpose of this investigation was to develop a new approach
to the study of evaporation suppression. Since the energy which drives
the evaporation process comes from absorption of the solar and sky radis-
tion, iﬁ is felt that the reflectance of various film coverings for lake
éurfaces is an important, though previcusly neglected, study. With the
variable of energy reflectance being presented for consideration in evapora-

tion suppression studies, it is conceivable that new film~forming substances
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may be developed, which will have favorable reflection properties and which

ey

may be of such significance as to becomes the dominant factor in the evalua-
tion of an evaporation suppressing substance.
Therefore, it is recommended that future studies be made in order to
evaluate the relative reflectance properties of other film-forming substances.
Purther, it is recommended that the possibility of developing new filme

forming substances be considered so that substances with favorable optical

properties may be found.
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APPENDIX A

INTENSITY AND REFLECTANCE REIATIONS FOR POLARIZED

AND UNPOLARIZED ENERGY

The total intensity of a ray is the sum of the intensities of the
component waves, whose directions may be specified along the x and ¥ axes
or some rotation of them, in a rectangular coordinate system having the
z axis in the direction of propagation of the ray. This will be shown
by the following development,

From electromagnetic theory considerations of the Poynting vector,
the energy transferred by an electromagnetic wave is proportional to the
square of the electric vector. Since this electric vector varies with
time, it is obvious that the power is proportional to the time average
of the square of the electric vector. It the electric vector at a point
in space is denoted as & and if its components are denoted as é;n and
233 in the above mentioned coordinate system, at any time it may be said

that:

During some time period, [, , the power transferred is:

T

(o]

89
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It has been said that the most general form of polarized light is
that of elliptically polarized light (61).

To demonstrate this, the
equation of an ellipse will be derived from the basic combination of

electric vectors in the two planes of polarization.

If a phase difference,

€ , is noted between the two components of
the electric vector and if a is the maximum amplitude of the vector in

the x direction and b is the maximum amplitude of the vector in the y
direction, it may be said that:

gx = o cos wt

€

§ " b aos (wt+e)
5{3 = b ( Cos LJ{: cos € -~ S‘\v\ w‘t SIN é)
or
;8;_)(; = Qos u)‘t (A-1)
oC
EX = Cos UJt wse - Sl‘y\'w‘& sg.ne (A-Z)
b

By squaring equation (A-2), one gets:

(%) -7 5 ces wt aos € + costwi cosle
b

=

AR S t
sim wt sin'e
Upon substitution of equation (A-1), it is shown that:
2 Y ry
(_5_3‘)1_2 é{‘ 53 cos € 4 (§_<) cos € = Sin w'L sin €
C < © a

- (1))
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By collection of terms, the general equation for an ellipse is seen:

(%)?‘ + (%)L_ 2 §< % CosE - Smte = O . (A-3)
. o

The task now is to show that intensity or power is a constant with

respect to the transformation of the elliptic equation into new coordinates.

From equation (A-3), it is seen that when e—=’% s the ellipse's major and
minor axes line up with the coordinate axes.

This could be expressed as:

Ex = & sin w't

(A-L)
6'6 = b cos wa- .

The symbol, 2 s denotes definition, If &Y is defined as:

(E@) & a* + bY

and if @ is defined such that:

ot E® cos b and b & E9 sin .
it is seen that:

Ex = g C‘os/ﬂ- sin wt

Eﬁ = E(O) s[r\(_% cos wt )

For transformation to another coordinate axis, for example, the

G L



92

axes, through angle " defined as the angle bstween the major axes and

the axis of the ellipse, one gets:

€. = ExonX + Ey wsH

This is illustrated in Figure 23,

4

NY/E¥A
2

Y

Figure 23, Elliptically Polarized Light

(A-6)

By making the substitution of equations (A-5) into equations (A-6),

it is seen that:

&, = 5@){@5(& s YK s wt - s‘w\{s sinY eos w‘q

Ep = E@[cm{@ smX sw Wt + s'm[& wsY aos wi ] .

(A=7)
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Now the following definitions are made:

=

E;) A co>[c,os€, c'_fo$7L -+ sw\(é S\ )(]

il'd 4

\ \ Iz,
esﬁ E@)[ e.os\'@ smmy(, + smi(e COSIW(’}

[ e

-&O»Y\ éﬂ-

'EQY\ % {m )‘
A
tan € T - txwé CO{ 7‘ '
These definitions may be substituted into equations (A-7) to yield:

£ = [Cos(?; Cos X S\mw{‘- - sm{& Sm% oS w'éj
£ [Co$ tos' ol + 5mlg s x]

& = (0) [6056 sw\)(. gmwf + s\n{l Qos')(_ Qosw't_]
' \’ [Cosﬁ,cosﬂ +  sin ﬁ < 2{] Vo

L

By considering the equation for él , 1t is seen that:

5- ?@) sinwt _ oy wst 1
LT "2 [Q | + ‘tcw\"'ﬁ‘ta,x’)(. \il-t- Qot’-{s qo't'L)L
(°) [ __sin wT ot _ cos Wt ]
J [+tan™ € { | + asf® €y
é.(OJ [ S\V\, wt cog wt
£ Tsec ¢ - tasc gy ]
) '
E/_ [ sin w{ dos él - Cos wt oan eLl
Z =

©> ’ .
2 E’L Sire (wf - G}) ’ (A-8)



By considering the equation for & ., it is seen that:

¢ = g@{ s wk . cos Wt }
v v N4 'txm‘"% cot” 74- N+ tantp st ™

]

g“’)[\‘ sin wt r cos Wt ]

v I + o er NI+ cott er

&\/L.O){ sin b.)'& + cos w‘E’ ]

Tsec g, tAase ey

) . '
« S w‘l: LOS &y = COS vJ‘E sin é
v Y

{1

(o)

E,\,. = 8\( é\\'\ (\u‘l: - E.‘r), (A-9)

It should be noted that in the expressions found two lines above
equations (A-8) and (A-9), it was possible to select either a (+) or a
(). Thé particular combinations used were selected so that equations
(A-8) and (A-9) would have the same form.

Equations (A-8) and (A-9) when squared and then integrated with
respect to time yield:

‘ -

O'L &D)z.
- L[ e - L)

I

v N o
- R(ete - )

Q

w L= 2 S (7% €27 dt = 41eo™s 27

r £
°

o4
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Now by referring back to equation (A-7), it is seen that:

E@l_ E@Z[sz +* C P
L = F, ews X +  sin ﬁ 8in '}i]

- z : .
Ec = &% [coslg sn L+ sm‘i/ﬁ COSN’X]

tn
}

s 2 ( Co s?‘/& + s;vxlp(s\mlx + CosLX)

A
©)
z .

N

Thus, is is seen that:
L= 3(e2) = 1
Z = L ¥ Ll

and, therefore, regardless of the angle, 7(, between the x axis and the

r axis:

L = I, « 1.

. (A-10)

The development of expressions relating the polarized reflectances to
the total reflectance for polarized incident energy now follows.
By an analysis of the meaning of the polarized reflectances, it is

obvious that:

Ezs, = ‘iis;_ and ﬁzf’ = ‘;I;?;')
s p '
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where the (~) superscript characterizes the reflected energy and the (+)
superscript characterizes the incident energy. BEquation (A-10) showed

that the energy in the two planes of polarization is additive, and there-

fore it follows that the total incident energy is:
+ + +
I =I +
.t L

and the total reflected energy is:

e

I = I,+1,.

The total reflectance is defined as the ratio of the total reflected

energy to the total incident energy, or:
Is + IP
YTt

yﬁzsf[;f+-§zp:[;
I:+1+

R

i

I

P
T +
- Rs[l‘.* : *] N RP +IP . (A-11)
5+~IP IS + I;

Thus, in order to determine the total reflectance of a surface, it
is necessary to know the relationship between the magnitudes of the s-plane
and the p-plane components of the incident energy.

Certainly, if the energy incident on a surface is originally
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unpolarized, I_Swill equal IP, ands

Q: %(Qs +RF>Q (A-12)

If the incident energy is such that the direction of polarization
giving the maximum intensity falls along the s-plane, the degree of

polarization, P, is defined as:

P:: s - L; (A-13)
ID« 17

and it may be shown by algebraic manipulations that:

R= R (4£5) + R (152 -

(4 2. (A-14)



APPENDIX B
THE DEVELOPMENT OF REFLECTANCE EQUATIONS

The basic development of the amplitude and energy reflectance |,
equations is well known for single absorbing surfaces at all angles of
incidence and for absorbing surfaces covered by thin absorbing films at
normal incidence (58) (60). This appendix presents a systematic develop-
ment of such equations and extends this work to include functional equations
for absorbing surfaces covered by thin absorbing films at all angles of

ineidence,
Amplitude Reflectances for Single Interfaces

A representation of the electric vector behavior upon reflection at
an air-film interface and at a film-water interface is shown in Figure 24,
The subscripts 0, 1, and 2 characterize quantities in the air, film, and
water, respectively. The supserscripts, +, and -, characterize vectors
traveling through the media and vectors being reflected from the inter-
faces, respectively.

Air is considered to be a transparent media with an index of refraction,
n

oc The film and water are considered to be absorbing media; and, therefore,

their indices of refraction are denoted as:

7]-‘ = ‘ﬂ.(\— ,(',k‘) (B-l)

98



Figure 24,

Reflection from Single Interfaces
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o= N, (1 -ik,) (-2)

Snell's law at the two interfaces msy be written as:

ol

‘Y\O 31“ Ct)o = \ S'\n &|

N, sin & = w,_sn ¢,

The boundary conditions for reflection are such that the tangential
components of both the electric and the accompanying magnetic vectors must
be continuous at the interface. By defining the x ~« y surface coordinates
-to be oriented with the x-axis in the incident plane and by assuming a

sinusoidal solution to Maxwell's equations, the vectors in air at the air-

film interface are:

,on = <ng’ - E:P> Lo ¢°

ox ‘(\o( E;$ - EISB Cos ¢a
mo(ej‘, X BZp),

EO% = E; + E;s
W
v HO{‘J

and in the film:

. —
E\x = E\P cos &,
E\J = E\.\‘g

— -
F'\\x = -0 E\s cos ¢'
H\Z = 0, ET'? .
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Equating the similar vectors for the air and the film yields:

( op = °P> cos ¢ =

P d
Eo. +Ex = Ej
M (Eov ~Eo) cos ¢ = N By cos
Mo (Eop + Eop) = W, E“\'P ,

Similarly, the equations for the film-water interface may be shown

to be:
(E,); IP) cos & = E;P cos?ﬁ_
E; + B o= E‘.;
N (k:\s - E;) Cos 5 = N E-_; oS $,__
M (eh+ ;) = M Es

-~
[ 4

By proper definition of the amplitude reflectances and by algebraic
manipulations, it may be shown that

= n

if £

P

-
]
>

s &, - n, cos P, 5.
cos b + 1, 05k )

-+t
>
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— E N &
v & Eo No oS b, =T, dos &, (B-1)
Eee N, cosdy +1, cos ¢
Ge = B . M2 cosd - T _cov (B-5)
T. 2 Es  _ M cos & - T, cos G (B-6)
Ei: '\7\\ Cos Zﬁ' + -ﬁL cos -q—D:_

These relations may be expressed as the sum of a real and an imaginary

component, by considering equation (B-1):

fﬁ‘, Qn E&

No sin &,

which after squaring and making a trigonometric substitution may be shown
to be:

-T\\z (\ - cos’ a;‘) = Ny Sml D,
—_—

— —_ L f
. costd = N, - N, sin"d,.

By taking the square root and arbitrarily defining the resulting

complex number, one gets:
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- - — 7 T T
ﬂ‘ Q,OS ¢| — V r\| - Ino B\r\ ¢o
' (B-7)
:A: O\ - bAﬂ *
A similar development from equation (B-2) would yield:
— — — R (R
Y]v_ o3 q)-a. :\l n. - Ne sin ¢°
. (B-8)

Explicit expressions for a, a;, b, and b; will now be determined.

Squaring equation (B-7) yields:

—

_ —

M, cos' & =N, — N sn P,
(=bi) = n (1) N sin'd,
(a B)-Zabi = 0, (1-KkZ - 24k) = ne® sin’ b

= ‘ﬂ,l(h \<\l) - Ne” S\'n1¢° - 'Zl‘,n.zk\ .

Collecting the real and imaginary parts results in:

- = 1 (-7 =N sin'd,
ab

i

nc ke, (2-9)

o Lo Nk
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Substitution for b2 results in:

. 4\ 2
Cl? . {\\ 3<ﬂ — Y\?ﬂ < A

2. o
Q\ )hY\DSH’\ dbo)

or

4 2 - ,
o= o [nf(-k") - nd st ] - itk - o

J

éo that
Q" = ﬂn}u-kf) -nZsntd ]t VA (10

where A -,'; X_\’\\-I—( \—k\z) - n; S\ﬂq ¢°]Z+ 4- h|4 k\l. .

Substitution into equation (B-9) results in:

b= ol = [n -k - n& st 4]

(B-11)

= “'—12- [\’\? (1-x}) - Ns smzdﬂ +—HK *

It is to be noted that the existence of the (+) in front of the radical

2

is due to the requirement that the a® and the b® be greater than zero for

the normal incidence case.

A similar development can be undertaken for a, and b,, yielding:
7 _ | 2 2z T \
Q, —EY_Y'\,_(\-K_)- o 8in QSD:[ B (B-12)

b~ =-—‘—2[n§_‘(\— ki) -ng %‘\V\?’Cbo] + 2 \® (B-13)
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where:

B & [ni(-xd) - nS swd] s 4nfke .

It is now possible to make substitutions and algebraic manipulations

of the equations for r,g, rags Tips and T2pe From equation (B-4), one

determines: _
v Ne €03 &, = Y Cosd,
'S No €05 ¢, + N, cOsd,
= No®sde-a+bi  (NoCOS ¢, +a) + i
no QO$¢O+beL (ﬁo@@ﬂd’o‘*‘os) + LO/L
- (ﬂOLCOSzch —(i—-g> -+ /'L (ane Cos d)@)
)
(Ne cos §o+0)* + bZ
or ,’\(‘\SL = 81% + /;‘hls (B-14)
where: N
dis = n s o ~a-—b*
'3 (No cos ¢°+Q)?‘—\—\oz
h _ 2bme aos ¢,
s

- (Ylocos d. +Q)z L b* .



Similarly from equation (B-6), the result is:

——

V= N, cog ¢, - N cosd,
s

N, tosd + N cos P,

i

Q—'b;\n "Q\ +EI,{.

a—"b&. ‘\‘Q\—b\/,b

o @ma) - a (bbb | (ara) +ilbrb)

(@+a) - % (brb)  (awa) +xlbth)

H
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(a=ad(ara) + lbb)(brb) +L[L‘0+‘>_)(Q‘Q\)-@+Q»)(b~b)§

(@ +a,) h <\o + E,)Z

9as + 4 L\zs

or Y\2$
where
Jos
hag

- f(a-ad(a+a) +{b-b)(btb)

(Aa1+a) " 4lb+b)™

_ @=a)(b+b) —@+a)(b-b)

@ro)® +(oth)®

2 (ab, -~ a.b) '
(@+a)” -\'QB.*'\?)L

\
\
4
\

(B-15)

/
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From equation (B-3), it may be shown that:

= W ocosd. - Mo (LOS?S, .
| \(W =

N, cos by * e cos &, n

U

,_ﬁ' COSd%, - Y\nﬁ\ oS a;.

6"

N _ —
0, QOSCbo * N N, }Q03 ¢’.

{

‘n‘(“*’knz QOSCIDO - Yo (Q'—- \9'%>
(=K cos @, + Ne (@-hi)

|

ﬂ?(\'k}) CoS d>a — o O- - A (Z Y\?‘\&‘ Q05<bo = Y\eh)
Y\f(hkf’) dos c}o Vol — A (2w, cosd, +Y\ob)

_ (c-d i) | (e+8)
(e*QQ (e~%4)

ce £ 84 + i(af_ed)
e + {7

P Fe T "“\'\\P

(B-16)
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where:

C= T\.z(\'-“k‘z) COS&O - N\l
d= 20 es b, - Nb

e= N"0-k) dos & + N
.\9 = Z(\?k\ aos (¥° -+ ﬂob

_ ce + &4
S‘P“ g'?.. + $1_

b = ¢ -ed |

et L
Similar developments from equation (B-5) yield:

¥ = T, cosa-ﬁ\cos$i Co N
2p N wosd +M, aos ¢, N
—2 - N, _ -
- Yo (o8 é,'ﬁ—: — N N= Q-O$¢1_
—_ — - -
N cos@ %—‘-— + NN o8 @,
1
—2 . _ _ _
) o5t - Tecesd
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Z

In order to determine an expression for (ZE‘) s the following analysis is
i

undertaken,
(;@,)2 - ni(-iky)
N N (-2 K)™-
= (ﬂi\ﬂ:(\—k:)‘izlﬁL
n) (o kD) -k
- Vh.)", (=) =2k, ‘ G-k +.ozk,
NE N TR A 2K,
= (Y\z)z(i—kf)lz—kt) + dkka + 220 G-KE) = k-6
™ (-3 + 4?2
(469 = (k)" & 4k

and by designating:

s = (\D&\Z 1-)0- k) 4hke
Y\\/ (\+ k\L>Z .

- iz ) k. (l"\ﬂ?«)'kz("klz)
k Zk“‘) (k)T

it may be shown that: ( . )
kN
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Substitution back into the ‘Q\) expression shows that: .

> _ (s (asib) =@ +bi i)
2 (swt)(a-ik) + (@59

_ sa-tb -aq, + (Yo, —ak -sb)
s -th +a, -4 (b, +at+sb)

= (so.-th-q)*4(l, —ok - Sb) . (sa_*ﬂa‘l’a;) + ,L(b,+c\{+5b)
(s0-th ta)-ilpsatesk)  (sa-th+a) +i(b+ot +3b)

(sa-tb —a)(sa-~th+a)) - (b, —at-d)(b +at + sb)
(sa-tb +a)%+ (b, +at+sk)*

(soL 4L-a) (b, ratrsb)+ (SO..—-Jck +Q)(b at-sh)
(sa—th +o)* + (b +at+sb)>

or

© ——

YZP = ﬁ&f’ + o HZP ) (B-17)

where:

q Lso.—‘(:\o a)(m—ﬂﬁa) (b- O&‘QE)("-’ sok+<ly)
2p (5‘1- -th 1o )+ (L, +at + sb)*

(s tlo-a) (o, + k4 sb) + (sa-tbo+a o, - ck-sb)
(30.—'(:&>+0u)L + (b+at+sb)” .,

hep =
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Thus, simplified expressions have been developed for the complex

amplitude reflectances for polarized energy at two different interfaces,
Amplitude Reflectances for an Air-Film-Water System

The expressions developed thus far have been for two independent
interfaces. However, in the physical situation of an absorbing film
covering a water surface, the reflectances are interdependent, Thus,
the previously developed expressions will be considered as simply a col- 3
lection of terms. From the dependent boundary conditions, the expressions
for the actual reflectances will be developed.

Figure 25 shows the air-film-water system and the-electric vectors
in the s- and p-planes of polarization,

The boundary conditions for this air-film-water system are as follows:

for the air-film interface, with the subscript, I:

R Bop; Sope) Cosde = (el - Eipe) cos $l,
(&% + Bhr)ne = (Eg+ Epe) N,
Ee, +E&, = B+ By

(B2, - Ba ) Ve tosd, = (BI_-E5L )W, coo &,

and for the film-water interface, with the subscript II:

N o —_
( EzIsII ~ Es ) N, QCﬁ>4> = z;n: Y\z. cos 35.
(& - Een) aos d, = EQPI cos ¢,
CEfp + B) A = Eufp Mo

-+ -
- +
. ELS-E_ + E‘\sn h EZ&E R
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Figure 25, Reflection from an Aif-FilmFWhter System
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In order to combine the above boundary conditions, Forsterling (60)

presented the following relationships between the corresponding amplitudes:

| X
Y * , L 2T, Cos qS> L
pr = Eipp SXP ( | ‘?1: e
- - «.211'7\ coba' - —£%
v ! 2
E‘Fn‘: E"?ﬂ' <rp < »/ ) \Pg ©
X
+ * 7z
E\SI E\SE @
-
- _- 5
5 BEsgy €

where the complex phase difference,:(_, is defined to be:

A A-'W_ﬁ|d COS'CE,
* = A

This allows the two sets of boundary conditions to be combined to give:

N A‘& R 2
(EoP op. )OS G (et o, - E 'Pn@T) ws ¢,
_ - LR, X
(Bqe+Bo)ne = (Ep e ? +E, e* )W
-+ - . N _ -Lx
Tes.  t+ EosI = Eip € E\sn e 2
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Since ?7-_? and (25 have already been defined by equations (A-5) and

(A~6), the boundary conditions may be written as:

“AX

- iz & )
<E:;I -»EOPI)Qos ¢° = (ez - Y € z >E;;§os¢‘ (B-18)
o+ - .4 AX
| (Eoﬁ._ + EDF:) n, = (€z + E\, e ? ) E:PI?\-‘ (B-19)
o ax
EOZ: + E“’—si = (e 4+ Ve ? ) E'\sn_ (B-20)
| (EQSI _Eosrj N, s = (ez -G, e’ )E‘,IK\ cos ¢ . (B-21)

For notation purposes, the factor, ();. s 1s defined:

o oF

Division of equation (B-18) by equation (B-19) and similarly equation

(B-20) by equation (B-21), the following is determined:

(E°;;: —ED;LBCOS ¢° - ({L_), - ?7.? ﬁ) ¢os g.

=~ * = — B2y /
(E.oPr+ Eope ) Yo (—fg * Yo F) N,
and
- - | -
bosx +Eog: - B'\' ZS/5 o WOCPS QLQ . (_B_) .
E;;‘I —osI #“ Es f) ﬁ‘ Cos% C;—b, /3
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By mathematical manipulation, it is shown that:

ZNo Q,Obd),, = Yo cosd, +W.Qos—d—>:+ nocoscb,——T\.COSE,
27, 60s @ No s Gy + 1, 0$F — Ny tosg, + W, Cosd

|+ Vs
\-'?\s

Upon substituting back, it may be seen that:

oy + E.. = (""ﬁsﬁl)(‘"‘ﬁ) (/'* e
T T (- Vie {5") (-¥s) Eosr E°‘I> )

or

Eor  _ 0+prdlir6s) —(-p' G ) 0-Ts )
Bl (p ) (v 6s) + (V= Tas)(1-Yes)

By defining I , it is obvious that:

Vs

EO;:

+
E oy

_ 14BN - Q-pRIG-Fs)
CHﬁL ??-S)(H‘ _Y_\s) + (\“/51(—{5) (\‘\F\-s>

I >

which after simplification yields:
— = | X
S ] + F Iy -/'DL
s 2y @




& similsr develommernt in the peplane resulis in:

] N H
r— e meam haad /(-o?i- g
—— : B it £
v o (p + Tap < ,
i
§

v L+ T fap et

cos &,

~ A 4ndT,
- A

]
[

X = éi:;i;é (0&"@-) )

and

LE = i@(ai—&b)

4Tdb | 4mad

b A

If o and % are defined as:

it foliows thaty

fet
Lk
[N

(B-23)
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It is noted that equations (B-22) and (B-23) are the same except for
the subscripts, s and p; these subscripts are dropped and a typical

expression for the complex reflectance in either plane is:

¢

F o+ e "

v r ¥ __ (B-24)
| +Y, 7, e*%
Y = (%\"‘/“-h')‘\' (%'z_*‘ /'L\”L\)ézozws 2% -4 sin Z,?f)
= » (B~25)

|+ (3\—\— /L"“)(‘QZ'*' Ahy) ézc\Ccos 2Y - 4 sin 2§)

where the s and p subscripts for the E}and h expressions have been dropped.
Definition of {J to be the numerator and T to be the denominator cf equation
(B-25), Y is then defined to be:

Fal
This expression, then; gives the amplitude reflectance for an electro-

magnetic wave in either the s- or p-plane when reflected from a thin

film-covered surface,
Energy Reflectances for the Air-Film-Water System .

From considerations of the Poynting vector in electromagnetic theory,
it is well known that the wvalue for energy reflectance must be a real value

and that it is found by multiplying the complex “amplitude reflectance"
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by its complex conjugate, Thus, if we define:

R=v¥",

it follows that:
VY
U U

K = 7 = UU¥ (B-26)
T 1 TT"

The problem of evaluating U, U*, T, and T* will now be considered.

By grouping terms in equation (B-25), it is seen that:

- _

U = QT € D(%Zcos'ZZH hzsm25)+ L(_h.w\ew(hz 005 zt&qzsmm)}
,U* T 5204(32 €05 20 + h, sin zls) "‘“\-_hﬁ@_zu(hzws?.?f’ glsmﬁ)]
uut

-2%,

= gr+h + 2e (3.32 s 28 * §he g2y + hihy cos 24
—h, 92 s Z‘é> 4= e_,q.q< %L,., cosz?_z( ~+ hzz smz 2%
+ohocost2y o 9 S 7_28)

- A

v%'\zu,f + 2.€ R%QZJfH%L) ass 2

+ ( %\kl— 31‘“!) Sin 2_25] + e-M(%z?_ + hi)

= (a:'+\,]‘2+ ézq( B ocos 2%+ BsinZX)-\- 2“(35+k£) )
where: A L

—

Z<8\%Z+ h‘“z) and Bg Z(‘Z\\(‘z_ hl%’z_) ;



Likewiss it may be shown that:

v

e @ (g e mhing) s 28+ (bt hiae)sim 2¢ ]
-23

- ke [(gge b2 (qhot gu)ces 2] -

If C and D are defined as:

A

¢ 2(%\32_«-\(1.\12)
D & 7 (“3\»‘1 T \““&23 )

it may be shown that:

~ 2R

. L .
T=1+e {%cmu«-%gmleme {%0_09&75-—%&“%]

<2

T -2 ¢ D ; ' D A a2k
e v & [”i s 28 + _2_3;“ 25}_ e [.—2 dos 23 = Sin g)
or:

— 20 : ~ 4o ~ LD
"TT* = |+ & [Q‘QOSQ»X + D s 22{] + e [C:}caszh%sm 2%

+ v cos®2f g‘sm"zﬁ}
p)

-2 > { -4 2 "
= 1+ e (Cas2¥+ Dsin2y Tze (04,
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However, it may be noted that:

CraDT L 4lgrar. L a gtk | 1
T = _4:{%‘ j?_ 23{3‘&\\3\!11. “+ ‘4; Ll;_ j, l"m‘* 25@1_\'\\,'\1"’ L‘.L\z;}
= (%xl*-‘l’\\l)( ‘3:‘*\“1)9
éo that:
" -29 , A% 2 1y 1
TTN = |+ e (Ccaszd—v D%\Y\Z6)+e <3\+\m)<§17_+h) .

Now upon substituting back into equation (B-26), it is seen that

R- UU* _ (%\7‘-\—\/\‘1) + @‘4“<37;‘+\'\:) N éz"\(A Lo 20 + P:‘Slﬂ ZE)
7T |+ e«Z"((Q s 2¥ + Dsin 2¢) 4+ &% (af+h\z)<3:* W;_)

-2
(%f",. h) e2d+(%:+!q:)_€ + ANaos2¥ 4 Ban 2

B 2R -l g m . LY o (B-27)
e re (grrhi X qivhe) + Ceos28F D g2

where the values of the different symbols have been defined in the previous

pages of this appendix, It should be mentioned, in summary, that Ry and Rp

are found by giving each symbol in equation (B-27) the subscript s and p,

respectively.



APPENDIX C
COMPUTER FROGRAMS FOR THIN-FILM REFLECTANCES AND RESULTS
Reflectance Program and Results

4 computer program for the calculation of the s-plane, the p-plane,
and the unpolarized-energy reflectances is found on the next two pages,
Following it is a series of tables which present the results of the com-
puter study; Tables X, XI, and XII give the calculated values for various
reﬁ}ectances at 0.5 microns; and Tables XIII, XIV, and XV give the similar
reflectances at 2.0 microns.,

The column headings are as follows:

PHI The angle of the incident energy

RS The s-plane reflectance

RP The p-plane reflectance

R The reflectance for wunpolarized-incident energy

N1 The index of refraction of the film

Kl The coefficient of absorption of the fiim

N2 The index of refraction of the water

K2 The coefficient of absorption of the water

W/D The ratic of the wave length to the film thickness,

One should further note that from the results at 0.5 microns the W/D values
of 210, 21, and 2 correspond, respectively, to film thicknesses of 1, 10,

and 100 molecules, where the molecular length is considered to be 24 X,

121



[
Do
o

Similarly, for the 2.0 micron results, W/D valuss of 835, 83, and 8 refer,

respectively, to film thicknesses of 1, 10, and 100 molecules.,

& Computer Program for the Caleulation of the Energy Reflectances

160

For Thin Film-Covered Water Surfacss

PUNCH 105

PUNCH 104

CONTINUE

READ 200y RN1+EL1sRN2sE2+115IMslDsDsWsZ
DO 8C I=11+sIMsID

TL = I-1

T=({T1#3:1416)/180.0
Cl=(RN1##2)%#(140-E1%%2)~(SIN(T))¥¥%2
D1=4o0% ( (RN1)#¥#4 )% (EL1%%2)
C2=(RN2%¥%2) % (1o 0-E2%¥*2)~(SIN(T))*¥2
D2=4 0% { (RN2 )1 #¥4 )% (E2%%2)

AA = ABSI(CI+SQRU(CL*¥%#2)+D11)/2+0)
BB = ABS((-C1+SQR4(C1**2)+D1))/2 0)
A = SQR(AA)

B = SQR(BB)

AAl ABS{(C2+SQR((C2%%2)14D2))/240)
BB1 ABS{(~C2+SQR((C2¥%2)+D2))/2.0)
Al = SQR({AAL}

Bl = SQR(BB1)
GSA=(COS(T) ) ¥#2-AR#Q~B¥#D
GSB={COSIT)+A) ¥#2+B¥ %2

GS1=GSA/GSB

HS1={2,0%B*CO5(T}31/{GSB)

GSC={ A=Al )* (A+AL)~{B1-B)¥(B1+B)
GSD=(A+AL ) *%2+{3+B1) ##2

652=GSC/Gs5D

HS23 (24 0% (A¥B1~A1%¥B1)/(GSD)
AL=((2e0%#361416)%B%D)/W
GA=((2e0%34 1416 )%A#D ) /W
XS={(GS1%##2+HS 1¥#2)

YS=(GS2#%*2+HS2#%2)

AS2=240¥% (GS1¥GS2+HS1*HS2)
BS2=240%*(GS1¥HS2-GS2%HS1)

CS2=2e 0% (GS1¥GS2-HS1%#HS2)

DS2=2e 0% [GSLI#HS2+GS2#HS1)
RSAL=(XS)H*(EXP (26 O%AL ) )+ (YSIH{EXP(=2e0%AL))
RSA2=AS2%COS{2+0%GA)+BS2*SIN(24 0#GA)
RSA=RSA1+RSA2 ,

RSBI=EXP (2 O¥ALI+{XSI¥{YSIH{EXP(-20%AL) )
RsB2=CS52#COS( 2 O*GA)+DSZ*SIN(290*GA) '
RsB=RSB1+RSB2

Rs1=RSA/RsB

won
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104
i05

200
201

b
1Ay
Al

GPAl={RN1¥%4 1 #({COS{T i) ##2 ¥ { 1,0~ {EL1%¥H2} ) ¥ &2 (ART2+BR®2)
GPRl=({RN1%¥#2%COS(TI*(1eQ-ELXHZ)+A)¥¥2
GPB2={2s0%COSITI¥EL* (RNL*¥¥2 4B )#¥2
GPL1=Z%{GPAL+(DLI*{COS(T)1*¥2}/{GPB1+GPB2)
HPAL=(RN1##2)#({COS{T} ¥ (le0-{EL1)¥¥*2})%8
HPAZ=({2 0 )*{E1)*(RNL1*##2)# (A)® (COS(T}}
HP1={{2.0)%(Z)*{HPAL1-HPA2)) /{GPBL1+GPB2}

SA= (RN2##2) ¥ ( {120~ (E2%%2) )% {10~ (E1%¥%#2) ) +4,0%E1¥E2)
SB={RN1I¥¥2 1% (1 e0+{EL*x2) )wx2

$=SA/58B

UA={2e O} F (RN2¥#2) ¥ (E2~E1)=(1.0+(EL1)={E2})
U=UA/SB

GPA3=(A¥S~BRU ) ¥H2~(Al) *¥%2

GPA4= (A#+B*S) % 2—(B1) #3%2
GPB3=(A*S~-B¥U+Al)¥%2

GPB4=(Bl+ARJ+B*S) *¥#2
GP2={Z¥{GPA3+GPAL) )/ {GPB3+GPB4)

HPA3= (A%5~-B*~Al ) *(B1l+A*y+B*S)
HPA4={A¥S—-BrU+ALl) ¥ (A%U+B*S5-B1)

HPB3= [A#S—~B#U+AL )} #%2

HPB4=(Bl+A®U+B®*5)*#2
HP2=2#{HPA3~HPA4}/{HPB3+HPB4)
XP={GP1##2+HP 1#%2}

YP=(GP2#%2+HP2%%2)

AP2=2: 0% (GP1#GP2+HP1#HP2)

BP2=240% (GP1¥HP2-GP2¥HP1)
CP2=2,0%(GP1#GP2-HP1*HP2)

DP2=2s0% (GP1#HP2+GP2%HP1)
RPAL=(XPI®{EXP(2¢URAL) )+ (YP)*(EXP(-2.0%AL))
RPAZ2=AP2%#COS(2+0%¥GAI+BP2%SIN(2. 0%¥GA)
RPA=RPAL1+RPA2
RPBL=ExP{2e Q%ALY+ ¥P}®* (vP YR (ExP (-2 0*ALY))
RPB2=CP2%C0S(2.U%GA) + DP2HSIN(2.,0%GA)
RPB=RPB1+RPB2

RP1=RPA/RPB

R=(RS1+RP1)Y/(2:0)}

PUNCH 201s TI, R‘51-> RP1ls Rs RN1ls Els RN2s E2y W
CONTINUE

GO 70O 100

FORMAT(1H

FORMAT(7H PHI»s6H RSs6X2HRP s 6XIHR 9 6X2HN1 9y 6X2HK1 »6X2HN2 s
16X2HK 23 5X3HW/D)
FORMAT(4F1045431351X3s3F10.5)
FORMAT{16s3FBetsF7a39sF965sFT763:F9:5:161)

END



PHI

20
40

80

20
40
60
80

20
40
&0
80

20
40

B8O

20
40
60
80

RS

« G207
s 0248
s0&37
«1162
«4588
s 0207
20248
e 0437
21162
+4588
0208
20250
20439
«1165
e 4592
«0217
+0261
40455
01192
04629
«0324
+0380
«0621
e 1465
«4977

« 0207
e 0249
«0438
«1163
«4589
«0207
«0249
20438
«1163
«4589
«0208
20250
e 0440
+1166
4594
20220
00263
20458
01198
e 4636

- «0344

«0402
«0650
21512
«5033

THE REFLECTANCE

RP

s 0207
20169
2+ 0060
« 0043
22390
0207
«0169
+ 0060
«0043
«2390
20208
«0170
«+0060
20043
2390
.0218
s 0177
«0063
+0042
#2396
0324
«0271
«0117
«0026
02282

« 0207
20169
«0060
«0043
#2390
20207
<0169
2+ 0060
s 0043
e2390
«0208
«0170
«0060
«0043
42390
«0220
«0179
+ 0064
s 0041
22389
« 0344
«0289
«0129
«0022
22245

OF A MONOLAYER~COVERED

TABLE X

AT 0,5 MICRONS

« 0207
«0209
«0248
« 0602
#3489
« 0207
«0209
«0248
« 0602
«3489
»0208
«0210
s+ 0249
« 0604
« 3491
.0218
«0219
« 0259
00617
+3512
« 0324
« 0325
«0369
e 0746
«3630

« 0207
«0209
«0249
s 503
e3489
e 0207
50209
U249
« 0603
« 3489
20208
0210
«0250
« 0604
+3492
0220
«0221
«0261
2 U619
«3513
« 0344
« 0345
«0389

-« Q767

3639

Kl

s G0O000
+ 00000
2 000600
s Q0000
« 00000
206010
« 00010
« 00010
« 00010
« 00010
«01000
« 01000
« 01000
«01000
«01000
210000
+ 10000
« 10000
« 10000
s 10000
1.,00000
1.00000
14006000
1. QULGO

1.00000

«0000C
+ 00000
200000
« V0000
« 00000
+ 00010
«00U10
« 00010
«00010
200010
« 01000
«+ 01000
s01000
« 01000
«01000
» 10000
+» 10000
10000
2100060
« 10000
1.00000
1.,00000
1,000060
1.00000
100000

WATER SURFACE

NZ

1a3326
1,336
16336
14336
14336
le336
1336
1326
14336
1.336
1e336
12336
1.336
1.336
1336
1336
16336
14336
1336
le336
le336
le336
le336
le336
le336

le336
12336
1s336
1.336
l.336
le336
le336
l.336
le336
l.336
1e336
le336
1le336
le336
1.336
16336
14336
14336
1.336
1.336
1,336
14336
1.336
1336
12336

K2

« 00000
-« 00000
« 00000
« 00000
« 000600
200000
+ 00000
sC0000
+00000
«00000
«06000
+00000
+00000
«00000
«00000
«00000
+00000
+00000
« 00000
« 00000
«00000
« 00000
200000
«00000
»00000

« 00000
«00000
. 00000
+ 00000
«00000
+00000
« 00000
«00000
«00000
« 00000
« 00000
+ 00000
. 00000
« 00000
200000
200000
« 00000
.00000
200000
00000
« 00000
00000
00000
400000
+ 00000

Wio

210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210

210

210
210
210
210
210
210
210
210

210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
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PHI

20
40
450

20
40
60
80

20
40

80

40
60
80

20
40
60
80

RS

20208
20250
« 0439
01164
<4591
00208
20250
s 0439
ellé4
s4591

" «0209

«0251
20441
¢1168
e4596
«0222
s 0266
00462
01204
e 4645
«0365
0425
20682
+1562
5093

RP

0208
«0170
« 0080
«0043
02390
«0208
00170
«0060
«0043
22350
2« 0209
20171
+ 0061
00042
«2389
«0222
20182
« 0066
+s0040
2383
«0365
+0308
e0141
a0018
«2208

TABLE X (CONTINUED)

« 0208
«0210
e 0249
« 0604
3490
«»0208
«0210
+0249
« 0604
«3490
« 0209
«0211
« 0251
20605
¢3493
«0222
«0224
« 0264
20622
«3514
« 0365
« 0367
001912
«0790
#3650

N1

1500
1500
14500
14500
1500
1500
14500
14500
14500
14500
16500
1500
14500
1500
14500
1.500
14500
1¢500
1500
14500
16500
14500
16500
14500
1500

Kl

s« 00000
« 00000
« 00000
« 00000
«Q0QU0
« 00010
s 00010
« 00010
« 00010
+ 00010
« 01000
«01000
« 01000
«01000
«01000
«10000
«10000
10000
210006
«10000
1.00000
1. 00000
100000
1.00000C
1.00000

N2

14336
1,336
1la336
le336
13356
1336
14336
1336
le336
1.336
le336
1+336
l.336
le336
1s336
le236
1.336
le336
1.336
1.336
14336
1336
14336
14336
1s336

K2

« 00000
«00000
+ 00000
« 00000
«00000
+ 00000
20000
« 00000
+ 00000
s 00000
00000
«00000
« 00000
2« 00000

« 00000

«00000
+ 00000
«00000
«00000
200000
«00000
00000
+ 00000
00000
«00000

w/D

210
210
2190
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
219
210
210
210
210
210

3
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TABLE XI

THE REFLECTANCE OF A TEN MOLECULE THICK FIIM.COVERED

WATER 3URFACE AT 0.5 MICRONS

RS RP R Hi Kl N2

«e 0197 « 0197 «0197 10300 «CQ00D  1.336
«0238 0161 s0199 1.300 «00000 14336
20423 20057 <0240 1.300 » 00000 1.336
ell&l « 0044 «0592 10300 « L0000 16338
e4561 22386 «3474 15300 s 00000 1,336
0197 s0197 «0197 1.300 200010 1.336
20237 «0161 «0199 1.300 « 00016 1.338
e0423 « 0057 «0240 1,300 e 00010 1336
o114l 00044 20592 1.300 2« 00010 1,336
04562 22386 3474 1300 200010 14336
« 0206 « 0207 «0207 16300 201000 14336
s 0249 20169 +0209 14300 «01000 1.336
20439 50060 «0250 1300 401000 1.336
«1169 s 0043 «0606 14300 «01000 14336
24601 2392 23496 1.300 «0100C 1.336
+0300 +0301 «0301 1.300 +10000 1,336
e0354 «0245 «0300 14300 «10000 1.336
20589 «0091 «0340 10300 210000 1.336
21423 «0039 «0731 14300 «10000 14336
24932 e 24649 ¢3690 1.300 10000 1.336
el676 e1676 «1676 1.300 100000 1e336
41830 «1503 ¢1667 1300 1400000 16336
2392 «10621 «1706 14300 1400006 1336
¢3766 «0513 +2139 1300 1400000 14336
e 7036 «2506 24771 14300 1400000 1.336

«0232 0232 20232 14400 «00000 1.336
«0276 «0189 «0233 16400 «00000 1336
s 0474 « 0068 20271 14400 «00000 1.336
«1218 00041 20530 16400 «00000 14336
04656 2392 +3524 14400 200000 14336
«0232 #0233 «UZ232 14400 «U0010 14336
e 0276 «0189 «0233 1400 «00010 1336
s 0474 0068 «U271 1400 « 00010 14336
21218 «0041 «U629 10400 «00010 1.3326
04656 02392 03524 12400 « 00010 14336
«0243 s 0243 «0243 16400 «01000 14336
«0288 «0198 «0243 1400 «01000 1336
+0491 +0072 «0282 1.400 «01000 14336
1249 «0039 « 0644 1400 «01000 1.336
a 4698 2392 «3545 1400 201000 1.336
«0348 200348 20348 14400 210000 1.336
«0407 20286 0346 1,400 « 10000 1.336
20658 +0111 «0385 16400 «10000 1.336
#1527 +0028 « 0778 10400 210000 16336
05052 #2397 ¢3725 16400 «10000 1.336
«1881 «1881 «1881 16400 100000 1.336
2044 1700 «1872 14400 100000 1.336
#2631 +1184 ¢1307 1,400 100000 14336

" 94026 +«0571 #2298 10400 100000 14336

e7211 02324 «4768 10400 100000 1,336

K2

+ 00000
«00000
« 00000
- 00C00
« 00600
« 00000
« 00000
+»000G0
«00000
+00000
a 00000
«00000
« 00000
« 00000
«00000
« 00000
« 00000
«00000
«000G60
00000
«00000
« 00000
« 00000
« 00000
« 00000

200000
+ 00000
«00000
«0G000
« 00000
«00000
«00000
200000
200000
«00000
+ 00000
«00000
s00000C
« 00000
« 00000
« 00000
200000
«00000
« 00000
«00000
« 00000
« 00000
+ 00000
«00000
«00C00

[

B

[@2



- Rs

20293

«0343

003561
21350
e4813
20293
20343
00561

01349

24812
+0305
+0356
20580
21382
+4856
+0418
20483
20758
e 1675
05215
22095
02266

2875

04285
s 7379

RE

e 0294
+0240
« 0092
+ 0038
e2385
s 0294
+0240
«0092
20038
22384
«0305

" 60250

« 0096

0035 -

02379

C 0419

e0346
20143
«0019
02339
22095
«1907
el359

e0645

«2158

TABLE XI (CONTINUED)

20293
e 0291
00326
2 0694
3599
00294
00292
«0326
00694
3598
+0305
00303
20338
«0709
03617
00418
e 0414
e 0450
"+ 0847
03777
22095
22087
«2117
02465
04768

M1

1500
1.500
14500
1,500

1500

1500
1500
1,500
14500
16500
1.500
1.500
1500
16500
16500
14500

1,500 -

14500
16500
14500
1500
1,500
14500
14500
1.500

K1

e 00000
s Q0000
« 00000
s Q0000
« Q0060
e 00010
«00010
s 00010
« 00010
+00010
+01000
¢01000
«01000
«01000
201000
» 10000
« 10000
«10000
» 10000
¢ 10000
1. 00000
1.00000
1,00000
1.00000
100000

N2

1336
1.33¢
1336
1e336
1336
1336
10336
1336
1336
1.336
1336
1336
1336
16336
1336
l.336
1.336
l.336
1.336
Le336
1.336
le336
1.336
1,336
1.336

« 00060
«00000
00000
00000

« 000006 .

200000
200000

200000

e 00000
200000
200000
«0000¢0
«00000
« 00000
« 00000

. +00000

+0000Q0
200000
+00000
«00000
«00000
« 00000
«00000
«00000
00000
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TABLE XII

THE REFLECTANCE OF A ONE HUNDRED MOLECULE THICK FIIM.COVERED
WATER SURFACE AT 0,5 MICRONS

PRl RS RP R N1 Kl N2 K2 W/D

0 e 0175 e0175 « 0175 1300 2« 00000 14336 s 00000
20 20222 50150 «0186 10300 s 00000 1s33&6  »00000
40 40430 0058 «0244 16300 « 00000 14336 « 00080
60 e1147 e 0043 20895 14300 2 00000 16336 + 00000
80 e 4448 02372 e3411 16300 «QOU00  1.336 + 00000

0 00175 s0175 +0175 16300 2« 0001C 1.338 « 00000
20 20221 20150 eGl86 14300 200010 1,336 2« 00000
40 20430 20058  +0244 14300 e 00010 14336 « 02000
60 21147 20043 «0595 14300 «00010 14336 s 00000
80 25448 02373 ¢34610 16300 «00010 1.336 «000C0

0 «0187 «0188 2« 0188 1300 201000 14336 « 00000
20 20235 +0159 +0197 1+300 «01000 14336 ¢ 00000
40 00436 «0059 «0248 16300 «01000 1.336 + 00000
€0 81112 e 004& «0578 10300 « 01000 14336 «00000
80 24365 22362 +3364 1.300 «01000 14336 «00000

o «0270 20271 +0271 14300 210000 14336 «00000
20 «0314 20215 00265 1300 +10000 14336 + 00000
40 «0476 «0066 «0271 14300 « 10000 1,336 « 00000
60 «1065 s 0055 +0560 1.300 «10000 1.336 00000
80 «e4358 « 2440 ¢3399 14300 «10000 14336 « 00000

o 02550 22550 2550 14300 1.00000 14336 + 00000
20 21795 2317 2556 1300 1.00000 14336 « 00000
40 ¢3610 01711 02660 14300 100000 14336 00000
60 05223 1259 «3241 1300 1.00060 14336 « 00000
80 «8010 e3742 ¢5876 14300 1400000 1.336 « 00000

MNNNNNNNDNNNNNDNNODNDNDNRMNMNRDNND NN

0 «0321 «0321 «0321 1:400 + 000006 14336 «00000
20 +0360 «0251 « 0306 14400 200000 1e336 «00000
40 «0520 20079 e 0299 14400 s UO00O 16336 «00000
60 «1175 20042 20609 14400 « 00000 14336 «00000
80 245610 ¢2391 23500 16400 ¢« Q000U 16336 + 00000

0 +0321 s0321 s 0321 1400 « 00010 14336 « 00000
20 «0360 « 0251 s 03086 16400 « 00010 1.336 «00000
40 e 0520 20079 « 0299 1400 « 00010 1.336 « 00000
60 e1174 « 0042 + 0608 1400 » 00010 14336 «00000
80 64610 22391 e3500 1400 + 00010 1336 « 00000

Y] 20329 «0329 00329 1400 ¢ 01000 14336 s 00000
20 00372 +0260 00316 1400 «01U00 14336 «00000
40 « 0544 20084 e0314 16400 «01000 1.336 « 00000
60 ¢1210 « 0041 e 0625 16400 s 0100G 11e336 « 00000
. 80 4626 e2393 #3510 1400 201000 13386 «00000

0 s 0397 +0397 ¢ 0397 le£400 «10000 14336 « 00000
20 00457 e0322 ¢ 0390 1e400 » 10000 14336 +000C0
490 00684 s0116 ¢« 0400 1400 « 10000 " 14336 « 00000
60 01442 +0038 « 0740 10400 10000 14336 « 00000
80 24887 02449 e 3668 1400 s10000 14336 « 00000

0 2747 02747 02747 16400 1. 00000 1.336 + 00000
20 02992 «2512 e2752 14400 1.00000 14336 + 00000
40 ¢3799 21878 62838 14400 1.0000C 1336 «+ 00000
60 «5383 01296 e3339 14400 1400000 16336 s00000
80 « 8087 03526 «5807 Le400 1400000 1336 +00000

]

0



Pl

20
40
860
80

20
40
éo
80

20
40
60
80

20
40
60
8o

20
40
60
80

RS

«(3628
«03700
s 0%17
¢1519
e4710
0628
2 0T7G0
2Q917
1518
64709
20613
« 0687
« 0919
e1570
e4810
a05T1
20657
«0966
1865
+5339
22942
«3186
¢3987
¢5541
08165

RP

« 0628
2« 0509
«0187
s0033
02387
20629
«s0510
«0187
« 0033
22387
20613
20500
20187
«0029
22381
« 0571
20476
+0198
<0019
02330
02942
02705
02048
«1351
#3330

TABLE XIT (CONTINUED)

R

« 0628
« 0605
e 0552
«0776
«3549
e 0628
s 0605
20552
+ 0776
23548
20613
« 0593
2« 0553
20799
«3596
s 0571
s 0567
« 0582
e 09642
03865
02942
62946
«3017
03446
e5747

N1

15060
1500
1,500
1500
1:600
1e560
1500
1:500
1500
1500
1500
1s500
1500
1500
1500
14500
16500
1500
14500
1500
16500
16500
1500
14500
1.5G0

Kl

« 00000
« 00000
¢ 00000
0 30000
» 00000
+G0010
« 00010
s 00010
200010
«00C10
e 01000
e 01000
« 01000
+01000
201000
210000
» 10000
s 10000
« 10000
«10000
1, 00000

100000

1,00000
1. 00000
1.00000

N2

1336
10336
le336
1.336
1336
1,335
1336
1336
14336
1336
1336
1,336
10336
12336
1336
1336
14336
le336
14336
1.336
16336
1,336
1+336
10336
16336

K2

00000
+ 00000
+00000
+ 00000
«00000
s 00000
« 00000
« 00000
s00000
00000
« 00000
« 00000
«00000
+ 00000
«00000
+ 00000
« 00000
+ 00000
« 00000
«00000
« 00000
« 00000
« 00000
s 00000
«00000

7))

NN NNNNNRN NN NN RS RN DR
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THE REFLECTANCE

RS

00174
0210

«0376 -

21037
4386
«0174
«0210
20376
21037
24386
20174
« 0210

s0376 -

«1037
+4387
00177
0213

" +0380

01044
04397
20200
00240
00419
#1113
04496

20174
«0210
20376
«1037
#4386
«0174
20210
20376
21037
+4386
0174
«0210

«0376

#1038
«4388
«0177
20213
20381
¢1045

. ¢4399

20204
00245
«0426
#1125
e4513

RP

s0174

e0141
00048
+ 0047
«23617
e 0174
«0141
20048
«0047
s2367
00174
«0141
2« 0048
e 0047
«2367
20177
e0143
+0048
20046
22368
«0200
e 0164
« 0059
«0040
02336

«0174

- 40141

«0048

« 0047

02367
00174
00141
« 0048
e 0047
22367
00174

‘00142

«0048
20047
#2367
20177
« 0144
«0049
e 0046
e2367
«0204
e0168
20061
«0038
02327

Of A MONOLAYER-COVERED

TABIE XIIX

AT 2,0 MICRONS

R

20174
20176
50212
« 0542
¢3376
20174
00176
00212
00542
#3376
00174
e 0176
00212
00542
e3377
00177
»0178
e 0214
0 0545
¢3383
« 0200
« 0202
«0239
e 0576

3416

20174
«0176
00212
e 0542
«3377
« 0174
« 0176
00212
s 0542
#3377
00174
«0176
00212
00542
«3377
«0177
« 0179
00215
s 0546
+3383
« 0204
+0206
00243
+0581
e3420

N1

1300
1,300
1.300
1300
16300
1,300
16300
14300
1.300
16300
1300
1300
1.300
1300
14300
1300
14300
1+300
14300
1.300
1300
14300
1300
14300
1300

1s400
14400
14400
14400
14400
1400
1400
1e400
1400
14400
1.400
14400
1400
14400
16400
14400
1400
1400
14400
16400
1400
14400
16400
14400
1400

Kl

- 00000

« 00000
« 00000
» 00000
s 00000
200010
s 00010
200010
+00010
«00010
«01000
«01000
201000
«01000
201000
« 10000
210000
10000
« 10000
+« 10000
1.00000
100000
1. 00000

1.00000

1. 00000

+« 00000
+« 00000
« 000060
« 00000
« 00000
« 00010
« 00010
+ 00010
«00010
« 00010
+01000
»01000
«01000
«01000
«01000
¢10000
«10000
210000
0« 10000
« 10000
1. 00000
1.00000
100000
100000
1,00000

WATER SURFACE

N2

1:304
1304
1,304
le304
16304
1304
1,304
1304
1.304
1304
1.304
1304
1e304
1,304

14304

1,304
1304
1.304

1304

1304
1304
1304
1304

1+304

1.304

1.304
12304
1304
1,304
1,304
1.304
16304
14304
14304
1304
16304
1.304
1,304

10304'
1304

1304
1.304
14304
1304
1,304
1¢304
1304
14304
1304
14304

K2

«00110
«00110
«00110
200110
e00110
«00110
« 00110
s00110
«+00110
«00110
s0C1l10
«00110
«00110
200110
«00110
«00110
«00110
«00110
«00110
+00110
«00110
«00110
«00110
«00110
s0C110

«00110
«00110
+00110
«00110
«00110
«00110
«00110
+00110
«00110

«00110 -

«00110
«00110
«00110
«00110
00110
«00110
+00110
«00110
«00110
«00110
«00110
«00110
«00110
«00110
«00110

W/D

835

835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
832
835
835
835
835

' 835

835
835
835
835
835
835

835

835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
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]S

s0174
+0210
e 0376
21037
24386
«Q174
s0210
00376
21037
245386
20174
+0211
« 0377
21038
+ 4388

0177

40214
+0382
«1047
#4401
+ 0209
«0250
+0433
«1138
#4531

RE

0174
20141
o 0048
20047
«2367
«0174
a0141
+0048
+ 0047
«2367
« 0174
00142
20048
s 0047
#2367
20177
e 0144
20049
+0046
82365
20209
«0172
20064
20036
02317

TABLE XXII (CONTINUED}

20174
e 0176
2« 0212
e 0542
23377
00174
«0176
s 0212
20542
23377
«0174
«0176
«0212
¢ 0542
3377
« 0177
w0179
«0215
« 0546
#3383
e 0209
«0211
« 0248
+0587
«3424

N1

1500
1500
1500
1500
1.500
16500
1.500
1500
1500

14500

1500
1500
1:500
14500
1l.500
14500
1.500
1500
1500
1500
1500
1.500
1500
14500
1500

K1l

« 00000
« 00000
200000
¢ COCO0
« 00000
« 00010
00010
« 00010
+ 00010
«00010
«01000
+01000
+01000
«01000
«01000
«10000
«10000
«10000
«100600
«10000
1.00000
1.00000
1. 00000
1.00000
1,00000

N2

14304

1304
14304

14304

1.304
1304
1304
le304
1:304
14304
12304
1s3G4
1.304
1304
16304
14304
1le304
1.304
1304
14304
1¢304
1304
1.304
1304
1,304

K2
+00110
+00110
200110
+00110
<00110
200110
400110
«00110
00110
00110
+00110
+00110
«00110

00110

»00110
«00110
400110
+00110
200110
+00110
«00110
200110
«00110
+00110
.00110

W/D

835
813s
835
835
835
835
835
835
835
835
835
&35
835
835

835

835
835
835
835
835
835
835
835
835
835
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TABLE XIV

THE REFLECTANCE OF A TEN MOLECULE THICK FILM-COVERED
WATER SURFACE AT 2,0 MICRONS

PH RS
4] 00174
20 20210
40 «0375
60 21036
80 ¢4385
0 00174
20 s0210
40 «0375
60 21036
80 «4385
0 20175
20 «0213
40 s0380
60 21043
80 ¢4396
0 +0199
20 «0239
40 20417
60 «1111
80 04493
0 « 0490
20 «0561
40 +0854
60 «1805
80 e5346
0 «0176
20 + 0213
40 «0379
60 01042
80 e4392
0 #0176
20 «0213
40 «0379
60 21041
80 04392
0 60179
20 «e0216
40 20384
60 ¢1050
80 «4405
0 « 0206
20 20246
40 s 0428
60 01128
80 «4516
0 e0544
20 ¢ 0620
40 ¢0931
60 «1917

BO  +5466

RP

«0174
20141
e Q047
00047
02367
e 0174
«0141
« 0047
« 0047
02367
«0176
20143
+ 0048
+ 0047
«2368
+s0199
«0162
«0055
+ 0045
02382
2+ 0490
20420
«0217
« 0044
¢2169

«0176
e 0143
«0048
« 0047
«2367
«0176
+0143
20048
20047
«2367
«0179
«0145
s 0049
s 0046
23617
+0206
«0168
« 0059
«0042
«2367
e 0544
«0469
60252
«0042
«2085

R

s 0174
e0175
«0211
e 0541
«3376
e 0174
«0175
«0211
« 0541
¢3376
«0176
«0178
« 0214
» 0545
03382
« 0199
20200
00236
20578
+3438
« 0490
« 0490
+ 0536
« 0925
e3757

«e0176
«0178
00214
2 0544
¢3380
e (1176

20178 .

e 0214
« 0544
«3380
«0179
»0181
e 0217
0 0548
+3386
« 0206
« 0207
00243
«0585
¢344]
« 0544

20545

«0591
« 0979

¢3775

N1

16300
1300
1300
1300
1¢300
1300
14300
14300
14300
14300
14300
14300
1300
1«300
1300
14300
16300
14300
1300
1+300
1300
1+300
14300
14300
14300

14400
14400
14400
16400
14400
14400
14400
1le¢400
1400
1e400
14400
16400
14400
le400
1:400
1400
16400
14400
14400
14400
1.400
16400
14400
1400
1400

Kl

» 00000
+ 00000
« 00000
200000
"« 00000
« 00010
200010
+ 00010
« 00010
« 00010
«01000
«01000
«01000
«01000
«01000
+ 10000
«10000
«10000
+1C000
+10000
1. 00000
1.,00000
1.00000
1. 00000
100000

. 00000
00000

¢ 00000

+ 00000
« 00000
00010
00010
«00010
« 00010
00010
+01000
+01000
+01000
401000
+01000
+10000
410000
«10000
10000
« 10000
1.00000
1+ 00000
1400000
1. 00000
1,00000

N2

13204
14304
1.304
14304
1.304
1304
14304
1304
1¢304
14304
14304
14304
13204
1304
16304
1304
1304
14304
14304
1.304
1¢304
1304
1304
1304
1304

12304
14304
1304
14304
14304
16304
164304
14304
1+304
16304
14304
14304
14304
14304
14304
1304
1304
14304
1304
1,304
1304
164304
1304
14304
14304

K2

«00110
«00110
s 00110
200110
«00110
«00110
«00110
«00110
»00110

+00110

«00110
«00110
«00110
«00110
«00110
200110
«00110
«00110
«00110
00110

 ,00110

«00110
00110
«00110
«00110

«»00110
«00110
«00110
«00110
«00110
»00110
«00110
«00110
«00110
+00110
+00110
+00110
«00110
«00110
«00110
«00110
«00110
+00110
200110
200110
+00110
200110
«00110
«00110
400110

o



RS

«0181
20218
s1051
04405
00181
e 0218
«e0385
01051
24405
e0184
«0221
+0391
«a1061
s4419
s0215
20256
e044]
e1149
e 4545
e0603
00684
«1014
+2036
»5588

RP

20181
e Q147
e 0046
02367
«0181
e0147
«0050
« 0046
02366
20184
¢ 0149
+ 0051
« 0046
e2365
e0215
s0175
«0063
40039
02352
20603
«0524
«0290
s 0042
»2003

0181
s0182
« 0549
03386
«0181
20182
«0218
+0549
s3386
0184
+0185
« 0221
«0553
03392
20215
0215
«0252
« 0594
«3448
« 0603
« 0604
#0652
01039
#3795

N1l

1500
14500
14500
16500
1.500
1500
1.500
1.500
1,500
1500
1+500
1.500
1500
1500
1.500
1500
1500
1500
1.500
1500
16500
14500
1.500
1500

[¥ (CONTINUED}

K1

« 00000
200000
+ 00000
s Q0000
« 00010
« 00010
+ 00010
¢ 00010
+ 00010
«01000
« 01000
«01000
01000
« 01000
« 10000
« 10000
«10000
«10000
¢« 10000
1.00000
100000

1.00000.

100000
1.00000

N2

1304
1,304
14304
1.304
1304
1304
1304
1304
1304
1304
1304
1304
1.304
14304
1304
1304
1304
1.304
16304
14304
1304
1304
14304
14304

K2

«00110
«00110
«00110

00110

«00110
00110
«00110
«00110
«00110
«00110
«00110
«00110
200110
«00110
+00110
«00110
+00110
«00110
«00110
«00110
«00110
+00110
+00110
«00110



TABLE XV

THE REFLECTANCE OF A ONE HUNDRED MOILECULE THICK FIIM-COVERED
WATER SURFACE AT 2,0 MICRONS

PHI RS RP R N1l Kl N2 - K2 W/D

0 ..0168 00167 «0167 14300 «0000C 14304 200110
20 0203 20136 «0169 14300 « 00000 1.304 200110
40 - #0345 « 0045 +0205 14300 ¢ 00000 14304 600110
60 «1018 0047 «0532 1,300 « 00000 14304 «00110
B0  «4359 « 2363 #3361 14300 000000 1,304 +00110

0 0168 « 0167 « 0167 14300 « 00010 14304 200110
20 20203 «0136 20169 14300 «00010 14304 «00110
40 203865 «0046 «0205 14300 +00010 1,304 200110
60 «1018 $0047 20533 1,300 .00010 14304 00110
80 4359 02363 03361 14300 «00010 | 1.304 s00110

) 20180 «0180 «0180 1.300 «010U0 14304 200110
20 . +0218 0147 00182 14300 «01000 14304 00110
40 +0390  ,0050 00220 . 14300 «01U00 14304 400110
60 01069 + 0046 «0558 14300 «01000 14304 «00110
80 4442 02376 3409 14300 01000 14304 «00110

0 «0330 «0330 «0330 14300 010000 14304 «00110
20 - #0392 20271 <0331 1.300 010000 14304 - 00110
40 20655 «0103 «0379 14300 10000 . 1.304 «00110
60 01553 « 0045 «0799 . 14300 +10000 14304 «00110
80 ¢5103 v2518 «3811 14300 ¢ 10000 14304 «00110

0 «2849 «2849 02849 14300 1400000 14304 «00110
20 23069 #2578 02823 14300 1400000 14304 200110
40 +3801 «1875 2838 14300 1400000 .14304 «00110
60 5291 01274 3282 14300 1400000 14304 «00110
80 +8001 3571 «5786 14300 1400000 14304 «00110

OCODODODOCODEOCOCOCODODOODEOmOPDOO®EO®DEO®oOom

0 00347 20347 «0347 1400 « 00000 14304 . 400110
20 00404 «0283 0343 14400 +00000 1.3064 «00110
40 0644 20107 «0376 1400 « 00000 14304 «00110
60 14569 «0034 «0751 14400 «00000 1304 00110
80 4935 02400 #3668 14400 + 00000 14304 200110

0 «0347 « 0347 20347 14400 « 00010 14304 «00110
20 20404 0283 0343 14400 00010 14304 «00110
40 20644 +0108 «0376 16400 +00010 14304. 400110
60 01468 0033 #0751 1400 00010 14304 »00110
80 4936 « 2400 e3668 1.400 - 00010 14304 200110

0 v 0357 «0357 0357 14400 «01000 14304 200110
20 20415 eC291 . 40353 14400 01000 14304 «00110
40 20663 e0112 «0387 14400 «01000 14304 «00110
60 «1508 +0031 +0770 14400 «01000 14304 000110
80 04992 2400 #3696 14400 « 01000 14304 «00110

0 00491 0491 «0491 1e400 10000 14304 200110
20 «0571 + 0406 «0488 14400 «10000 14304 - 400110
40 40895 «0169 «0532 14400 «10000 14304 «00110
60 «1913 « 0024 0968 1400 «10000 14304 200110"
80 *5495 «2446 3970 14400 ¢ 10000 14304 .00110
-0 ¢3063 «3063 3063 14400 1400000 14304 »00110
.20 «3287 2794 63041 14400 1400000 14304 00110
40 24028 L2071 #3050 14400 1s00000 10304 +00110
60 ¢5505 +1349 23427 14400 1600000 14304 - 400110
80 +8117 ¢3390 5753 14400 1400000 1,304 «00110
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RS

« 0614
20700
£1046
«2087
<5631
20614
«0700
«1046
«2087
5631
20617
0705
21055
2107
«5657
+0715

0817

«1219
02378
+5954
#3269
«3497
04242
«5702
«8220

RP

00613
40509
«0222
e 0019
02368
20613
«0509
s 0223
«0019
2366
0617
«0513
s0225
«e0016
22359
20715
: 0599
«0273
« 0006
02342
03269
23003
22265
«1437
«3227

TABLE XV (CONTINUED)

R

«0613
« 0605
« 0634
1053
3999
+ 0614
« 0605
20634
1053
3999
00617
» 0609
« 0640
«1061
+ 4008
s 0715
«0708
« 0746
e1192
4148
3269
3250
23254
«3570
e5724

Nl

1500
1500
1500
1500
1500
14500
14500
1,500
1500
14500
14500
1.500
16500
14500
1500
1500
1,500
14500
14500
16500
14500
1500
14500
1500
1¢500

Kl

« 30000
s 00000
« 00000
« 00000
+ 00000
200010
« 00010
« 00010
« 00010
« 00010
s+ 01000
«01000
«01000
«01000
«01000
210000
«10000
210000
« 10000
« 10000
1.00000
1400000
100000
1. 00000
1, 00000

N2

1e304
1304
1,304
1304
1304
1e304
1l¢304
1304
1304
14304
14304
16304
1,304
1304
14304
14304
1,304
14304
1304
1304
14304
14304
1304
1304
1304

K2

00110
«00110
«00110
s00110
«00110
«00110
«00110
«00110
«00110
«00110
00110
«00110
«00110
«00110
«00110
200110
«00110
«00110
«00110
«00110
000110
«00110
«00110
«00110

«00110

W/D

oI LODDECEDIOODOTIEEODEODODDOPE

a2
(N,
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Relative Reflectance Program and Results

On the next page is found a copy of a computer program written to aid
in the analysis of the effect of a film on the reflectances of z water
surface, This program was used to calculate the reflectances of a film-
covered watér surface relative to the reflectances of a clean water
surface, Following the program is found a series of tables which tabulate
the results of this computer study, Tables XVI, XVII, and XVIII give the
relative reflectances for energy at 0.5 microns; and Tables XIX, XX, and
XXI give the similar relative reflectances for energy at 2.0 microns.

The column headings which are different from those of the previous
study are as follows:

RS/RSW The relative reflectance for s-plane energy
RP/RPW The relative reflectance for p-plane energy

R/RW The relative reflectance for unpolarized incident
' energy.



A Computer Program for Calculating the Ratio of the Reflectances
of Film.Covered Water Surfaces to the Reflectances

40

20

oL wN

10

12

101
300
400
401

of Clean Water Surfaces

READ 101+11,B12C1sD1sEL1sF1lsGlsH1sJ]
READ 101,1248B2+C29D29E2sF29G2sH24J2
READ 101s13sB3-C3sD39E39F35G39H3,J3
READ 101+14+B49C4sD4E4sF421GGsHG G
READ 101»159B5+C5sD5+ES5sF5sG59H59J5
PUNCH 401

PUNCH 400

K =1

READ 101sIsBsCsDsEsFosGaHsJ

IF (1) 24692

IF (1-20) 357,33

IF (I-40) 4,844

1F {(I-60) 55945

1F{1-80)10910,10

RAT1=B/B1

RAT2=C/C1

RAT3=D/D1

GO TO 12

RAT1=B/B2

RAT2=C7C2

RAT3=D/D2

GO TO 12

RAT1=B/B3

RAT2=C/C3

RAT3=D/D3

GO T0 12

RAT1=B/B4

RAT2=C/C4

RAT3=D/D4

GO TO 12

RAT1=B/B5

RAT2=C/C5

RAT3=D/D5

PUNCH 300sIsRATIsRATZ2sRAT3sEsFsGoHsJ
K =K+ 1 :

IF(K=60)20+20,40
FORMAT(1633FB8u49F7433FF9a53FT7e39F9e5118)
FORMAT(1333F9e4sFB8a39F9e53FT74335F945516)
FORMATI(1H )
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FORMAT(4H PHIs8H RS/RSWy9H RP/RPWs5X4HR/RWs5X2HNLs6X2HK1 s 6X2HN2

196X2HK235X3HW/D)
END



RS/RSW

10000

- 89959

160000
1.00600
1.0000
1.,0000

49959
1.0000
1,0C00
1.0000
10048
160040
1.0045
10025
1.0008
le0483
l.0481
160411
1.0258
10089
le5652
165261
104210
142607
1s0847

1.0000
140000
1.0022
1,0008
1,0002
10000
10000

140022

10008
1.0002
160048
10040
1.0068
1.0034
1.0013
1.0628
1,0562
140480
1.0309
160104

1e6618

leblbt
le4874
13012
1.0969

RP /RPW

10000
10000
140000
10000
1.0000
1.0000
1.0000
10000V

1.0000

10000
1. 0048
1+0059
10000
10000
1 0000
140531
10473
1.0500
«9767
10025
le5652
166035

149500

6046
¢9548

10000
1.0000
10000
10000
140000
1. 0000
1.0000
10000
140000
140000
1640048
10059
10000

140000

10000
1.0628
1.0591
1.0666

«9534

«9995
l.6618

17100 .

241500
«5116
9393

TABLE XVI

AT 0,5 MICRONS

R/RW

10000
1.0000

+9959

«9983
1.0000
1.0000
10000

¢9959

«9983
10000
10048
10047
1.0000
1.0016
10005
10531
140478
leU4U1
140232
10065
le5652
1l¢5550
1.4819
162371
1.0404

1.0000
1.0000
1.0000
1.G000
1. 0000
1. 0000
1.0000
1.0000
1.0000
1.0000
1.0048
1.0047
1.0040
1.0016
1.0008
1.0628
1.0574
1,0481
1.0265
1.0068
16618
16507
le5622
1.2719
10429

N1

14300
14300
1.300
1.300
1.300
14300
l.300
1.300
1l.300
1,300
1300
l1.300
1300
1.300
l.300
le300
1,300
14300
1300
1l.300
1.300
1300
1.300
1300
1.300

1.400
1400
14400
1,400
1.400
le400
1.400
1.400
14400
1,400
l.400
14400
1,400
1,400
1l.400
1.400
l1.400
14400
14400
le400
14400
1.400
14400
14400
1400

Kl

200000
« 00000
« 00000
« 00000
«00000
« 00010
«VOU10
s00010
«00010
«00010
«01000
«010060
«01000
«01000
«01000
«10000
¢ 10000
«10000
« 10000
« 10000
1.,000G0
1.0uUC00
100000
1.00000
1.00000

s 00000
« 000UO
« V0000
« 00000
« 00000
« 00010
200010
«Q0010
+00010
«00010
«01000
«01000
«01000
« 01000
«D10G0
» 10000
«100UO
« 10000
«10000
«10000
l. 00000
1.00000
1.00000
1. 00000
1.00000

N2

le336
le336
le336
14336
14336
1336
le336
le336
le336
14336
le336

1le336

l«336
1336
1¢336
le336
le336
le336
le336
l¢336
16336

le336
14336
1.336

16336
l.336
14336
1+336
le336
14336
1l.336
1l.336
14336
1.336
14336
l.336
16336
l1.336
le336
1,336
le336
le336
le336
1.336

l.336
le336 .

1336
l.336
1,336

K2

«00000
« 00000
00000
+ 00000
200000
+00000
« 00000
+00000
«00000
s 00000
« 00000
« 00000
« 00000
« 00000
«+ 00000
« 00000
«00000
+ 00000
« 00000
« 00000
« 00000
» 00000
« 00000
« 00000
« 00000

«00000
« 00000
+ 00000
« 00000

+ 00000 .

« 00000
«00000
+00000
«00000
«00000
« 00000
«00000

« 00000

+ 00000
+00000
« 00000
« 00000
«00000
«00000
+ 00000
«00000
00000

- «00000"

«00000
«00000

THE REIATIVE REFLECTANCE OF A MONOLAYER-COVERED WATER SURFACE
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w/D

210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210

210

210
210

210

210

210
210
210
210
210
210
210

210

210

. 210

210
210
210
210
210
210
210
210
210
210
210
210
210
210
210



RS/RSW

10048
10040
10045
1,0017
1.0006
1.0048
1.0040

140045

1,0017
1.0006
10096
140080
10091
10051
1.0017
1.0724
1.0682
140572
1.0361
le0124
167632
1.7068
15606
le3442
11100

RP/RPW

10048
10059
1« 0000
1. 0000
10000
140048
10059
140000
1.0000
1.0000
1.0096
l.0118
1.0166

¢9767
«9995
10724
10769
1.1000
#9302
«9970
le7632
le8224
203500
«4186
¢9238

R/RwW

1.0048
1.0047
1.0000
1.0016
1.0002
1.0048
10047
1.,0000
1.0016
1.0002
1.0096
1.0095
1.0080
1.0033
1.0011
1.0724
1.0717

- 140602

1.0315
1.0Q71
le7632
147559
le6546
1.3101
140461

N1

1.500
1.500
1500
1.500
1.500
1.500
1.500
1l.500
1.500
1.500
1.500
1.500
1,500

14500

1.500
1,500
1500
1500
1.500
1.500
1.500
1500
1500
1.500
1500

- TABLE XVI (CONTINUED)

K1

« 00000
« 000600
« 00000
«00000
+00U00
»00010
«00010
« 00010
«00010
«00010
«01000
«01000

«01000

«01000
«010060
«10000
+ 10000
«10000
+10000
+10000
1.00000
100000
100000
1.00000
1400000

N2

164336
14336
l¢336
le336
16336
l.336
14336
1.336
1.336
le336
16336
le336
1336
14336
14336
1.336
1336
l.336
1336
1l.336
1336
le336
1336
1,336
le336

K2

«00000
+00000
« 00000
+«+00000
+ 00000
«00000
«00000
«00000
«00000
«00000
« 00000
+ 00000
+ 00000
«00000
«00000
« 00000
«00000
« 00000
¢« 00000
« 00000
«00000
+00000
«00000
«00000
«00000
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W/D

210
210
210
210
210
210
210
210
210
210
210



TABLE XVII

THE REIATIVE REFIECTANCE OF A TEN MOLECULE THICK FIIM-CCVERED
WATER SURFACE AT 0,5 MICRONS

PHI RS/RSW RP/RPW R/RW . N1 K1l N2 K2 w/D

0 s9516 9516 «9516 1.300 s 00000 1336 «00000 21
20 «9558 ¢9526 29521 1,300 « 00000 14336 200000 21
40 29679 #9500 «9638 1.300 000000 " 1.336 «00000 2l
60 «9819 10232 «9817 1300 +00000 1.336 +00000 21

80 49941 09983 9957 14300 «00000 1.336 00000 21
¢ 29516 09516 e9516 16300 «00010 1,336 « 00000 21
20 69518 e9526 9521 -+ 14300 000010 14336 s 00000 21
40 89679 e9500 09638 14300 - 00010 1.338 «00000 21
60 9819 140232 9817 14300 © +00010 10336 « 00000 21
80 «9943 29983 §9957 1,300 «00010 1336 +« 00000 21
0 ¢9951 10000 1.0000 1300 «01000 1l.336 00000 21
20 10000 1.0000 1.0000 14300 601000 143386 « 00000 21
40 1.0045 1.0000 1.0040 14300 s01000 1,336 200000 21
60 1,0060 1.0000 1.0049 1,300 «01000 1.336 «00000 21
80 1,0028 1.0008 1.0020 14300 «01000 14336 «00000 21

0 144492 le4541 le4541 14300 «10000 14336 2 00000 21
20 le4216 le 4497 144354 1.300 «10000 1.336 « 00000 21
40 1.3478 le5166 le3654 14300 «10000 14336 200000 21
60 le2246 " 09069 162122 1.300 +10000 1336 « 00000 21
80 140749 1e0246 1.0576 14300 «10000 1.336 « 00000 21

0 8,0966 840966 80966 1300 1600000 1336 00000 21
20 Te¢3493 8.8934 Te9760 14300 1400000 1336 « 00000 21
40 504736 1740166 648514 16300 1.00000 14336 ¢ 00000 21
60 342409 1109302 305472 1300 100000 14336 «00000 21

80 1.5335 1.0485 1.3674 16300 1600000 14336 «00000 - 21

0 11207 11207 11207 1.400 «00000 10336 »00000 ~ 21

20 11084 l.1183 121148 © 14400 400000 14336 « 00000 21
40 1.0846 161333 140863 14400 «00000 14336 « 00000 21
60 1.0481 «9534 1s0447 1400 «00000 1,336 «00000 21
80 160148 1.0008 1.0100 16400 +00000 " 14336 200000 21
0 141207 lel256 1,1207 14400 +00010 16336 «00000 21
20 1.1084 11183 101148 10400 «00010 1.336 « 00000 21
40 10846 11333 1.0883 1e400 = «00010 14336 +00000 21
60 140481 e9534 140431 1,400 «00010 1s336 ¢« 00000 21
80 140148 1,0008 1.0100 1.400 +00010 1336 «00000 21

0 1.1739 141739 141739 164400 »01000 1.336 «00000 21
20 1e1566 141715 1.1626 1.400 «01000 14336 «00000 21
40 141235 12000 141325 14400 «01000 14336 «00000 21
60 10748 9069 1.0679 1,400 «01000 14336 « 00000 21
80 140239 1,0008 1.0160 1:400 «01000 1.336 «00000 21

0 146811 le6811 1+6811 14400 210000 14336 » 00000 21

20 16345 ° 146923 146555 14400 «10000 1.336 ¢ 00000 21

40 165057 1.8500 145461 1.400 «10000 16336 «00000 21
60 le3141 +6511 142902 1.400 «10000 16336 00000 21
80 121011 140029 160676 ° 14400 410000 14336 +00000 21

0 9.0869 9.0869 9.0869 14400 100000 14336 00000 21
20 82088 10,0591 849569 1e400 1400000 1336 000000 21
40 640205 19,7333 76586 16400 1400000 14336 +00000 21
60 344647 1342790 3.8109 14400 100000 1.336 +00000 21

80 145717 69723 163665 14400, 1400000 1.336 «00000 21
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PHI

20
40
60
80

20
40

80

20
49
60
80

20
40
60

20
40
60
80

RS/RSW

124154
13775
1.2837
lel617
10490
le4154
163775
1le2837
161609
10488
le&s 734
164297
13272
1.1893
140584
200193
169397
127345
le4414
lel1366
1001207
9.,1004%
6+5789
346876
16083

RP/RPY

1e4202
1e4201
145333
« 8837
«9979
144202
le4201

165333

«8837
«9974
14734

146000
T 48139
09953
200241
240473
223833
o 4418
«9786
1001207
11,2840
2246500
150000
+9029

TABLE XVII (CONTINUED)

R/RwW

le4154
13923
13092
11509
1.0315
164202
13971
13092
11509
1.0312
le4734
1.4497
163574
11757
10366
2.0193
1.9808
18072
1¢4046
1.0825
101207
F.9856
845020
4.,0878
13655

N1

1,500
1.500
1,500
1500
1.500
1,500
1.500
1:500
1,500
16500
14500
16500
1,500
1,500
1.500
1500
1500
1.500
1.500
1500
1.500
1,500
16500
1.500

14500

K1

« 00000
2 00000
« 00000
» 00000
+ 00000
«00010
«00010
+ 60010
« 00010
«00010
e01000

201000 -

201000
«+01000
«01000
¢10000
«1000G0
¢10000
+10000
10000
1400000
1.00000
1.00000
1,00000
100000

N2

1336
1e¢336

‘16336

1336
1,236
1336
1336
16336
1336
16336
le336
1.336
1,336
1336
1336
1.336
1336
1336
1336
14336
1336
16336
1¢336
14336
1336

K2

00000
+ 00000
« 00000
200000
« 00000
200000
+ 00000
«00000
00000
s+ 00000
+ 00000
« 00000
¢ 00000
« 00000
«00000
¢ 00000
« 00000
+00000
+ 00000
» 00000
400000
«00000
600000
«00000
«00000
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PHI

TABLE XVIIT

THE REIATIVE REFLECTANCE OF A ONE HUNDRED MOLECULE THICK

RS/RSW

«B454
« 8915
e9839
+9870
29694
e 8454
28875
62839
«2870
e 9694
250133
05437
29977
9569
+9513
143043
12610
1.0892
09165
09498
12.3188
112248
82608
444948
1+7458

15507
le4457
11899
1,0111
10047
15507
“le4457
1.1899
1.0103
10047
145893
1e4939
12448
1e0413
1.0082
19178
148353
145652
192409
140651
132705
1240160
846933
446325
1a7626

FIIM-COVERED WATER SURFACE AT 0.5 MICRONS

RP/RPW

e 8454
«8875
e 9666
1.0000
09928
eB8454
«B8875
e 9666
10000
+2928
«9082
«3408
«38133
10232
»9882
13091
le2721
11000
142790
160209
12.3188
137100
2845166
292790
le5656

145507
le4B852
le3166
29767
1,0004
15507
le4852
143166
s9767
1.0004
145863
l1¢5384
14000
e9534
140012
19178
1.9053
19333
«8837
10246
1342705
14.8639
3143000
3041395
le&753

R/RwW

e 8454
28899
« 9799
« 9867
«9776
« 8454
« 8899
« 9799
«9867
«9773
«9082
09425
«9959
+ 9585
e 9641
13091
1.2679
1,0883
09286
09742
12.3188

1202296

10,6827
531747
le6841

15507
14641
1.20u8
10099
10031
15507
1e4641
1.2008
1.0082
1.0031
15893
15119
12610
10364
1,0060
19178
1.8660
le6064
1.2271
1.0513
13,2705
13,1674
113975
55373
146643

N1l

1300
1300
16300
1300
1300
1:300
1300
1,300
1,300
1.300
14300
1,300
1300
1,300
1300
1.300
1300
1,300
1,300
14300
1,300
1.300
14300
1,300
1,300

l.400
1.400
16400
1400
le400
l.400
1.400
1.400
1.400
1.400
1.400
1.400
1,400
1,400
1400
1,400
1,400
1.400
1400
14400
1.400
14400
1.400
14400

‘164400

Kl

« 00000
e 0000
00000
» 00000
200000
200010
200010
000010
000010
00010
201000
001000
«01000
«01000
«01000
«10000
«10000
. 10000
»10000
«10000
1.00000
1.00000
100000
100000
100000

« 00000
« 000400
e 00000
« 00000
« QU000
.00010
+ 00010
« 00010
« 00010
s 00010
+ 01000
«01000
«01000
«01000
«01000
«100400
5210000
«1000C0Q
«10000
210000
100000
1,00000
1.,006000
1.00000
1.00000

N2

1336
1336
1.336
1336
1e336
1336
1336
le336
16336
1,336
1.336
1336
1.336
1e336
1e336
1e¢336
le336
1,336
le336
1336
1.336
1336
10336
1,336
16336

14336
le336
1336
16336
14336
le336
1336
14336
1.336
1l.336
1336
1336
1336
1+336
14336
le336
le¢336
14336
1336
le 336
1¢336
16336
14336
1.336
1e336

K2

" 000600

«00000
« 00000
«00000
+00000
« 00000
s 00000
» 00000
+ 00600
+ 00000
«00060
+00000
200000
« 00000
+ 00000
«00000
¢« 00000
« 00000
+ 00000
« 00000
« 00000
+00000
s 00000
« 00000
«00000

«00000
«00000
+00000
« 00000

« 00000

+00000
¢ 00000
« Q0000
« 00000
»+ 00000
« 00000
«00000
+«00000
« 00000
« 00000
« 00000
«00020
+ 00000
+ 00000

«00000

«00000
00000
+00000
«00000
00000

w/D

NN NNNNNNND NN DN NN
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20
40
60
80

RS/RSHW

3.,0338
208112
2.0983
13072
1.0265
3.0338
2.8112
220983
13063
1.0263
2:9613
247590
261029
13511
140483
247584
246385
242105
166049
1+1636
1422125
1267951
91235
447685
17796

RP/RPHY

30338
3,0118
3+1166
e 1674
e 9987
340386
3.0177
31166
e 1674
29987
249613
249585
361166
sbTH4G
09962
207584
208165
33000
24418
1.0000
142125
160059
3441333
3144186
13933

TABLE XVIIT {CONTINUED)

R/RW

3.0338
28947
202168
142868
1.0171
3,0338
208947
242168
12868
10169
209613
248373
2.2208
10,3250
1. 0306
2.7584
227129
243373
1+5621
11077
1402125
1400956
12,1164
567147
1¢6471

M1

1.500
1500
1,500
1.500
1,500
1.500
1,500
1.500
1.500
1.500
1,500
1.500
1.500
1,500
1:500
16500
1500
1.500
1.500
10500
1,500
1500
1.500
14500
16500

Kl

« 00009
« 0000
«GQ000
« 000090
s 00000
200010
« 00010
s 00010
e 00010
«00010
»01000
+01000
«U10U0
«01000
s 01000
» 10000
«10000
« 10000
«10000
+10000
100000
1,00000
1, 00000
100000
1400000

N2

1336
ls336
1e336
Le336
1336
1.336
1336
le336
ls336
16336
14336
1¢336
1e336
1336
1336
16336
le336
1336
l1e¢336
14336
1336
1¢336
1336
1336
16336

K2

s 00000
200000
» 00000
000000
< 00000
200000
«00000
200000
«00000
+00000
« 00000
+00000
+00000
200000
+ 00000
«00000
«00000
400000
+00000
+ 00000
+00000
«00000
« 00000
+00000
«00000

w/D
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PRl

20
40
60
80

20
40

80

20
40

80

20
40
650
g0

20
40
60
80

RS/RSY

1,0000
1.0000
10000
1.0000
140000
1,0000
1.0000
1.0000
10000
1-0000
1,0000
1.0000
1.0000
1.0000
1.0002
1,0172
10142
1.0106
1.0067
1.0025
lel494

les1428

1a1143
1:0732
1.0250

1.0000
1,0000
1.0000
1.0000
1,0000
1.0000
10000
1.0000
1.0000
10000
10000
1.0000
1. 0000
1.0009
1.0004
1.0172
1:0142
1.0132
1,0077
140029
lel1724
l.1666
11329
1.0848
1.0289

RP/RPY

1.0000
10000
10000
1,0000
10000
1.0000
1. 0000
1. 0000
1.0000
160000
1.0000
1.00Q0
10000
1. 0000
10000
1.0172
1.0141
10000
«9787
1,0004
11494
141631
12291
+8510
e 3869

140000
1.0000
10000
1.0000
10000
140000
1. 0000
1.0000
1.0000
1.0000
1. 0000
1. 0070
10000
1.0000
1.0000
1.0172
1.0212
1¢0208
«9787
1.0000
lel724
1,1914
12708
»8085
29831

TABLE XIX

AT 2,0 MICRONS

R/RW

1. 0000
10000
10000
11,0000
0 8997
1:0G00
1. 6000
1.0000
10000
e 9997
1.0000
1.0000
1.0000
1.0000
1.0000
10172
10113
1,0094
1. 0055
1.0017
1.1494
lela77
1.1273
1.0627
140115

1.0000
1060600
1. 00600
1:06Q0
1. 0000
1- 0000
1000690
1. 0000
10000
10000
1.0000
1.00006
1.0000
1. 0000
10000
10172
1.0170
10141
1.0073
1.0017
11724
141704
161462
1.0719
1.0127

N1

1+300
14300
1,300
1.300
1.300
1.300
1.300
1.300
1300
1.300
1.300
1.300
1,300
1,300
1.300
16300
1.300
1,300
1,300
1,300
1.300
1,300
1,300
1,300
1300

14400
1.400
l1e400
1.400
1.400
1,400
1.400
1,400
1,400
1,400
1400
loi&OO
15400
l.lbOO
1.400
le4Q0O”
14400
1,400
12400
1:400
1400
1400
1400
1,400
1,400

Kl

200000
s 00000
+ 00000
« C000Q0
+ 00000
«00010
200010
« 00010
« 00010
00010
+010069
201000
+01000
+01000Q
«01000
« 10000
s10000
+10000
«10000
10000
100000
1.00000
100000
100000
1.,00000

e 00UDO0
2« J000GO
s 00000
« 00000
« 00000
«00010
« 00010
200010
+ 00010
200010
201000
«0100C0
« 01000
« 01000
«01000
10000
»10000
« 10000
» 10000
+10000
1000L0G
100000
1.,00000
1.00000
100000

M2

12304
1304
1,304
1304
14304
12304
1,304
1,304
1304
1304
1,304
le304
le304
1.304
1,304
le¢304
16304
1304
1.304
1,304
1304
1.304
14304
1304
1304

le304
1304
1e304
16304
14304
16304
1304
1304
1,304
1304
1304
14304
1e304
1304
14304
14304
14304
1,304
1304
1304
16304
14304
16304
14304
14304

K2

s 00110
200110
+00110
«G01190
s00110
200110
200110
200110
«00110
«00110
+00110
«00110
«00110
« 00110
«00110
200110
« 00110
200110
«0Q0110
« 00110
200110
s00110
«00110
s00110
«00110

«00110
«00110
«00110
«00110
200110
+00110
«00110
«00110
«001190
200110
200110
«00110
«00110
«00110
«00110
«00110
«00110
+00110
«00110
«00110
«00110
«00110
00110
»00110
+00110

THE RELATIVE REFLECTANCE OF A MONOLAYER-COVERED WATER SURFACE

W/D

835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835

835

835
835
835

835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835



RS/RSW

1,0000
1.0000
1.0000
1.0000
1,0000
1,0000
1.0000
1,0000
1.0000
10000
1.0000
1.0047
1,0026
1,0009
1.0004
1,0172
1.0190
1.0159
1.0096
1,0034
1.2011
141904

.1el515

1.0973
1.0330

RP/RPYW

10000
10000
1.0000
1.0000
1.0000
1.0000
1,0000
10000
1. 0000
1. 0000
10000
1.0070
1+ 0000
1. 0000
10000
1.0172
le0212
1.0208
«9787
¢ 9991
1.2011
l.2198
1.,3333
«7659
=9788

TABLE £IX (CONTINUED)

R/RW

1. 0000
10000
1. 0000
10000
1.0000
1. 0000
10000
1.0000
1. 0000
1.0000
1, 0000
1.0000
1. 0000
1.0000
1.0000
1.0172
10170
1.0141
1.0073
10017
l1.2011
1.1988
1.1698
10830
1.0139

N1

1500
1500
1.500
1,500
14500
1,500
1,500
1500
14500
1500
l.500
1500
1,500
1.500
1,500
1,500
1.500
14500
1,500
1.500
1,500
1.500
1500
1.500
1,500

Kl

« 00000
< 00000
« 00000
00000
« 00000
200010
«00010
«00010
200010
« 00010
«01000
«01000
« 01000
« 01000
+01000
+10000
«10000
» 10000
«+ 10000
210000
100000
1.00000
100000
100000
1.00000

N2

1:304
16304
1304

1.304

1,304
1304
1304
1304
1304
14304

1304

14304
16304
1304
1s304
14304
1:304
14304
1304
1304
1304
1304
14304
1304
16304

K2

«00110
«001i0
»00110
200110
«00110
«00110
« 00110
«00110
«00110
«00110
«00110
200110
«00110
s00110
«00110
«00110
«00110
«00110
«00110
«00110
«00110
«00110
«00110
«00110
200110

w/D

835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835
835

‘835

835
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TABLE XX

THE REIATIVE REFLECTANCE OF A TEN MOLECULE THICKX FILM-COVERED
WATER SURFACE AT 2.0 MICRONS

PHI RS/RSW RP/RPH R/RW N1 K1 N2 K2 W/
0 10000 10000 1.0000 15300 s00000 1,304 « 00110 83
20 1.0000 1.0000 2943 14300 « 000060 1304 200120 83
46 «2973 s 2791 £3952 1,300 «00000 16304 00110 83
60 ¢ 9990 1.0000 +9981 1,200 « 00000 16304 «00119 83
86 «9997 1.0000 29997 1,300 « 00000 14304 ¢00110 83
o] 1.0000 1.0000 1.0000 1,300 200010 1.304 200110 83
20 1.0000 1.0000 9943 1.300 200010 14304 + 00110 83
40 a2973 9791 29952 1:300 200010 1,+304 +00110 83
60 + 9990 1.0000 «99812 1300 0e0001C 1.304 «00110 83
80 «9997 1.0000 29997 1300 e 00020 1304 «00110 83
o 10114 1:0114 1.0114 1.300 sU1000 10304 200110 83
20 1:0142 1.0141 1.0113 1.300 «01000 15304 +00110 83
40 1.0106 1.0000 1. 0094 1,300 «01000 16304 00110 83
60 1.0057 1.00060 1.0055 1,300 01000 16304 200110 83
80 1.0022 10004 1.0014 1.300 201000 1,304 00110 83
0 1:1436 le1436 1.1436 16300 »10000 14304 00110 83
20 1,1380 161489 1.1363 1.300 « 10000 1.304 «00110 83
40. 1.1090 1.1458 lel132 1e300 210000 14304 200110 83
60 1,0713 £9574 1. 0664 16300 «10000 1,304 »06110 83
80 1.0243 1.0063 1.0180 14300 «10000 1,304 «00110 83

o 2.8160 208160 208160 1,300 1.00000 14304 «00110 83
20 266714 209787 2.7840 1,300 1,00000 10304 «00110 . 83
40 242712 445208 2.5283 1300  1.00000 14304 200110 83
60 157405 #9361 1.7066 1300 1400000 14304 +00110 83
80 1,2188 e9163 1.1125 1,300 100000 1.304 «00110 83

0 1.0114 1.0114 1.0114 1.400 +00000 1.304 +00110 83
20 1.0142 1.0141 1.0113 1.400 s 00000 1304 200110 83
40 1.007%9 1,0000 1.0094 16400 « 00000 14304 «00110 83
60 1.0048 1.0000 1,0036 1400 «00000 14304 »00110 83
80 1,0013 1,0000 1.,0008 1.400 « 00000 14304 «00110 83
0 1.0114 l.0114 1.0114 1400 « 00010 1.304 «00110 83
20 1.0142 1.0141 140113 1,400 200010 14304 «00110 83
40 10079 1., 0000 1.0094 14400 «00010 1304 200110 83
60 1.0038 10000 1.0036 1.400 +00010 10304 00110 83
80 1.0013 1. 0000 10008 1.400 200010 11.304 «00110 83
0 1.0287 1l.0287 1.0287 1:400 «01000 1.304 +00110 83
20 1,0285 1.,0283 10284 1.400 201000 14304 «00110 83
40 1.0212 1.0208 1.0235 12400 201000 16304 +00110 83
60 10125 +9787 1.0110 1,400 «01000 14304 00110 83
8¢ 10043 1.0000 1.0026 1:400 01000 1.304 «00110 83
0 1,1839 1.1839 141839 1400 210000 14304 «00110 83
20 1.1714 101914 1le1761 1400 «10UC0 1.304 200110 83
40 1.1382 1.2291 lelab2 1,400 «10000 14304 «00110 83
60 1.0877 «8936 1.0793 1.400 +10000 14304 00110 83
80 1.0296 1.0000 10189 14400 10000 1le304 «00110 = 83
0 341264 3+1264 3.1264 1,400 100000 10304 00110 83
20 249523 3,3262 340965 16400 1400000 1.304 000110 83
40 244760 542500 27877 14400 L1¢00000 10304 »00110 83
60 1.8486 «8936 1.8062 1400 1.00000 1.304 «00110 83

80 142462 +8808 141178 1.400 1.00000 14304 «00110 83

O



RS/RSW

1.0402
10380
1.0135
10043
10402
1.0380
1.0239
1,0135
10043
10574
10523
10398
1.0231
140075
1.2356
1,2190

1.1728

1.1080
1.0362
3464655
342571
246968
1¢9633
162740

RP /RPW

150402
150425
+9787
140000
10402
160425
1.0416
+9787
29995
1.0574
1.0567
1.0625
.9787
»9991
1.2356
142411
1.3125
+8297
+9936
344655
3.7163
600416
+8936
«8462

TABLE XX (CONTINUED)

R/RwW

1,0402
1,0340
1.0129
1.0026
10402
10340
1.0283
1.0129
1,0026
1.0574
1,0511
140424
1.0202
1.0044
12356
1.2215

1.1886"

1.0959
1.0210
344655
3+4318
3.0754
1.9169
161237

Nl

14500
1.500
1,500
14500
1,500
1500
1.500
14500
1.500
1.500
1.500
1.500
1.500
1,500
1.500
1:500
1.500
1500
1.500
1.500
1.500
1.500
1.500
1.500

K1l

« 00000
« 00000
«00000
«00000
+00010
«00010
+00010
« 00010
«00010
+01000
«01000
«01000
«U1000
+01000
«10000
«10000
«10000
«10000
«10000
1.00000
1.,00000
1.00000
l1.00000
100000

N2

1,304
1,304
1.3064
1.304

16304

1,304
1304
1304
1.304
1+304
1304
14304
1304
1304
1.304
1.304
l¢304
1+304
1.304
14304
14304
1.304
14304
1304

K2

«00110
«00110
«00110
«00110
+00110
«00110
«00110
»00110
«00110
«00110
«00110
«00110
+00110
+00110
«00110
«00110

.«00110

«00110
00110
«00110
«00110
00110
«00110
+00110

17



TABLE XXI

THE RELATIVE REFLECTANCE OF A ONE HUNDRED MOLECULE THICK
FIIM~COVERED WATER SURFACE AT 2.0 MICRONS

PHI ~RS/RSW RP/RPW R/RW N1l K1l N2 K2 . wW/D

0 +9655 = #9597 29597 14200 s00000 1.304 +00110
20 29666 e 9645 09602 1,300 s00000 1304 «00110
40 «3707 «9375 09669 1,300 2« 00000 1.304 «00110
60 - 9816 10000 9815 1.200 «00000 14304 00110
80 «99138 +9983 «9952 1300 «00000 1,304 000110

0 «9655 «9597 »9597 1300 ¢00010 14304 +00110
20 09666 49645 «9602 14300 « 00010 1.304 «00110
490 «9707 »9583 29669 1.300 200010 1.304 «00110

60 9816 1.0000 «9833 1.300 s00010 14304 00110
80 29938 . «9983 09952 1300 «00010 14304 200110

0 1,0344 1:0344 160344 1300 «01000 16304 «00110
20 1.0380 1. 0425 10340 1300 01000 1.304 «00110
40 140372 140416 1.0377 1,300 »01000 14304 «00110
60 1.0308 «9787 140295 1.300 «01000 1l.304 s00110
80 1.0127 1.0038 10094 1.300 «01000 14304 +00110

0 148965 1.8965 148965 14300 ¢10000 14304 «00110
20 1.8666 169219 1,8806 14300 10000 1,304 «00110
40 167420 241458 17877 1.300 ¢«10000 1.304 «00110
60 164975 #9574 le4741 1.300 «10000° 1304 +00110
80 lel634 10637 1.1285 1.300 ¢10000 14304 «00110

0 1643735 1643735 1643735 14300 1.00000 14304  +00110
20 1446142 1842836 16.0397 1300 100000 14304 «00110
40 1041090 39.0625 13.3867 1,300 1.00000 14304 »00110
60 501022 2741063 600553 1.300 100000 14304 +00110
80 1e8242 l.5086 17133 14300 1,00000 1.304 «00110

0 149942 19942 149942 1.400 «00000 1.304 «00110
20 1.9238 240070 1.9488 1,400 +00000 1.304 «00110
40 l.7127 242291 147735 l.400 « 00000 14304 +00110
60 144165 7234 13856 1.400 «00000 1.304 « 00110
80 1a1251 10139 1-0861 164400 +00000 1.304 «00110

0 149942 169942 19942 1.400 «00U10 1.304 «00110
20 19238 2+0070 1.9488 14400 «00010 1304 00110
40 1e7127 242500 147735 l.400 +00010 1.304 «00110
60 le4156 7021 l.3856 14400 +00010 14304 200110
80 141253 1.0139 1. 0861 1.400 «00010 1304 «00110

0 20517 240517 240517 1+400 »01000 14304 «00110
20 149761 240638 2.0056 1.400 «01000 1304 «00110
40 le7632 243333 1+8254 1:400 «01000 1.304 00110
60 le4541 06595 144206 14400 «01000 1.304 «00110
80 '1.1381 10139 1.0944 1.400 «01000 1.304 +00110

0 248218 208218 2.8218 1.400 «10000 1.304 «00110
20 2.7190 228794 247727 1.400 «10000 1.304 +00110
40 243803 345208 2:5094 1,400 «10000 1.304 «00110
60  le8447 «5106 1.7859 l.400 «10000 14304 00110
80 1,2528 1.0333 141755 1.400 «10000 14304 «00110

0 1746034 1746034 1746034 1.400 1.00000 1304 «00110
20 1546523 1948156 17.2784 14400 1400000 14304 +00110
40 1067127 4341458 1443867 1,400 100000 14304 «00110 .
60 543085 28.7021 643228 1,400 1.00000 14304 +00110
80 1.8506 le4321 147035 14400 1,00000 1.304 ° +00110
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RS/RSW

3.5287

363333

247819
220125
102838
365287
33333
267819
20125
1.2838
3.5459
3,3571
2.8058
200318
102897
4,1091
348904
342420
262931
143575
18,7873
166523
11,2819
54985
148741

RP/RPW

. 345229

346099
446250

04042
140004

365229 °

366099
446458
e4042
29995
36¢5459
3.6382
406875
e3404

e 9966
401091
402482
566875
«1276
09894
18,7873
212978
47.1875
3045744
13633

TABLE XXI (CONTINUED)

R/RW

3.5229
324375
269905
169428
1.1841
35287
244375
2¢9905
1:9428
141841
345459
3:4602
3.0188
169575
11868
441091
440227
3.5188
2¢1992
1.2283
18,7873
18,4659
1543490
65867
16949

N1

1.500
1.500
1.500
1.500
1.500
1,500
1.500
1500
1.500
1,500
1,500
1,500
1,500

1500

14500
1500
1.500
14500
1.500
1,500
1500
l1.500
1.500
1,500
1.500

Kl

« 00000
s+ 00000
200000
+00000
« 00000
« 00010
« 00010
« 00010
¢ 00010
«00010
«01000
01000

+01000

201000
«01000
«10000
«10000
10000
10000
«10000
1.00000
100000
1.00000
1.00000
1.00000

N2

14304
1304
le304
1304
1,304
1304
14304
1304
16304
1.304
1¢304
14304
14304
1304
1,304
1,304
14304
10304
1304
1¢304

1e304

1.304
1304
14304
1,304

Ke

«00110
«00110
«00110
«00110
200110
«00110
«00110
«00110
»00110
+00110
«00110

200110

200110
«00110
+00110
+00110
+00110
00110
«00110
«00110
00110
«00110
$00110
«00110
200110

W/D
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APPENDIX D

THE SOLUTION OF THE REFLECTANCE EQUATION FOR A WATER

WAVE SURFACE

In Chapter III equation (ITI-4) was derived to be the equation for

the reflectance of z water wave surface. This equation was:

R o ]ER BBt Bt £ L

It was mentioned that this was essentially an integration across the
energy wave rather than a line integral along the wave surface since each
point on the wave surface does not see the same quantity of energy. The
energy wave is then considered to be divided into n equal ray elements,
with exterior points defined as the point separating the ray elements.

Figure 7 showed pictorially the situation where the incident ray had
a greater slope than the maximum slope of the water wave, and Figure 8
showed the situation where the ray has a smaller slope than the maximum
slope of the water wave,

The general equation for the water wave surface is:

‘érn A S\h(%im%>)

and the equation for the projection of the energy ray through an external

150
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point is:

where the slope, m, is known to be:
- iiN
M= Tan <'ﬁ§_"¢).

The basic problem is to evaluate the slope of the wave at its inter-
section with each projection of an exterior point, Then, the total angle
of incidence, d}yu , may be calculated. With this information, the
reflectance equations may be used to determine the values of in in
equation (D-1),

Under the conditions shown in Figure 7 where there is no shadow,
it is obvious that % is zero, The value of the total angle of incidence
for the first exterior point may be found by evaluating the slope of the
wave at the point x = 0, This is accomplished by noting that the slope

is:

=
ff

Z,TI- L\ CO (\Z-WA >
A

fe g
5
>

The angle, ™ , is then:

o = arctan <§{A>,
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For the second exterior point, the intersection of its projection
with the wave may be determined by using Newton's second order method of
tangents (76), Likewise, at this point of intersection, the slope of
the wave and the total angle of inCideﬁC@,CPfg( s may be calculated,

The procedure is then repeated for each exterior point.

Under the conditions shown in Figure 8, the initial exterior point

is selected to be the point whose projection is tangent to the water wave.

As the slopes are equal at the point of intersection, x, , it can be said

that:
tan(T- ) = E;_E., Cos (E;jfs_- g>
or

2w

Cos(g‘;—hog)z 2 T @;“d) -

If )’ is defined as follows:

Ké—-» (%m%) )

it may be shown that:

aos D ‘i‘aﬂ@-é}

23T A

or

il

¥

arc 0os [?)\iﬂ? Tan (X - 4’)} .
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At this same point of intersection, x,, the ordinates must be equal or:

MA, = A%tﬁ(jé)

or

which results in:

d
The slops of the wave is Ei‘ 3 and, therefore, the angle, o , is

found to be:

X = Qrc_tah(g—)i() .

And then the total angle of incidence for the point on the surface is C#»O(.

Again, Newton's second order method of tangents may be used to locate
the intersection of the water wave with the second exterior point; and the
above procedure can be followed for the calculation of its total angle of
incidence,

The reflection equations maey be used for each intersection point,
and the results substituted into equation (D-1). Thus, a procedure has
been developed for the célculation of reflectance from a water wave, '

A comparison of the reflectance of a wave with the reflectance of a
plane surface can be made by evaluating the reflection equations for a
water surface where the total angle of incidence is qb 0

On the next page is found a copy of the computer program which makes

use of the techniques mentioned above for the evaluation of equation (D-1).
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Solution of Reflectance Equation for
Water Wave Surface

READs Rs Ev» WLENGs SLMAXs DXX
READs PHI» DIFF» AMPs DELX

PHIR = PHI % 3,1416 / 180.0
BETA = ( 341416 / 240 ) = PHIR
IF (BETA = 361416/240) 2y 3 2
SLOPE = SLMAX

GO TO &

SLOPE = (SIN(BETA))/(COS(BETA))
SUM = 0.0

Z = 0.0

YCPT = Ge0

C = 2.0 % 3a1416 / WLENG

IF (SLOPE ~ C * AMP) 12+ 13, 13

X = 060

DEL = 0.0

DELTA = 0.0

GO 70 14

CC = (SLOPE)I/Z(C *® AMP)

CCC = ( SQR(1.0 = CC*®2))/CC
GAMMA = ATN(CCQ)

X = (AMP/SLOPE)}#SIN(GAMMA)
DEL = (C¥*¥X) - GAMMA

DELTA = DEL * 18040 / 3.1416
VALUE = 50
SUM = SUM + VALUE

YCPT = YCPT - (SLOPE®*DELX)

2 = Z + DELX

X = X + DELX

FX = AMP * SIN((C¥#¥X) - DEL) ~(SLOPE # X } - YCPT
D1IFX = C % AMP # COS((C¥X$y - DEL) - SLOPE

D2FX = =—(C##2)% AMP * SIN((C*¥X) - DEL)

DNX = 2.0 * D1FX # FX

DDX = D2FX # FX ~ ( 240 % DIFX*#2)

IF (DDX) 31, 30U, 31

DX = DXX

GO TO 32

DX = DNX 7/ DDX

X = X + DX

FX = AMP % SIN({(C¥X) - DEL)} ~(SLOPE * X } -~ YCPT

ABFX = ABS (FX)

IF {SENSE SWITCH 2) 21s 22
TYPEs ABFX

CONTINUE
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IF (ABFX ~ DIFF) 14y 14, 15

TTANA = CH¥AMP* COS((C*X) ~ DEL)
ALPHA = ATN{TTANA)

ALPHB = ABS({ ALPHA )

CHI = 2,0 % 3,1416% X/(WLENG) - DEL
IF {CHI -~ 3.,1416/2.0) 259 255 26

T = PHIR + ALPHB .

GO TO 29

IF (CHI ~ 1,5 % 341416) 27» 27y 28
T = ABS(PHIR - ALPHB)

GO TO 29

T = PHIR + ALPHB

CONTINUE

IF (SENSE SWITCH 3) 23y 24

TYPEs Xs» ALPHAs CHI» PHIRs T
CONTINUE
2TeR%#%#2~(E#%#2 ) (SIN({T) )#%2
26=SQRU{ZT)I*R2)+4 0¥ (RE%2 )% (E¥%2))
AA =3 ABS(1Z26+271/72.0)

BB = ABS{(126-27)1/240)

A = SQR(AA)
B = SQR(BB)
Z1zA¥R2+B%%2

22=2. % (A%COS(T))

232 (COS(T))#%2

242X (AR (SIN(T))®#2)/(COS(T))
25=({(SIN(T) ) #¥%4) /( (COS(T))##2)
RN={21~22+23)/121+22+23)
RP=(RN)*{(Z21-Z24+25)/(21+24+25))
RT={RN+RP) /240

IF (SENSE SWITCH 1) 16y 17
TYPEs 2

CONTINUE

IF (2) 200y 8y 11

VALUE = RT / 2.0

SUM = SUM + VALUE

GO TO 10

IF {2 - WLENG) 69 T 7
VALUE = RT

SUM = SUM + VALUE

GO TO 10

VALUE = RT/ 2.0

SUM = SUM + VALUE

RATIO .= DELX 7 WLENG

RUO = RATIO #*# SUM

PUNCHs PHI» RUO» DELXs DELTA, AMP
GO TO 1 '

CONTINUE

END
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