CHAPTER 1
INTRODUCTION TO HYDROLOGIC OPTICS

1.0 Hydrologic Optics: Definition, Domain, and Desiderata

As the earth swings round the sun, it continuously turns its
atmosphere, its lands and its seas to face into the steady
torrent of energy streaming from that radiant star. Of the
nearly 65,000,000 watts of radiant power of all wavelengths
emitted from each square meter of the sun's surface, about
1,400 watts are incident on each square meter of the upper
levels of the earth's atmosphere directly facing the sun,
there to initiate and sustain the complex chains of meteoro-
logic and hydrologic events among which are the important
biologic links evolving in the atmosphere and the seas. In
the meteorologic domain, the radiant flux from the sun is
partly absorbed to warm the earth's gaseous mantle so as to
generate winds and habitable climes; and partly scattered so
as to help grow plants and light the ways of the creatures of
the air and earth below. In the hydrologic domain the radi-
~ant flux, when in sufficient abundance, is partly absorbed to
help keep the seas and lakes and other natural hydrosols in
their fluid state, and is partly scattered about in their
upper levels so as to light the ways and help provide suste-
nance for the creatures of these watery domains.

Hydrologic opties is the quantitative study of the in-
‘teraction of radiant energy with hydrosols, especially the
natural hydrosols of the earth such as its seas, lakes, ponds,
rivers, and bays. Hydrologic optics is part of a broader _
‘discipline known as geophysical optiecs which studies the com-
mon physical and geometrical principles governing radiant en-
ergy fields in both the meteorologic and hydrologic domains.

- Geophysical optics together with astrophysical opties--in

-~ Which the emission, absorption and scattering of radiant en-

ergy within general planetary and stellar atmospheres is of
primary concern--fall under the aegis of radiative transfer
theory, which is defined as the quantitative study, on a
phenomenological level, of the transfer of radiant energy
through media that absorb, scatter, or emit radiant energy.
Radiative transfer theory, in turn, is viewable as a logical
descendent of electromagnetic theory, and in this way hydro-
logic optics, and more generally radiative transfer theory,
may take its place among the theories of modern physics.
These interrelations are summarized in Fig. 1.1.
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. FIG. 1.1 Hydrologic optics as a logical descendant of
radiative transfer theory and electromagnetic theory.

- The Problems of Hydrologic Optics

The theoretical and empirical studies comprising hydro-
logic optics arise in the attempts to answer several diverse
types of questions such as the following. How much radiant
energy of a given wavelength is reflected from a sea or lake
‘surface, and how much penetrates this surface and reaches
each depth of the sea or lake? How does the amount trans-
mitted depend on the surface winds and other factors affect-
ing the physical, geometric, and dynamic state of the moving
surface? Does the light penetrate the body of the ocean or
lake in some general and predictable manner as regards depth
"dependence and directional dependence of the light distribu-
tion? If so, what are the pertinent physical measurements
that must be made to facilitate such predictions? What ef-
fects on the light field are engendered by the proximity of
the shores, bottoms and other boundaries of the hydrosols?
What are the pertinent optical properties of natural hydro-

- sols by which oceanographers and limnologists can character-
ize these waters? How may these scientists usefully employ
these concepts in the pursuit of their special interests such
as marine biology, geology, and hydrodynamics? How far can a
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diver or submariner expect to see a given submerged object

as he maneuvers in the submarine world of blue-green lights
and shadows? How far can one expect to communicate under-
water by means of given types of light sources such as lasers,
point sources, etc.? Of what significance is the polarized
light field to the denizens of the deep and to enterprising
humans interested in navigating through the submarine world
by unconventional means? These summarize some of the basic
types of questions with which hydrologic optics is concerned.
- The questions have many variations and their resolutions are
often of great difficulty,so that the theory of radiative
transfer which underlies hydrologic optics is often taxed to
its limits in the attempts to provide quantitative or even
qualitative answers. As the discussion proceeds, we shall
make clear the present status of the solutions to the general
problems listed above. ' I - g

The Aims'and_Desiréd Goals of This Work

In this work we shall be concerned with the systematic
development of the basic physical principles and mathematical
procedures of radiative transfer theory which have been found
effective in solving the general types of problems cited
above. The reason for selecting the domain of hydrologic op-
~tics for specific study rather than meteorologic optics or
‘any other branch of general radiative transfer rests simply
in the fact that it is in this domain that most of the prac-
tical experience of the author lies. -

It should be emphasized at the outset that our primary
concern is with the prineiples of hydrologic optics rather.
~than the detailed numerical and experimental aspects of the
state of the art of the discipline. These latter procedures,
as important as they are in the various stages of securing
~our knowledge, both theoretical and empirical, are in the
last analysis meaningful and efficacious only if they are
based on sound physical principles and mathematical tech-
niques. Repeated direct experiences of the author in pur-
suing complete or partial solutions of problems of the types
listed above, have demonstrated the importance of having a
well-grounded knowledge of the principles of radiometry and
radiative transfer theory during the search for the solutions.
It would seem to follow that anyone faced with similar prob-
lems and armed with a comparable battery of principles and
‘laws of the subject will also eventually find his way to his
own desired experimental or theoretical goals. This, then,
leads to the primary aim of the present work: to give a sys-
tematic development of the fundamental principles and proce-
dures of radiative transfer theory which may be employed by
‘students of the subject in the pursuit of solutions of their
particular theoretical and experimental problems of geophys-
teal opties, and especially hydrologic opties. It has also
been the experience of the author that both the theoretical
and experimental practitioners of the arts of radiometry and
radiative transfer are singularly independent individuals,
each in his own way, and in view of this it would be somewhat
futile to preoccupy the potential student and researcher with
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. anythlng but the most pertlnent and general principles and
procedures. This observatlon is c1ted to relnforce our aim
_ enunc1ated above.

The Plan and_SCOpe of This Work

It is in the nature of the theory of hydrologic optics
that the full founding and delineation of its basic princi-

- ples is tantamount to a full founding and delineation of the
basic principles of radiative transfer theory itself. This
fact rests on the observation that the physical-geometric
problem of completely describing the structure of the scat-
tered light field in a sea or lake 1s just as complex a task
‘as that of descrlblng the light field in the atmosphere, or
for that matter in any real medium that emits or scatters
light. This realization dawned very early in the author's
studies of oceanographlc and limnologic optics and in his
theoretical excursions into the problems of meteorologic op-
tics. It was eventually realized that the appropriate direc-
tion of study was not a problem-by-problem horizontal advance
through the everyday jungle of examples, cases, and counter-
‘examples, but rather the direction requlred'a sharp vertical
tack, straight up into the heights of abstraction, from
whence one could most economically view the radiometric
scenes spread out below from horizon to horizon. This at-
tempt to escape into the thin air of general constructs and

- guiding principles was made as often as the exigencies of
daily problems and consultations would allow, and eventually
as reports and papers accumulated, there emerged a pattern of
pr1nc1p1es and procedures which could be seen to apply to all
the special principles and special procedures accumulated to
that time. Interestingly, it was found that the abstract
~principles could be phrased and assembled using very meager

~ amounts of advanced mathematical machinery. This, coupled
with the author's classroom experience that the basic con-
structs of radiative transfer, namely radiant flux, 8catter-
ing, absorption, volume, area, and length are all readily
~visualizable, resulted in a theoretical framework which was
readily understood and applied once a small number of academ-
ic prerequisites had been dispatched, namely the equivalent

- 0of a one year course in advanced calculus, which includes
vector analysis, and flrst and second order ordinary differ-
ential equations.

, . For all these reasons it was dec1ded in the planning
~stages of this work that its scope be widened to embrace,
whenever possible, the completely general principlés of radi-
ative transfer theory, and to attempt a systematic develop-
ment of the subject by starting from a single fundamental
principle, namely that which eventually came to be called the
interaction principle (Sec. 3.2). For, it would be ineffi-
‘cient and unesthetic to base a science on many seemingly un-
related prlnC1ples when it is possible to employ merely one.
Accordingly, in Chapter 3, after a thorough grounding in geo-
‘metrical radiometry, the reader is lead through a methodical -
construction program of general radiative transfer theory.

The elaboration of the detalls of this task will occupy most
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0of the remainder of the work, with several important chapters,
included as integral parts of the main discussion, which are
devoted to the richer theoretical details made possible by
adopting the plane-parallel settings indigenous to hydrologic
optics. o o . - -

It was found possible to adopt the preceding form of
~development of radiative transfer theory provided some care
was taken at the outset to equalize the backgrounds and in-
tuitions of potential students of the subject. It is to such
students and to the general reader that we devote this chap-
ter. In the following sections we shall acquaint these read-
ers with the general outlines of hydrologic optics by sup- '

- plying representative radiometric examples of natural light

fields and typical magnitudes of optical properties encoun-
tered in natural hydrosols. We shall also present three of
the simplest models of light fields which are capable of des-
- cribing a very wide number of situations encountered in prac-
- tical hydrologic optics. We shall in addition illustrate the
use of these models by means of explicit deductions and cal-
- culations. We shall also present graphs and tables based on
- these models which have been found useful in practice. Then
“Wlth these introductory developments completed, we shall feel
free to start from scratch in Chapter 2 and proceed rigorous-
ly with the systematic construction of the modern theory of

' CHAPTER AND VOLUME INTERDEPENDENCE

FIG. 1.2 Interdependence of the chapters of this work.
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radlatlve transfer. The results will embody powerful exten-
sions which appear to be capable of solving--in principle and
in practice--every known current problem of applied radiative
transfer theory in the domains of the air and the sea.

As an aid in studying the present work Fig. 1.2 1indi-
~cates the logical interdependence of the various volumes and
chapters. Actually every chapter is connected 1in some way
- with every other; however, some connections are stronger than
others, and these are.shown.in-the_diagram. Thus the prereq-
uisite most essential to understanding a given chapter 1s the
chapter (or chapters) which stand immediately above 1t via
the horizontal and vertical lines in the diagram. For exam-
ple Chapter 11 depends directly on 4,5, 7 and 10, while 6
depends directly only on 3. Furthermore, the chapters whose
contexts are developed on the}levelfof general radiative ,
~transfer theory (Fig. 1.1) are outlined in heavy boxes; those
~that are more directly concerned specifically with hydrologic
optics (or the theory of stratified plane parallel media) are
~outlined in the dashed boxes._-_ .
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1.1 A Primer of Geometr1ca1 Radlometrz and Photometrz

. After the solar radlant energy 1nc1dent on the upper

~levels of the atmosphere has rapidly percolated down through

- the atmosphere and redistributed itself via scattering pro-
cesses throughout the lower reaches and in the upper layers
of the seas and lakes, its flow within these media assumes an
intricate, and relatively steady geometric pattern. A parti-
“cularly useful mode of representation of this flow of scat-
tered radiant energy is possible by means of the concepts of

- geometrical radiometry, whose definitions and interrelations

~we shall now briefly study. A relatively complete and de-
tailed study of geometrical rad1ometry and photometrlc con-
Cepts 1s reserved for Chapter 2 .

The Nature of Rad1ant Flux

" The radlant energy streamlng in from the sun is under-

- stood to be electromagnetic energy. The atomic radiative
processes of the sun generate a wide range of frequencies (or
wavelengths) of electromagnetic energy, only a small part of
which is visible to the human eye, or detectable by human

- skin, or usable by the plants and animals of the earth. The

- part of the electromagnetic spectrum visible to normal human
eyes lies essentially in the range from 400 to 700 millimic-
rons wavelength, the 400 mp light being deep blue-violet, the
700 mu light belng deep red, with all the colors of the rain-
bow ranging continuously between these extremes. The wave-
length of electromagnetic energy evoking the greatest sensa-
tion of brightness is the yellow-green at 555 mu under normal
daylight conditions. If radiant energy of wavelengths much'
less than 400 or much greater than 700 mu fall on normal re-
tinas, there is relatively no conscious awareness of such an
event by the associated brain, though--in some extraordinary
cases, some ultra violet (380 my) and some infra red (780 mu)
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