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Translator's Ncote: 1In the case of a
great many little-known non-Russlan
family names occurring in this text,
not mentioned in any of the standard
reference works availlable on the
subject, and where the Cyrillic
rendering 1s at best a phonetic guilde
to the pronunciafion, the translator
can do no hetter than offer the most
probable spelling in Latin letters.
Regrettably, some inaccuracies in
orthography are almost inevitable
with this approach.
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All figures, graphs, tables, equations, etc.
merged into this translation were extracted
from the best quality copy available.
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This book deals with one of the more complex
and fascinating branches of science - hydrooptics,
that 1s, the science of the penetration and
propagation of light in the sea. At the present
time, a knowledge of the physical laws governing
these processes 1s all the more essential in
view of the need to find solutions to so vital
and pressing a problem as the exploitation of
the resources of the World Ocean. Man has
begun hils advance 1n this challenging new area.
But in order that his study of the water-covered
expanses of our planet be fruiltful, answers must
be found to a great many difficult problems of
hydrooptics.

What is the explanation of the color of the
sea and why do different seas have difrferent
colors? On what does the transparency of sea
water depend and to what depth does light pene-
trate in the oceans? Why does the sea glow?

The answers to all these and other questions will
be found in this book.

The text has been written in a simple style,
wlth the physical essentlals of the processes
discussed presented in a manner easlly under:stood
by a wide reading audience.

?TD-HT-23-105-72 iv



FROM THE EDITOR

The study of the interrelationship between the geographical
distribution of optical characteristics, on the one hand, and
geological, biological, and hydrologlcal factors, on the other,
is one of the most important problems in marine opties.

Since marine optics (or, as it is sometimes otherwise called,
optics of the sea) is one of the branches of physics - the optics
of light-scattering media - in this aspect 1t is related to the
physics of the atmosphere. On the other hand, marine optilcs is
quite different from atmospheric optics for the reason that there
1s a sharp distinction between the optical propertles of the
atmosphere and those of the ocean.

While optics of the atmosphere has behind it a long history,
marine optics 1s a young science. 1Its intensive development
dates back no further than to the postwar years. The last gquarter-
century has seen a sharp upsurge in man's interest in the ocean,
and this has brought with 1t an actualization of the problem of
underwater 1llumination and visibility. The evolution and refine-
ment of underwater television and of equipment for motion-picture
and stlll photography under water are other areas which have
required a good knowledge of the optical properties of sea water
and of the physical laws which govern the underwater penetratilon
and propagation of light. Linked to marine optics are the

FTD-HT-23-105-72 v



processes of the blological productivity and exploitation of
the living wealth of the oceans.

At the present day, marine optics 1is being studied by a large
number of scientific research organizations in our country.
Collated works on the physics of the sea and oceanology always
allot substantial attention to an analysis of optical characteris-
tics. Meanwhile, however, there is virtually no popular sclentific
literature on the subject of marine optics, excluding perhaps a
chapter in V. V. Shuleykin's book Essays On Physics Of The Sea
and a handful of Journal articles.

The purpose of Light In The Sea 1s to f1ll1 this void. This
book discusses the nature of light propagation in the sea, tells
how the optical properties of different seas and oceans differ,
explains the origin of sea color, and reveals the importance of

marine optics to marine biology and other sea sclences, as well
as to the needs of science and technology.

V. G. Bogorov,
Corresponding Member of the Soviet
Academy of Sclences

FTD-HT-23-105-T2 vi




INTRODUCTION

More than two thirds of the surface of our planet are covered
by seas and oceans. In these watery reaches dwell an enormous
number of fish, mollusks, and seaweed. On the ocean floor 1lle
fabulously rich deposits of manganese and iron. It 1s no accident
that wea water has been called "liquid ore," for the World Ocean
contains in the dissolved state some elght million tons of gold,
164 million tons of silver, and an enormous quantity of other
chemical elements. The mineral wealth beneath the ocean floor i:c
literally inestimable.

Also immense are the energy resources of the ocean: the
worldwide "store" of tidal energy amounts to 1,000,000 miliion
kilowatts, while the amount of deuterium contained in sea water
is sufficlent to meet the energy requirements of mankind for the
next billlion years.

All thls wealth, however, 1s being used in only the most

limited manner. The unencompassable aquatic environment represents

humanity's last frontier. The "sea age" had 1its beginning as
recently as the twentieth century.

Man 1s moving ever deeper into the sea. He 1s penetrating
it with camera and with television. The design and operation of

FTD-ET=-23-105-72 vii
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this equipment requires an understanding of the optical droperties
of sea water, along with a proper appreciation of those physical
laws which determine the propagation of light in the sea. This
knowledge 1s also important, however,‘for certain other scientific
disciplines as well - for marine biology, for example. The fact '
is that life 1in the depths of the oceans owes 1its origfn and
existence to the Sun and to Bolar energy, while the basic process.
resulting in the entire primary production 'cycle of the seas' and
oceans 1s photosynthesis; Marine biologists requlre 1nformation
on what amount, K of light reaches what specific depth 1n the sea,
how light conditions differ at different levels ‘on a daily and
annual basis, and what distinguishes light penetration conditions
in different waters.
| : .

The answers to these and to many other questions ane provided .
by marine optics - a young and fast developing science, which
is also the subject of this book. | ' "

1
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THE BIRTH OF HYDROOPTICS

The essentlal task of thils sclience 1is the study of the optical
properties of sea water and the laws governing the penetration
and propagation of light in the sea.

The first studies in this area were carried out as early
as the beglnning of the elghteenth century by the French physicist
Plerre Bouguer, the creator of photometry - the sclence of
quantitative measurements of light. Academician S. I. Vavilov
considered that in the history of optics Bouguer's name deserves
to stand side by side with the names of Newton and Huygens. In
his famous Treatise On Optics?! Bouguer studied a great many
questions related to the measurement of light, its reflection
from smooth and rough surfaces, and its propagation In a variety
of media. Most of these questions bear the most direct poscsible
relation to the sea. To Bouguer belongs the credit of having
discovered one of the primary laws governing the propagation of
light 1n the marine environment - a law which was subsequently
to be known by his name. Thils French scientist formulated the
fundamental postulates of the theory of the visibility of obl-its

'Bouguer. Statistical Treatise on the Gradiation of Light,
Vol. III, Moscow, 1950 (in Russian).

FTD-HT=-23-105-7¢ ix



through an 1lluminated turbld medium and applied this theory to
the calculation of the limiting depth of the visibility of such
objects under water. It was - at his initiative that laboratory
studies of sea water were begun.

However, 1f one wishes to speak of optical measurements
directly at sea, here the priority belongs to the Russian investi-
gator O. E. Kotzebue, who was the first to measure the relative
transparency of the sea with the aid of submerged objects. It
is to his achievements in the first half of the twentieth century
and to the efforts of other Russian scientists that the scilence
of sea light 1s basically indebted.

Toward the end of the last century, O. D. Khvol'son, a
physicist from St. Petersburg, formulated the radiation transfer
equation, the basic equation describing the propagation of light
in turbid (light-scattering) media, specifically the sea.
Khvol'son based his work on simple physical considerations - the
conservation of radlant energy in an elementary volume of matter.
In more recent times, works have appeared in which efforts have
been made to establish a relationship between this equation and
Maxwell's equations and thus to substantiate it from the standpoint
of electrodynamics. In the period following the war the Indlan
scientlst S. Chandrasekar and the Soviet physicist G. V. Rosenberg
have updated the transfer equation in order also to take into
account the polarization or the radiation.

In the beginning of the twenties of the present century the
Indian scholar Ch. Raman and Soviet physicist V. V. Shuleykin
succeeded in explaining the origin of the color of the sea. The
Raman theory 1s applicable only to transparent waters, while
Shulerkin's formula is more general in nature. Gomewhat later,
A. G. Gamburtsev developed an even nore general theory; the
formula he derived for light issuing from the sea encompasses
the Shuleykin and Raman formulas as a particular case.

FTD-HT-23=105-72 X
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Academician Shuleykin's contribution to hydrooptics is
not limited solely to his explanation of sea color. He created
a theory for the multiple scattering of light in the sea, in
addition to investigating the scattering of light by suspended
particles and the effect of light on the coloring of various
submarine algae and animal forms. At the Black Sea Hydrophysical
Station which he founded at Katslveli 1in 1929 studies are precently
beilng conducted in the area of marine optics which have drawn wide
attention not only in the Soviet Union, but abroad as well.

Another of the founders of modern hydrooptics is the Soviet
scientist A. A. Gershun. Gershun is responsible for the thcory
of the 1light fleld in turbid media, which was to lay the barls
for the discipline of theoretical hydrooptics. Previously,
photometry had been restricted merely to an examination of the
radiating and absorbing bodies themselves, while the intermediary
medium (environment) in which the light propagated remained outside
the analysis. Gershun introduced the concept of a radiant enersgy
field 1n the medium in terms of a physical fleld, and also developed
a supportive mathematical theory. Gershun was the first to cstuay
a wide range of important problems 1in the photometry cf turbia
media and personally devised a number of optical instrument: ror
marine investigations. The monograph The Transparencv and “clor
of the Sea, which he wrote in 1939 in collaboration witin Ve. A,
Berezkin and Yu. D. Yanishevskiy!, remains to this day the classic
work on marine optics?.

'vs. A. Berezkin, A. A. Gershun, and Yu. D. Yanishevskiy.
Prozrachnost' i tsvet morya. L., Izd-vo Voyenno-morskoy Akademii
VMF, 1940,

2The literature on the general subject of marine optics is
extremely scanty: a chapter from the book Fizika Morya by V., V.
Shuleykin, an article by Prof. S. Dantley in the Journal cf the
American Optical Society, and a chapter from the well known houx
The Sea by the American sclientists J. Tyler and R. Preisendorf.
Tt was only in 1968 that the monograph by the famous Swedish
hydro-optical specialist, Prof. N. Jerlov, Optical Oceanography,
made its appearance.

FTD=-HT-23-105-72 x1
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Among the researchers working in the area of hydrooptics
abroad during the thirties and fortlies special mention should be
made of I. Le Grand and G. Petterson. The French sclentist
Le Grand published several interesting works on the theory of
light propagation in the sea, while Petterson, a Swede, was the '
inventor of numerous hydro-optical instruments and one of the
first investigators to conduct optical research involving the '
immersion cf equipment directly into the sea.

As a sclence, hydrooptics 1s classed as one of the branches
of physics -~ the optics of light-scsttering media (the same branch
also includes the sclence of atmospheric cptics). For this reason,
of grcat importance to the development of hydrooptlics were the
works of a general-theoretical nature of such people as V. A.
Ambartsumyan, V. V. Sobolev, S. Chandrasekar, G. V. Rozenberg,
R. Preisendorf, K. S. Shifrin,'and others. The methods these men
formulated for the study of radiation propagation in light-
scattering media bear a direct relation to the sea.

Mention has already been made of the basic equation in the
theory of turbid media - the radiation transfer equation. The
solution of this equation can provide us with information of
interest on the light fleld in the sea as & functlon of illumina-
tion conditions and the optical properties cf the sea water In a
glven region. The difficulty, hcwever, lies in the fact that to
date there is no complete solution to the equatlon as applied to
the sea. The mathematical problems which such a solutiun entalls
have proven insuperable even in the Jace of computerized attaches.
The majority of precent-dzoy hydrooptical stuales aie baned on the
findings of experimental works, which are then lncorporated as ‘
building blocks in further theoreticul postulations.

Experimental optical research airectly in the sea has won

perticularly wide acceptance in the postwar period. In 1947-1948,
during the round-the-world crulse of the Swedish research vessel

FTD=-HT-23-105=-72 xi4
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"Albgtross,”" N. Jerlov conducted complex measurements in the
Atlantic, Pacific, and Indian Oceans. On the basis of these
measureménts he formulated the first optical classification of
sea and ocean waters.

Our country has also been the scene of expanded investipgatlons
into the optical properties of sea and ocean waters. During the
period from 1948 through 1951 M. V. Kozlyaninov undertoock extensiv:
optical measurements in the seas washing the shores of the Soviet
Union. With the commissioning of the scientific-research veusel
"Vityaz'" in 1949, the P. P. Shirshov Institute of Oceanolosy of
the Academy of Sciences of the Soviet Union (IOAN) begar regpular
optical measurements in the seas of the Far East and in tre Paciflc.
At the same time, under the directorship of A. A. Gershun and
V. B. Veynberg, new hydrooptical instrumentation was developed
in the S. I. Vavilov State Optical Institute.

Our knowledge of the optical properties of the watcr of the
open oceanic areas of the planet was significantly broadened
during the International Geophysical Year and Year of International
Geophysical Cooperation from 1957 to 1959. During the ;reparatory
period for these international events the Soviet Union created
the first equipment ensemble for use in mass measuremert. ! tne
optical characteristics of seas and oceans - the FPl-°7 puotoeliectiric
transparency-meter (turbidimeter), the FMPO-57 underwate:
illumination-meter, the SGN-57 combined spectrohydronephelometer/
transparometer, and the FM-46 hydrophotometer.

These years witnessed an intensive development of that branch
of hydrooptics which might be referred to as opticul oceanolo,y.
The purpose of optical oceanology 18 the study of the peceraphical
distribution and seasonal variability of the optical propertiec
of the waters of the VWorld Ocean and the discovery of the
relationships between optical characteristics, on the one hand,
and hydrological, blological, and geological factorec, on the othor,

PTD-HT=23-105=-72 <111
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A prominent role in the genesis of the science of optical
oceanology has been played by the work of I. Joseph. Using
experimental material obtained for the most part from tidal
studies in the North and Baltlic seas, this scientist has
demonstrated the existence of a definite relationship between
certain optical characteristics and hydrological conditions, in
addition to the fact that rather distinct optical attributes
are proper to different aquatic masses.

In addition to the Swedish "Albatross," Japanese, US, and
Australian research organizations have conducted hydrooptical
readings in the Pacifiec.

Soviet specialists have made important contributions to the
study of the optical properties of the World Ocean. The "Vityaz'"
in the Pacific and Indian oceans, the "Mikhail Lomonosov" in
the Atlantic, the "Ob'" in the Antarctic, and the "Academician S.
Vavilov" in the Mediterranean and Red seas have covered vast
expanses of the world's watery surface with a fine network of
hydrooptical stations. Figure 1 shows a chart of tne World Ocean
indicating the location of such hydrooptical staticns (of which
75% belong to Soviet expeditions).

Concurrently with this kind of expeditionary activity, experi-
mental and theoretical studles are going forward in an effort to
explain the light field created by natural and artificial sources.
The conditions of underwater visibility are also being investi-
gated (with great credit in this area belonging to US scientists
Dantley, Tyler, and Preisendorf).

The French hydrooptical specialist A. A. Ivanoff has carried
out intensive studies of the polarization of natural light,
uriderwater visibility, and the optical properties of marine waters.
The work of J. Lenoble has won wide reccgnition, and unquestionable
interest attached to the research of A. Morel, whose area of
study 1s that of scattering processes in the sea.

FID-HT=23-105=-72 xiv
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Along with on-site measurements at sea, a broad-based
research'prdgram has been mounted using artificial media to simulate
the optical properties of actual sea water. The work conducted by
V. .A, Timofeyeva at the Marine Hydrophysical Institute of the
Soviet Academy of Sciences and by A. P. Ivanov at the Institute
of Physices of the Belorussian Academy of Sciences have provided a
basis for laboratory investigations of many factors influencing
the propagation of light in the ocean.

Marine optics is an organic part of a large complex of
sclences engaged in the study of the physical properties of the
World Ocean. Its achievements are indissolubly related to the
evolution of oceanoleogy as a whole.
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THE ABSORPTION AND SCATTERING OF
LIGHT IN SEA WATER

Scarcely anyone will be amazed to learn that as 1t travels
within the sea, daylight grows fainter with increasing depth.

But why does this happen? Very likely, not everyone will be abt
to answer this question. ’

How does water "fight" with a ray of light which seeks to

T T T

"?‘?\'»‘!

ie

penetrate it? What 1is the physical meaning or sense of the process

whereby light is attenuated (weakened) by water?

To understand these things in some detail, one must become
familiar with two processes whose interaction on light 15 that
factor which results in its attenuation in water.
processes is absorption, the other is scattering.

One cof thesze

.

Light Becomes Heat

As it is absorbed, light energy is transformed into other
forms of energy, notably heat or "thermal" energy.
simple, it would séem.
will bring questions:

All quite
But even a single moment's reflection
why is light energy absorbed by the sea,
what is the mechanism of this process, and in what way is light

transformed into heat? And it is at this point that we enter

into the realm of atomic physics. To reply to these questions,

FTD-HT-23-105-72 1l
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ocne must make the transition from the concept "1light" to the
concept "energy quantum," and from sea depth to water molecule.

In 1900 the German physicist Max Planck created the quantum
theory of light radiation. This theory was further developed in
the works of Albert Einstein, who demonstrated that the radiation,
propagation, and absorption of light takes place in the form of
individual 1ight portions - quanta - that is, unique particles of
light energy which were subsequently to receive the name "photons™
(from the Greek word "photos" meaning "light"). What are the
characteristics of these particles?

The photon exhibits many of properties of the materiai particle.
For example, it possesses energy, an amount of motion (momentum),
and mass, which can be defined as follows: e¢nergy W = hv; momentum

p = E%; mass m = h%; where h is the Planck constant (5.6'10'Ju J*'s);
c

¢ 1s the speed of light in a vacuum (3'10& m-s-l); v is the
frequency with which the photon was emitted, as det=rmined from
the relation v = % s™1, where 3 1: the wavelength of the light.

Nevertheless, the photon is not a material particle. The
fact 1s that its mass is a mass of motion. The quiescent mass of
the photon equals zero. 1In other words, a photon exists as long
as it is in motion.

One other peculiarity of the quantum theory of 1ligzht consists
in the fact that this theory in no way denies the wav. {ciodulating)
nature of light. As we have :seen, the energy cquantun is gquantita-
tively expressed through a wave characteristic - the frequency
of the light vibrations.

Myriads of photons penetrate the upper strata of the sea

with the speed of light (in water this speed is 1.34 times less
than in air) and carry with them enormous stores of Sun-radiated

FTD-HT-23-105-72 2
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energy. It 1s as difficult to imagine the number of photons
present at a given moment in the ocean as 1t is to estimate the
number of its molecules, considering that of the latter there
are 3.34-1025 in a cubic meter of water.

Still, an approximate count shows that on a sunny summer day
anywhere along the southern shore of the Crimea 1 m2 of sea
surface 1s traversed in a single second by some 2.7'1021 photons.
Based merely on the number of photons it is difficult to arrive
at an 1dea of the energy which they carry into the sea. The point
1s that photon energy differs and, in keeping with the formulas
cited above, 1s determined by the frequency with which the photons
were radiated (emitted), that is, by the wavelength of the light.

Photons of different "coloration" display different energy.

Using the existing ratio, let us calculate what energy is
possessed by a violet-colored photon with a wavelength of 329 nm!
and a red-colored photon with a wavelength of 770 nm:

1a-30 103 Tege =
W, = he . 6.6:10 X 310° 08 . 5,2:107% Joules = 3.3 oV;
v 380°10° 7 m*s

. -3u . "8 L)
W, =be . 6.6020 ° x 3:10 J'stm, 5 600739 joules = 1.6 ev.
r

5 770:10"2 m's

1 nm (nanometer) = 1079 m = 10 2.
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Thus, violet light is twice as energy-rich as red light. 1In
turn, this leads to definite differences in the interrelations of
photons with water molecules. 'To understand the character of
these interrelations and how radiant energy is transformed into
heat energy, we must turn to the water molecule (Fig. 2, a).

b)

<HON = 105 °

Fig. 2. Structure of water molecules (a) and their
relative arrangement (b).

The molecule in question consists of two positively charged
hydrogen atoms and one negatively charged oxygen atom. The atoms
are arranged at the apices of an isosceles triangle and are held
in place relative to each other by energy bond "springs." This
kind of system possesses a definite reserve of kinetlc energy
and 1is in a state of continuous motion: the atcms on their
"springs" perform elastic viprations of a specified amplitude,
while the molecule as a whole may shift and rotate with r=spect
to any of the x, y, or = axes.

In water individual H2O molecules tend to group themselves
together into associations in the form of uniqgue tetrahedra
(I"tg. 2,b). By virtue of the =lectrical character of the inter-
molecular bonds, each negatively charged oxygen atom is drawn
toward a positively charged hydrogen atom. This kind of molecule
contact is known as a hydrogen bond.
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Let us attempt now to trace the mechanism underlying the
transformation of the proton's radiant energy into other energy

forms, specifically into the heat energy of molecular motion. It |
will be recalled that the heat or thermal energy of a body is

the term used to describe the energy of the unordered motion of

its molecules. The intensity of this motion is determined by the f
supply of kinetic energy possessed by the molecules.

Let us further imagine that one of the molecules is struck by
a light energy quantum - a photon. What can happen? The molecule
absorbs the photon, that 1s, it increases its energy by an amount
equal to the energy of the absorbed photon, or, as the physiclsts
say, the molecule 1s excited. Although the molecule remalns
in the excited state for a very brief time (approximately
10'8-10-9 s), nevertheless, during this period it 1s capable of
traveling the distance separatiﬁg it from an adjacent molecule
in the unexcited state and of imparting to it its surplus energy.

In this way, the energy of the absorbed photon is transformed
into the energy of the oscillatory, rotary, and forward motion
of the molecules, that is, into thermal energy. Having collided
in its motion with nelghboring molecules and having transferred
to them its surplus energy, our molecule again awaits a new
encounter with the next photon. But does every encounter with an
energy quantum end so favorably for the molecule? As 1t turns
out, no. It is sufficlent for a molecule of water to absord a
photon having an energy of 5.1 eV for it to cease to exist as a
single entity. A photon of this kind disrupts the internal bocnds
of a water molecule and it falls apart (dissociates) into H and OH,
and, i1f the photon energy was 9.5 eV, into H-0-H!.

!These figures refer to the H20 molecule when it 1s in the %
gaseous state.
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Can light in the sea causé this deﬁtructioﬂ of molecules? )
Fortunately, no. The fact. 1s ghat the photon energy of the visible
light propagating in the sea does not exceed, as, we haye célculated,
3.3 eV. Such a destructive effect might be caused by ultraviolet
light photons which have an emission wavelength of less than
240 nm; however, as we shall learn 1n the: discussion that follows, I
this 1ight is for all practical purposes completely held back by
the atmosphere and never reaches the surface of the sea. But, i
on the other hand, for the'disruption of the hydrogen bond, that '
i1s, the destruction of the molecular assocliations, the energy of
the visible light 1s sufficient, sipnce the hydrogen bond energy :
is less than 1 eV. . ' .

= H

Thus, tﬁe light penetrating into the sea causes the water
molecules to be in a state cf constant relocation, as they combine
one with another and share the ene"gy they have received from
the photons absorbed. At the same time, the red lighﬂ, with its
lesser energy ievel, is absorbed more ,rapidly than the blue, with
by far the greater portion of its radiant énergy beceming thermal.,,
The blue photén, with its greater energy, is capable of resiséing
absorption for a longer time. When it collides with a molecule,
it merely alters somewhat the direction of its motion, but
continues onward. Only after repeated collisions 1s it ultimately
absorbed in one final encounter with a water molecule. y :

The aggregate of these seemingly infinitesim§]1y amall
processes, whén multipiied'by the massive nature of their occurrence,
is ultimately fesponsible for the movenent of the waters of the '
ocean, their temperature, and;the life activity of the organisms
which inhabit its depths. ' ' ‘

The absorbed. energy, however, is coriverted ﬂot oﬁly into:heat
encrgy. Absorbed by the cells of sea-water phytoplankton, the
light energy quantum causes a chemical reéaction in the synthesis

i
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of matter in the albumen molecules, resulting in a metabolic
process, that 1s, the occurrence of a photochemical or photc-
biological effect. Since, as we have already seen, photons pousess
different energy depending on the frequency (that is, the wave-
length of the light), they are thus also differently absorbed.

How can this absorption be evaluated quantitatively?

The ability of any substance to absorb light is characterized
by its absorption index. Suppose that we beam a ray of light
against a thin layer of matter. The number of photons (AN) absorbed
by this layer will be proportional to its thickness (4z) and the
number N of photons striking the layer: AN = xNAz.

The proportionality factor « in this formula depends only on
the absorbing properties of the substance in question and is
referred to as the absorption index. From the physical standpoint,
this index is equal) to the probability that a photon, traveling
through a layer of unit thickness in the substance, will be
absorbed in this layer.

The absorption index is measured in units which are reciprocals
of the units of length: cm'l, m'l, km~l., The unit m~? 1s used
in marine optics. This index i1s a spectral quantity, that is, itz
values depend on the wavelength of the light. The ability of
water selectively to absordb light of different wavelengths !s

called selectivity.

The degree to which the absorption indices differ for distilled
water (within the limits of the visible portion of the spectrum)
is evident from the following figures:

Color | Violet | Blue Green Orange Red
nm hoo 450 500 550 600 650 700
m™*  0.0050 0.0013 0.0025 0.015 0.091  0.15 0.26




We can see therefore that the absorption of red light is
hundreds of times greater than that of blue-green. These indices,
however, describe light absorption strictly by water molecules.

In actual sea water this process 1s far more complicated, since

the photons are absorbed not only by the molecules, but also by
substances of organic and inorganic origin dissolved in the water.
Such solutions include virtually all the chemical elements known

to us. Professor N. N. Zubov has written: "...if certain of these
[elements - Author/ have not yet been detected, this 1s to be
ascribed more to the inaccuracy of the methods of determination
than to their actual absence!."

Found most abundantly in sea water are the salts of sodium,
potassium, and magnesium. Sea water exhibits a certain amazing
property - the constancy of its salt compcsition. While the con-
centration of dissolved salts in the ocean may vary rather widely
depending on local conditions, the ratio betweer the baslc salts
remains constant.

What is the difference (from the standpoint of absorbing

properties) between sea and distilled water? As long ago as 1927

a number of very interesting measurements were made by the American
scientist E. Halbart. Rightly reasoning that absorption in sea
water is caused both by the water itself and by the salts dissolved
in it, Halbart studied the molecular coefficilents of absorption

of NaCl, KC1, MgClz, MgSOn, and CaSOu. Based on his measurements,
Halbart determined that in the visible portion of the spectrum
absorption by distilled water differs only slightly :rom zbsorption
in well filtered, pure sea water, while in the ultraviolet region
the dissolved salts result in a sharply increased absorption 1ndex.

_— IN. N. Zubov. Morskiye vody 1 1'dy. M., Gidrometeoizdat,
-L .
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In addition to tha salts, the sea also contains in a disaolved
state organic substances, which increase absorption and change
the selectivity of sea water (with respect to the selectivity
of distilled water). This is especially true of waters with &
high content of the mysterious "yellow substance.”" Research Ly
scientists and primarily the fundamental studies by the German
oceanologist K. Kalle hgve shown that the "yellow substance”
consists of free carbohydrates and free amino acids formed as the
result of the decay of organic substances whose end product are
humic compounds which are yellow in color and are preserved {in u
highly stable manner in the waters of the sea. These ccrjounds
are contained in all seas and oceans, but are particularly
prevalent in high-productivity regions rich in organic ratter,
The presence of the "yellow substance™ has a significant mcdifying
effect on the spectral absorption curve of sea water (Fig. 2).
In the waters of the Baltic Sea, which are especially ri-h in
"yellow substance,” the absorption index is higher than in pure
water, while its minimum is shifted in the direction of the long-
wave portion of the spectrum.

Pig. 3. Spectral curves of
the ahsorption indices of
distilled water (1), filtered
sea water (2), natural wa'ers
of the Atlantic Ocean (3),
and the Baltic Jea (&),
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This difference in the values of the absorption indices and
in their spectral distribution may have a telling effect on the
temperature of the surface layer of the sea. All pther copnditions
being equal (gmount of incident energy, mixing intensity, etec.),
waters with a high concentration of "yellow substance" will
display better heating than the same layer of pure ocean water.
Roughly speaking, turbid waters are warmer than clear waters.

If an 1dentical quantity of light energy 1s absorbed (that is,
converted in large measure into heat energy) in a thin layer of
turbid water, this layer will be heated more intensively than

a thicker layer of pure water which has absorbed the same amount
of energy.

In conjunction with other factors, this phenomenon is respon-
sible for the more accelerated process of photosynthesis, that
is, the formation of phytoplankton, in waters with a richer "yellow
substance” content. This 1s one example of the interrelated
causality of the processes transpiring in the sea.

In this way, then, the absorption of light in sea water is
caused both by the absorption by the molecitles of the water itself
and by the inorganic ard organic substances dissolved in thnat
water. We have already spoken of the fact that in the visibie
region of the spectrum the inorganic salts have a minor effect
on the absorption of light; consequently, the difference in the
spectral absorption curves of sea water can only be due to a

difference in the amount and nature of the organic material 4dis-
solved in the water!?.

lWe are deliberately omitting from consideration here the
rnutter of absorption on particles suspended in the water, for
the reason that these particles contribute far more to the process
of light scattering than to light absorption.

10
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The absorption index is one of the most essential hydro-
optical characteristics, a knowledge of which is indispensable
to the various computations involved in the propagation of light
in the sea. But how is it to be measured?

More or less accurate data on the absorbing ability of water
have been available since as long ago as the end of the nineteenth
century. For example, Gruenfer and Albrecht, by aiming sun light
into water-filled tubes, were able to determine the water atten-
uation of various segments of the visible spectrum. Later,

0. Aufsess conducted measurements using distilled and lake water,
and for a long time these experiments were regarded as classical
determinations. Figures on the attenuation of light by water in
the infrared spectrum were obtained by Ashkinass, while meticulous
studies in the 360-to-800 nm waveband were carried out by James.

All these measurements were, as a rule, performed on water
samples poured into tubes equipped with glass end-stoppers. These
tubes were then placed inside spectrophotometers of various design.
A light beam of specified wavelength was passed through a layer of
water having a definite thickness, with the spectral absorption
index computed on the basis of the ratio of the intensity of the
light transmitted by the water to the intensity of the incident
light.

At this point, a qualification is in order. We have already
indicated that light in water 1is attenuated under the effect of

two processes - absorption and scattering. Therefore, in absorption

measurements by the methods described above there was a need to
ascertalin that the light which traveled through the water-filled
tubes was only absorbed and not scattered.

Spectral analysis, it will be recalled, 1s extensively
employed in studies of the content and composition of various

11
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substances. By measuring the absorption spectrum of the system

in question (that is, the dependence of the absorpticn index

on the wavelength of the light), the composition and amount of
substances present can be determined by the location of the maximum
and minimum absorption values in this spectrum. As far as sea
water 1s concerned, where scattering normally far exceeds absorption,
the usual methods of spectral analysis are inapplicable. The

point 1is that to the losses of light due to absorption there must
here be added the scattering losses, which may severely distort

the true spectral dependence of the absorption (Fig. 4). The
determination of true absorption in a scattering medium
(specifically, in sea water) 1s an extraordinarily difficult
problem which even today is still awalting its final solution.

When measuring absorption in laboratories investigators resort to
all kinds of tricks in order tc colleet in the receilver all the
scattered light in addition to the light transmitted. One such
technique was proposed in 1954 by Japanese professcr Sibata.
Between the receiver and the tray a scattering opal glass 1s placed,
while the tray walls are coated with 2 specularly reflecting layer
to increase the portion of scattered light striking the receiver

As can be seen in Fig. 4, this method affords a high degree of
protection against the harmful effect of scattering.

4, rel. units
0

Fig. 4. Spectral curves for the
Jh sea-water attenuation of light,
as measured by different instru-

’
F"‘-.\____Jp\~ ments: 1 - conventlonal spectro-
2t . photometer (absorption effect

comp.letely concealed by scattering);

’r 2 = by means of opal glass

? (chloropnyll absorption peaks
4t clearly visible at 440 and 675 nm).
32

o

— s e e
602 500 600 A nm
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There also exist methods for the determination of the
abgorptipn index in scattering media which are based on the light
field theory. The application of these techniques requires the
immersion of the test equipment directly into the sea.

Why Light is Scattered in Sea Water

Imagine that by repeated distillations and filtrations we have

succeeded in obtaining a certain quantity of water containing not
even a single, most minute dust particle.

This "optically pure"
water we pour into an aquarium.

Imagine also that the molecules
of this water are uniformly distributed throughout the entire
quantity and have been momentarily "frozen" in this position.
against one of the walls of our aquarium we aim a parallel beam
of light and observe from the side. We find that nothing can be
seen. All we have to do, however, is slightly heat the water,
stir the molecules, and immediately the faintly perceptible beam
of light passing through the water will become different. Add
to the water a little dust or a few drops of milk and the light
beam will now take on an entirely different appearance.

Now,

What has happened?

As long as the light was traveling through absolute.y uniform
water, there was no scattering and thus nothing was visible to us
through the lateral wall of the aquarium. However, it was suffi-
clent to disrupt the uniformity (homogeneity) of the medium, by

heating it or contaminating it with external admixtures, and the

beam at once became noticeable because of its partial scattering.
How can this be explained?

As the temperature rose, the "frozen" molecules entered
into motion, chaotically collecting in one place and forming
"voids" in another, that 1s, the uniform distribution

13
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of the molecules in the quantity of water was disrupted. Disrup-

tions of this kind are referyed to as density fluctuations of .
the substance. '

Fig. 5. Fluctuation of molecules:
1 - volume with average number of
molecules; 2 - fluctuation with
reduction of density; 3 - fluctua-
tion with increase of density.

Figure 5 shows a graphic portrayal of what has occurred. When
we added dust or milk droplets to the "optically pure" water,
we violated the homogeneity of the water by external impurities
which were then present in it in a suspended state in the form of
solid particles (dust) or a fatty emulsion (milk). Trus, in the
first instance what we observed was the scattering cf light caused
by the molecules of a substance, that is, molecular scattering of
light, and in the second, scattering caused by suspended particles.
It is important to note that the cptical properties of these
particles must differ from the optical properties of the water or

else no disruption of hcmogeneity will occur and the light will
not be scattered.

The first person to study the scattering of light by fine
particles of dimensions smaller than the 1light wavelength was the
English physicist Raylelgh. The intensity of scattering by such
particles 1is inversely proportional to the fourth power of the
wavelength. In other words, if we take violet and red light of
equal intensity, there will be almost 17 times more energy in
the scattered violet light beam than in the red.

14
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If we designate as 190 the intensity of the radiation scattered
at a 90° angle with respect to the original direction, then the
intensity of Rayleigh scattering for all other directions (I )
will be governed by a definite law:

Iy = Iyo(1 4 cos?y).

By calculations of elementary simplicity and by graphing the
scattering intensity at different angles in the form of vectors
of the appropriate length, it is possible, 1f the ends of these
vectors are united by a gradual curve, to obtain the so-called
scattering indicatrix (Pig. 6). From the form of this indicatrix
it is evident that in Rayleigh scattering there 1s as much forward
scattering of light as there is back scattering, that i1s, the
scattering is symmetrical with respect to the x and y axes.
Naturally, the more scattering particles in the water, the more
severe will be the scattering of the light.

fﬁ‘ Fig. 6. Rayleigh scattering

)”_57 ) ) indicatrix.
/

L4

In 1908 M. Smolukhovskiy voiced the hypothesis that the
molecule clusters caused by density fluctuations might have the
same light-scattering effect as material particles. Albert
Einsteln was to provide a further mathematical development of
Smolukhovskiy's theory. The equations derived provided o means
of calculating the magnitude of the scattering which coccurs in
water due to density fluctuations. The values found were so small
that they could not be used to explain the scattering observed
in the sea. Even in the purest ocean water molecular scattering

15
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plays by no means the main role. How then is light scattered in
the purept waters of the seas and oceans?

The answer is8 that these waters are pure only when admired
from the deck of a ship; but place a drop of sea water under the
microscope and we shall discover in it single-cell plankton
organisms whose diameter i1s 100 times greater than the wavelength
of blue light (Fig. 7).

[ iz | .ﬂ.-"-’,. ,-_..,‘,

Fig. 7. Photograph of suspended
: particles in off-shore waters of
o of the Pacific Ocean,
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By examining a drop of water under an eléctron microscope
(Fig. 8) one can easily see just how dirty at first sight clean
sea water actually is. Tt will always contaln in the suspended
state minute [lragments of dlatomic and radiolarian organisms,
kaolinite, hydromica, and many other particles of organic and
mineral origin,

[ B A R
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Fi,s. 8. Microphctograph of the particles
in an Indian Ocean water sample,
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Everyone has heard of the transparency and purity of the blue
waters of the Mediterranean. Marine geologists Ye. Yemel'yanov
and K. Shimkus, engaged in a study of suspensions in the sea, :
have calculated that in 1 m3 of Mediterranean surface-layer
water there is an average content of abol.. 1.5 g of suspended
matter consisting of the particles of dead organisms and dust
carried into the sea by rivers and winds. The geologists not only
determined the weight of the suspension, but under a microscope
counted the particles and found their distribution by size (Fig. 9).

It was discovered that in a cubic meter of water there are
approximately 250 million inorganic particles measuring 1-5 microns,
and some 135 million organic particles. It is no accident, there-
fore, that from the point of view of light propagation sea water

1s considered a turbid medium.

"

i " n
# ! Fig. 9. Suspension particle
sl / _ distribution by size in Mediter.
! ranean waters: 1 - inorganic;
&r ; 2 - organic.
I
20}
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The first detailed studies of light scattering in turbid
media were conducted by the English physicist Tyndall in 1868
(this phenomenon is now known as the Tyndall effect). Later, the
German scientist Gustav Mie, studylng the scattering of light
on particles of water-dispersed gold, developed in 1908 a theory
for scattering on particles of larger-than-light-wavelength size.
It was found that such "large" particles scatter light in an
entirely different way than with Raylelgh scattering: a consider-
able portion of the scattered light is directed forward and cnly
a small part backward, toward the incident beam. There can be

17



no question of any kind of symmetry. At the same time, the
portion of forward-scattered light is determined mainly by the
size of the particles. This is the so-called Mie effect.

V. V. Shuleyxin has computed the scattering indicatrices for
large particles. Several of these are shown in Fig. 10
As particle size increases, the indicatrix is stretched further
and further forward. Together with this, one other curious
phenomenon is observed: the scattering ceases to be governed by
the Raylelgh law of Inverse proportionality to the fourth power
of the wavelength. Shuleykin established a relationship between
partlicle dimensions and the exponent for A which 1s to replace
the "Rayleigh fourth:"

Exponent for A .... 4.0 3.5 3.0 2.5 2.0 1.5

Diameter of scattering .
particles p ....... 0.07 2.1 0.15 0.23 0.30 0.35

ﬁ’.-"""'
.aLf
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Fig. 10. Scattering indicatrices for large
particies (following V. V. Shuleykin)

From these flgures it 1s clear that 1f the particle dimension
1s about equal to the wavelength of the visible portlion of the

18
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spectrum, scattering ceases to be selective, that 1s, the light
of all colors ip scattered ldentically.

Up to this point, our discussion has dealt with scattering
on a single particle or on a set (array) of identical particles.
But what about scattering under the real conditions of the sea?
How 1s 1t to be evaluated? Geologists have demonstrated in a
fairly convineing way that every droplet of sea water contains an
enormous quantity of the most varied particles. Likewise, con-
sideration must be given to the fact that scattering depends
not only on the dimensions of these particles, but also on the
optical properties of thelr constituent material.

We have already spoken of the indicatrices worked out by
Rayleigh and Shuleykin. But can a sea-water indicatrix be
developed with an acceptable degree of accuracy?

In principle, this kind of thing is possible, but 1t requires
a total understanding of the number, dimensions, and optical
properties of the particles suspended in the sea water. Today's
state of the art in this area of research cannot provide all the
information we require.

By knowing the scattering indicatrix for the entire range of
angles from 0 to 180°, the water-suspended particle dimensions
can be studied. K. S. Shifrin's optical methods of determining
the dimenslions of scattering particles in various media are
presently also beginning to find application in marine optics
as well.

In order to determine the scattering propertlies of se¢a water,
direct measurements must be conducted, either by transporting
a sample of the water to a shipboard laboratory or by immersing
the instrument into the sea. Instruments of thils type are normally
called nephelometers.
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One of the first instruments of this kind was a device
developed by A. A. Gershun anh M. M. Gurevich dt the S. 1. Vavilov
State Optical Institute. A diagram 1llustrating the measurement
of scattering by this instrument can be seen in Fig. 11. ‘Through
an optical system a vessel with water 18 1lluminated by a parallel
beam of light. As 1p the example with the aquarium, light scat-
tering gives rise in this vessel to a gleaming trace, the brightness
of which at different angies is evaluated by a photometer through
its comparison with a mat pléte of known reflectance positioned
in the center of the vessel. Onée a series of brightness values .
have been obtalned for various angles, one can,:first, plot the
scattering indicatrix ana, second, compute the scatteriﬁg irdex.

Lamp

Japag? vitn
Filg. 1l. ‘ Gershun=Gurevich
nephelometer.

1

Photometer

By collecting all the light scattered in éhe different di»ections{
we shall arrive at the:tctal numbe» of photons AN scattered by our
volume of water. Exactly as in the case of absorption, this number
1s proportional to the quantity of photons N faaling on. the layer
and the thickness of the layer Az: AN - oNAz. 3y analogv with
the absorption index, the proportiona)itv factor ¢ In tiils formu.a
is called the scatter*ng index. “t is equal to the probability '
that a photon, traversing a layer cf unit thickness 1in a suobtance,
will change the direction of 1ts motlon.

|
An original light-scattering méasurement instrument was
developed and used by V. V. Shuleykin. 1In this device the light
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source was the Sun, rays from which were directed by a heliostat
into a system of lenses and objectives, and from there, in the

form or.an intense parallel light beam, into the instrument.

After undergoing multiple refraction in the bent tube of the device,
the light illuminated the test volume of water at different angles,

- while its brightness was compared by a photometric mechanism

with the brightness of a standard disk (plate).

One present-day "indicatrixometer” is the SGN-57 hydronephelo-
meter, designed at the S. I. Vavilov State Institute of Optics
under the direction of V. B. Veynberg. Figure 12 shows an external
view of this instrument, and Fig. 13 its optical diagram. How are
optical measurements made with 1t?

Fig. 12. External view of Fig. 13. Diagram of SGN=-57 used

SGN-57 spectrohydronephelometer. as a nephelometer: 1 - optical
device; 2 - light source; 3 -
mirror; 4 - objective; 5 - 1llumi-
nated volume of water located in
observer's view field; 6 - com-
parison-angle illuminator; 7 -
ocular.

The instrument is installed on a special bench in the ship's
laboratory. Since measurements must frequently be taken with the
vessel rolling, the device must be firmly secured into place. The

21
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original intention was for the water to be pumped into the instru-
ment from overboard through a special hose, but this was found

to be very difficult to accomplish in actual practice. Moreover,
only water from the uppermost surface layer of the sea could be

obtained in this way...what then was to be done in the event of a .
need to measure the scattering ability of water, say, from the
Mariana Trench in the Pacific, from depths in excess of 10,000 m S

or, more modestly, 1000-2000 m? The situation called for batho-
meters!. But for all the scrubbing of the metal bathometers used
by geologists with hot water and soap, steam, and even speclal
chemicals, they were still too "dirty" for optical research.

At this point an engineer, A. S. Suslyayev, devised several
types of "clean" bathometers from vinyl plastic (Fig. 14), affording
the possibility of taking seven-liter water samples from any depth
in the ocean. About five liters of the water are poured into the
instrument's cell, with the remaining part of the sample used for
suspension analysis or other purposes.

-

Fig. 14. Suslyayev hydrooptical
bathometer.

lSspecially designed vessels used to obtain water samples of
definite volume from any depth.
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The measurements are conducted as follows. Optical device 1
concentrates the light from lamp 2 in the form of a parallel beam,
which, having been reflected from mirror 3 and having passed
through objective 4, strikes the water, illuminating in it a
definite volume. This illuminated volume naturally becomes, as
it were, a light source in itself, displaying a different bright-
ness depending on the angle y at which we view 1it. The observer,
looking through eyepiece 7, balances the brightness of the photo-
metric fields created by the illuminated volume of water and the
; ! light from the instrument's comparison-angle illuminator 6,

' determining the brightness of the scattered light according to u
reading on a special drum. The 11luminating device is rigidly
connected to a disk which covers the vessel of the instrument.
This disk carries degree markings. By rotating the disk, the
observer 1lluminates the volume of water at different angles and
measures the brightness. Indicatrix graphs are plotted on the
basis of these measurements and the scattering index 1s computed.
The instrument alsc contains colored filters to permit the taking
of all readings in different regions of the spectrum.

e ———

i The investigations we have described do, however, suffer

| from an element of artificiality. The water sample is "plucked"

| from its natural environment, poured into an instrument, etec., etc..
The result is something of a distortion of the natural conditions

{ in which the light propagates. For this reason, in recent years

E speclalists in hydrooptics have resorted more and more to scatter

measurements involving the actual immersion of the equipment in
the sea.

An external view of one such instrument 1is shown in Fig. 15,
. The operating principle of this meter is quite simple. During the
measurements the illuminator unit 1 begins to slowly rotate with
« respect to the center of the scattering volume 3. With this
rotation, 12 windows cut into the graduated dial of the instrument
every 10 degrees pass successively in front of photomultiplier 2.
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The width of these cuts 1s proportional to the sine of the angle,
so that the scattering to be measured is created by a constant
volume. We see, therefore, that this is no longer a visual, but
an objective photometer in which the human eye has been replaced
by a photomultiplier.

N\

Fig. 15. External view of the

*s ’ Jerlov scatter-meter: 1 -
2 . s illuminator; 2 - radiation
il receiver; 3 - axis of rotation.
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In describing the measurements which he performed with this
instrument in the upper layers of the sea, Jerlov noted that so
great was the photomultiplier sensitivity that observations could
be made only on moonless nights with all deck illumination on
board the ship switched off. These measures prevented cutside
light from entering the photomultiplier i1lluminator.

More recently, devices employing lasers as the radfation
source have begun to be used for scattering indicatrix measure-
ments. This approach makes possible both a simplification of
the instrument's optical system and the acquisition of an intense,
directional, and monochromatic beam of light.

What do the indicatrices of sea water look like? They normally
display a sharply elongated, dagger-like form (Fig. 16, 3),
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thereby differing greatly from the Rayleigh scattering indicatrix
(Fig. 16, 1) or the atmospheric scattering indicatrix (Fig. 16, 2).
For practical computations it 1s more convenient to represent the
scattering indicatrices of sea water in the form of graphs, as

shown in Fig. 17.

Fig. 16. 1Indicatrix form
comparison for light
scattering with Rayleigh
scattering (1), in the
atmosphere (2), and in
sea water (3).
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Fig. 17. Light scattering indicatrices
measured in different waters: 1 -
Halbart (1945), Chesapeake Bay; 2 -
Koszlyaninov (1957), East China Sea;

3 - Jerlov (1961), northeastern part

of the Atlantic; 4 - Tyler (1961),

waters off California; 5 - Dantley (1963),
Lake Winnipesaukee.
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Here we see five indicatrices as measured in different waters
both by laboratory instruments 1 and 2, as well as by submerged
instruments 3, 4, and 5. For convenience of comparison, the 90°
scattering has been adopted as the unit value. It will be noted
that at angles of less than 90° the character of forward scattering
is more or less the same for all waters. The intensity of the
forward-scattered light is thousands of times greater than the
intensity of the back-scattered light.

All that has been said above applies to scattering in a
parallel beam of light directed from some sort of 1lluminating
device. The actual process whereby the natural light traveling
from the sea's surface to its depths 1is scattered is of course
incomparably more complicated. Here we must deal with multiple
scattering. As they penetrate into the sea, the solar rays at the
uppermost surface layer st11l retain the form of directional 1light.
With increasing depth, because of scattering,each individual ray
is divided, so to speak, into many rays diverging at different
angles and in different directions. In turn, these rays again
divide, with this process continuing until the light has been
totally scattered.
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THE TRANSPARENCY OF THE SEA

From the North Pole to the Shores
of Antarctica

The nature of the seas and oceans 1s different at different
latitudes. Together with other natural features there is also
a change, when moving from north to south, in the optical
properties of the sea water. Even with the unaided human eye it
1s possible to note that the blue waters of the tropics are dis-
tinguished by their transparency from the greenish waters of
the more temperate latitudes. A white disk submerged in the
waters of the Pacific at the latitude of the Hawaiian Islands will
sti1ll be visible at U40-50 meters, while the same disk in the
Bering Sea will disappear at half that depth. In order to under-
stand the role of natural factors in the transparency of seas
and oceans at different latitudes - that is, in other words, to
understand the planetary laws governing the variation in transpar-
ency as a function of the geographical zone - let us make an
imaginary voyage along a meridian from the North Pole to the
equator.

A geographic zonal model of the World Ocean has been worked
out by V. G. Bogorov, Corresponding Member of the Academy of
Sciences of the Soviet Union. The geographic zones in the ocean
are similar to those which have been established for the land
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masses. But there 1s also a significant and essential difference:

on the land, zonality is observed only on the surface, at best
taking in a shallow layer of the top-soil, while 1n the oceans
zonally influenced phenomena permeate, albeit in an attenuated

form, the entire mass of the oceanic depths. Each geographic zone
exhibits its own specific features and its own natural peculiarities.

Studies hare shown that transparency is linked in the closest
way possible to the presence in the water of suspended mineral
particles and plankton. In our voyage through the geographic
zones we shall direct our primary attentlion to those natural
conditions on which ultimately depends the presence of organic
and inorganic particles in the waters of the seas.

The Ocean in an Armor of Ice

Fridtjov Nansen spent long months in the Arctic Ocean. He
had deliberately allowed his "Fram," whose shape resembled one-
half of a coconut, to become ice-bound in the drifting flows in
order in this manner to reach the Pole. In winter, night reigns
over the silent expanse of ice-capped ocean, the darkness broken
only by the display of the polar aurora, its colored tracers
trembling, fusing, changing hue, and finally disappearing altogether.
Beneath the four-meter-deep layer of ice lie the black, unlit, and
seemingly lifeless waters of the ocean...

Soviet bilologists were subsequently to discover life at all
depths of the Arctic Ocean - if not in great profusion, at least
a glimmer. Most favorable, of course, to the vital activity of
the marine organisms is not the winter with its extended night,
but the summer with its polar day and a sun that refuses even to
drop behind the horizon. But sunlight does not easlily reach the
lower reaches of the ocean.
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As early as 1934 A. V. Trofimov measured the illumination
pbelow the ice. He found that only about 2% of the light incident
to the surface remains beneath the i{ce cover. During the summer
season, however, this cover 1s not a continuous one; here and
there areas of open water appear. Specialists have calculated
that at the height of the summer such open-water areas (or polynias,
as they are called) account for some 10% of the entire area in
the Arctic Basin. Naturally, 1ife in the polynias is more
intense. First there 1s the development of microscopic algae -
phytoplankton - later followed by tiny prawnlike organisms - the
zooplankton. The concentration of phytoplankton is normally far
greater than that of the zooplankton, so that 1t is the former
together with fragmented dead particles (detritus) that is
fundamentally responsible for the transparency of the open ocean.

As a rule, the zooplankton- clusters, which show up quite
clearly on echograms in the form of a "false bottom," are not
reflected on recordings showing the variation of transparency
with depth. Conversely, phytoplankton-rich layers, although an
excellent subject for the tracing device stylus, cannot be detected
by echosounding.

The effect of the great Siberian rivers, carrying northward
large amounts of suspended organic and inorganic matter, 1s limited
to the shelf seas, the turbid-brown fluvial streams standing out
clearly against the background of green and blue-green sea water.
For experienced polar captains such river currents provide useful
navigational markers.

The famous oceanographer and polar speclalist N. I. Yevgenov
recalls: "Once, on the 'Malygin,' after a difficult passage wilth
a group of vessels from the Kara expedition through the ice
between Novaya Zemlya and Yamal, we reached a stretch of clear
water. We were not exactly certain of our position. We could
only assume that we were somewhere in the region of Belyy Island,
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but we were searching in vain through our glasses from some sign
on the island - the horizon was covered with mist, the sea's
surface stretching with unbroken monotony all around us. Suddenly
the skipper, leaning over the railing of the bridge, began to
peer fixedly at the water. 'What are you looking at, Dmitriy |
Timofeyevich?' I called out to him. For a moment the captain
was silent, and then with the tone of a man well satisfled he
replied: 'The water's turned brown. We've come into the waters 4
of the Ob'',..!

AT

The Antarctic Basin is also fed by the warmer and at the
same time more salty and pure waters of the Atlantic, which form
a strong deep-lying current.

Thus, the transparency cf the waters of the Arctic Ocean is
directly dependent on summer photosynthetic activity and exhibits
a seasonal behavior. However, Even at the peak of the biological
summer the amount of phytoplankton is too small to noticeably
cloud the water. It is no wonder that the oceanologist Lafond, a
participant of the cruise of the American submarine "Skate"
beneath the Arctic ice, reported that near the Pole "the water
i1s extraordinarily transparent, perhaps more transparent than
anywhere else."

To the South of the Perennial Ice

The surface of the seas washing our country from the north
is virtually ice-free in the summer. Only here and there are
individual drifts to be seen in the blue-green waters. In May and
June 1in these areas one can observe a "florescence" of seaweed.
The conditions are altogether suitable. Sunlight abounds, and the
energetic intermixing of the layers which occurs in the fall and
winter suppllies the surface waters with nutritive salts. Heated

!N. I. Yevgenov. Morskiye techeniya. M., Gidrometeoizdat,
1954,
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by the solar rays and mixed by the wind, the uppermost aquatic
stratum }s separated, as 1t were, from the remaining mass of the
water by a sharp temperature differential - the co-called tempera-
ture jump. It is above this dividing line that the plankton
accumulations are normally observed. These organisms, acting as
microscopic scatterers of light, cause a perceptible attenuation
in the rays of the sun. For this reason, in marine optics layers
wlth a high concentration of these minute denizens of the deep
are usually referred to as optically scattering layers. Such
layers may be thin or they niay be several tens of meters in thick-
ness. O. A. Sokolov observed from the porthole of the sclentific-
research submarine "Severyanka" an abundance of plankton in the
Bering Sea at depths of 20-75 m.

"... Depth 20 m. The water has become emerald green. Under-
water spring was at its height, with tiny algae in bloom.

"40 m. It is becoming darker and darker. The boat continues
to dive smoothly and quite rapidly...

"45-50 m. The lights have been turned on, revealing 3 magnif-
icent view, a spectacle that can't be seen in ordinary life above
the water. It seems to be snowing, only ln the opposite directicon.
Caught in the rays of the searchlights, the plankton clucters
glided upward past the porthole. The boat continues to dive.

"75 m. The natural light has virtually disappeared. The
water has become more transparent...!"

Within a week or two after the "florescence" of the plankton
in the Bering Sea, fine bottom detalls become marvelously visible

v. G. Azhazha, O. A. Sokolov. Podvodnaya lodka v nauchnom
poiske. M., "Nauka," 1966.
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at depths of 70 to 75 m, with the complete possibility of distin-
guishing the specles of plants and animals. Near the shores,

the transparency of the sea is affected by turbid river waters,

and at the shallow banks - by fine bottom sediment and deposits

stirred up by the wind and tide. .

Latitudes Teeming with Life A

In the northern Atlantic Ocean, where the cold subarctic and
warm Atlantic waters meet, hydrologists distingulish the so-called
polar front zone. This front reveals itself not only by 1its
hydrological properties; meteorologlists have also noted a marked
air temperature difference on either side.

In the spring the polar front is also very conspicuous for
its transparency, as 1t forms the line of demarcation between
the turbld waters of the Atlantic and the clearer waters of the
subarctic. During this season, the Atlantic waters are the
scene of an intensive "florescence" of phytoplankton, with the
result that there 1s a sharp decrease in thelr transparency.
V. G. Bogorov notes that it 1s precisely at the temperate latitudes
of both hemispheres that life 1s most abundant in the spring season.

During the other seasons the reverse pattern 1s observed: the
transparency of the Atlantic waters 1s higher than that of the
subarctic. As early as the beglnning of the present century
Academician N. M. Knipovich noted that five blue transparent
Atlantic streams (the "Knipovich five") stand out distinctly against
the background of the greenlsh waters of the Bering Sea. As in
the subarctic zone, the temperate latitudes are characterized by
the presence of optically scattering layers.
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The Blue Belt of the Ocean

Seamen of the sailling vessel era, in thelr crossings of the
troplcal latitudes, used to curse the lengthy calms they encountered
in this region. Frequently the sails would hang limply in the
hot, motionless air, and even the proud clipper ships, capable on
occasion of developing speeds of up to 18 knots, would be hope-
lessly becalmed in these bluest and least mobile waters of the
ocean. It is to this absence of wind and to the burning rays of
the sun that these latitudes owe thelr own unique and distinctive
character.

Because of the severe evaporation the salt concentration in
the water here is higher than the ocean mean. However, at the
same time the water 1c¢ very warm and, consequently, comparatlvely
light. The faint winds can cause only a slight mixing effect on
the mass of water, in which there are few biogenlc elements. Thilc
is the least fertile ocean "soll." It 1is no wonder then that it
yields a very scant phytoplankton "harvest." J.-Y. Cousteau and
F. Dumas were amazed at the extraordinary conditions of underwater
visibillity they encountered off the deserted 1sland of Selvagen
Grande situated in the tropical Atlantic between Madelra and the
Canary Archipelago. Swimming on the surface of the sea, they
were able, through thelr masks, to study the ocean rloor at a
depth of 30 meters.

"There was no indication that a dense mass of water separated
us from the bottom. On the floor there was not a single pebbie
nor the faintest trace of animal or vegetative organisms ‘he
adjective 'transparent,' which implies excellent visibility at a
distance comparable with the length of a good-sized concert hall,
would clearly be an understatement here. The underwater landscape
stood out with frightening clarity!."

13.-Y. Cousteau, F. Dumas. The Silent World. M., "Molodaya
gvardiya," 1957 (in Russian). .
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A particular place'in the subtropical belt of blue and trans-
t
parent waters is occupied by a remarkable shoreless sea - the
Sargasso Sea. As recently as the middle of the last century the

Sargasso Sea was seriously spoken.of as an enormous whirlpool and |
trap for salling sﬁips. It was also pictured as an immense .
floating plain of dense and continuous sﬁaweed, untraversable

without fouling a ship's propellers. In'fact, althougﬁ certainly N

abundant , the seaweed does not form a continuous cover. For each
square kilometer there is an average of ten to twenty thousand '
clusters of seaweed measuring 20-40 cm. . Meanwhile, there 1s 30-70
times less plankton in the upper layer of the Sargasso Sea than in
the Norweglan Sea.

For specialists in hydrooptics the Sargasso Sea 1s considered
the standard of transparency. Abéut 30 years ago, the German
oceanographer H. Dietrich wrote that in terms of its optical
properties the water of the Sargésso Sea 13 virtually identical to
distilled water.

Professor N. N. Zubov has graphically called the surface
stratum of this sea (0-150 m) the "production workshop of the ocean."
It 1s in this layer that there occurs the process of photosynthesis
and the birth of the phytoplankton which are most effective in
clouding. the water in the open sea. Naturally, the transparency
in the surface stratum 13 somewhat less than in the underlying
layers. T

On the other hand, the American biophysicist G. Clark has
reported that he discovered in the Sargasso Sea an anomalous
pattern of transparency - very high transparency in the upper
reaches (0-200 m) with a reduction in trahsparency at the lower
depths. : '

In 1960, optical méasurements were conducted in the Sargasso
Sea from on board the Soviet research instrumentation ves:zel
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"Mikhail Lomonosov."” These measurements failed to substantiate
Clark's conclusions. Because of the presence of a smalllamount

of phytoplankton, the surface layer (0-150 m) was somewhat more
murky than the waters beneath. However, even in the surface layer
the transparency of Sargasso Sea water i1s very high, particularly
in the blue-violet region of the spectrum, as a consequence of
which the water takes on a deep blue-violet shade.

Transparent "Rivers" in the Ocean

The trade currents which cross the oceans from east to west
at the tropical latitudes are the most powerful and longest
currents of the World Ocean. They carry enormous masses of
transparent water. In the Pacific the trade current flows by 2
large number of coral atolls, and although poets have long sung
of the blueness and crystalline transparency of their lagoons, the
fact 1s that such atolls act as sources disturbing the homogeneity
of the clear trade currents. On the lee side of the atolls there

is a discharge effect in the trade streams, marked by the occurrence

of a restricted zone in which the deeper-lying waters rise toward
the surface, ultimately leading to an abundance of plankton.
Stretching from this source along the trade current is a kind of
unique turbid "tail," which breaks off some 30 to 50 miles from
the productive zone. On transparency charts these turbid water
formations look like comets with the head near the atolls.

In the tropical latitudes, as indeed in the subtropical,
seasonal variations in transparency can be disregarded, for the
reason that here there are no seasonal changes in the arrival of
sunlight (as in the northern latitudes). Regardless of the time
of the year, a man living in the tropics loses his shadow at noon:
all year long the sun stands high in the sky. The development of
phytoplankton is likewise a year-round occurrence. Nevertheless,
biologists have observed the existence of a relationship tetween
the wind and the phytoplankton population. At a certaln season
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of the year the trade current intensifies, resulting in a more

energetic mixing of the water layers, this being favorable to the
development of phytoplankton. Its population undergoes something

of an upturn, but not for very long. The control factor which

holds the phytoplankton to its customary level is the zooplankton. .
Minute tropical life forms quickly appear behind the phytoplankton
and momentarily consume it. This eruption of phytoplankton is of
very brief duration, with the population rapidly returning to its
normal level.

"Green Soup" at the Equator

The American researcher Beebe has written that, because of
the abundance of plankton, the water at the egquator has the
consistency of a soup. Of course, this is an exaggeration, but
the amount of plankton here is ln fact extraordinarily large. What
simply seems unusual is the sudden increase in the plankton popu-
lation against the blue background of life-poor waters stretching
northward and southward from the equatorial belt.

Compared with the tropical latitudes, the disappearance depth
of the white disk decreases here by 10 m, with the color of the
water turning light blue. The cause of the perceptible increase
in the plankton population at the equator 1s to be found in the
ascent of the deep-lying waters with their rich nutritive salt
content. This is the so-called zone of equatorial divergence’.

On transparency charts, plotted according to measurement data
supplied by accurate equipment, these oceanlc divergerce zones
stand out clearly as low-transparency strips.

IDivergence refers to the boundary or boundary zone between
oppositely directed streams within cyclonic cycles.
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Our "voyage" comes to an end at the equator. Were it to

continue into the Southern Hemisphere, we would see that geographic

zonality 1s expressed in the same way here as in the Northern.
However, the presence in the Southern Hemisphere of the planet's
primary "refrigerator" - the Antarctic continent - plus a circular
drifting flow in the surface waters, results in a certain mixing
of the zones.

L YA
J

Vi S

(R S

4 e ! A

L._._.. Se—

A

Woa o« 2 e 2 “w
North " Sewth

fig. 18. Sea water transparency variation at
different latitudes. .

Figure 18 shows the variation of water transparency on the
surface of the World Ocean as a function of geographic latitude.
In the lower depths of the seas the phenomena assoclated with
zonallty are observed in a highly attenuated form; indeed, 1t 1is
not possible even to discern the same number of natural zones as
on the surface. For example, V. G. Bogorov distingulctes three
zones in the Pacific for depths greater than 500 m: .urarctic,
tropical, and antarctic.

Living phytoplankton is no longer encountered in the aby:ssal
waters!., With respect to the sooplankton, its biomass falls off
noticeably with increasing depth. Thus, in the deepest depressiocn

As the result of comparatively recent investigaticns, proof
has been found for the existence of deep-water flora. Thics is
mainly flagellate and cyanophyceae algae possessing the capability
of assimilating, without the help of solar energy, the organic
matter present in solution form in the sea water.

37

ERITCPRTR SRV

ok R v e

AT

il



]
&8

PR

of the World Ocean, the Mariana Trench, zooplankton values are a
thousand times lower than in the 0-500-meter layer. Among the
suspension components which affect the transparency of the water
the principal role is played by the remnants of dead phyto- and
Zooplankton along with various inorganic particles. In their
overall mass the abyssal waters are far more transparent than
the surface waters. | ‘ i

Seemingly, the most transparent water should be encountered
in the enormously deep trenches and depressions of the oceans.
However, according to the readings of M. V. Kozlyaninov in the
Izu-Bonin Trench, the waters at the extrame depths are more
turbid than the surface waters. The probable cause of their tur-
bidity lies in the sliding of fine bottom sediment from the rocky
ridges surrounding the trench. .

In recent years one other very interesting phenomenon has
been discovered - benthonic (bottom) sedimentary flows. In this
way, there may be a reduction in transparency near the ocean floor

because of the roiling effect of particles laying down fine bottom
sediment.

"Clouds" in the Ocean

In our discussion of the geographic zones of the Northern
Hemisphere w2 spoke of particle accumulations - optically scattering
layers. In certain regions of the World Ocean, not one such laver
occurring above the temperature jump 1is observed, but several.

There are also layers which stand out in the mass of water by
virtue of their high transparency.

"On one occasion we were swimming above an underwater cliff in

the Mediterranean," writes Jacques Cousteau. "The water was so
cloudy that visibility was limited to a few yards. Two fathoms

38




AT

lower we suddenly encountered a completely transparent layer,

This gave way to a fifteen-foot stratum of milky-tinted water

where visibility was approximately five feet. Beyond this milky
area the water was clear down to the very bottom. A great multitude
of fish were scurrying about in this twilight transparency, while
the foglike shroud overhead was reminiscent of low-hanging clouds
on a rainv day. PFrequently, in our deep dives, we would traverse
oddly alternating layers of turbid and transparent water...'"

During February and March of 1952 the scientific research
vessel "Gauscs", using a photoelectric transparency-meter (turbidi-
meter) mounted in the hull of the ship, conducted a continuocus
recording of transparency along a run extending 2100 miles in the
southern area of the North Sea. Concomitantly, samples were
taken every other mile of the plankton and suspended matter.
Rarely did the transparency curve on the recordings follow a
straight line; as a rule, the monotbny was broken by 1isoclated
surges as the "Gauss" cut through small clusters of plankton. The
impression was that of a clear blue sky beneath the keel, dotted
with occasional clouds. Closer ‘n to the shore, these clouds
seemed to flow together, forming a continuous stratus-like cover.

In coastal regions a factor greatly influencing transparency
is suspended inorganic matter - particles of terrigencus origin,
The German investigator Klaus Wirtkie, after recording the trans-
parency of the water in the coastal region of the Baltic, while
at the same time counting by means of a microscope the number of
mineral particles and phytoplanktcn cells in the samples, concluded

that near the shore the phytoplankton has absolutely no effect
on the transparency value.

13.-Y. Cousteau, F. Dumas. Ibidem.
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Normally, this coastal strip is quite narrow. It would seem
that it should undergo a considerable widening in the vicinity of
the estuaries of rivers carrying a mass of particles into the
sea; however, specialists of the Institute of Oceanology have
established that the effect on the optical properties of sea water
of such major rivers as the Nile and the Ganges extends out at
best to less than a hundred miles, with the turbid river waters
sharply delineated from the transparent waters of ihe sea. 1In
addition to the particles carried by the rivers, the terrigenous
particles also include those of eolian (wind-borne) nature.

Anyone who has visited the coasts of West Africa in the winter
will never forget the enormous red disk of the sun as seen from
that region. The region for its unusual color lies in the fact
that the air is saturated with the fine reddish dust of the Sahara.
Rising above the desert and caught up by the trade winds, this
dust is carried far out into the Atlantic. Even at distances of
as much as several hundred miles from the coast of the African
continent this dust fog may occasionally become so dense as to

cut down the visibility within 1t to 1.5-2 miles. Dust particles
from the Arabian Desert are transported by the winds quite far

out into the Indian Ocean. These, however, are anomalous effects;
normally, particles of eolian origin settle on the water in the
immediate vicinity of the shoreline.

The coastal zone, or strip, makes up only 2-3% of the area of
the World Ocean. The predominant role in the attenuation of
light over the remaining vast expanse of open seas and oceans
falls to the phytoplankton.

From a White Disk to Today's
Turbidimeters

There are cases 1n history when what was originally considered
merely a curlosity has ultimately become a generally recognized

Lo




scientific achievement. This was also true of the method of
visually observing sea water transparency devised by Kotzebue,
whose 1dea it was to lower ordinary dining-room plates overboard

on a cable and track the depth of their submersion at various
localities in the Pacific Ocean. At the present time, observations
using a standard white disk, 30 cm in diameter, are a part of many
oceanographic and hydrographic investigations. In the technical
literature, especially in western technical 1iterature, this is
frequently known as the Secchi disk. In 1865 Father Secchi
together with Captain Ci1aldi conducted numerous observations in the
Mediterranean with both white and colored disks. Some time later,
the Swiss geographer F. Forel proposed that the white disk be

known as the Secchi disk. While in no way denigrating Secchi'

role in establishing and developing the method, the white disk
should rightfully nevertheless have been named in honor of Kotzebue.

In the nineteenth and early twentieth centuries visual
observations of sea water transparency were carried out on an
extremely irregular basis, and it was only some forty years ago
that thls technique was rather extensively developed to cover
many areas of the World Ocean. Presented below are some approxi-
mate data on the maximum depth of white-disk visibility:

Greatest deEM
Sea, ocean, bay white-disk vIa.bility. m
white.'.....C.'........ e
Baltic.‘....'.-........ 13
Barents..........'...ll 18
Black.............'.... 25
Bengal....t.l...l...’.. “5
Indianc.......'........ So
Paciric...........-.... 52
Sa!‘gasso.......'..l.... 66.5

The reader will note that the recorded depth of visibility
for the white disk is achieved in the Sargasso Sea. In the last

40 years tens of thousands of such white-disk measurements have
been conducted.
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At the Institute of Oceanology the results of these measure-
ments are compiled for the purpose of developing a detailed chart
of the World Ocean. Figure 19 shows only a preliminary variant
of such a chart. The further accumulation of new data will
certainly result in its upgrading and refinement.

A total of thirty-seven thousand white-disk readings were
employed in the compilation of this chart (a point to note here
is that the depth of visibility of the white disk does not consti-
tute a strict quantitative characteristic of transparency, although
it i1s very largely determined by this factor).

In marine optics the term relative transparency has been
adopted for the depth of visibility of a white disk.

In our further discussion we shall take up the question of
the physical causes responsible for the depth of white-disk
visibility in different waters, but for the time being let us turn
to the matter of absolute transparency measurements.

Design of Modern Transparency-Meters

In our voyage through the geographical zones of the World
Ocean we spoke of "more of less transparent" waters and of layers
of "higher and lower transparency,” but nowhere did we present
qualitative estimates of this transparency. Nevertheless, there
exists 1in hydrooptics a strict definition of the concept
"transparency."

Let us direct against a layer of water one meter thick a
parallel beam of light so that it falls perpendicularly to the
surface of this layer. Expressed in percentages, the ratio of
the light flux transmitted through the water ’z to the value cf
the incident flux #, is referred to as the transparency!:

Translator's Note - The terms "transparency" and “transm%ttance"
have been used interchangeably as equivalents in this translation.
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The transparency 6 is uniquely related to another physical
characteristic - the attenuation index.

We already know that when a parallel beam of light passes
through a thin layer of water, part of the photons are absorbed and
part are scattered, that is, they alter the direction of their
motion. The number of absorbed photons equals: ANabs = nNoAz,
while the number of scattered photons 1s ANsca = aNOAz, where
No is the number of incident photons; Az 1s the thickness of the
layer; k and ¢ are, respectively, the absorption and scattering
indices. The total number of photons forfeited by the beam in
this layer equals the sum of the absorbed and scattered:

AN, . = AN+ ON_ = (k + o)NyAz = €NyAz, where € = k + 0. The
proportionality factor € in this formula is called the attenuation
index. This index is equal to the sum of the indices of absorptlon
and scattering. The value of the attenuation index depends on

the properties of the medium in question and is one of the physical
characteristics of that medium. Such values, just as those of

the absorption and scattering indices, are usually given in recip-
rocal meters (m~1).

How will the light beam change after it has traveled the
distance z in the medium? Let us break this distance down into a
set of fairly small segments Az, in each of which the attenuation
will equal €®Az, where ¢ is the value of the light flux at the
beginning of this segment, following which let us sum the attenua-
tion on all these segments. It is possible to show that, having
covered the distance z in the medium, the light flux will equal
¢, = Oo.e'ez, where ¢, 1s its initial value. The exponent base
in this formula - the number ¢ - is referred to as "natural"
and 1s widely used in higher mathematics. This is an irrational

number, its approximate value being 2.72.
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It is frequently preferred to deal with the normel base 10.
In this case, our formula retains its form: ¢, 6 = OO'IO'E'Z, but
the attenuation index here is no longer the same; its value is-
2.3 times less than the attenuation index ¢ (the natural base
exponent). The formula“ 0 = 0 °10 —e'z makes possible a more graphic
understanding of the pnysical sense of the attenuation index: €'
is a quantity which is the inverse of the distance the light beam
must travel in the medium in order to undergo a 10-fold attenuaticn.
Using this formula, the relation between the attenuation index

and the transparency can be easily found:

‘EO%:-.L.gC..:_-‘o-". :

And conversely,

|4 5 " =3 -‘g'.

The law of the attenuaticn of a beam of light as a function
of the distance it has traveled in a medium was discovered by
Pierre Bouguer. Its significance is enormous, extending far
beyond the realm of photometry. Bouguer's law governs the atten-
uation of any direct energy flow, whether it be X-rays cr gamma
rays, electrons, neutroris, or any other particles. Careful studies
conducted by Academician S. I. Vavilov have shown Bouguer's law
to be valid over a very wide range of light intensity variatiomn
10'1“ to 105 Joules's'm2 (that is, approximately 1020 times).
Deviations from this law have been successfully detected only
in substances with very protracted molecular excitation state
durations (for example, in uranium glasses) or in the case of
light beams of extraordinarily high power?,

T IR Gt
.

!The generation of such beams has become possible with the
development of lasers. The investigation of such phenomena is
the subject of a special branch of optics - nonlinear optics.
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In essence, Bouguer's law may be stated as follows: the
attenuation of light on a path consisting of several finite
segments 1s equal not to the sum, but to the product of the
attenuations on each of these segments (in Bouguer's formula this
fact 1s underscored by the fact that the optical pathlength -
that 1is, the product of the attenuation index.; and the segment.
‘length z = is found in the exponent).

The operating principle of modern transparency-meters 1is
based on Bouguer's law. In these instruments a measurement is
made of the light flux transmitted through a water layer of definite
thickness (1). By comparing the value of this flux with the
quantity of the incident light, the attenuatlon ihdex can be
easily determined:

O - 007,

whence:

®

¢ — =1,
bo.

Transparency-meters (also called turbidimeters) may be divided
into two basic groups: instruments used to measure transparency
(transmittance) directly in the sea (instruments in situ), and
Instruments which provide readings from water samples either on
board the ship or in a permanent laboratory.

The equipment of the first category is designed for vertical
sounding in the ocean or for continuous recording of light transmit-
tance at a given level with the vessel under way. The first
underwater transparency-meter model was created in 1922 by N. N.
Kalitin using photocells wlth external (normal) photoelectric
effect. Ten years later, with the emergence of blocking-layer
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photocells, specifically of the selenium variety, G. Pettersson
developed a photoelectric transparency-meter which won wide
acceptance in oceanographlic research. Pettersson's device took
the form of a sealed chamber accommodating a light source (lamp)
and a recelving photocell, as well as a mirror mounted at a
distance of one meter. After passing through a lens, the light
from.the. lamp exlted into. the water in the form of a slightly
divergling beam and struck the mirror set up one meter from the
chamber. The light reflected from the mirror was returned to the
photoelectric cell.

The Pettersson transparency-meter was subsequently improved
by I. Joseph. In his instrument there are two sealed chambers.

One of these chambers houses a collimated light source (!ncandescent

lamp with a lens and diaphragm) and a control photocell; loccated
in the second chamber are a condensor lens and diaphragm to prevent
daylight from striking the receiving photocell also found in this
chamber. A disk with colored filters is set up between the lens
and the diaphragm. Both chambers are rigidly Interconnected by

a tube with slots admitting the free entrance of sea water.

In principle, the transparency-meters later develcped both
in this country and abroad were no different from these instru-
ments (with the exception that photomultipliers began to be used
in place of tne photocells). An external view and cptical diagram
of one photoelectric transparency-meter (FPR) are shcwn in Figs.
20 and 21. The design of this instrument and of 1its subseguent
modifications was worked out under the direction of A. K. Karelin.

Interesting examples of photoelectrlc transparency-meters
were developed by G. G. Neuymin and A, N. Paramoncv. One of
these (the MIFP-3) permits transmittance soundings to a depth
of 2000 m. While all the aforementioned instruments were cable-
connected to the shipboard laboratory, the MIFP-3 empioys a
telemetry or acoustical link.

k7
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g Flg. 21, Optical diagram of trans-
- parency-meter: 1 - lamp; 2 -
mirror; 3, 7, 12, 14 - lens; 4, 8,
o RS 11, 13 - diaphragms; 5 - heat-
< Sl reflecting glass; 6 - reference
photoelectric cell; 9, 10 - .
Fig. 20. External view of FPR protective portholes; 15 - measur-
photoelectric transparency-meter.ing photoelectric cell; 16 - filters.

Neuymin also developed a transpafency-meter in which the
light pathlength in the water' - or, as.they'shy, the test base -
can be varied. This meter employs the principle of the multiple
reflection of the light beam from a system of three spherical
mirrors of identical radius and -curvature.

Along with vertical transmittance soUnding; another iriteresting
technique involves the recordinngf light transparency,fpom a
moving vessel. One of the first versions of this device was
developed by I. Joseph in 1946.: This instrument.was towed aft
of the vessel.on a metal line and wes connected to the laboratory
by a rable. A shértcoming of this kind of test method lay in the .
fact that the device had a tendency to "roam" and not remain at
the assigned depth. |

Another towed transmittance-meter, ﬁigidly connected to the
vessel by means:of.a special bar, was developed by K. Polevitskiy.
In 1952 Joseph used a shaft in the hold of the vessel "Gauss" for

| !
continuous transparency measurements. In thils shaft he placed :
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. the simplest kind of meter. Sea water was received uninterruptedly

into the shaft through an opening in the bottom of the ship.
Using this arrangement, Joseph was able to conduct extensive

studies in the Atlantic and North Sea.

Towed sounding transmittance-meters provide a means br studying
water transparency under natural conditions. Instrumenps.qr tpe

" second category afford a picture of the transmittance situation

only at isolated points, but with this equipment readings can be

~ taken from bathometric samples obtained from virtually any depth.

Another acvantage of laboratory instruments 1s their greater
simplicity and operational reliability, inasmuch as the performance
of all the instrument's components can be constantly monitored.

For sea water transparency determinations, Japanese specialists
have developed an objective photometer and transmittance-meter
of special design which employs a test vessel of only 15 cm in
length. The light source here is a filament lamp, with a photo-
multiplier functioning as the receiver. Transmittance 1s computed
from the photocurrent ratios as the light passes through a water
sample and air.

The US scientist V. Bart, in his investigaticns, used a quartz
spectrophotometer with a special 50-cm-long vessel. In tnils device,
the water was compared against a standard (twice-distilled water).

All the aforementioned instruments, especially the Japanese
transparency-meter, have a short test base, excluding the possi-
bility of high-accuracy measurements in waters of high transmittance.

In recent years Soviet researchers have been using the standard
SGN-57 instrument. Figure 22 shows the optical diagram of the
SGN-57 used as a transparency-meter. A narrow beam of light from
lamp 1 passes through a layer of water which has poured into
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vessel 2, and, once it has been reflected from spherical mirror 3,
returns to ocular 4. The observer, by equalizing the brightness
of the photometric fields of the test and comparison branches

of the instrument, records a definite reading on a special gradual

drum. Since the SGN-57 has been precalibrated, this reading can

bé uséd to determine the transmittance value.

Fig. 22. Diagram of the SGN-57 employed
as a transmittance-meter: 1 - illuminator;
2 - vessel with water; 3 - mirror; 4 - ocular.

Sea water transmittance (transparency) is a major optical
characteristic. The equipment and methods for its measurement
are being constantly improved.

Marine Optics in the Service of
Oceanology

Calm. The untroubled glistening of the ocean surface. Not
the slightest sign of agitation. But beneati. the quiet glassy
surface there takes place an invisible but grandiose movement and
shifting of the watery layers. Although rarely 1f ever does a
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storm wave on the surface exceed 10 meters in height, the top-to-

bottom extent of these internal waves may be calculated in literally
hundreds of meters.

The exlistence of these subsurface fluctuations was determined
when measurements were made of the temperature and. salinity . at.

""the same spot and at the same depths. At that time it was learned

that the values of these factors display a definite sequence and
periodicity in their variation. Internal wave patterns stand out
with particular boldness in readings of the occurrence depth of
discontinuity (jump) layers - that is, those layers in which there
is a sharp variation in temperature and density along the vertical.
A knowledge of the occurrence depth of these discontinuity
layers is extremely important. It has been observed that it is
precisely in the neighborhood of these layers that significant
fish catches can usually be had. For submarines, the discontinuity
layer is that "liquid ground" on which the boat can be rested.

Under the effect of the internal waves the depth of the dis-
continuity layer may vary significantly. One hypothesis holds
that the loss of the US atomic submarine "Thresher" occurred
precisely for this reason. It is not impossible that, having
come to rest on the "liquid ground," for a short period the boat
was at considerably greater depths, thus leading to its destruction.

The position of the jump layer can be easily and rapidly
determined using a photoelectric transparency-meter. Naturally,
this instrument records not the density difference /Translator's
Note - Because of a fault in the reproduction of the text, one
page of the original is missing at this point.7

The displacement of agitated particles along the southern
shores of the Baltic Sea has been studied with the aid of a
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Photoelectric transparency-meter by the German scientist G.
Luneburg. For the same purpose, a similar device, designed in
the Southern Branch of the Institute of Oceanology, was installed
in the submarine laboratory "Chernomor." Often, these streams of
small silt particles are of impressive size. One such flow, .

. Stretching some: 1200 km, has ‘been identified off the coasts of

South America.

Marine optics also pPlays an extremely effective ancillary role
in support of oceanology in so important and complex a question
as the identification of waters of different origin. Prequently,
such waters differ not only in their fundamental hydrological
properties - temperature and salinity - but also.in their suspended-
particle content and, thus, in their transmittance. Even when
the transparency of different waters, carried by powerful ocean
currents, 1is identical, they can sti11 be distinguished through
the employment of optical methods.

{]
€o 80 ° 3°

Fig. 23. Block diagram of the transmittance of the waters
of the tropical part of the Indian Ocean. The arrows
indicate the direction of the main currents; the broken
line, the boundaries between the currents.
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Figure 23 shows the block dia&ram of the transparency (trans-
mittance) of the waters of the tropical area of the Indian Ocean,
as compiled according to the findings of the scientific instru-
mentation vessel "Vityaz'." This diagram indicates the current
boundaries as hydrologically determined. It will be readily seen

that these boundaries coincide with the turbid water zones extending
- along the-currents. The reduced transmittance 1n the boundary

zones 1is related to the different dynamic processes which have a
stimulating effect there on the accumulation of mineral particles
and the development of phyto- and Zooplankton.

The waters of the open ocean and the landlocked seas diffar
markedly from one another in their content of "yellow matter,"
the concentration of which in the sea can be easily determined on
the basis of transmittance measurements in the blue or ultravioclet
region of the spectrum.

Many other examples might be cited i1llustrating the usefulness
of marine optics in the conduct of oceanological studies.
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SUNLICHT IN THE SEA
Light on the Surface of the Sea

In our study of natural light in the sea wc must first of all
ask the question: what about the light that 1lluminates its surface?

Every second, as the result of nuclear reactions in the bowels
of the Sun, 564 million tons of hydrogen are transformed into
560 million tons of helium; 4 million tons of solar hydrogen are
radlated Into space in the form of heat and 1light. The energy
power of solar radiation is estimated at 3.86-1023 kW. If the
Sun's energy 1s expressed in calories per second and the entire
energy 1t emits in a year is summed, we arrive at a figure of
some 3°1033 cal. Naturally, of this total amount our planet
receives an Infinitesimal fraction - only some one two-billionths,

t.e., 102"

cal - but even this 1s an enormous amount of energy.

The princilpal characteristic of the Sun's radlative capacity
is customarily considered to be the solar constant - that is, the
power of solar radlation per one square centimeter of a surface
perpendicular to the incident rays and situated outslde the
terrestrial atmosphere. More or less accurate direct measurements
of the magnitude of the solar constant have been possible only
since the advent of the space age. According to present-day data,
this figure is 2.00 cal/min'cm2 or 1394 W/m2.
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As 1t passes through the Earth's atmosphere, the energy of
direct solar radiation is attenuated, due to partial absorption
and partial scattering. The énergy reaching the surface of the
sea 1s not constant, depending as it does on numerous factors,
The lower the position of the Sun above the horizoen, theA;rggpep
the thickness of the atmosphere 1ts rays must traverse and the
greater, consequently, the absorption and scattering losses.
Taking as a unit the path traveled by the ray in the atmosphere
when the Sun 1s at the zenith (this is known 1in meteorology as the
"atmospheric mass"), one can obtain from the following figures a
clear notion of the degree to which this path grows longer as the
Sun sinks lower:

Height of Sun,
degrees...cev....... 90 60 4s 30 10 5 1
Atmospheric mass.,. 1.0 1.15 1.4 279 5.4 10.4 27

Thus, when the Sun has just emerged over the horizon its

rays must overcome an atmosphere which is 27 times thicker than when
it is at its zenith,

site at a Specific moment of time. The greater the number of dust
particles, water droplets, and ice crystals contained in the
atmosphere, the less this atmosphere wilil be transparent and the
greater will be the solar energy losses within 1t.

Despite these losses, however, the sea's surface receives an
enormous amount of energy. Thus, it is reasonable to consider
(albeit with Some approximation) that in the summer season, with
the Sun high in the sky, one square meter of the sea's surface
is exposed to the effect of light radiation having a power of
about one kilowatt. Unquestionably, this figure varies very
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widely depending on the geographic latitude of the location and
the neason of the year. These variations are graphically
1llustrated in Fig. 24,

Fig. 24. Relation of sea surface
&y irradiation to geographical lati-

tude and season of the year (la-
titude: 1 - 35°; 2 - U45°; 3 -
5593 4 - 65°,

In this way, we have briefly considered, from the standpoint
of 1ts energy content, the direct solar radiation reaching the
surface of the sea. Of equal interest to marine optics 1s the

spectral composition of this solar emission, since it 1is this
aspect that i{s basically responsible for those optical processes
with which we are concerned in our study of light in the sea.

The shallow surface layer of the Sun, measuring only some
100-200 km in thickness (and known as the photosphere), emits Into
space an extremely wide band of energy wavelengths ranging from
100 nm to 30,000 nm. Fortunately for all 1ife on Earth, our
atmosphere introduces significant correctlve factors into this
sovlar radlation spectrum. Thus, the ozone layer which girds the
globe at an altitude of U40-50 km absorbs the entire ultraviolet
radiation of the Sun on wavelengths of less than 290 nm. Were
this not so, the Earth would be a dead planet for the reason that
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ultraviolet radiation on the shorter wavelengths 15 lethal te
living organiama, A significant portion of the infrared emis:sion
13 likewlse absorbed by the atmosphere. For these reacons, the
apectral compcaition o..the energy that we can measure at the

" surface or the sea differs markedly from the composition as emitted

by the Sun. Just as the total energy quantity reaching the sea's
surface, so also 1lts spectrum depends on the height of the Sun and
on the state of transparency (transmittance) of the atnosphere.

The energy distributtion in the solar spectrum for an absclilutely
pure atmosphere containing no moisture {that is, under 1deal condi-
tions) is shown In Fig. 25. As the height of the Sun decreases
there 1s a change in the spectral composition of its radiation:

the maximum gradually shifts toward the longer-wéve recglon of

the spectrum, with the emission intensity continuing to diminigh.

2 | N

? ﬁtdnzi Fig. 25. Energy distributlon in
7 Bios phie re -4——1— s8olar radlatlion spectrum for 4if-
it ] ! ! ferent helghts of the Sun and for
é e "i = "7|77] 1deal atmospheric conciticns.
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Of special interest to marine optics are those changes whlch
occur, with changing helght of the Sun, in the visible region of
the spectrum - that is, in the waveband from 400 to 760 nm. How
does the portion of visible radiation vary in the spectrum? The
answer to this question can be seen in Table 1, where data are
presented for the ultraviolet, visible, and infrared reglons of

the spectrum in percentages of total radiation.
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Table 1.
o @ﬁ%‘ﬂg rﬁ‘o}‘t‘\edgggeggove
Radiation, nm 5 | 10 l % J 2w | s %
_ Ultraviolet I l . ’ . I cm Tl L e e e e

(205"400’ ® e 0 0 v 0 o.‘ ’.0 2.0 2|7 3l2 407
Visidble :
(+49—760) .. ..., 33,6 41,0 42,7 43,7 43,9 45,8
Infrared

(> «ovvwvw. 61,0 58,0 55,3 54,6 52,9 £0,0

Careful examination of this table will reveal one noteworthy
effect. Beginning at the 20° position of the 3un there is only
a minor change in the ratio of visible and infrared radiation,
while the ultraviolet radiation undergoes a better than two-fold
increase, :

The sea's surface is illuminated not only by the direct rays
of the Sun, but also by light incoming from the sky - that 1s,
by solar rays which have been scattered by the atmosphere. This
scattered radiation exhiblts a spectral composition which is
different from the Sun's direct radlation and which, at the same
time, 1s extremely changeable depending on the nature and number
of the clouds which happen to be obscuring the sky. For a graphic
appreciation of the diversity of the spectral composition of the
light illuminating the sea surface consider Fig. 26, which shows
Just how markedly the spectra
of direct and scattered solar oan
radiation do in fact differ. To s -l M
facilitate comparison of the ;

L "
curves, a value of 100 units has £ °°ff '\

]
arbitrarily been assigned to ; s \
radiation having a wavelength of g ,| “~
560 nm.

Fig. 26. Spectral composition #_f
of sum (1), scattered (2), Y
and direct (3) solar radia- .
tion. «20 &Ry SEL 6‘!:'[' A, nm
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The contribution of scattered light to the total radiation
striking the surface of the sea 1s not constant and depends on
the height of the Sun.

Height of Sun,

e e degreeS.veeeianes 5 0 10T 20 T 30 40 sp T
Scattered
radiation, %...... 73.4 42.9 29.0 21.0 18.0 15.4

The contribution is extremely great when the Sun is low above

the horizon.

With what light, then, are we ultimately dealing when we speak
of the 1llumination of the =ea surface? No one aimple answer can
be given to this question - too many factors affect both the
absolute value of the inclident energy as well as its spectrail
composition: the helght of the.Sun, the transparency cof the
atmosphere, the character of the cloud cover, and others. The best
approach 1is to consider th+- sum radiation, that is, the combination
of direct and scattered radiation.

The energy distribution in the sum radlation spectrum is
illustrated by curve 3 (see Fig. 26). Naturally, the sum radiation
1s subject to the same changes which are also proper to its
constituent parts. The inconstancy in the character of the 1ight
I1lluminating the surface of the sea has been well described in
the book Prozrachnost' I Tsvet Morya /The Transparency Arnd Color
Of The Se§7: "So-called daylight, which represents the poirt of
departure for all possible kinds of hydrooptical calzulations, 1s
itself an 1ll-defined concept by virtue of the variability of 1its
intensity, spectral composition, and brightness distribution across

the celestial sphere!."

'Vvs. A. Berezkin, A. A. Gershun, and Yu. . Yanishevskiy.
Prozrachnest' I Tsvet Morya.
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If in addition one considers that the conditions of the sea's
1llumination change not merely during the day, but also depend
both on the geographic latitude of the site and the season of the

year, the full complexity involved in determining this "point of

departure" will become readily understandable. Thus it is that
when conducting most hydrooptical studies, along with measurements
of the 1light in the sea it is simultaneously necessary to carry
out direct observations of the radiation incident to its surface.

Propagation of Sunlight Within the Sea

A clear sunny afternoon. The sea is still, virtually without
motion, its surface like a mirror. Of course, the quality of
this mirror leaves much to be desired, for when the Sun is at its
zenith the surface of the sea reflects very little light - no more
than 2% of the incident light flow, with the remaining 98% pene-
trating into the water. As the height of the Sun decreases, that
is, as the angle of incidence of its rays increases (Fig. 27),
the portion of reflected light increases, approaching 100% when
the Sun nears the horizon (Fig. 28).

As they pass through the sea's surface and enter the water,
the Sun's rays are refracted - that is, they change their direction.
Fven the early Greeks were at a loss to find the relationship
between the angles of incidence and refraction. A table has been
preserved listing precise measurements of the angles of refraction
and incidence of light in water as compiled as long ago as 1U40 B. C.
by the celebrated Greek astronomer Claudius Ptolomaeus; however,
it was only in 1621 that the Dutch mathematician Willbrord Snell
(Snellius) successfully formulated the law relating the angle of
refraction of a ray with its angle of incidence: "The relation
of the sine of the angle of incidence to the sine of the angle
of refraction for two given media is a constant value."
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Pig. 27. Passage of light Fig. 28. Dependence of coefficient
through the surface of the sea. of reflection on the angle of

KEY: (1) Angle of reflection; incidence of the rays.
(2) Reflected beam; (3) Incident KEY: (1) Light which has pene-

peam; (U4) Height of Sunj (5) _ trated into the water; (2)
angle of incidence; (6) Angle of Reflected 1light; (3) Angle cf
refraction; (7) Beam having incidence.

entered water.

Mathematically this can be written in the form of a formula:

sin a
sin v

angle of refraction (see Fig. 27). The constant for two given
media 1s known as the refraction constant.

= n; a here 1s the angle of incidence of the rays; y 1is the

The angle of refraction of the rays can be directly expressed
through their angle of incidence: sin y = % « sin a. Since
the refractive index of sea water with respect to air is approxi-
mately 1.34, then in our case sin y = 0.746 sin a.

The greatest possible angle of incidence for the rays is 9C°
(meaning that the rays are sliding along the very surface). The
sine of 90° equals one, the sine of the angle of refraction is
0.746, corresponding to an angle of approximately 48°. This
means that however great the angle of incidence of the rays to the
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smooth surface of the sea, the angle of refraction cannot exceed
48°. In turn this means that any ray entering the water deviateb
from the vertical by no more than 489. There are no direct olar
rays of other directions in water. o '

)

, i
Conversply, only those irays can exit from the water into the
alr which propagate in the water at an angle of no more than 48°
from the vertical, whille all other rays will be completely reflectéd
from the surface back into the wateﬁ (this'phenomenoﬁ is called

total internal reflection).

On a quiet sunny Hay attempt to 1ie on jour back under water
and look up. Overhead you will see a large circle of light; .this

circle is formed by the light which has passed through the surface.

With respect to the rays striking from the side, they have all
experlienced total internal reflection from the water's éurf%ce,
and outside the_circle of light you will see only the reflected
image of the faintly illuminated bottom (Fig. 29).

e e | -2
LR, T S S .
S e i e i e
L el e R S e ==
= T NNTTTIIT” 4 7 = Siblg—
_‘-“-_‘ \(:__ _--1_ 1._.__\\\ _'7/CJ/-|E‘1"~\:: |
WT‘:_ ’:_. - . ..<\4':J<:— '(
N7 v § V7 i
NS o “."r.:-ﬁ' c - 3.T. ‘ \ ’ ( \'r‘ 0/ Y. l

Fal . ), '
N RS N NN KWL RSN | 3‘ AR IERY,

Sea disturbance (agitation) complicates consideraﬁly the
pattern described above. When the sea 1s affected by waves, the
sclar rays encounter the curvea sea surface at different angles '
at different points. Accordingly, the light's coefflcient of
reflection (reflectlance) by the séa surface at differentipoints
w1ll also be different, depending as it does {(see Fig. 28) on the

angle of irncidence of the ruays., : i
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If the Sun 1is high above the horizon, the mean angle of

" incidence of the rays on the disturbed sea surface 1is greater than

in calm weather. There is an increase in the total amount of

light reflected by the surface and, correspondingly, a decrease

in the amount of light entering the water. With the Sun at from

55 to 90° the sea-surface transmission factor of the light decreases
from 97-98% for still weather to 94% for a disturbance rated at

more than one point. Conversely, with the Sun low the wave crests
begin to noticeably shadow the horizontal segments of the surface;
the light 1s reflected from the steep sections of the crest

surfaces “or which the incidence angle of the solar rays is small.
The result is a considerable increase in the transmittiance of

light by the sea surface: with the Sun at 10° the transmission
factor increases from 72% for calm weather to 83% for waves. With
the Sun at close to 25° surface disturbance has virtually no effect:
light transmittance for still ahd.windy weather stands at approxi-

mately 90%.

Investigators measuring the illumination right beneath the
séa's surface with the aild of underwater photometers have beer
impressed by a mysterious phenomenon: on windy days 1liumination
is 15-30% less than the value recorded from measurements of the
reflected light flux. In a dead calm thls effect is not observed.
Where does the solar energy dlsappear to?

Several hypotheses have been advanced. 0i1e of these held that
there exists directly beneath the surface of tiie sea a relatively
nontransparent layer of water from a few centimeters to 1-2 neters
in thickness. Highly turbid and filled with air bubbles, this
léyer was consldered .esponsible for the 1lnexplicable loss of
solar energy. This view was greeted with almost universal
scepticism and has been refuted by later research.
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The proper explanation for the enigmatic "surface loss effect"
was provided by A. A. Gershun. In Fig. 30 it will be seen that
agitation redistributes the illumination on the horizontal
surface. The minor ripples act on the incident light rays 1like
cylindrical collecting and scattering lenses. They focus the solar
rays in small volumes, while in other regions creating perceptible
rarefactions of the light. According to theoretical computations,
the wave-focused light waves at depths of 6-9 m are capable of
giving rise to an illumination 8 times greater than the mean value
for the level 1in question. But since the bunching regions of the
light occupy far less volumetric space than the regions of lowered
11lumination, an underwater photometer will record a less-than-
average 1lluminance reading. The sea surface 1s-dynamic, and from
time to time the indicator arrow deflects sharply toward the higher
illumination intensity reajings, whenever the focus of the "wave
lenses" passes through the underwater site of the photoelectric
cell.
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Fig. 30. Explanation of t:e "surface loss effect."
KEY: (1) Solar rays; (2) Sea surface; {3) Illumi-
nance distribution curve; (4) Iiluminated surface.

There is reascon to velieve that the intermittent and nonuniform
neture ot the 1llumination in the subsurrace layvers of the sea
aLr an effect on the phcetosynthesics process and on primary pro-
duction.
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Sunlight Attenuation with Depth

The further fate of the light, once it has struck the water,
1s determined by two physical processes - absorption and scattering.
As a rule, scattering in sea water 1s considerably more intense
than absorption and, as a consequence, light in the sea is
scattered repeatedly. Each photon has several opportunities te
alter the directlon of its movement before 1t ic absorbed by the
medium.

As the depth 1increases, the amount of dlrect sunlight decreases
in comparison with the scattered light, whilch gradually be:omes
predominant. Moreover, the sea 1s always being struck by iight
which has been scattered by the atmosphere. Thls light too, as
it propagates ever more deeply, 1s also subject to absorption anrd
scattering. '

Since the sea water scattering indicatrix is greatly elcngated
in the direction of the incident beam, during the scattering
process by far the greater part of the sunlight photons experience
a minor change in the direction of thelr movement and continue to
travel deeper into the sea. 0Only a small portion of the scattered
light 1s upwardly directed, creating in the sea an acscendent beam
of light.

We have already spoken of how beams of llght, once they have
entered the water, deviate from the vertical by no more than 48°,
If there were nc scattering in the sea, then, diving into a deep
spot (vhere bcttom reflection might be disregarded), we should
see light only in these directions, while from the bottom and
sides we would be surrounded by impenetrable murkiness.

Because of multiple scattering the entire sea 1s literally

permeated by light - any point under water 1s traversed by a
countless multituae of light beams moving in every conceivable
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direction. "As soon as our eyes were under water," relates Thor
Heyerdahl, "the source of light, unlike our surface world, ceased
as it were to exist. The refracted rays reached us not only from
above, but from below; the sun no longer shone, it was everywhere...
Here below .the light was remarkable for its amazing clarity, and _
its effect on us, accustomed as we were on the deck to the tropical

sun, was very calming. Even when we looked down, into the

bottomless abyss of the ocean into the realm of eternal black night,

this night seemed to us to be tinted a pleasant blue as it reflected

the rays of the sun.!"

To gain a better understanding of how radiation is distributed
in different directions, let us mentally decompose, at some point
beneath the surface, the descending and ascending light flux into
"elementary" beams of light. From the point in question, in the
direction of each beam, we draw a segment proportional to 1its
" brightness. Then, connecting the ends of thé segments, we obtain
a closed surface. The volumetric body bound by this surface 1is
known as a brightness body.

The form of the brightness body gives an idea of the structure
of the light field at the given point. For example, a parallel
beam of light has a brightness body in the form of a rectilinear
segment in the direction of this beam, while radiation uniformly
scattered in all directions presents a brightness body in the
shape of a sphere.

Under the joint action of scatfering and absorption the form
of the brightness body in the sea charges with depth (Fig. 31).

Direct sunlight predominates near the surface. The brightness
body is sharply extended in the direction of the Sun's rays,

7, Heyerdahl. Voyage on the Kon Tiki, M., "Molodaya gvardiya,"
1956 (in Russian).
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Fig. 31. Variation in the form
of the brightness body with depth:
l1-4m;2-10m; 3 - 17 m;

b -29my 5= 41 m; 6 - 54 m;
7-66“1.

particularly 1f the sky 1s cloudless. Because of scattering, the
elongation of the brightness body diminishes with depth, the body .
growing shorter and rounder. In addition, there is also a change
in the direction of the preeminent propagation of the radlation:
beams diverging considerably from the vertical travel a longer path
through the water and are, consequently, more severely attenuated
with depth. In this way, the axis of the brightness body gradually
rotates with increasing depth until it coincides with the vertical

(Fig. 31).

At rather great depths the brightness body takes on a permanent
form. This steady-state radiation distribution at a depth is
referred to as the depth condition. It is important to note that
the form of the brightness body in the depth condition depends
on the optical properties of the sea water at the point in questilon,
with conditions of external illumination and the state of the
sea's surface playing no role. For example, in a totally scattering
medium (no absorption), regardless of external illumination, the
depth body of brightness is sphere-shaped, while in a totally
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absorbing medium (no scattering) it is represented by'a rectilinear
segment. In intermedlate instances the brightness body in the
depth condition is a body of rotation with respect to the vertical
axis, whose elongation depends on the ratio between scattering

and absorption, as well as on the form of the scattering indicatrix.

The existence of the depth condition was predicted by
Academician V. A. Ambartsumyan. This interestihg phenomenon was
subsequently substantiated experimentally, first in simulated
media and later directly in the sea. At the Marine Hydrophysics
Institute detailed studies of the conditions accompanying the
onset of the depth condition were conducted by V. A. Timofeyeva,’
who @lso established the relationship between the form of the
angular brightness distribution and the scattering-to-absorption
ratio. Timofeyeva used milk and rosin media, absorption in which
was measured by the addition of a dye in different concentrations.
The depth at which a brightness body of ccnstant form is established
is a function of the ratio bétween scattering and absorption and
also of the scattering indicatrix. 1In a highly absorbent medium
the depth condition ensues only after the origiral light flux has
been substantially attsnuated. From this standpoint, the sea
represents an ideal testing ground for the study of the depth effect,
since, as a rule, scattering in sea water far exceeds absorption.
Institute of Oceanology measurements have shown that in the Black
Sea a brightness body of constant form occurs ai a depth of only
a little more than 100 m. In the more transparent Mediterranean
this condition materializes cnly at the 200-meter mark.

The onset of the depth condition depends largely on how the
surface of the sea 1s illuminated. In the case of a cloudy sky,
when there are no direct solar rays, the depth of its occurrence
is significantly less than 1n the presence of directional solar
radiation.
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Spectral Composition of Sunlight
at Different Depths

We already know how the attenuation of a directional beam of
light in a light-scattering medium takes place, how Bouguer's law
is formulated, and what the light attenuation factor is. If we
examine the behavior not of some isolated beam, but of the entire
flow propagating from the surface down into the sea, we shall see
that, as a first approximation, the attenuation of this flow (flux)
as a function of depth 1s also governed by an exponential law:
o, = 4»0-10""z (¢, 1s the value of the light flux directly beneath
the sea's surface; °z is the value of the flux attaining a depth
z). The exponent a in the formula is known as the vertical attenua-
tion index and should not be confused with the attenuation index e.
These two indices differ considerably in magnitude. The attenua-
tion index € is used to estimate the attenuation of a beam of light
traveling in some one direction and is composed of the absorption
and the entire scattering. The vertical attenuation index a
characterizes the attenuation of the entire descending light flow
in the sea (that 1s, the flow as made up of a multitude of
"elementary" light beams of different directionality). This
factor is composed of the absorption and only a small fraction of
the scattering (for, as we have already observed, the greater
portion of the scattered light continues to propagate deeper into
the sea). It is clear, therefore, that the vertical attenuation
, : index & will always be substantially smaller than the attenuation
‘ ; index €. For example, in the Black Sea, when the attenuation
index € stood at 0.17 m'l, the vertical attenuation index a was

found to equal only 0.04 oo
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? ; So sizable a discrepancy 1s of enormous importance to light
i propagation in the sea. In effect, attenuating with an index of
0.04 m'l, the descending flux is 10,000 times weaker at a depth
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of 100 m, while had it attenuated at an index value of 0.17 m’l,

i1t would have decreased at the same depth by 100,000,000,000,000,000
times - that is, for all practical purposes 1t would have been
undetectable.

The value of the vertical attenuation constant a is affected
by the character of sea-surface i11lumination (in the upper layers
it depends on the helght of the Sun) and the depth. Here, the
inhomogeneity of the optical properties of the sea water along
the vertical and the depth-related variations of the radiation
composition also play a role. Féllowing the onset of the depth
condition, the a index no longer changes and its value is a function
only of the optice. properties of the mediumn.

The wavelength of the light is a determining factor in the
vertical attenuation index . Different regions of the solar
spectrum attenuate differently in water, and the spectral composi-
tion of the light vafies according to depth. It 1s a famillar
fact that the spectral dependences of the absorption and scattering
of light 1in water differ for different waters. A consequence of
this is that the vertical attenuation index a also depends on the
wavelength of the light in a different fashion. These differences
are at the heart of the sea~-water classification system worked
out by N. Jerlov.

Ocean waters are divided into three basic types, with two
additional intermediate types found between types I and IT (IA
and IB). Coastal waters show a greater varlety in the cnaracteris-
tics: based on the results of his measurements along the coasts
of Scandinavia and the American ncrthwest, Jerlov has subdivided
these waters into nine types. Figures 32 and 33 show how the
descending light flux decrsases with depth in different waters,
in addition to presenting spectral transmission curves for these
waters. Figure 34 illustrates the spectral distribution of
sunlight at 4ifferent depths in the cleanest ocean waters.
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Fig. 32. ittenuatlon of the
descending light flux with cdepth
in waters of different type (7
of light incident to the
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Pig. 33. Spectral transmissionr
curves (% per 1'm) of the
descending light flux for waters
of different type.

surface).

Flg. 34. Spectral distrlbution
of 1light at dirfferent depths in
the purest ocean waters.
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A commen property of all sea-water types 1s severe depth-
related attenuation of the red portion of the spectrum. Tre
disappearance of the red component from the light flux propagatinrg

into the sea may lead to unexpected underwater effects. One suct

effect has been reported by Cousteau and Dumas. They were treated
to an astonishing picture when at a depth of thirty or forty

meters Lumas (Diai) harpooned a large liche fish.
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"...The blood was green! Stunned by this spectacle, I swam
closer, my eyes fixed on the stream gushing from the heart of the
now dying fish. It was emerald in color. We looked at each other
in puzzlement. As many times as we had swum among this species,
never had we suspected that their blood was green. Taking firm
hold of the harpoon with its amazing trophy, Didi swam up. At a
depth of fifty-five feet the blood became brown; at twenty feet
it had managed to turn pink, and on the surface it was flowing
in crimson streams!."

In order to understand the reasons for this interesting
phenomenon, one must be clear as to what in fact determines the
visible light of any object. A brief answer to this question is
not simple - a number of factors affect the perception of color by
the human eye. Chief among these factors is the spectral composi-
tion of the 1light reflected by ihe object. Every surface.reflects
differently the light of different spectral regions. For example,
if the color of an object is red, this means that this object
reflects red rays better than the others. An object's color also
depends on the kind of light by which it is i1lluminated. If a red
object 1s placed in a beam of light in which there 1is virtually
no red; that object will no longer seem red (which 1s another way
of saying that if there is no red in the incident beam, there will
be none in the reflected beam).

When the depths cf the sea are illuminated in brilliant white
light, the true colors cf this underwater world can te seen. This

is how the authcrs of The Silent World describe this riot of color:

"At one-hundred-and-fifty meters Didi trained his reflector

on the side of a reef and switched on the light. The reef literally

exploded in color! The beam of white light disclosed a blinding
spectrum in which deep reds and oranges predominated. The

13.-Y. Cousteau, F. Dumas. Ibidem.
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brilliance of the colors was reminiscent of the palntings of
Matisse. For the first time since the creation of the world the
entire magnificence of this twilight zone came alive in rich
blazing light. We were beholding a spectacle never before seen -
even the fish had never witnessed anything of the sort. Why had
such a wealth of color been gathered together here where there
was no one to treasure it? And why at these great depths was

sl

there a predominance of that same red which was the first color
to be filtered out in the upper layers? What colors lurked still
deeper belcw, in the realm of never-ending gloom?"

Is There a Limiting Depth to the
Penetratlion o Sunlight? .

Many investigators have frequently asked the gquestion: at
wnat depth in the sea does the éunlight disappear altogether? Two
centuries ago this problem was pcsed in general form bty Plerre
Bouguer: "Knowlng by experience the diminution sufferecd by light
as 1t passes through a known mass of transparent body, determine
the thickness which must be imparted tc the body in order to make

it nontransparent.!"

Bouguer belleved that the Sun becomes totally invisibie Iif
i1ts light 1s attenuated 900 billion times.

Ve can easily find this depth in the sea by assigzning thre
appropriate value to the vertlical attenuation index a. In
transparent waters, for the blue-green portion of the spectrum,
the optimum value of a equals approximately 0,02 m-l. By sub-
stituting this value of a in the formula ¢,/¢, = 107%%, we have

'v. Bouguer. Ibidem.
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no difficulty in finding the depth at which there will be a 10-°-

fold attenuation in the sunlight:' z = 12/0.02 = 600.m.! In more
turbid waters this depth will naturally be far less.
¢l ) : _ _ |

" The American biologist Beebe, in a bathysphere descent to a
depth of almost one kilometer, was an eye-witness to the advent of
this "realm of eternal night." "At a depth of 750 meters the
darkness had seemed unimaginably black, but now (at about 1000
meters) it was blacker than black. I had 'the impression that all
future nights in the upper world would seem like only relative
degrees of twilight. And I|wap nevér again able to use the word
'black' with:any real conviction. ‘"‘ '

But for all this, today'o light receivers - photoelectron
multipliers - are capable of recording the presence of sun]ight
even at these depths. The most highly sensitive of! these receivers
have the ability to detectieven individual photons! ‘Amalysisj
shows' that 1f on a clear and sunny day a receiver of this kind 1s
lowered to a depth of 1000 m, in transpayent waters (with a vertical
attenuation index o = 0.02 m-l) 1t will record the incidence of

!
about one photon per second. 1

. ! :

However, the suniight penetrates to even greater depths The
1200-meter mark is attained by ‘only one photon of every ]02u
striking' the surface of the sea - at this point lour xeceiver would
record the occurrence of a. single photon approxinately once every

twenty-four hours... and at 1500 m, once in 300 jears'

¢ 0
The probability of aKpWPtoh of sunlight reachingfthe bettem
of the Mariana Trencn - the deepes* spot 1in the ocean - is so'small

that such an event might not even take place once in the entire ]
historyv of mankind. d

V. Bib /Beebe/. Na glubine ilometra /One Kilométer Down/ ’
iM.-L., Detgiz, 1937 (in Ruusian) '
|
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Polarization of Light in the Sea

From the point of view of classical physics, light represents
electromagnetic waves. An electrical field, varying in time and
created by some sort of radiating element, causes the appearance
of an alternating magnetic field, with the direction of vibration
of this magnetic field perpendicular to the direction of the
electrical vibrations. Variation of the magnetic field 1in turn
generates a variable (alternating) electrical field which re-excites
an alternating magnetic field, and so on and so forthn.

Tr.e originated electromagnetic field does not remain fixed
in space, but prcpagates at the colossal speed of 300,000 km/s!
along a line perpendicular to the directions of the electrical and
magnetic oscillations. The human eye 1s capable of percelving
electromagnetic waves whose length range from 380 to 760 nm.
However, the term "1light" 1s frequently taken to mean not only the
visible radiation, but also the shorter wavelengths -~ the ultra-
violet (wavelength from 10 nm) - and the longer - the 1nfrared
(wavelength to 340 micrometers).

Consider the origin of the electric fleld vibrations. We
have already mentioned that they run perpendicular to the propaga-
tion direction of the light wave; however, in the piane perpendicu-
lar to this directlon these vibrations may be oriented ir virtually
any manner (Fig. 35, 1). In so-called natural light, of the kind
emitted, for example, ty the Sun, the electrical vibrations are
found along all the possible directions lying in thils plane. 1In
the path of this kind of light let us place a plane-parallel
dlsk cut from a crystal whose properties differ for different

'The figure of 200,000 km/s is the speed of light in a vacuum;
in water it is approximately 225,000 km/s.
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directions (such a crystal is said to be anisotropic). Through
this crystal will pass only those light waves whose electrical
field vibrations run parallel to the axls of the crystal.

Light in which the electrical oscillations occur in only a
single direction is referred to as linearly (or plane) polarized
light (Fig. 35, 2). A good idea of this kind of light can be had
by watching the vibrations of a long rubber band. If the free
end of an attached rubber band is quickly raised or lowered, a
wave will travel along the band, while each point of the band will
vibrate in a strictly vertical fashion in a plane perpendicular
to the direction of propagation of the wave. What we are looking
at is a vertically polarized wave. Just about the same thing
also takes place in a light wave, only here we are dealing not
with the mechanical vibrations of rubber band particles, but wilth

Flg. 35. Electrical field

vibrations in the plane perpendic-
J ular to the direction of propa-
gation of a light wave: 1 -~
natural light; 2 - different
instances of linearly polarized

. b . 3 light; 3 -~ circular polarizaticn;
v 4 - different instances of
| elliptical polarization.
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the periodic variations of an electrical fileld. If the end of
the band. 1s moved not vertically (up and down), but horizontally
(from right to left), the band will be traversed by a horizontally
polarized wave. Other, more complicated types of polarization
are also possible: for example, circular or elliptical (Fig. 35,
3 and 4). For these types, the end of the band must be quickly
rotated in a circle or ellipse.

Special optical devices exist which make it pessible to
achleve polarized light of any of the aforementlcned types. These
instruments are called polarizers.

Rarely 1s the polarizatlon of 1light total; normally light !ls
polarized only partially - that is, it represents a mix of natural
and polarized light. The completeness of polarization 1s char-
acterized by the degree of poléfization, this being the ratio of
the totally polarized component intensity to the sum intensity of
the beam. The degree of polarization is normally expressed in
percentages: 0% refers to natural light, 100% tc fully polarized
light.

One should not get the lmpression that polarized light comes
about only artificlally. Quite the contrary, polarizaticn of
light 1s an extremely common phenomenon in nature, occurring both
in reflection, refraction, and during the process of scattering.

As early as 1809 the French astronomer Dominique Arago dis-
covered that sunlight scattered by the atmosphere 1s polarized.
During the 160 years which have elapsed since this discovery
scientists in the fleld of opties have been very successful 1in
investigating the polarization of 1light iﬁ the atmosphere, with
the result that at the present time this effect has been studied
in great detall.
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The first measurements of daylight polarization under water
were conducted in 1954, although the study of the polarization
of 1ight in connection with reflection from the surface of the
sea had been begun some twenty years earller. Today, this effect
is exploited for practical purposes at sea: polarizers mounted
in observation instruments cut off the light reflected by the
sea surface which interferes with the tracking of underwater
objects.

The maximum depth at which underwater polarizatlon has been
measured is 200 m. It has been established that scattered light
under water is linearly polarized and is characterized by a fairly
high degree of polarization - as much as 60%. The degree of
polarization decreases with depth, thils reduction occurring at a
particularly fast rate in the immediztie subsurface layer (20=-30 m).
At great depths the degiree of nolarization remains virtually '
unchanged.,

The special interest displayed in the polarization of light
in the sea 1s linked to a certaln unusual phenomenon. The
polarization of light has been found to affect the behavicr of
aquatié organlisms and in many instances to influence significantly
the laws of their locomotion.

The capacity for orientation according to the position of
the polarizaticn plane of linearly polarized light was first
discovered, in the honey bee, in 1948, The Austrian bilogis®
Karl Frisch called attention to the fact that the scout-bee,
indicating the direction to the honey flow by his "weaving dance,"
can properly orient his dance only when at least a part of the blue
sky 1s visible. On the other hand, sky light is always polarized.
Frisch, therefore, advanced the hypothesls that 1t is this
pciarized sky light which acts as a kind of compass for the bee,
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permitting 1t to orient itself properly in space. To this =nd,
he conducted a series of experiments which thoroughly coﬁfirmed
the correctness of this view. Later, the abllity to react to the
polarization of light was discovered in many other arthropods:
beetles, butterflies, ants, and spiders.

The human eye also possesses the property of being able to
discern linearly polarized light with a different vibrational
directlon; hrowever, while in man thls 1s merely a curious and
even little-known feature of vision, for the invertebrates this
ablility in many 1nstances plays a major functional role. The
fiddler-crab (scud), for example, is capable of proper self-
orientation 1n the water only when he can see abdve him the Sun
or a sectlon of the blue sky. If a polarizer 1s placed above him
and slowly rotated, the crab also will begin to turn accordingly.
Many other aquatic animals are also sensitive to the polarization
of light: swimming cladocera crabs, water fleas (Daphnia), water
mites, and the xlphosura.

The mechanlsm of this interesting phenomenon ls not yet
throughly understood.

How Natural Light 1s Measured in
the Sea

As has already been noted, for many years light measurements
in the sea were affected by a fundamental misconception: the
desire to find the depth beyond the reach of daylight. Quite
naturally, this boundary has not been found to thils very day, since
as the measuring methods have improved and the sensitivity of the
instrumentation used in the radiation recording has increased,
light readings have also been obtained at ever greater depths.

The whole question actually has to do with the quantities of
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light energy involved - whether it be tens of lux (if we are dis-
cussing illumination intensity) or individual photons detected
by high=sensitivity equipment.

The first efforts at light measurements 1n the sea, under-
taken in the second half of the nineteenth century, involved the
use of a photochemical reaction in certaln liquids and gas. The
point of departure here was Bouguer's well known law to the effect
that the yield of a photochemical reaction 1s proportional to the
product of the radiation intensity and the exposure time. This
principle was at the heart of the Regnard hydrochloric actinometer,
in which the light effect was estimated by the decrease of & gas
mixture. In the thirties of the present century, Atkins proposed
a photochemical photometer in which the decomposition of uranium
oxalate was employed. Althocugh these instruments offered the
advantage of relative simplicity in design, they provided illumi-
nance measurements only in the uppermost layers of the sea and
on the condition of very extended exposures.

At a2bout the same time, photographic plates began to be used,
and somewhat later films as well., Despite the great variety of
photometers employing photographic plates, the measurement principle
was ultimately the following. A plate, enclosed in a sealed
hcusing with a glass viewing aperture, was lowered into the sea
to a specified depth. Then, using a flyweight lowered along a
cable, the photometer shutter was opened. After a definite exposure
(the duration of which was recorded) a second flyweight closed
the shutter, The effect of the light was to darken the plate.

By comparing the degree of darkening of this plate with another
similar plate, but which had been 1illuminated by a standard light
source, a determination was made (with allowance for the exposure
time) of the 1llumination intensity conditions at the measurement
depth in question. When film was used in place of plates, a
timing mechanlsm which advanced the f1lm at specified time
intervals was incorporated in the instrument.
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The processing of the measurement results demanded extra-
ordlnary care, but even so the accuracy of the findings obtalned
was extremely low. With the ald of photometers of this kind,
light has been successfully detected at depths of more than 1000 m.,
The fact 1s, however, that this requires a plate exposure time of
more than an hour. One test has been reported in which a plate
was exposed for two hours at a depth of 1700 m, with no signs of
darkening detected. "

In the early twentleth century sclentists began to base their
measurements on the physical phenomenon known as the photoelectric
effect - that 1s, the ability of certain substances to generate
an electric current or to vary the wvalue of such a current under
the effect of light. '

Beams of light, falling on‘ the surface of a metal plate (such
alkali metals as potassium and cesium are used for this purpose),

"transfer their energy to the electrons present within the metal.

The acquired energy increases the speed of thelr moticn and the
electrons are able to overcome the forces confining them inside

the metal and tvo exit beyond its surface, giving rise in this

way to photoelectron emission from the surface of the plate
(photocathode). This 1s an elementary description of a photcelectric
cell with external photoeffect. The operation of photoelectron
multipliers 1s based on the external photoeffect phenomenon,

If instead of a metal plate a glass plate 1s employed and
1s coated with a light-sensitive layer of some semiconductor
substance (such as selenium, thallium sulfide, bismuth sulfide,
etc.), with the resultant device connected to an external circuit
and the plate 1lluminated, it will be possible to otserve what 1is
known as the internal photoeffect. Under the action of the light
there 1s a reduction in the internal resistance of the semi-
conductor. Such devices are referred to as photoresistors.
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In hydrophotometry, the most widely used are photocells with
a photoeffect in the blocking layer. These devices are also
manufactured from semiconductors - selenium, germanium, silicon,
etc.. Thelr primary advantage 1s the possibility of obtaining a
considerable photocurrent through illumination of the active
surface with no external source of electromotive force.

Through the use of radiation receivers whose operation is
based on the photoeffect phenomenon (photocells) it has been
possible to conduct extensive illuminance measurements in difrerent
areas of the World Ocean,

The operating principle of virtually all present-day under-
water photometers is based on a law discovered by Stoletov to the
effect that the value of the current generated by a photocell 1is
directly proportional to the light flux incident to the cell.
Therefore, by taking photocurrent readings at different depths we
are able to determine the i1lluminance at the level with which we
are concerned. Naturally, every hydrophotometer is calibrated in
advance on a photometric test bench where each reading of the
recording device is assoclated with a specific illumination
1ntensity value.
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Fig. 36. Diagram of selenium
photocell device: 1 - iron
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The most commonly employed sensor in hydrophotometers 1s the

blockingrlayer selenlum photocell. A device c¢f this kind is

shown schematically in Fig. 36.

Iron blate l is coated with a

layer of selenium 2, onto which is atomized a very fine (thousandths
of a micron) gold or platinum semitransparent film 4. 1In the
processing of the photocell a thin blocking layer 3 is formed on

the surface of the selenium.
semitransparent gold film; the
electrode. The entire cell 1s
housing 6.

In addition to simplicity
offers one further significant
approximates that of the human
known at the present time, the

Contact ring 5 1s lald on the

iron plate functlions as the second
enclosed 1n an insulating plastic

of deslgn, the selenlum photocell
advantage - 1ts spectral sensitivity
eye. Of all the photoelectric cells
selenium cell can be most easily

corrected by means of filters to bring its sensitivity into accord
with the visibility curve of the eye (Fig. 37).

fog

e

Flg. 37. Spectral characteristlcs
of selenium photocell without
correction (1), with correcting
filter (2), and spectral sensi-
tivity of the eyve (2).

For measurements in the sea, the cell 1s placed in a8 sealed
housing, the viewing port in which 1s made of a thick mat glass
(opal glass) and is convex in form. This last feature s necessary
in order that there be collected on the photocell surface all
the light scattered in the upper hemisphere (or in the lower if
the port is directed dcwnward), and not merely those rays which

strike the radiation recelver on tne perpendicular,
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An external view of one of the first industrially produced
underwater 1lluminance-meters (the FMPO-57) can be seen in Fig. 38.
The instrument has the form of a chandelier in which four portholes
are directed upward and one downward. In three of the five sensor
housings filters are located ahead of the selenium photocell: a
red, a blue, and a green. In this way, it 1s possible to measure
not only the total light flux, but also to discriminate its
spectral components. In order that the readings will provide a
determination of the radiation traveling from the depths of the
sea toward its surface, the fifth cell 1s accomodated in a housing
whose port 1s aime@ downward.

Fig. 38. External view of the
FMPO-57 underwater illuminance-
meter.

On a cable secured to an oceanological winch the FMPO-57 is
lowered into the sea to a depth of 100-150 m. The photocurrent
generated by the selenium under the effect of the light is
transmitted by wire to the ship where it is recorded by a micro-
ammeter,

For all 1ts structural simplicity, this instrument suffered
from a multitude of defects. The fact is that 1llumination
intensity in the sea varies very widely: from tens of thousands
of lux on the surface to mere units at a depth of some 100 m.
Selenium photoelements, on the other hand, perform poorly in the
Jace of high light levels since under such conditions thelr photo-
current ceases to be directly proportional to the intensity of
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the 1light. In other words, the FMPO-57 began to perform with
acceptable accuracy only when submerged to depths of several tens
of meters, where illuminance did not exceed 100-200 lux. More-
over, the three-color light filters were clearly too few for
studies of the ability of sea water to transmit light of different
wavelengths. ' ‘

A group of designers at the Zagorsk Optical-Mechanlical Plant
(under the direction of N. F. Shipuli and V. I. Ryabinin),_along
with A. K. Karelin,; an engineer from the Hydrooptles Laboratory
of the Institute of Oceanology, developed the FMPO-60 - an
instiument which, although somewhat more structurally sophisticated,
represented a more advanced sea illuminance-meter - and a number
of its subsequent modifications (the FMPO-64 and the LYuPO).

Tig. 39. FMPO-64 equipment set.

The FMPO-64 (Fig. 39) 1s sphere-shaped with three windows
directed upward, downward, and at a $0° angle to the vertical.
Located inside the sealed sphere is a selenium photocell which,
by means of a small electric motor, can be position in front
of each of the three ports. In addition, the sphere also
accomodates two disks with a set of colored and neutral filters
which (also by means of a motor) are positioned as required
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between a port and the photocell. This arrapgeﬁeht makes it
possible, as the instrument is lowered into the sea, to vary the
density of the light attenuators (neutral filters), thus guarding
the selenium against high exposure levels. This device carries
not three, as before, but six colored filters which uniformly
divide the entire visible range of the spectrum into comparatively
narrow segments. All control functions are handled remotely from
a console located on board the vessel and connected to the instru-
ment by cable.

The FMPO-60 offers one more advantage. Its complete package
contains not only an underwater illuminance-meter, but also an
analog sensor for measurement of the light striking the sea's
surface. This surface sensor is set up in an area of the deck
free from shade or somewhere in the ship's superstructure, and
provides a recording of all the changes occurring in the illumi-
nation of the sea surface during the measurements.

In such clean waters as those encountered in the open reaches
of the ocean or in the Mediterranean the FMPO-60 can record light
to depths of 200-250 m. Normally, for light readings at greater
depths the sensitivity of the photocells is not adequate, and they
are replaced by photoelectron multipliers (PEM). In purely
practical terms, the optical circuitries of PEM 1llumination-
intensity meters differ little from photocell devices. They also
incorporate sets of neutral and colored filters.

The solution to many problems of marine optics requires tne
ability to measure not only the light traveling into the sea
or directed toward its surface, but also the total intensity of
the radiaticn reaching a given point from all directions. To
this end, there is provided for instruments of the FMPO-60 type a
special adapter manufactured of opal organic glass in the sheape
of a sphere. This unit is secured to the side port of the instru-

86

SR

g PR

Sl




P T LT

= T e e PSR

ment. A spherical radiation receiver of this type detects light
arriving from all sides and directs it to the photoelectric
cell. Specifically, measurements taken with the adapter enable
the specialist to determine the sea-water absorption index.

In addition to the instruments described above, there exist
a large varlety of underwater 1lluminance-meters, although, as a
rule, they differ only in the number of filteré used, the mechanisms
whereby these fllters are switched, or other design features of
seccrdary importance.

Along with the positive features of photoelectric radlation
recelvers, these devices share cne very serious shortcoming - they
are all selective, that 1s, they react differently to radiation of
different wavelength. When studying light in the sea, there is
frequently a need for measureméntS.of the sum radiant energy
at different depths. Feor these purposes, however, the most
convenlient approach 1s through the use of nonselective radiztion
recelvers whose operational principle is based on the thermo-
electrlc effect -~ that 1s, the origination of an electromotive
force because of the different degree of heating of the black and
white surfaces of a thermocouple!.

Batterles assembled from a specified number of thermocouples
are called pyronometers. The most commonly used in marine optical
investigations 1s the Yanishevskiy-system pyranometer. In thils
instrument the receliver 1s a surface composed of a system of’
series-connected manganese-consvantin thermocouple strips. This
surface offers the appearance of a checker board of black and
white cells, since part of the junctions (the hot) have the color

!Many different types of thermal light receilvers are available,
such as bolometers, molecular radiometers, and so forth, but to
date these devices have yet to be extensively employed in practical
hydrooptical research.
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of carbon black; while the other part (the cold) are colored

magnesium-white. : ; ! ) :

' . 1 !
When operating in the Bea, the p&ranometer is enclosed in a
sealed encasement with a glass window. A gaivanometer'connected
to the circuit records the current generated by the thermobatteries
absorbing the radiant epergy. The chief defect of the underwater
pyranometer 1s its low sensitivity, which preuents its use even

in very clear waters below 50-60 m.
' 1

. |
From 'subsequent chapters*in this book 1t will be clear that
it is essentlal for marine biologists engaged in'the:study of
photosynthesis processes in the sea to know the value of the sum
2nergy to depths of at least' 100-150 m. Thms has 1ed to the need
to develop an instrument which, while offering the advantages of:

the underwater pyranometer (nonseiectivity){ would also offer far
' 1

3

greater sensitivit&.

1 1

. : ' ! }

Such a device has now been désigned by V. P. Rvachev and his'
colleagues dt the Department of Optics of Chernnvitsk State .
University. According to its principle of operation it 'has been
called 'a variospectrometric underwateér irradiance-meter Ior,
in abbreviated form, the VARIPO.: '

. i . | y ! ' | |

" The optical diagram of this instrumént may be seen in Fig.
40. The light strikes opal plexiglass port 1 and, through slot 2,
lens system 3. From here, in the form of a pdrallel beamn, the
light passes through direct-vision prism h (so-called Amic! prism).
This prism decomposes the light into a spectrum which is projected
by objective 5 ontoznormalizing diaphragm 6 and supsequentlyL
through lens 7, sprikes photoelectron multiplier 8. | .
|

The secret of the device consists in the normalizing‘diaphragm.
Its funztion 1s to "correct" the spectral composition :'of the light,
‘ B |
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bringing 1t into a kind of accordance with the spectral sensitivity
of the photoelectron multiplier - the radiation recelver in the
VARIPO instrument.

L]
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= ?L. "”? P~
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| i
J fh? r

i . i

Fig. 40. Optical diagram of the variospectrometric
underwater irradiance-meter (VARIPO): 1 - port; 2 =
recelving slot; 3 - lens system; 4 - Amici prism; -
objective; 6 - normalizing diaphragm; 7 - lens, é -
photoelectron multiplier (PEM).

Fig. 41. Spectral sensitivity

of PEM prior to correction (1),
by shaped diaphragm (2) and its
2! {___":i]—l appearance following correction

(3).

Wwo 3 AY 2T Anm

From Fig. 41, 1 it is evident that the PEM photocathode
responds differently to radiation of different wavelength - that
is, it 1s selective. 1If on the path between the PEM anc the :
spectrally decomposed light we place a shaped filter (diaphragm), 1
cut as indicated in Fig. 41, 2, the sensitivity of the photoelectronic
multiplier will be "corrected" and will assume the form of curve 3.

In other words, the shaped noriilizing dlaphragm holds back a part
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of the rays to which the PEM 1s "excessively" sensitive, the
result being a nonselective receiver in a specified portion of
the spectrum, and one which, in addition, is wholly insensitive
to radiation outside that segment.

| Ao

i{ & ' Fig. 42. Instrument for
7L b= measuring the angular distribution
! of natural radiation in the sea.

Y
N

The VARIPO is designed to react to light in the 380-to-700-nm
range. Thils 1is the so-called regicn of photosynthetically active
radliation. The VARIPO is far more sensitive than the underwater
pyranometer, and, despite the high light energy losses with passage
through the complex optical system, it can be used to conduct
measurements at depths of 100-150 m.

Although they provide interesting information on the variation
of light as a function of depth, illuminance measuremerts Ly nho
means cover everything we must know regarding the propagation of
radiaticn in the sea. The most conplete information can be obtained
by brightness body measurements, that 1s, measurements of the
angular distrivution of radiation intensity in different directions.
Measurements of this kind were carried out by the American sclentist

~

3. Tyler in a lake. A nitometer (trightness meter) was submerged
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to a depth of 66 m and spatially oriented by means of a gyroscopic
mechanism. The radlation receiver viewing angle was about 79,

Normally, the angular distribution of radiation intensity

1s measured in only two perpendicular planes. An external view

of this kind of instrument is shown in Fig. 42; it has been used

successfully by the Japanese hydooptical specialist, Prof. Sasakl.

The dlagram shows two radiation receivers, one of which rotates

in the vertical (1) and the other in the horizontal (2) plane. A

special feature of this meter consists in the fact that its

receivers are PEMs equipped with a speclal optical system to permit 4

the restriction of the receiver viewing angle to only 4°, By 1

reccrding the radiation at ceveral points in the vertical and ‘
|
1

horizontal planes at different depths, dilagrams can be plotted for
the angular distribution of the light.

These measurements, which are extremely time-consuming, require
sophisticated equipment and for this reason have thus far been ]
experimental in nature. In the Soviet Union such readings have i
been performed by M. N. Kaygorodov, G. G. Neuymin, and A. K. Karelin.
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WHY DIFFERENT SEAS HAVE DIFFERENT COLORS
What Determines the Color of the Sea

"Flying around the globe," relates Soviet astronaut Germar:
Titov, "I was able to see with my own eyes that there is more water
than dry land on the surface of our planet. There was a magnificent
spectacleto be beheld as the long bands of waves in the Atlantic
and Pacific oceans rushed toward distant shores...

"Just as the continents, the oceans and seas differ in their
color. A palette as rich as that of the Russian seascape artist
Ivan Ayvazovskly - from the dark-«blue indigo of the Indian Ocean
to the salad green of the Caribbean and the Gulf of Mexico.!'"

From ancient times the color uf the sea has caught man's
imagiration. Poets have sung of the changeable coloring of the sea's
surface and sclentists have sought the reasons to explain it. 1In
our own age the transparency and cclor of the sea have ceased to
be merely themes of poetic exclamations or scientific curiosity.

Ir the twent.ieth century these factors have taken on serious military

'G. Titov. 700 000 kilometrov v kosmose /Seven Hundred
"housand Kilometers In Space/, M., "Fravda,” 1961.
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importance. As early as 1939 the English journal United Services
Review wrote: "All the major powers use for their submarines a
paint deéigned to provide concealment from the enemy's air forces
or, in any event, to impede their effectiveness. Our own submarines
are painted different colors depending on the seas to which they
are operationally assigned. We use grayish-green colors for the
Atlantic, blue for the Mediterranean, black for the Red Sea and
certain other waters. 1In their home waters French submarines are
either light-gray or blue-green, while Dutech submarines use dark-
green for their home waters and Llack for those based in the East
Indies. Almost all submarines of the Japanese navy are painted
black."

In the next chapter we shall be discussing in detail the
factors which determine the visibility of underwater objects, out
at this point let us attempt an‘explanation of the visible color
of the sea and why different seas afe of different color.

That this is so would actually not appear to be surprising,
for we are aware that the waters of the seas and oceans differ in
their optical properties. 1In fact, by filling with test water a
meter-long tube having transparent ends, one can distinguish even
visually, by transillumination, the water, say, of the Indian Ocean
with its azure tint from the greenish-colored water of the North
Sea. The dark-brown coloration of swamp water cannot possibly be
confused with the yellow-green hue of the Baltiec.

Anyone, however, who has seen the sea even once cannot have
helped but notice that within as brief a period as a single day its
waters repeatedly change their color. A light breeze blows, the
surface becomes rippled - and immediately there 1is a change in
coloration, with the prevalling hue becoming far more deep and
intense; should the sky be obscured with leaden gray clouds, the
sea too takes on a gray and forbidding color. Even at the same
moment and at the same spot the color of the sea may seem difrereng
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depending on whether one is looking straight ahead and down (over
the railing of a sloop, for example) or gazing out further, toward
the horizon 1line.

What then actually is this light which strikes the eye of a .
person contemplating the sea? On what does its spectral composi-
tion depend?

It 1s easy to imagine that this beam of light primarily
contains light reflected from the surface of the sea. It is in
fact this light which 1s responsible for the inconstant color of
the sea surface and for its variability as a function of the
weather. The coefficient of reflection of the sea surface is
virtually independent of the wavélength of the incident light. The
spectral composition of the reflected radiation does not differ
from the spectral composition of the incident: 1in clear cloudless
weather the surface of the sea reflects the blue of the sky, but
when that sky is covered by clouds the sea, like a mirror, reflects
their somber leaden gray.

Is this 1light, however, the only factor which determines the
color of the sea? Obviously it is not. Por, if this were true,
then all seas would have the same color and we should not be able
to speak of the "azure waters" of the Mediterranean or of the
waters of the Yellow Sea, whose color fully justifies that name.
Scientists have determined that every sea has its own peculiar
color, although in many seas and oceans these colors are very
similar. The "specific™ color of a sea is linked to the light flux
emerging from within it.

It has already been mentioned that, thanks to the processes
of multiple scattering, underwater light travels in all possible
2irections, including upward, toward the surface. By submerging a
rhotometer the surface of whose sensitive element 1s aimed down-
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- where 1s the first Cyrillic letter in the Russian word for

ward, we can use this instrument to determine the_magnitude of the
ascending stream of light. Such measurements are constantly being
conducted during optical ocean research both by Soviet and forelgn
specialists. It has been established that the ascendant flux in
the sea increases with depth according to the exponential law:

Og(z) = 00'10"’5z - that 1s, in the same way as the flux propagating
into the sea'. The index a,, which is called the index of vertical
attenuation for the ascendant light flux, differs only little in
value from the descendant flux index, which we have already
designated simply as a. Although, strictly speaking, these indices
coincide only for the depth condition (abyssal condition), in

actual practice they are very close in value at lower depths as
well. For this reason, on a chart the depth vs attenuation curves
for both the descendant and ascendant flux almost always run
parallel (Fig. 43). O©On the other hand, the absolute values of these
streams are not identical: at all depths the ascendant flux is
almost two orders of magnitude smaller than the flux traveling

down into the sea.

Fig. 43. Attenuation with depth

of descendant (1) and ascendant

(2) 1ight streams in the Pacific

Ocean (% of light incident to ]
the surface). ‘

!Translator's Note - The subscript letter "B" here and else-

"ascendant."
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The sea returns only a negligible portion (no more than a
few percent) of the radiation received in its lower depths. On a
given level, the amount of returned energy can be quantitatively
estimated using the diffuse reflection factor {, which 1s equal to

the ratio of the ascendant light flux value at the depth in question
oa to the descendant value &:

60

t-:

Like all the other hydrooptical characteristics, this factor
is a spectral quantity, that 1s, jts values depend on the wavelength
of the 1ight. The reason for this 1s to be found in the fact that
the spectral compositions of the ascendant and descendant flux
streams at the same depth differ. Compare the two diagrams: on
one (Fig. 34) there are shown the spectral distributions, for
different depths, of downward-traveling light; on the other (Pig.
44) the same distributions are shown for the ascending flux. Both
diagrams refer to pure ocean water: - It will be readily noted that
at all depths the spectral composition of the ascending flux is
far poorer in yellows and reds than the descending. We shall
discuss the physical causes for this phenomenon below, but for the
moment let us direct particular attention to the spectral distribu-
tion of. the radiation directly beneath the surface - at the zero-
meter level. This distribution depicts the color of the light
flux exiting from the sea, for the reason that the surface itself
has virtually no effect on the spectral composition of the radiation

passing through 1it. zlr
/\

Fig. U44. The spectral distribu- arr
tion, at different depths, of
light moving upward toward the
surface of the sea.

-
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The maximum value of this spectral distribution corresponds
to wavelengths of about 450 nm - that is, there is a predominance
of blue in the 1light flux leaving the sea. There is some 10 times
less green, while as far as the yellow and red are concerned, these
colors are practically absent. In turbid waters the spectral
distribution is different, with the maximum shifted toward the
green, and in very turbid waters, even toward the yellow region of
the spectrum. Using the spectral curves corresﬂonding to the
different seas, not only the quantitative, but also the qualitative
differences between their colors can be determined, which is of
no small importance in the selection of concealment paints for
underwater objects.

Thus far the discussion has dealt with the spectrum of the
entire 1light flux leaving the sea. However, as we have already
noted, the sea color also depends on the angle at which the surface
is viewed. The angular distributioﬁ of brightness in the ascendant
flux 1s characterized by the'brightness indicatrix.

This curve can be plotted as follows. At a given point on the
surface of the sea a measurement is made of the brightness of the
exiting radiation in different directions, that is, at different
angles to the vertical. The angle of observation 8 is read from
the downward-directed vertical axis. An angle of 180° corresponds
to strictly vertical observation (to the nadir), while angles of
90° and 270° refer to rays skipping along the surface of the sea.
The resultant brightness values p(8) are normally divided by the
orightness value for 180° - p(180°), that is, the ordinate of
the 180° angle equals one.

Three indicatrices for the blue (A = 465 nm), green (A = 517 nm),
and yellow (A = 591 nm), as measured by Soviet hydrooptical
speclalists 1in the tropical waters of the Pacific, are shown in
Fig. 45. The form of the curve will be seen to depend on the
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wavelength. For all three indicatrices, the greater the deviation
from the vertical, the greater the brightness, but this increase
is more marked for the yellow than for the blue. This 1is to say
that if the observation is at a great angle to the vertical, the
blue becomes less intense and is more and more diluted by green
and yellow - the deepness, or "richness," of the color diminishes.

« ALy

Fig. 45. Brightness indicatrices
of the light flux leaving the

sea in tropical waters of the
Pacific Ccean (1 - X = 465 nm;

2 =-)A=517nm; 3 - A = 591 nm).

As the angle of observation increases, so also is there an
increase in the amount of light reflected from the sea surface
(the reflection factor i1s known to vary as a function of the angle:
for an angie of 180° it is minimal; for angles of 90 and 270° it
equals one). The colcration of the reflected flux 1s white.
Merging with the flux emerging from the sea, the reflected light
decreases even further the intensity (richness) of the sea color
when observed at large angles - at a distance the surface appears
whitish in color.
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"The smaller the view angle!, the greater the importance
assumed hy scattered sky light in the coloring of the sea," wonte
N. N. Zubov. "Therefore, in calm weather, the closer to the
horizon, the paler the coloring of the sea. But as the view angle
increases, that is, nearer the observer, the natural scattered
light begins to predominate and the sea coloration becomes
more intense. With the sea disturbed, the light ray strikes the
surface at fairly large angles even at considerable distances from
the viewer, and therefore the agitated sea always seems more richly
colored. Obviously, the higher the waves, the more intense the
color...

"... During a dead calnm, particularly i1f the-Sun 1s obscured
by clouds, the sea takes on a whitish hue and the horlzon appears
blurred. Certaln seas, it might be sald, lose the individuality
of theilr coloration during calmé, but it only takes the slightest
breeze to blow and the slightest ripple to furrow the surface for
thils picture to change utterly. The color of the sea deepens and
the horizon takes on a clear and distinct definition.?"

Before turning to the physical causes responsibie for the
"natural" color of the sea, let us recapitulate a few points.
The light striking the eye of the observer contemplating the
surface of the sea is made up of two light streams (fluxes): 1n
the first place, the light of the Sun, sky, and clouds specularly
reflected by the sea surface; in the second place, the light which
has emerged from the sea depths. The portion of the reflected
light in the total flux depends primarily on the surface refiection
factor and varles according to the degree of dlsturbance of the
sea and the view (observation) angle. The sea's natural or "proper"

!By the view angle, Zubov understands the angle between the
direction of observatlion and the surface of the sea.
2N. N. Zubov. Ibidem.
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color 1s determined by the spectral composition of the light flux
emerging . from within it; this composition depends on the kind of
light 1lluminating the surface and on the optical properties of
the sea water. It is the dissimilarity in these properties in
different waters that explains the diversity to be found in the
color of the seas.

Light "Returned" by the Sea

In 1903, during a study of the waters of the lakes of Bavarila,
the German researcher Aufsess reached the conclusion that all their
shadings were due to dye substances mixed in the water. The whole
matter was thus reduced to a question of selective abscrption. We
know, however, that without scattering not a single ray of light
would ever emerge from beneath the surface of the sea. The Black
Sea, in this case, would compleéely.live up to 1ts name, and
indeed the surface of the other seas and oceans (discounting the
reflected 1light) would appear as absolutely black.

Thus, 1s scattering the principal factor? This view was
advanced by a number of men of sclence, foremost among them Rayleigh;
howevef, it too was found to be in error. If there were no absorp-
tion, virtually all the light entering the sea would ultimately
reemerge from its surface, with the consequence that the coloration
of the emerging flux would coincide with the color of the incident
light. Any discussion of the sea's "natural" color would be
superfluous.

The truth lay midway between these opinions. In 1922, Ch.
Raman and V. V. Shuleykin, simultaneously and independently of
one another, arrived at the conclusion that the color of the
sea 1s caused by the Joint action of absorption and scattering.

The sunlight traveling into the sea 1s scattered en route by
the sea water. The greater part of the light continues to move
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deeper into the sea, but a small portion is scattered back to form
the ascending light flux. Raman, who had studlied the transparent
waters of the Bay of Bengal, considered the scattering only of
the water itself, while ignoring the scattering occasioned by the
particles suspended in the water. Thus, the formula he derived 1is
applicable only to pure ocean water.

The Shuleykin theory, which subsumes Raman's formula as a
particular case, 1s more general. Thls theory takes into account
the light streams which have reached the surface from different
levels, as well as muking allowance for secondarily scattered light
(that 1s, that portion of the ascending flux which, moving toward
the surface, was first thrown back to a deeper level in the sea
and then, as the result of secondary scattering, has again begur
to travel toward the surface), along with the light of all the
higher multiples of scattering. The formula was derived on the
assumption that the sea 1s 1lluminated by a stream of parallel rays _
incident vertically to 1its surface. %

In 1923 A. G. Gamburtsev derived a stricter and more general 1
sea color formula. He wrote a system of two differential equations
for the descending and ascending light streams, the solution of !
which makes it possible to find the spectral distributlon of these i
fluxes at any depth, including on the surface. By substituting
in Gamburtsev's formulas the appropriate values of the crtical
characteristics of the sea water (absorption and scattering indices,
scattering indicatrices), one can obtain the spectral distribution
curve of the radiation leaving the sea for any point in the World f
Ocean.

Gamburtsev's formulas are fairly complex, and for that reason |
we shall not cite them. Instead, we shall conslder only the
qualitative pattern of the phenomenz responsible for color differ-
&

ences in seas and oceans. 2
Sea water, it willl be recalled, 1s the scene of two kinds of é
scattering: molecular and particulate. The molecular scattering %
indicatrix is symmetrical with respect to the plane perpendicular =
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to the direction of the incident ray - precisely as muth lfght is
scattered backward as 1s scattered forward. In scattering by
particles, the amount of rorward-scattered light 1is nearly 50 times
greater than the back-scattered 1ight flux. '

The intensity ‘of molecular scattering is inversely proportional
to the wavelength raised to the fourth power (blue light, for !
example, with a wavelength of U440 nm is scattered 5 times more
intensely than red light with a wavelength of 660 nm). Scattering
by particles of suspended, marine matter 1s of low selectivit§.
the intensity of this kind of scattering is virtually independent
of the wavelength. f : ' I

! |

The sea-water scattering indicatrix is likewise severely |
elongated in the 'direction of the incident light -'the angular
distribution of the scattered light is mainly determined by suspended
particles. Even in the case of pure ocean water, scattering by
the water molecules amounts to only 7% of the total, but at angles
greater than 90° it plays a predominant role, accounting for some :
2/3 of the total intensity. For 90° in pure ocean water the
intensity of molecular scattering is 70% of' the, total intensity,
and for 135° - as much as 83%. 1In waters of this kind, back
scattering - and thus the ascendant 1ight flux as well - is funda-
mentally a creation of molecular scattering. Because of the fine
selectivity of molecular scattering, the flux coloration is violet-

blue.- ;

'

Moving toward the surface, this light undergoes the filtering
effect of the sea water. Maximum transmittance in,pure ocearn water
occurs :in the blue-bluish green portion of the spectrum (see Fig. 33)
As a result of the Joint actioun of scattering and absorption, the
light stream, having' left the sea, has a daep blue color iq pure ‘
ocean water. . c ;

In turbld waters containing a,large amount.of suspended
particles the role of molecular scattering 1is minor even with large
scattering angles. - At 90° the intensity of molecular scattering
ccmprises only 13% of the total intensity, but at 135° the figure

1s 25%. In these,waters the ascending light flux is primarily
) I
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a creation of suspended-particle scattering, which 1s nonselective.

Maximum turbid-water transmittance is displaced toward the yellow-

green region of the spectrum. In less transparent waters the
result of the combined action of these effa2cts 1s to impart a

gray-green appearance to the sea surface, while in very turbid
waters the surface may even take on a yellowish cast.

If blue is the color of the "ocean desert" that 1s, the

waters which are poor in plankton and nutritive substances - then

a yellow-green cclor to the surface i3 an indication of "fertile
ocean soils." Numerous measurements made during research expedi-
tions have provided practical confirmation of the closest possible
connection between the sea's color and its transparency. This
relationship is i1llustrated in Fig. U6. '

Fig. 46. Spectral distribution
cf diffuse reflection factor:

l - open ocean; 2 - Malzuru Bay;
3 - Yurz River,

This figure depicts the spectral distributions of the diffuse
sea reflection factor ¢ for pure ocean waters, the less transparent
waters of Maizuru Bay, and the very turbid waters of the Yura
River. These curves were plotted according to test data furnished
by the Japanese investigator Hishida. It is quite apparent how
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the distribution maximum shifts from the blue (for the transparent
water) to the yellow (for the turbid). There is a similar change
also in the spectral dependence of the sea's brightness factor
(Pig. 47). This value 1s equal to the ratio of the brightness of
the radiation B(6, ¢) emerging from within the sea in a direction
defined by the angles 6 and ¢ (where 6 is the zenith distance and
® is the azimuth) to the brightness B of an 1deally scattering un-
submerged horizontal surface 111um1nated by natural light:

'M‘m-
B,
Pz — :
2|\,
\- . Pig. U7. Spectral dependence of
? the brightness factor for (1)
waters of the Pacific Ocean, (2)
the Mediterranean, and (3) the
d Black Sea. .
J
0tf
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The spectral dependence of the brightness factor represents
most accurately the "intrinsic" 1light of the sea. This value
does not depend on the spectral composition of the radiation
incident to the sea's surface and is wholly determined merely by
the values of the spectral indices of light absorption and scatter-
ing of the sea water.

The sea's brightness factor p 1s very closely related to the

sea's diffuse reflection factor I beneath the surface. The
spectral dependences of both these factors virtually coincide.
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"the visiple light of the sea - reflection from the ocean floor.

We have disregarded one additional factor which may affect

Although at depths of several hundred meters the influence of this
parameter may be disregarded, in more shallow waters the coloring
of the bottom has a definite effect on the color of the surface.

A bottom covered by a carpet of green seaweed lends a greenish

cast to tﬁe sea color as well, at the same time that a sprinkling
of bright pebbles on the floor has the effect of reducing the overzlil
color saturation of the water. Normally the water in shallow
reservoirs is always extremely turbid for the reason that almost

any disturbance will cause mud, silt, sand, and other fine particles
to rise from the bottom. The coloration of such bodles differs
markedly from that of deeper basins. The Sea of Azov, for example,
whose depth is nowhere greater than 14 m, gives off a pale grayish-
green color.

Measuring the Color of the Sea

"_ .. It is to be noted to what degree the strange or variable
color of the sea derives from a change in depth, the color of the
sea floor, the sky, or the clouds, the light of the sun, or else
from foreign substances present on the surface of the water...!" -
these words are found in the instructions written by O. E. Kotzebue
during his voyage around the world. However, although Kctzebue
did devise a quantitative criterion for water transparency - the
depth of disappearance of a submerged white disk - he was able to

determine the color of the sea only qualitatively - by the color

of the waves. !
i

10. Ye. Kotsebu /Otto von Kotzebue/. Puteshestviye v Yuzhnyy
okean 1 Beringov proliv dlya otyskaniya severo-vostochnogo morskogo
prokhoda, predprinyatoye v 1815-1818 gg. na korable "Ryurik"
£ﬁbyage to the Southern Ocean and the Bering Straits in Search of
a Northeast Sea Passage, Undertaken in 1815-1818 on the Vessel
"Ryurik"/. SPb., 1821 (in Russian).
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It was only in the nineties of the last century that the Swiss
sclentist Francois Alfonse Forel proposed the first primitive
device for observations of the color of bodies of water. In his
investigations of the color of the water of mountain lakes in the
Swiss Alps, Forel made use of a set of test tubes filled with a
mixture of solutions - blue and yellow - taken in different pro-
portions.

His method was simplicity itself: the observer determines
visually what test-tube solution color matches the visible color
of the body of water in question. Each tube is numbered. The
number of the tube selected by the observer is entered into an
observation logbook as a quantitative description of the color.
Forel employed 13 tubes, in which the blue and yeilow solutions
were in the following ratios:

NOoceosoow I II III IV V VI VII VIII IX X XI XII XIII
Blue.... 100 98 95 91 86 80 73 65 56 46 35 23 10
Yellow.. 0o 2 5 9 14 20 27 35 44 54 65 77 90

For the blue solution he used a mixture of copper sulphate
and ammonia; for the yellow, a half-percent solution of potassium
bichromate.

' The German oceanographer Ule specially adapted Forel's scale
for sea color measurements. He eliminated tubes XII and XIII, since
these colors were not found in the seas, and added 10 new shades.
Ule introduced a third kind of solution - one which was brown in
color and prepared by adding ammonia to cobalt sulphate in the
presence of air. The solution ratios in Ule's tubes appears as
follows:

No...oee XII XIII XIV XV XVI XVII XVIII XIX XX XXI
Blue.... 35 35 35 35 35 35 35 35 35 35
Yellow.. 60 55 S0 45 4o 35 30 25 20 15
Brown... 5 10 15 20 25 30 35 40 45 50
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Accommodated in the wooden mounting frame proposed by Yu. M.
Shokal'skiy (Fig. 48), the Forel--Ule scale became one of the
standard -oceanographic instruments, despite the absence of any
single, unified methodology for its use. Some investigators held
the scale against the light or against a background of white cr
black paper, while others observed it on the sea bottom or against
the background of a white disk submerged in the water.

e p————— — . - e ——— -
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Fig. 48. Color scale.

Obviously the Forel--Ule scale was capabie of providing
nothing more than a purely qualitative and highly subjective sea-
color estimation. The chief, and perhaps the only, positive feature
of this instrument was its simplicity and ease of use. Its
deficiencies were innumerable. First of all, it did not measure
the sea's own "intrinsic" light, which 1is necessarily of primary
concern to oceanologists, but the sum color of the light flux
streams reflected by the surface and emerging from within the sea.
Secondly, its operation involved a violatlon of the fundamental
requirements of colorimetry (the measurement of color): no pro-
vision was made to ensure that the background against which the
transparent solutions of the scale were viewed would remain constant.
A sharp demarcation or boundary between the fields under compari-
son (the sea and the sclution) is lacking. It is a known fant
that an observer is capable of accurately detecting differences
in color only when the compared fields are of approximately
identical brightness, but the Forel--Ule scale provides no possi-
bility whatever of balancing the compared fields in terms of
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brightness. Finally, there is the purely technical, but very
substantial, deficiency of the inconstancy of the solutions (the
changing and fading of their colors, etc.).

For all these shortcomings, the Forel--Ule scale won extra-
ordinarily wide acceptance in oceanology and oceanography.
Extensive testing with this system helped establish, for example,
that the color of the waters of the Mediterranean corresponds to
that of tube I, the open areas of all oceans to tubes I and II,
the Caspian to tubes VII--IX, the sites where rivers empty into
the Baltic to tube XII.

It was natural that marine physicists could not be satisfied
with a system as imperfect as the Forel--Ule scale, if for no
other reason than that the system was clearly inadequate for the
determination of the physical laws at issue. Efforts were thus
directed at devising a more advanced colorimeter, and these efforts
were to prove successful when in 1939 such an instrument was
invented by A. A. Gershun. This device, known as a hydrophotometer,
permits measurements of the sea's spectral brightness factors p,
that 1s, the spectral relations of the brightness of the radiation
flux emerging from the sea to the brightness of the incident flux.

The design of this instrument was subsequently further
developed and improved. Presently in use is an apparatus of similar
type developed by K. V. Maller, the FM-U46 hydrophotometer, which
offers a number of significant advantages over Gershun's original
design.

The structural diagram of the FM-46 1s shown in Fig. 49, and
its external view in Fig. 50. In addition to the technical
improvements (tropicalization and the capability of conducting
measurements from high-sided vessels), the instrument provides
one extremely useful feature - the ability to measure the brightness
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Fig. 49. FM-46 hydrcphotometer:
1 - photometric head; 2 - tube;
3 - opal glass; 4 - photometric
prism; 5 - opal glass plate; 6 -
mirror; 7 - mirror rotating
handle; 8 - azimuthal control
wheel; 9 - light filters.

LI

of radiation emerging from within the sea not only strictly along
the vertical (at the nadir), but also at different angles to the
vertical and at different azimuths with respect to the Sun.

AN R ST D R T R T R T S

§ - The FM-46 is a visual photometer which effects a comparison

of the brightness of two photometric fields. One of these fields
1s created by the light issuing from within the sea (in a specified
% selected direction), the other by the natural 1light of the Sun

ﬁ and sky illuminating the opal glass plate 5 located on the instru-
: ment 's photometric head 1. The photometric head is equipped with
a tube 2 whose lower end is submerged 10-15 cm under water. For
observations of the sea mass in a given direction, secured to the
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lower end of the tube is sighting mirror 6, which can be inclined
by handle 7 (varying the angle to the vertical) and rotated by

ring 8 (varying the azimuth). Six colored filters 9, mounted in
the instrument, provide measurements of the spectral composition

of the emission leaving the sea. The brightness levels of the
photometric fields are balanced by shifting opal glass 3 located
between photometric prism 4 and receiving glass 5. The tube itself
consists of three sections, while its total length (depending on the
height of the vessel above the water) may be either 3.5 or 6 m.

The complete instrument also includes a special mechanism for
attaching it to the side of the ship. Observations are conducted
from the side illuminated by the Sun. Virtually calm weather 1is
required for measurements, and readings must be suspended whenever
the sea disturbance exceeds two points. When meaiuring the bright-
ness factors of the sea, attention must be paid to the cloud cover
and notice taken of the height of the Sun.

v

The FM-46 hydrophotometer enables specialists to arrive at a
quantitative estimation of the energy distribution in the spectrum
of the radiation emerging from the sea, it being precisely this
spectral distribution on which, as we have seen, the "intrinsic"
light of the sea in fact depends. The curves in Figs. 45 and 47
were obtained with the help of the FM-46. 1Its advantages over
the Forel-Ule scale are obvious: there - a subjective evaluation; {
here - a physical measurement; there - one single digit, the tube !
number; here - two functional dependences of the brightness factor
p: on the wavelength p(A) and on the observation angle p(elo).

The aggregate of these dependences contains all the informatiocn on
the intrinsic light of the sea, and not only for vertical observation
downward, but for all other directions as well.

Some researchers, for their sea color readings, employ the

International Colorimetric system, but this method has yet to
win any real acceptance in hydrooptics.
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Fig. 50.

Measuring the color of the sea.
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WHY WE SEE WORSE IN WATER THAN IN AIR

The Eye's Ability to See in Water

The well known American hydrooptical specialist S. Q. Dantley
has written in one of his works: "Nowhere in nature is the principle

of protective coloring and camodflage more in evidence than in the
feeding grounds of the sea, where the life of predator and victim
alike depends equally on the ability to see. When man enters the
underwater world and peers through a glass at his submarine sur-
roundings, his success and his safety depend in large measure on
his visual abilityt."

But if that same man were to peer at his underwater environ-
ment not through some glass shleld, would he be able to see
anything under water? The answer is no; he would only be able to
distinguish dark from light and to discern the vague and blurred
outlines of objects. The same human eye which 1s capable of seeing
stars at distances of hundreds of light years 1s practically help~
less 1n water. This 1s because of the conditions of 1light
propagation in the aqueous medium and the physiology of the human

eye.

'S. Q. Dantley. Underwater Visibility. - "The Sea."
N. Y. - London, 1962.
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The subject matter of our book is at great remove from the
problem area of physiological optics, but an understanding of the
incredibly complex physical and physiological processes involved
in underwater vision requires that we at least cursorily consider
certain properties of the sight orgars both of man and of the
inhabitants of the sea - the fish.

The eye of an adult human being is an almost spherical body,
ahout 25 mm in diameter (Fig. 51). Externally the eye 1is covered
by a dense albuminous envelope, the sclera. Its front (somewhat
curved) portion 1s transparent. | .is i1s the cornea of the eye.
The cornea's refractive index is 1.37. Behind the cornea 1s the
forward chamber of the eye, which is fllled with a liquid having
a refractive index of 1.33. Located beneath the sclera is a
vascular membrane, whose forward section forms the iris, with a
center opening known as the pupll. Depending on the intensity of
the light striking the eye, the pupil in a reflexive response
changes its size from 1.5-2 mm under intense illumination to 6-8
mm in darkness. This self-regulatory reaction of the pupil is one
of the links in the process referred to as the eye's adaptation to
the 1llumination level.

Fig. 51. Sectional view of the
human eye: 1 - cornea; 2 -
pupil; 3 - forward chamber; 4 -
crystalline lens; 5 - retina.

A vital optical element of the eye is its crystalline lens,
which separates the eye's forward chamber from the rear chamber;
the latter is filled with a transparent glassy substance with a
refractive index of 1.34. The crystalline lens of the human eye
is pea-shaped in form and functions as a lens, that 1s, it projects
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the image of the object being viewed onto the retina. Thanks to

the ability of the crystalline lens to vary the curvature of its
surfaces'(primarily the forward surface) within specific limits
(accomodation), the image on the retina of objects at different

distances 1s always sharp and in focus. Impalrment of the eye's .
accommodational ability results either in nearsightedness or far-
sightedness. The body of the crystalline lens is nonuniform, and

its refractive index ranges from 1.38 to 1.41.

Acting as the recelver of the radlation entering the eye 1is the
light-sensitive retina, which 1s located on the internal surface
of the vascular membrane. Anatomically the retina represents a
very complex structure. Within a thickness of about 0.2 mm it
contains 10 light-sensitive layers. The light-sensing elements
of the retina are the rods and cones, whose visual functions are
different. Thus, the rods (approximate length 0.06 mm) possess
enormous sensitivity, with the mosf'insignificant'amount of light
sufficing for their excitation. The cones, while far less sensitive
to the stimulation of 1light, have the capability of distinguishing
colors. The cones "work" only when the illumination intensity
exceeds 30-40 lux, at which time the rods are inactive; at lower
illuminance only the rods are operative. The eye contains a total
of some 7 million cones and 130 million rods, with all the cones
arranged in the central portion of the retina known as the yellow
spot (macula lutea), and the rods around its periphery. The
result of this division of the visual functions of the rods and
cones 1s that we are able to distinguish the colors of objects
only if the 1lighting 1s good. As the conditions of illumination
deteriorate, the cones are disengaged from the perception process
and the function of light-perception passes to the rods, which, as
we have seen, are incapable of color-perception. It is for this
reason that all objects, regardless of their color, seem gray
in twilight.
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The light-sensitive element of the rods i1s the substance
rhodopsin. In the dark this substance appears purple in color,
but under the action of light it loses its color and breaks down
into protein and retinene. The restorative reaction occurs
in darkness. The cones contain the substance i1odopsin, which
decomposes under light and forms in decomposition phosphoric acid.
The lodopsin reaction mechanism is not entirely‘clear even to this
day.

As a result of the decomposition of the rhodopsin and lodopsin
(photodissociation process), negative ions originate, which act
on the nerve filber endlings of the optic nerve, to which are
connected the rods and cones. An electric signal_ reaches the brain
and causes the occurrence of a light (visual) sensation.

In our consideratlion of thé structure of the eye, 1t was no
acclident that we mentioned the values of the refractive index of
its individual parts. The féct is that these values are close to
the refractive index of sea water, which happens to equal 1.34;
only in the crystalline lens 1s the figure somewhat larger. The
result of thils 1s that 1i1f the eye comes into direct contact with
water, the light rays pass into it virtually without refraction -
that 1is, they cannot be focused by the crystalllne lens on the
retina. In a person with normal vision the accommodational
capabllitles of his eye are not sufficient to so alter the form
of the crystalline lens so that it will focus the image precisely
on the retina in water. Only very myopic people, for whom in the
air the image 15 focused ahead of the retina, will see more or
less normally 1in water.

For thls reason, an 1lndispensable condltion for underwater

vision is the insulation of the eye from the water by means of
the masks used by skin divers or the glass windows found in diving
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helmets and bathvscaphes. In this case, therelis anAintervenlng
layer of alr between the eye and the water, wlth the light rays
entering ‘the eye not from the water but from the air. w1th the
transition from the air into the eye the rays are refracted and

the eye functions normally. :
\ : l

14 '

Fig. 52. Sectional view of a '
: fisheye. ‘

Ll
! i

But how do fish get by without such windows? Here nature has
provided the solution. Figure 52 shows a sectional view Ef a fish
eye. The first thing that catches our attentioh is 'the spherlcal
shape of the crystalline lens, énabling the fish to percelve
disbinctly objects at short range (about 1 m). Because of its
speclal accommodation mechanism the crystalline lens 1s capable '
of moving in the eye and of assuming the position shown by the':
broken line in the dlagram. At the same time, the fish enJoys
good vision at greater distances as well (the naximum range of
fish vision 'is no, more than 15 m). Comgarative data on the view

field of the human and th4 fish are presented below. : :
1

} H
View Field ' Horizontal . Vertical: Binocular !
Man...-..-..--o 151'0 0 1350 ' ‘ 1250 !

FASheeeivnerens 1160-170° 1 150° 20-30°

' This specific structure of its' eye enables the fish, even
when at rest, to see a greater area of ‘the surrounding environment.
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The light-sensitive elements of the fish eye are also rods
and cones., However, here also nature has sharply differentiated
the sight organs of different species of fish. In the bathophilous
(deep-water) inhabitants of the sea the cones are missing. They
are simply not needed - the negligible amount of daylight reaching
these depths 1s detected by the rods alone. At the same time, the
spectral sensitivity curve of the eye of the cod, the anchovy, the
trachurus, the gray mullet, and certain other species of fish
inhabiting the upper layers of the sea 13 close to the visibility
curve of the human eye.

In certaln species of bathophylous fish there may be as many
as 20 million rods in one square millimeter of retina. Experimeits
have shown that fish are capable of perceiving light whoce intensity
is only 10"10 of the natural 11;pm1nance on the surface of the sea.
It 1s not impossible that the eyes.of certaln fish react to lignt
of even less intensity. High-intensity light, on the other hand,
may prove fatal to fish of this kind. This phencmencn ls commonly
referred to as photophobia, that is, fear of light.

An interesting effect 1s also observed in the dinrienslonal
varlation of the eye as a function of depth. This effect has a
dual manifestation - either in an increase in eye size or in the
virtually total absence of organs of sight. Usually the 1ncrease
in the size of the eye is found in fish dwelling at depths at
which there is still scme, albeit negligibie, natural i1llumination.
As a rule, in the case of extreme deep-water fish the eyes grow
smaller and for many specles are altogether missing.

The eye diameter of certain bathophylous fish accounts for
40-50% of the length of the head. The pupil 1s elongated in form,
its edges extending beyond the crystallline lens. The result is
increased eye sensitivity. There are fish whose eyes incorporate
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a glowing organ that constantly stimulates the retina, thereby
augmenting its sensitivity. The telescopically shaped eyes of
many fish also provide increased sensitivity and expanded view
fleld.

Writing on this subject, the American author R. Carrington
notes: “"For many ultrabathophylous animals the eyes are small or
completely atrophied. In this zone the natural light source
consists of naturally luminescent matter, so that the function of
the eye consists in the perception of signals and not the form of
the object. Thus, in the Cetomimus , which measures 10 cm in length,
the eyes are 1 mm in diameter, while for th> eel Cyema atrum the
ratio between eye diameter and body length is even smaller. Some
ultradeep-water fish have no eyes at all. In such instances, the
optic nerve is frequently located on the surface of ‘he head at
the spot where the eye would otherwise be, and receives light
impulses directly!."

From this discussion we may conclude as follows: many kinds
of deep-water fish require an eye not so much tc see as to perceive
light signals. What type of signals are thece?

More than 50% of marine organisms possess luminescence-
producing organs. These organs vary widely - from cutaneous mucous
glands containing phosphorescent matter to devices reminiscent
of searchlights. Occasionally, such a "searchlight"-like organ
may be located in the mouth of the fish, who uses it tc attract
prey. 1In certain cases ths fish's luminescent organs may functiocn
as headlights, with the c¢reature able to turn them on and off at
will, in addition to varying the direction of the beam for the

'R. Kerrington /R. Carrington’/. Biografiya morya /Biography
of the Sea/. L., Gidrometeoizdat, 196 n Russian).
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purpose of illuminating the space surrounding it. In the darkness
of the great depths these glow-producing organs, in concert with

the sjight organs, enable fish swimming in schools to distinguish
their own kind.

The remarks made above by no means cover the entire variety
of eye structures found in different species of_rish. There are
fish (surface-swimmers) whose eye design permits simultaneous
vision in the water and in the air. In such species the eye 1s
horizontally partitioned into two halves. The upper ("air") portion
of the crystalline lens is flatter in form, approximating the shape
of the crystalline lens of the human eye. One species of tropical
fish, the "sea dog," has a vertically partitioned.eye. These
creatures view their surroundings by protruding the front part of
thelir heads out of the water.

But can a fish lacking the universal eyes of certain of its
fellows also see what is taking place in the air above him? Because
of the total internal reflection of the light by the surface of the
water such a fish will see only those objects which are situated
at an angle nc greater than 48° to the eye's vertical. At the
same time, the fish's eye is also capable of perceiving the image
of objects located in the water and reflected from its surface.

How this takes place is graphically shown in Fig. 53.

Fig. 53. What a fish sees from
under the water.
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The capability of witnessing events within the sea 1is not
restricted to the eye of the fish or the glass-protected eye of
man - modern science, with its underwater television camera, has
also provided a means of observing the l1ife of the deep. But of
this later on. For the moment, let us consider what it means to .
see an object submerged in the sea.

Could Captain Nemo See a Half-Mile
in the Sea?

In the film The Invisible Man various objects are seen spon-
taneously changing places. How were the cameramen able to achieve
the necessary visual effects in the filming of this famous science-
fiction novel by H. G. Wells? The actor was dressed in a black
satin costume which covered his body, including his face and hands,
with the filming performed against a wall similarly draped in black
velvet. The black satin surface reflects very l1ittle light - that
1s, its brightness is very low. In addition, provided their
brightness levels are equal, the viewer is unable tc detect one
piece of velvet against the background of another piece. The
fundamental reason is the absence of a brightness contrast between
the object being viewed and the background., Our eye, it develops,
recognizes objects only if their brightness and the brightness
of the background against which they are projected do not coincide.
Is it possible, however, that there may be conditions when objects
are still discernible even though their brightness i1s identical
to the brightness of the background? This happens if the object
viewed and the background are of different color - that 1s, tf
there exists between them a color contrast.

Under the conditions of the comparatively low illumination
intensity levels in the sea (where 1t 1s mainly not the color-
discerning cones which are operative, but the rods), brightness
contrast is of far greater importance to vision than color contrast.
Numerically, the value of the brightness contrast can be expressed
by a simple formula:
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where Bb is the brightness of the mass of the sea (background), ani
B° is the brightness of the object which 1s being viewed against
this background. ’

If the brightness of the object is greater than the brightness
of the background, then the formula appears as follows:

O b 0
s T

These formulas demonstrate that the eye 1s capable of apprecila-
ting only the difference in the brightness of the object and the
background, but that it is not able to determine how many times
brighter is the background (or the object).

Contrast 1s normally evaluated in percent. If a plece of
black velvet with a virtually zero brightness (B, = 0) 1s laid
on a sheet of well 1it paper, then

K=1- %— = 1 or 100%
b

that is, the piece of velvet will be clearly visible.

Returning to the example of the £1lm The Invisible Man, we
can also arrive at a quantitative determination of the contrast
(the brightness of the costume and the draping was identical,
that 1s B, = Bb):

By
Ke1-g =1-1s0.
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In actual practice, in order that an object not be visible

against some background, the contrast need not necessari;f’;qual 'S

0. The human eye ceases to discern an object if the contrast does
not exceed 2%. This is the so-called contrast sensitivity
threshold of the eye. This factor i1s not constant; it differs in
different people, depends on the conditions of observation, and
may vary as a function of eye fatigue and even the mood of the
individual. On occasion, the contrast sensitivity threshold may
even reach a value of 5%.

What are the contrast values we are dealing with in the sea?
We know that the sea's brightness coefficient 1s close to 0.02.
Submerge in the sea an object painted with the best grade of white
paint. The white surface reflects most of the rays incident to it,
that i1s, it has a brightness factor cf close to one (let's say
0.90). Then, )

r =-or r
K'_o_’-';,_g'?q’l'g"%z"l'“‘"
b L ]

~ Here the contrast has been determined not according to the
absolute values of the brightness, but according to its coefficients.
The resultant value describes what for all practical purposes is
the 1imit contrast capable of being observed in the sea, since
all objects not painted white exhibit a brightness factor which
is less than for a white surface.

Consider one further example. Assume that some object that
we are observirng under water has been colored with a very dark
paint having a brightness factor of 0.02, that is, equal to the
brightness factor of the sea. Consequently, in this case the
contrast is zero and we cannot see the object in question. But 1f
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this object is a submarine, would this mean that the creation

of an "ipvisible sub"™ 1s actually feasible? For all its attractive-
ness, this idea belongs solely to the realm of science fiction.
The point that must not be forgotten is that in addition to the
brightness contrast there is also the color contrast. In other
words, for an "invisible submarine®™ to become a reality, it would
be necessary not only to paint it with a brightness factor equal
to that of the sea, but to satisfy another condition as well.

The spectyral composition of this paint must coincide with absoliute
faithfulness with the spectral composition of the light traveling
from the depths of the sea toward its surface. It 1s precisely
under these conditions that there will be an absence not only of
brightness, but also of color contrast as well. It must be
acknowledged that the difficulty of manufacturing this kind of
dark paint, having moreover the required spectral composition, is
beyond today's state of the art. In addition, as we are aware, the
spectral brightness factor curves'ditrer for different seas and
oceans. Still, let us assume that some day a paint meeting all
the pertinent requirements will be produced. Will this mean that
objects painted with it will be absolutely invisible in the water,
that 1s, will have a foolproof camouflage? By no means.

In effect, the sea's brightness factor constantly changes,
and these, albeit minor, changes have an effect on the contrast
value. Therefore, absolute camouflage for an object situated
under water is a physical impossibility. All that can be hoped
for is the creation of a paint which will maximally impede the
visual observation of the object - that 1s, the maximum possible
approximation of the contrast to the zero value.

The most skilled master of camouflage is very likely nature.
The majority of the denizens of the deep have been given the ability
to adapt their coloring to their background (Fig. S4). Man,
quite naturally, tries to keep up with nature. For purposes of
camouflage, the submarines of all the navies of the world are
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normally painted with a brightness factor approximating, as far as
possible, the spectral coefficlent of brightness of the sea.

s, o S B —— e -1 <
R > W '
el S !
P A ‘,’""93‘43": i o4 '
$e e 0w Hed ) ‘ o
o ¥ oo :
N, v iafr ® 3
S I ¢
5 !
e = s ——d

Fig. 54. A flounder changes 1ts color.

Our entire discussion on contrast has dealt with the case
when the observer i1s situated in the immediate vicinity of the
object he is observing, that is, the contrast he observed was real.
As the distance from the object grows larger, the contrast grows
fainter, that 1s, an underwater observer at some distance from
the object will be faced not with the real, but with the apparent
difference in the brightness levels of the object and background -
the so-called apparent contrast. This change in the contrast
value is of paramount importance to underwater vision. 7Tt has been
experimentally demonstrated that, with horizontal viewing, the
variation in actual contrast follows Bouguer's law:

Ko = K, ° 10"¢%2, where K, 1s the apparent ccntrast, K. 1s the
real contrast, z i1s the distance from the observer to the object,
and € is the attenuation index of the radiation directed from
the object to the eye of the cbserver.
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The distinguishing feature of observation conditions in water
and air lies in the fact that the attenuation index of sea water
is hundreds of times greater than that of air. Light scattering
by the water leads not only to attenuation of the direct beam
traveling from the object to the observer, but also creates between
them a kind of luminous haze which veils the object under observation
and impedes its visibility. i

This haze gives rise to very serious problems in underwater
operations involving artificial 1light sources. It would seem
that the more powerful the searchlight used to illuminate an object
under water, the more visible it will be, but this is far from the
truth. Increasing the searchlight power, althougﬁ it does improve
the 1llumination of the object's surface, simultaneously results
in increased haze intensity. For this reason, searchlights with
an output of 1-3 kW are customarily employed in different underwater
operations, the aim being to bring the light source as close as
possible to the object. In addition, visibility is improved if the
object is illuminated, as it were, from the side, that is, if the
angle made by the sighting line and the projector beam is on the
large side. The least favorable will be the observation conditions
along the beam, since in this case the haze intensity is maximum.

At what underwater distance, then, can a comparatively large
object 1lluminated by a searchlight be seen? In Jules Verne's
well known novel Twenty Thousand Leagues Under The Sea there are
the following lines: "... for underway orientation one requires
a light to cut through the gloom... Behind the conning tower was
mounted a powerful electrical projector, which 1it up the sea at
a distance of a half-mile!."

'2h. Vern /J. Verne/. Collected Works, Vol. 4, M., GIKhL,
1956 (in Russian).
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We know that Jules Verne had a brilliant gift for predicting
technological developments many years in advance. At the time his
book was published there could be no thought of using electric
energy for submarine propulsion - even the electric light bulb
had yet to be invented. But let us assume that the "Nautilus"
actually did mount a high-power searchllight. Could 1t have
illuminated the sca at a distance of a half-mile from the vessel,
and what then would the observer have seen? Let us attempt at
least an approximate calculation of the portion of the light's
radiation which could reach the surface of an object located a
half-mliie away from it (0.5 nautical mile = 926 m).

Assume that the "Nautilus" was submerged at night (thils to
exclude the effect of dayllght) in very transparent ocean waters.
For such waters the attenuation Index of directional radiation e

is close to 0.1 m-l, and the attenuation index of scattered radia-

tion o 1s close to 0.015 m_la

Experimental studies conducted bty Soviet hydrooptical investi-
gators M. N. Bulkhurgin and V. P. Nikolayev have shown that at
distances not exceeding the disappearance depth of the white disk
the intensity attenuation of a projector (searchlight) beam is
soverned by Bouguet's law: Iz = TO ' 107%%, At greater distances
the now scattered ray 1is lilewise attzhuated according to Bouger's
law, but with the scattered-light attenuation index:

Rl SO et

In clear ocean watcers the dlsappearance depth ¢f the white
dilsk is approximately N0 m. We substitute in the equations the
data avallable to us, taking the initial intensity of the projector

(IO) to be equal to 1i:

. =0.1%B0 1
I,=1"710 = 10,000°
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Thus, at a distance of 40 m from the projector the intensity
of its light is only 1/10,000 of the initial intensity. Further:

. I} = I3 + 107%% = 0.0001 1070+015°886
. = 0.0001 = 1

100,000,000,000,000,000

In practical terms it 1s literally impossible to conceive of
the incredibly infinitesimal portion of light which even in
extremely transparent water would reach from the searchlight of
the "Nautilus" to an object a half-mile distant from it. But even
in the event the searchlight were close by the object and 1llumi-
nating it thoroughly, still at that distance the light reflected
by the object could not posslbly reach the observer.

T T——

The real range of visibility in different seas, under condi-
tions of artificial illumination, is primarily determined by the
reflective capacity (reflectance) of the observed objJect and the
transparency (transmittance) of the water, and hardly ever will
exceed 50-60 m.

Interesting information on natural-light underwater visibility
has recently been published by the American lnvestigator R. F.
Busby. For example, 1n the Miaml region at a depth of 305 m
observers in a bathyscaphe were able to see the bottom from a
distance of 5-6 m. Off the coast of California, west of San Diego,
horizontal visibility about 185 m down range from 9 to 15 m.
Unexpectedly good visibility was noted off the Florlda coast,
where frcem a depth of 190 m the floor 55 m below was clearly
discernible.

TR =T
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In underwater natural-light observations the range of visi-
bility depends in large measure on the angle at which the object
is viewéd. This results from the fact that in the upper sea layers,
where the light has not yet been completely scattered, the back-
ground brightness differs in different directions, which has an
effect on the value of the contrast. In addition, this also
occasions a difference in the brightness of the obscuring haze
as a function of the directlon. '

Investigations performed by O. A. Sokolov on the submarine
"Severyanka" indicated that in the surface layers of the sea the
range of downward visibility in transparent waters may be as much
as 100 m and more.

In studies of the optical properties of sea and ocean waters
extensive use is made of data derived from the visibility of
objects submerged in the sea. Thé first efforts to arrive at a
transparency value for sea water were made with submerged disks.
The standard white disk (Secchi disk) 1is still used in most
oceanogréphic-expeditions even today for relative transmittance
readings. Note that we have quite deliberately used the term
"pelative transmittance." Althodgh the depth at which the disk
can no longer be seen (disk disappearance depth) depends mainly
on the transmittance (transparency), it does not provide a quanti-
tative definition of the physical value of transmittance which we
have been discussing above. Nevertheless, disk readings are of
definite assistance in ascertaining the optical properties of the
waters of different seas and oceans. Here our major interest is
in the question of the disk's visibility under water. Why does
the observer at some point no longer see 1t?

Primarily, the apparent contrast between the disk and the
background. The brightness factor of the standard white disk 1is
about 0.80. Using the formula with which we are already acquainted,
let us determine the real contrast between the two: ‘
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gz - 1= 39%, or 0.39.

The deeper the disk is submerged in the sea, the more thils
contrast is attenuated. The contrast that willl be seen by the
observer depends on two factors: the attenuation index e (that 1s,
the transparency of the water) and the depth z at which the disk
is located at a glven moment - that is,

- . -€2
Ka = 0039 10 . .

In other words, the more turbid the water and thus the greater
the value e, the less the depth at which the apparent contrast
reaches the value of the contrast sensltlvity threshold of the
eye (1.e., 0.02) and the observer loses his ability to see the
disk.

Using these two formulas it would seem to be a simple matter
indeed to make an accurate determination of the depth of disappear-
ance not only of the white disk but of any object whatever, merely
by assigning the values of the real contrast and attenuation index.
However, we have completely disregarded z# number of factcrs which
have a negative effect on vislbility: the varlation of the
angular dimensions of the disk as it draws away from the chserver,
the level of i1lluminance vs depth, and the disturbance on the
sea surface. Conslder the influence of eacr [ these factors
separately.

Specially conducted experimental studles have shown that 1f
the angular dimensions of a viewed objJect become smaller than 1°,
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the contrast sensitivity threshold rises abruptly. The diameter
of the standard disk is '30 m, and at a depth of '17 m its angular '
dimension 1s 1°. In transparent waters, however, the disk is
visible at far greater distances. Therefore, in order that obser-'
vation results be in genuine conformity with disk visibility in
given waters, a definite relationship between disk dimensions and
the depth of its disappearance must be adhered to, Thus, 1n very
clear ocean waters where the disk is vigible to depths of 50-55m
1ts diameter must be about 1 m.

The visibility of underwater objects din general and the disk
in particular, is greatly influenced by conditions or 11lumination.
These conditions determine the brightness both of the objects and
of the background against which the objects are proJected It is
a fact, as we have seen, that as the brightness level falls, theI
abllity to distinguish contrast visually is impaired. The same
thing happens when the brightness level is signiricantly increased.
For disk observations the former is more important since the
observer will in any event not be dealing here with very elevated
brightness levels. Therefore, for a proper appraisal:of the disk
disappearance depth, readings are taken when the surface of the
sea is acceptably‘yell illuminated. .

Normally, light reflected from the sea surface and striking
the eye of the observer constitutes a severe hindrance.l Addition-
ally, even a mild disturbance on the surrace results dn severely
curtalled visibility. Because of differences in the steapness
of the waves, the light rays originating from the disk are refracted
differently as they paas from the water into the air, with the
image of the disk constantly fading.

A1l the aforementloned unfavorable factors may significantly

distort the measurement data of disk visibility depth and impede
the collation of findings for different seas and oceans. Thus,
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there are a number of rules to be followed when working witis the
disk. For example, readings are always taken from the shaded side
of the ship least there be interference from the glare of the
light reflected from the surface. No observations are to be made
when the disturbance exceeds three points. Occasionally, to

avoid the effect of glare, the disk 1s observed through an inter-
nally blackened box, which is partially submerged beneath the
surface of the sea. Observations are not conducted at dawn or
twilight, but are timed to coincide with the bright period of the
day.

There exists in meteorology the concept "meteorological range
of visibility." This term is taken to mean the distance beginning
with which, under the effect of haze, there is a loss of visibility
of a black object projected agq;nst the background of the sky and
having at the visibility-range-distance angular dimensions of no
less than 20 minutes. In marine optics, although far less often
than in meteorology, the concept of the "hydrological visibility
range" 1s also encountered. No strict definition of this term
actually exists. It is occasionally understood as the disappcarance
depth pr the standard white disk, and occasionally of the black.

. American specialists in the field of hydrooptics consider
the visibility range to be the distance at which the initial
(original) contrast decreases to 1/50 of its value. To measure
the hydrological range they have proposed a device consisting
of two coaxial disks, one of which is white and the other, of
smaller dliameter, gray. The distance along the vertical between
the disks (adjustable from the deck) is so selected that their
brightness appears identical to an observer standing on the deck.
Naturally, the white disk is lower in the water than the gray.

By knowing the reflection factors of both disks and the difference
in their depth, the hydrological visibility range can be easily
computed.

i e
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Interesting observations are also possible with a black disk.
There 1s a very simple formula which makes possible, based on the
depth of 1its disappearance, a fairly accurate determination of
the attenuation index €. The formula appears as follows:

1. 1
Zpa " ¢ 1o P

where Z,q 18 the disappearance depth of the black disk (m); ¢ 1s
the attenuation index of directional radiation (n'l); T is the
contrist sensitivity threshold of the eve.

Taking T as equal to 0.02, we have s
This method of determining the attenuation index 1s known

as the black screen method.

The study of underwater visibility is one of the most inter-
esting and important problems of marine optics.
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MARINE OPTICS AND UNDERWATER PHOTOGRAPHY

A Camera on the Bottom

In 1893, in Bainlieu-sur-Mer Bay on the Mediterranean, the
French scientist Louls Boutan spcceeded in taking the first under-
water photographs. For the special purpose of underwater
photography he designed his .own camera, a cumbersome device which
was lowered to the floor of the sea and controlled by a diver
(Fig. 55).

Fig. 55. PFirst underwater
photographs.

At that time photography
relied on unwieldy wet-colloid
plates; there were available
neither light-welght cameras nor
adequately powerful small-size
light sources. After Boutan,
therefore, only episodic attempts
were made at underwater photography,
and his book, La Photographie
Sousmarine, written in 1900,
remained known to a restricted
readership.
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Mass involvement with underwater photography dates back only
to the thirties and the first appearance of small roll-film
cameras. For shallow-water photography i1t was found convenient
to use an ordinary camera enclosed in a watertight case with the
controls extérnally accessible through a packing=-gland arrangement.
Picture-taking at the greater depths, beyond the reach even of
diving-suited operators, was entrusted to special-purpose automatic
cameras.

Although Boutan worked out the principal design features of
this kind of camera as far back as 1899, the technical state-of-
the-art of that period prevented him from putting his invention
to a practical test. It was only in 1940 that the Americans
Hewing, Wine, and Worzel succeeded in achieving the first quality
ocean-floor photographs at great depth. The camera they developed
was successfully used during the war as a means of locating sunken
vessels. In the postwar period underwater photography began to
find wide application in the geological and biological study of
the sea bed. This technique enables scientists to observe in
detail the micro-relief of the floor surface, to decypher the
character of its component deposits, and to discover the outcrop-
pings of bedrock. Ripple traces on the ocean bottom, as recorded
on a photograph, serve as proof of the presence of benthonic
currents, while the evidence of animal life captured within the
lens view-field provides biologists with information regarding
the qualitative and quantitative composition of the floor fauna
and the conditions of its habitation. Still and motion=-picture
photography are probably the sole means of examining the traces
of vital activity of those creatures of the deep normally not en-
countered in trawl-sweep and bottom-sampling surveys.

The depth record for underwater photography climbed rapidly.

In 1951 an American scientist, David Owen, photographed the ocean
floor from a depth of 5500 meters. In 1959 his fellow-countryman,
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Harold Edgerton, succeeded 1in photographing the sea bottom from
8500 m. A Soviet researcher, N. L. Zenkevich, having lowered a
camera to the bottom of the Kermadec Trench in the Pacific at a
depth of 9960 m, obtained only blurred photographs of suspended
matter and slime, since the trench floor was totally covered by
liquid ooze, into which the camera evidently completely disappeared.
Zenkevich did achieve good ocean-floor photographs in the Pacific
at depths to 6150 m. He designed and constructed a twin-lens
underwater camera for stereoscopic photography of tte sea bottom.
Figure 56 shows a rocky bottom virtually devoid of a sedimentary
cover. Accumulations of globigerinal sand, whitish in color, can
be seen only in a few shallow depressions. A few large ophiurolds
are lying on the surface of the floor. From a floor of this kind
conventional soil-sampling devices are usually retrieved empty.

Fig. 56. Photograph of the ocean floor at a
depth of 1335 meters (taken during the 1957
voyage of the "Vityaz'").

Stereoscopic photographic equipment of the Zenkevich system
has been successfully used on expeditions by the Institute of
Oceanology and has provided marine geologists and biologists
with invaluable material. '
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Opening any book on underwater still and motion-picture
photography or underwater television we are certain to discover
a chapter which discusses the optical properties of the aqueous
medium and the laws of 1light propagation in water. The abllity
to understand the peculiarities in the passage of light through
the sea surface and its propagation in the sea is indispensable
both when photographing objects through the surface and when
working with an actually submerged camera.

In photography through the surface the refraction of the rays
traveling from the water into the air may noticeably distort the
proportions of the underwater objects along with their relative
position (Fig. 57). The effect of refraction appears to be to
elevate all submerged objects above their true position. The
greater the surface angle traveled by the rays, the more pronounced
will be this effect. In shallow water an absolutely flat bottom
photographed through the surface will appear concave in the picture:
the depth will seem greater in the center of the photograph and
less at the edges.

7”7 Fig. 57. The refraction of light

4 rays passing through the surface
noticeably distorts the proportions
of underwater objects.
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In color photography the color reflected from the sea surface
normally'degrades the color contrast of the objects in the photo-
graph (Fig. 58.1). The laws of optics suggest how this effect
is to be countered. We know that the light reflected from the
surface is polarized and, consequently, can be easily "cut off"
by means of a polaroid lens. By placing ahead of the lens a

. polarization filter, we sharply reduce the white background in
our picture, thus restoring the richness in the coloration of the
underwater objects to be photographed (Fig. 58, 2).
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Fig. 58. Surface-reflected light sharply reduced the |
contrast on the film (1). A polaroid filter combats *
harmful effect of reflected light (2).

Another method of coping with the light reflected from the
surface of the water is to lower the lens under water. However,
even disregarding the effects caused by the scattering and selective
abtsorption of light by the sea water, still, because of the
difference in the refractive indices of water and air, the condi- ,
tions of underwater photography will differ substantially from 3
those which characterize pilcture-taking in an air environment.
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The inner workings of the camera are separated from the
water by the glass of the viewing opening. This viewing opening
or "window" is normally fashioned so as to be flat - that is, the
rays striking the lens pass through a plane-parallel glass plate
with air on one side and water on the other (Fig. 59). Such rays
are refracted twice - on the water/glass boundary and on the glass/
air boundary. Based on the refraction law we can write:

Nyater ' 51N & = N, .5 ° 810 @, and Nglass ~ %1n 9 = n,,, * sin
sin ’5’ where Niater® "glasa’ and Ngyp are, respectively, the
indices of refraction of water, glass, and air. Excluding from
these equations the intermediate medium - glass - we obtain

Nyater ~ 81N @) = ngy,. * sin @,

whence

sin @ . Naip .

. '3 "water n ?

where n is the relative refractive index of the water with respect
tc the air.

! Fig. 59. Refraction of rays
passing through the glass of a
flat port hole: 01 - angle of

incidence of the rays from the
water to the glass; 02 - refraction

angle of the rays in the glass;
03 - angle at which the rays

penetrate the chamber.
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Thus, regardless of the material of the viewing window, the
sine of ‘the angle at which the ray strikes the surface of the
window from the water will be approximately only 3/4 of the sine
of the angle of incidence of the ray from the air (sin P " % sin
sin 93 = 0.75 sin 3 since the refractive index of sea water
with respect to air n equals 1.34). Therefore, there is a reduction
in the lens's angular viewfield in water. For example, for the
"Yupiter-12" lens, which as a 63° in the air, the angular
coverage in water is only U7°.

Light ray refraction in the passage from the water to the
inside of the camera results in the fact that, in water, all
objects appear 1/4 larger, and the distance to them 1/4 shorter,
than in reality. This is precisely the way things look to a
skin-diver in his underwater goggles (without which he would of
course be blind) - or the way they are impressed-on a film by a
lens through a flat window. When estimating the distance under
water to an object by eye, the photographer gets sharp pilctures
because both he and the camera are equally in error as to the real
range. When an automatic camera is used, the lens automatically
focuses on a distance which is 3/4 of the real distance. The
effect under water is that of an increase in the focal length
of the lens.

In order to minimize the attenuation by the water of the
object's visible brightness and the blurring of its outline by
the scattering-caused light ha:z:, underwater objects should be
photographed at close range. Here an important point 1s that
the lens have sufficient wide-angularity to take 1in the entire
area of interest at close distances to the object. This is the
reason why normally in underwater photograph short-focus wide-
angle lenses are employed. An additional advantage these lenses
afford over ordinary lenses is their greater depth of field,
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an especially important factor in automatic photography in the
sea wheq there 1is no way of predetermining the distance to the
subject.

Unfortunately, the wide-angle lens also has its shortcomings,
and they are serious ones. The greater the angle at which the
ray strikes the surface of the glass, the greater the difference
in the refraction of light rays of different wévelength, resulting
ultimately in chromatic aberrations!. As the angle of inclination
of the rays increases, the glass of the flat viewing opening
admits less light, with the result that the edges of the finished
picture are darker.

How then are we to escape what in this case is the near-fatal
effect of light ray refraction? The most radical solution to the
problem would be to fill with water the inner workings of the
camera - naturally, not a conventidnal camcra since the glass
optics of'this kind of lens'would be inoperative 1n water. The
difference in the refraction indices of the water and glass is far
too negligible, and the photograph would record just about the
same picture as seen by a diver without goggles. The practical
implementation of this idea requires the use of the simplest type
of camera obscura with a hole drilled in a metal plate instead
of a lens. If the entlire space between the aperture and the light-
sensitlive plate is filled with water, the light rays striking
the plate will be free of any refraction.

Although a device of this kind is adequate to produce quite
satisfactory pictures of the underwater world, the .possibilities
of so primitive a camera are obviously severely limited. Is there
then no other way of dealing with the refraction problem? It

!Chromatic aberration refers to image distortion due to
differences in the refraction of light waves of different wave-
length.
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turns out that there is. By using a system with a spherical
viewing window and by locating the optical center of the lens in

. the center of the sphere, the majority of the rays striking the

lens and generating an image of the object on the film will stcrike
the window perpendicular to 1its spherical surface. Such a ray,

as we are aware, passes through the glass without refraction

(since if the angle of incidence of the ray 1is zero, the refraction
angle will also be zero). The spherical window offers one other
advantage over the flat - greater mechanical strength - something
that 1is particularly important when photographing at great depths
when the pressure on the viewing glass may reach figures of several
tons.

When a spherical viewing aperture is used, the optical center
of the lens must be located precisely at the center of the sphere,
If the lens 1s even slightly off-centered with respect tc the
sphere, there will be severe distortion in rays striking at large
angles. Since such off-centering of the lens 1s not entirely !
avoidable (if fcr no other reason than because of temperature
deformation), some means of eliminating these distortions must be
found. The American optics specialist Thorndyke has proposed the
use of a corrective lens for thils purpose. Chromatic aberrations
are neutralized by fllters which admit only that portion ol the
spectrum which approximates the spectral sensitivity of black-
and-white film.

Optical underwater photography systems developed by the

famous French hydrooptical expert A. A. Ivanoff (Fig. 60) are ‘n

wide use. Attachments designed according to his principle ensure

a quality image over the entire frame together with an acceptably

wide view angle. Moreover, no particular precislon 1s required J
in the centering of the lens with respect to the attachrmant, with

the system tolerating minor displacements of the lens alon; the %
opticai axis and to either side of 1t.
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Fig. 60. The optical system of A. A. Ivanoff:

1 - window (negative lens); A'B' - object image;
2 - compensating positive lens; 3 - objective;
AB - underwater object to be photographed.

Excellent operational performance i1s the hallmark of the
Soviet-produced "Gidrorussary" underwater-photography lenses.
Despite the large angular view ﬁield of these lenses, when used in
underwater filming through a flat. porthole they are virtually
free of distortion. Credit for the optical concept of this system
belongs to the Leningrad optician M. M. Rusinov. The essentlal
idea here is that the water-flat window system functions, as it
were, as one of the lenses, while the objective 1s designed to
correct the latter's distortions. A great advantage of this scheme
lies ih the fact that the objective may be freely positioned with
respect to the plane of the window.

Range of photography depends primarily on the distance at which
objects are visible under water. This latter distance, we know,
is determined by several factors: the illumination of the object,
the attenuation of 1ts visible brightness by the water, and the
blurring of the outline of the object by the scattering-induced
light haze. The possibillity of natural-light photography is
severely limited by depth. In transparent waters with bright
sunlight the limiting depth for photography may be several tens
of meters, while in turbid waters 1t is impossible to determine
the location of the Sun-illuminated sea surface at even a very
shallow depth.
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Artificial 1lighting is used to increase the illumination
intensity of the objects to be photographed. Incandescent lamps
are widely employed in underwater motion-picture filming. These
lamps are powered either over a cable from the surface or from
underwater storage batterlies. The best source of i1llumination
for underwater photography 1s the electronic flash lamp. This
device provides a short but powerful burst of bpilliant light very
close in spectral composition to sunlight. The exposure in the
case of artificial lighting depends on the sensitivity of the
film, the output of the lamp (or lamps), the transmittance of the
water, and the total pathlength of the light in the water. With
natural lighting the total path of the light consists of the
distances from the object to the surface and from the object to
the camera (Fig. 61). With artificial lighting this path equais
the sum of the distances from the light source to the object and
from the obJect to the camera. ’

—— e — m—
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Fig. 61. Total path of light in underwater photo-
graphy: A + B. 1 - with natural light; 2 - with
artificlal light.

To reduce the haze caused by the scattering in the water of
the rays from the light source, the latter should be located as
close as possible to the object to be photographed. Normally, the
source 1s set up at an angle to the axis of photography in order
to avoid the direct illumination of the medium between the object
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and the camera. The preference here should be given t« spotlights,
which provide a brilliant narrow beam, and not to general-purpose
wide-angle lamps. The accuracy of this conclusion is confirmed
by an incident described by A, A. Rogov:, .

"wOrking in Riga harbor in the fall 'of 1962 in water of very
low transparencyL photographers of the underwater research: | group
'Soyuzmorniiproyekt' used two auxiliary light sources: PPS- 100 v
underwvater lighting devices with 1000-W incandescent lamps and
underwater spotlights with 6-W lamps. Filming was through'a
container filled with distilled water, with the object of the
photography independently illuminated. , ' \

1 1

!
1

"The effect of the lighting was unexpected. By 1lighting up
the background between.the object and the camera, the dnderwater'
lighting device, with 1ts almost ten-times-greater intensity than '
the spotlight, created a cone of light with a solid angle of
120°. The height of the cone in this case did not exceed 100-150
cm, but because of the severe scattéring of the light the objects
1lluminated were poorly visible. On the other hand the ray from .
the spotlight, with a scattening angle of no more than 5°, provided
rather good lighting of the obJects at the same distance. Unlike
the lamp arrangement, the beam from the spotlight was not blinding
and did not interfere with observation of the fiiming prccedure.‘"

. | ! ' g | }

Because of the increase in the light background which attenuates
the contrast of the obJect; boosting the power of the illuminating
device results in at best a negligible improvement in:the visibility
of underweter ohjects.' Asspming an optimal arrangement for the '
lighting units, increasing their dutput by 10 times provides only
a 15% greater range of visibility.

. . - ) !
12& A. Rogov. Fotos'yemka 'pod vodoy /Filming Under Watér/,
M., 1964, .




In the view of certain specialists there is a relationship
between the range of vipibility and the range of photography:
l =0.52, where 1 15 the range of photography, and z ia the
horizontal range of visibility of the standard white disk. Under-
water investigators have on repeated occasions received practical
confirmation to the effect that objects under water which were
perfectly viesible to the naked eye exhibited a decided lack of
contrast when recorded on film.

What then is the procedure to be followed when photographing
in very turbid water? Even by using every possible devize for
photographic enhancement, satisfactory pictures can be achleved
cnly in those cases when the depth of visibility as measured by
the white disk 1s no less than 1.5-2 m. On the other hand, there
are bodles of water so contaminated by suspended particics and
dissolved substances that white-disk visibility range falls short
of even 1 m. Water of such low transparency is commonly er.countered
in ports, where precisely there 1s a very frequent need for urder-
water photography (in the case of damage to wharves, piers, break-
waters, and the like). Fortunately, engineers and scientists have
found a way to circumvent these difficulties. For picture-taking
in very turbid water they have proposed the use of special adaptors
designed in the form of truncated pyramids or cones filled with
some transparent liquid or air (Fig. 62). The filming process in
this case is in effect conducted through the thin layer of turbid
water located between the protective glass and the object. The
container holding the 1liquid filling agert can be easlly sealed
and submerged to the required depth. On the other hand, this con-
tainer 1s subject to shortcomings not experienced with the air
container. First of all, for an object of the same area (and for
the same lens), the water pyramid must be 1/4 higher than the air
pyramid, the reason being that when filming through air the lens's
view-field angle will not decrease. An increase in heleht, when
the bases remain equal, results in a sizable increase in volume.
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For example, to photograph an underwater object having an area of
0.6 x 0.9 m2, the volume of the water pyramid would have to equal
300-350 1.

Camera Fig. 62. Adapters for photography
"\\\ in turbid water: a - water filler
5 (; container; b - air filler container
§i\ Ay = Ay, but B, < B, and thus
.-,' Container
' Hl > HZ'

/;;;\“Z

- : Uater :

There are problems in maintaining this amount of liquid in
a state of ideal purity, not to mention the difficulty ot trans-
porting it. Therefore, in place of liquid containers, specialists
often resort to special adaptors produced from mcnolythic pleces
of transparent organic glass. The choice of one or another kind
of adaptor is dictated by the specific nature of the work and by
the conditions under which the filming is to be performed - notably,
by the depth of the objects to be photographed. Such adaptecrs
can be used to achleve high-quality pictures even in waters of
extreme turbidity.

We know that sea water attenuates light rays differently; the
spectral composition of sunlight also changes with depth as a
function of wavelength. We have already discussed the unexpected
color effects produced by the disappearance of the red from the
light flux penetrating into the sea. Naturally, all these effects
w1lll also be evident on the film when photographing in color...
although with certain reservations. The human eye 1s far better
at distinguishing coior hues than any film. Underwater photo-
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graphers have frequently discovered that what they had visually
observed at shallow depths as a wide range of yellows, blue, and
dark gréens with a multiplicity of intermediate shades came out
on their film as a blurred blue-green haze.

This disturbed underwater color balance can be corrected,
however, through the use of artificial light sources. Here too,
of course, the aim should be to achieve the shortest possible
light path in the water since otherwise the water's absorption
of the red rays will again become obtrusive (Pig. 63). Even in
very transparent water the overall pathlength of the light in the
water should not exceed 5 m for satisfactory color reprocduction
of a submarine object.

-«
.

] P R .
Fig. 63. Distortion by the water of the true color of
an object. In white sunlight this star fish 1is bright

red: 1 - total path of light in water is 1 m; 2 -
total path of light in water is 4 m.

Another method of rendering the true colors of any photographed
object is through the use of colored correction filters. Such
filters are also employed in black-and-white photography where
the absence of the red rays, by disrupting the color balance,
lowers the image contrast. By absorbing the blues and blue-
greens, these filters simultaneously eliminate the haze, which is
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pale blue in shade. A similar purpose is served by working with
panchromatic film having maximum color sensitivity in the orange-
red region of the spectrum.

In color photography the underwater photographer is normally
dealing with color film designed for the sunlight spectrum.
Therefore, the correction filter must be so selected that the sum
transmittance of the light by the water layer (whose thickness
equals the total pathlength of the light in the water) and the
filter is nonselective, that is, independent of the wavelength.
Even assuming that the total path of the light in the water during
the photography is always the same (say, 3 m), still in this
hypothetical event it would not be possible to design a universal
correcting filter - for the reason that the spectral transmittance
of light differs in different waters. Each type of water would
require its own correcting light filter: One with maximum absorp-
tion in the yellow-green spectral region for the more turbid
waters, and in the blue for the more transparent waters (Fig. 6i).
In the case of artificial light sources such colored filters can
also be installed directly ahead of the lamps.

S0 f00 71 @& IN " 7 nm

Fig. 64. Correcting the color balance under water through
the use of correcting filters: 1 - pure ocean waters; 2 -
ocean waters of average purity; 3 - pure coastal waters;

4 - coastal waters of average purity; 5 - turbid waters;

A - spectral transmittance of different waters for a total
light pathlength of 3 m; B - sum transmittance of three-
meter layer of water and of a color filter (in the case of
ideal correction the sum transmittance has been represented
by the solid line running parallel to the horizontal axis).
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The use of a correcting filter severely curtails the total
transmittance of light. By equalizing the color balance, the
filter cannot add red light; it merely reduces the amcunt of blue.
Moreover, it is worthwhile remembering that there are no filters
with 100% transmittance even in any one spectral segment. When a
filter is used, the total quantity of light striking the film
is significantly diminished. Therefore, whenever the level of
11lumination i1s low or there is a need for great depth of fleld,
correcting light filters are not to be used.

Colored filters permit natural-light color photography at far
greater depths. In effect, while pictures with satisfactory color
rendition are possible in sea water without filters to depths of
no more than 3=5 m, with such filters filming 1s easily accomplished
as much as 20 m down.

Television Reporting from the Ocean
Floor

All the problem areas discussed above remain substantive in
the case of underwater television as well. Light-ray refraction
in the passage through the pick-up camera viewing port, severe
water-caused attenuation of the visible brightness of the objects,
blurring of outlines by the scattering-induced lumincus haze, low
illumination intensity levels - underwater television technicians
are inevitably confronted by all these and related problems.

Having become a reality three decades ago, at the present
time underwater television is extensively used in many countries
as a tool in various areas of marine research. For all this,
underwater television is unquestionably inferior to underwater
still and motion-picture photography, first in color rendition
and second in terms of the depths accessible to observation. It
is also true that while color photographs of marine life taken
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at great depths have already become something of a commonplace,
underwater television is still in its embryonic stages and it
has onlj been in recent times that the use of this medium for
coverage beneath the sea has been reported. Another area where

television is at a considerable disadvantage with respect to |
conventional photography is in maximum depth of submersion - with

cameras already routinely reaching the ocean's ultimate depths,

until recently the one-kilometer mark stood as the 1imit for

television.

R T TR LT A TR R

What is the reason for this lag? The fact is that for con-
tinuous image transmission some sort of communication channel 1is
required, and at the present time the sole communication channel
in underwater television is cable. In an aquatic environment the
use of radiowaves of the centimeter and meter waveband, which
provide the basis for conventional TV, is impossible because of
the enormous attenuation (fading);' For example, radiowaves at
50 MHz are attenuated approximately 10,000 times by a stratum of
water 1 m thick. Even from a depth of only a few meters a trans-
mitter operating at this frequency will not be audible. Image
transmission is feasible at longer wavelengths since the attenua-
tion index decreases in direct proportion to the frequency. For
example, radiowaves with a frequency of 5 kHz (that is, a frequency
10,000 times greater than in the foregoing example) will suffer
10,000-fold attenuation only after traversing a ten-kilometer
layer of water, which is to say that their reception is possible
even from the 1limiting depths of the ocean!. However, at so low a

frequency, retention of the normal number of frames transmitted per
second 1s no longer possible; as a result, uninterrupted image
transmission must be sacrificed in favor of the transmission, as

l7he attenuation of directional radio radiation in water is
governed by the law as the attenuation of light flux:

1, =1, 10"YZ, where y 1s the attenuation index.
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it were, of individual instantaneous photographs of the observed
object. The emission above of such radiowaves poses an arduously
complex problem since the dimensions of the transmitting antenna
must be commensurate with the wavelength, which for such low-
frequency waves, even in water (where the wavelength is some 9
times shorter than in the air), amounts to several kilometers. The
only hope of circumventing these difficulties lies in the use, as
a waveguide, of a 1line on which the transmitting antenna can be
submerged into the sea, A nystem of this kind might also be
employed for another type of cableless transmission - ultrasonic
vibrations.

The high cost of the cable, the problems of .transporting 1it,
plus the need to equip the vessel with special high-power winches
for lowering and raising it - all of these factors limit the
depth possibilities of television, Cable-free communication
alone will enable television to take its place as a generally
accepted tool of oceanic investigation alongside underwater
photography and cinematography.

The fact 1s that the potential capabilities of underwater
television far outstrip those of underwater still and motion-
picture photography. This 1s certainly true of the range of
vision. The threshold of contrast sensitivity of modern underwater
television equipment 1s of about the same order as that of the
human eye. An American researcher, G. Roberts, has estimated that
it would be possible to deslign a televislion system with a contrast
sensltivity threshold some three orders lower. In many instances
modern electronic techniques provide a means of dealing with the
optical distortions encountered. By varying in a definite manner
the waveform of the scanning currents (or voltages), geometric
raster distortions can be achlieved of a kind which willl compensate,
in whole or in part, for the optical distortions of the images
furnished by wide-angle lenses. Special electronic devices =
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contrastors - provide partial compensation for image contrast
fading caused by attenuation in the water. The maximum underwater
range of vision using television equipment, as reported by the
American scientist Stamp, is U5 m.

The principal advantage, however, of underwater television
over either still or motion-picture photography is the possibility
of continuous underwater observation. The present-day state-of-
the-art of underwater televicion had its beginning in 1947 when
American specialists mounted a pick-up camera on the deck of a
submarine to study the effects of an atom bomb test explosion off
Bikini atoll. At the present time underwater television 1is
extensively used in the fishing industry, for submarine archeological
research, and in underwater emergency-rescue and repair operations.
Underwater television installations provide a means of observing
divers in action and of conveyihg.éo them whatever instructions
they might requife. By mounting a special remote-controlled
manipulator on the camera it 1s very often possible to dispense
with the services of the divers altogether. There already exist
"mechanical arms" capable of performing the simplest kinds of
operations under water: the catching of small animals within the
view-field of the camera, the sampling of bottom vegetation, and
the 1ifting of various objects from the ocean floor (Fig. 65).

T Fig. 65. An underwater
- © "telerobot" - an IOAN-5

o ¢ camera with a "mechanical
- hand" mounted on its

A casing.
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One of the first Soviet systems of this type = the IOAN=3,
developed by N. V. Vershinskiy and V. 1. Marakuyev - assisted in
the investigation of the sunken vessel "Desna." The advanced
French petroleum telediver "Telenaut" has already "learned"” to
screw nuts, and, in addition to its television transmitter, is alsc
also equipped with a motion-picture camera. Indeed, the time is
not far off when underwater telerobots, obedient to the will and

commands of man, will be able to carry out his most varled assign-
ments at any ocean depths.
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LIGHT AND LIFE IN THE SEA

Light has a declsive effect on the evolution of 1life in the .
ocean, The illumination of the mass of ocean water by the sunlight
is of colossal importance to the development of a variety of
biological phenomena. Thus, sqnlight energy is present in the
photosynthesis process involving the conversion of inorganic
matter to organic.

The variation in the intensity of illumination during the
twenty-four-hour period 1s responsible for the diurnal vertical
migration of plankton. The depth-related change 1ln the amount
and spéctral composition of the light 1s reflected in the coloring
of algae and animal lif'e. Moonlight, for example, plays a speclal
and in many ways still enigmatic role in the biological rhythms of
marine creatures.

By indirectly affecting the vision of sea organisme, natural
light enables them to find their way in space. It is still not
entirely clear to what depths marine animals and fish can detect
light. An American tiophysicist, Clark, believes that for many
fish a depth of 750 m 1s the limit, while a colleague of his,
Waterman, would set this boundary at up to 1500 m for crusta-
ceans.
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In the dark depths of the ocean, where the role of warm life-
giving suniight 1s infinitesimal, we enter the realm of the cold
light of the sea - bloluminescence, the glow of marine organisms.
Certain negative effects of light, for that matter, have also been
discovered; when exposed to brilliant illumination, for example,
certaln organisms exhibit a severe disruption in respiration. Mary
animals live thelr active 1life in darkness, taking refuge and
hiding during the lighter pericd of the day.

In a word, the role of light in the 1ife of the ocean is enor-
mous.

002 + H2O + Light = Life )

As 1t permeate:s the mass cf the sea, sunlight activates what
is perhaps nature's most amazidg and most advanced mechanism -
the mechanism whereby inorganic matter (carbon dioxide and water)
is converted into an organic compound - carbohydrate. This
process, whereby a plant, using light as a scurce c¢f energy for
the synthesis of various substances in the cell, enters into a
redox reaction with CO, and H,0 is known &s photosynthesis. The
sum Tlnal result of thils process can be represented by tne followling
equation:

lizht
chloropnyll

6C0, + 6H,0 > Cpily,0¢ + 60, = ATH keal.

The result of this reaction 1s the origination of carbohydrates,
ensuring plant growth and the release into the surrounding
atmosphere of free oxygen.

The seas and oceans are the habitat of numerous algzae which

are capable of photosynthesis. Certain of these, the largest, live
a sedentary way cf 1life in the coastal strip of the ocean, but
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che main mass of marine vegetation is not comprised of these bottom-
dwelling seaweeds. The chief suppliers of food in the sea are

the plankton algae, minute single-cell (or colony) plants which

live their entire life within the mass of the water. Their
morphological structure and specific weight, which is close to

the specific welght of sea water, enables them to "hover" within

the sea. Requiring light, they are found only -in a shallow surface
layer, to a depth of 100, rarely 200 m, where there is sufficient
radiant energy to support photosynthesis.

A striking picture of the photosynthesis process, l1llustrating
its extraordinary importance to all living matter, has been drawn
by the great Russian sclentist K. A. Timiryazev: "Somewhere, some
time there once fell to earth a ray of the Suan, but it did not fall
on sterile soll. It fell on the green blade of a wheat stalk, or,
more precisely, on a chlorophyll grain. On striking thils grain
it was extinguished, 1t ceased to be iight, but 1t did not disappear.
It was merely expended in internal work, cutting and tearing the
bond between the particiles of carbon and oxygen combined in the
cartonic acid. The released carbon, combining with water, formed
starch. This starch, having transformed itself into soluble
sugar, after long wanderings through the plant was finally deposited
in the grain in the form elther of starch or of glutin. In either
form it became part of the bread t! -t serves us as food. It was
converted into our muscles and into our nerves!."

Naturally, more specific informatlion regarding the mechanism
of photosynthesis has heen acquired in the course of subsequent
research. For example, 1t has been demonstrated that solar energy
.3 expended in the decomposlition of water and not carbonic acid.

'K. A. Timiryazev. Solntse, zhizn' 1 khlorofill /Sun, Life,
and Chlorophyll7, Vol. 1, M., Sel'khozgiz, 190U8.
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But what happens under the action of light in the waters of
the World Ocean? Exactly as on the dry land, solar energy pene-
trating into the sea §s absorbed and exploited by plant life. By
virtue of this energy, restored organic compounds are formed from
oxidized inorganic compounds. The energy stored in these compounds
covers al! tne energy expenditures of the sea-dwelllng organilsms
during thelr movement, multiplication, blochemlical metabolism,
etc.. A transfer of the energy appropriated by these plants even
occurs when one organism is consumed by another.

The ultimate food source for all the animals are the organic
compounds which have accumulated in the body of the algae during
the photosynthesis process. This storage of organic compounds
leading to the growth of algae is referred to as the primary pro-
duction of the ocean. As photosynthesls progresses, there ensues
in the cell the photochemical splitting of the water molecule into
hydroxyl and hydrogen ions. - The hydrogen Jjoins the carbonic acld
and forms carbohydrates. Following this, the cell extracts from
the water nitrogen, phosphorus, pctassium, calcium, magnesium,
sulfur, and the like. The albumins and other blochemical compouncs
are formed. An Interesting poilnt here 1s that all the processes,
except for the photodlssoclation of water, are dark processes - tnat
1s, they do not require the additional absorption of light energy.
The time span of the dark reactions 1s many times leonger than that
of the light reactions. Under conditions of an adequate suprply of
biogenic elements and good illumination, the sum speed of the primary
production process 1s ultimately determined by the dark biochemical
reactions. If there is little light, the photochemical (lignt)
reactlons are determinant and 1limit the ovzrall rate of photosyn-
thesis,

The absorpticn of solar energy by plants 1s effected with

the help of pigments, that 1s, catalytically active colored
compounds present 1n the algae. Each of the pigments absorbs
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light in specific segments of the spectrum which are peculiar to
1t. Fundamental among ‘these pigments 1s chlorophyll a, whi-t 5
present in all photosynthesizing plants without exception.
Chlorophyll molecules make excellent sunlight "traps." Their !
primary function, however, is the photodissociation of the water
'molecules. The most marked absorption peaks of cnlorophyll a '

are found in the spectral regions of 420-430° and 670-680 nm. On
the other hand, these emission regions are subject tolconsiderable
sea-water absorption, and therefbre algae present a complex plgment
system which is receptive also to radiation in other portions of
the visible spectrum as well. Additional pligments absorb energy
in spectral segments inaccessiblé to, chlorophyll a and transfer
this energy to it. The coloring of a giyen wateér plant (alga)
depends on 1ts set of pigments. ‘Algae coloring 1s an'inheritedI
attribute and facilitates the spread of these plants at specific
depths. ‘ - ) :I ‘ o | : :

An important property of the pigment system 1is its capability
for chromatic adaptation,‘that‘is, the abllity to‘changelrapidly -
and conform with the' diurnal and vertical variations ih the ‘
spectral composition of the light penetrating the water.

During the process cf phytoplankton photosynthesis only a
very insignificant portion of the light energy'striking the surface
of the WOrld Ocean 1s actually used - an ‘average of 0.04% of that
which enters the water. In the most productive regicns of the
sea the efficlency of photosynthesis reaches abcut 0,355, while
in those areas that are poor in marine 1life 1t may be nc more than
0.02%. The remaining solar radiation is absorbed by the mass of
water. '

As we know, 1llumlnance decreases expcnentially as a function
cf depth. Thils 1s likewise the.nature or the attenuatron of the
Intensity of photosynthesis with depth. This oocurs until those
levels at which the light reactions of photosynthesis begin tol
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| limit its rate. Conversely, in the subsurface strata of the sea
the excess of light suppresses the photosynthesis process. The
sole exception are the near-polar reglons where the quantity of

i light energy incident to the sea surface 1s insufficlent to suppress
' photosynthesis.

The optimal value of light energy for photosynthesls 1s nct

the same in different blogeographic regions: for the tropic zone

1t 1s 60-85 cal/cm®; for the temperate latitudes, 15-20 cal/em?
: per day. The minimum 1llumination intensity at which photosynthesis
is possible at all 1s very low. Numerous specles of marine plant
life of the deep-water variety develop under conditlons where the
1lluminance amounts to 10-5-10°7 of the sunlight striking the
surface, which in terms of intensity is close to the illumirance
created by the 1light of the moon.

Thus, the intensity of the light energy at different depths
of the sea, along with its diurnal and seasonal variations,
plays a major role in the primary production ¢f ocean and sea waters.

An important parameter which characterizes the efficiency with
which light energy 1s transformed Into chemical energy is the
quantum yield of the photosynthesls ¢@. This factor can be estimated
by the number of synthesized carbon molecules wilth the absorption
of a single quantum of light, that is

- = number of 06H1206 molecules
number of absorbad quanta

: The photosynthesls quantum yleld is less than one, and fer
this reason 1t 1s more convenient to employ the reciprocal quantity
. (1/¢ = n), which 1s called the quantum consumption and indicates

how many light quanta are consumed in the synthesizing of one
molecule of carbon C6H1206 - hexose,
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From the graph presented as Fig. 66 it 1s clear that the
photosynthesis quantum yleld is not identical over the entire
range of the visible spectrum. Under the most ideal conditions
the yield does not exceed 0.12, that is, approximately 8 light
quanta (n = 1/0.12) are reguired for the synthesis of a single
hexose molecule. However, this figure is not constant and fluctu-
ates within rather wide 1limits determined by the entire complex
of conditions accompanying the photosynthesls process. Under
conditions less favorable than during experimentation (insuffici-
ency of nutritives, light, etc.) the quantum yield falls off.

Generally speaking, the problem of determining the dependence
of primary production 11 the oceans on the conditions of under-
water 1llumination is an extraordinarily difficult one. There
is still a great deal that 1s unclear in the intricate process
whereby the radiant energy of the Sun affects tnhe phytoplankton
of the sea. The nature of the reaction of the living cell of
algae to radiation of various wavelengths, the manner of the pig-
ment system's adaptation as a function of 1lluminatlion conditions,
and the like -.all these questions fall primarily within the
competence area of sclentists engag2d in the study of plant physio-
logy. As one of the branches of rhysical oceanoclogy, hydrooptics
nas a somewhat special role within this array of problems.
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In the investigation of light energy propagating in the sea
and 1ts effect on the photosynthesis of marine plant 1life there
is one éspect of paramount lmportance. The fact 1is that as part
of the program of biological research hydrooptical measurements
are being conducted virtually everywhere in the World Ocean by
sclentists of different nations. 1In their lnvestigatlons these
speclalists make use of energy meters of the most varied design
and employ a varlety of methods for the calculétion both of the
sum energy and its spectral composition. As a consequence of this
diversity of approach, the resultant data in a very real sense }
resist collation, and this in turn makes it more difficult for 1
scientists to arrive at a clear understanding of the degree o
which the process of primary production depends on 1lluminstlon
intensity conditions on an oceanwlde scale.

i e e

e s

This need for standardizing the conduct of 1light measurements
at and in the sea has led, under the auspices of UNESCO, the
Scientific Committee on Oceanographic Research (SCOR) and the
International Association of Physical Qceanography (IAPO), tc the
creation of a Working Group on Photosynthetic Radiaticn in the
Sea. This group includes primary production specialists G. Gitts
(Australia), E. Stiemen-Nilson (Denmark), Y. Saijo (Japan),

J. Steele (Scotland), along with the marine optics experts N. Jerlov
(Sweden), A. A. Ivanoff (France), Yu. Ye. Ochakovskiy (USSR), and
J. Tyler (US)!.

The misslion of this group 1s tc¢ provide answers to two funda-
mental questions: in the first place, what lIght energy measure-
ments should be conducted at sea to reveal the relaticushlps
exlsting between the process of photosynthesis and the light in

!Translator's Note - In almost all cases the latinized spel-
ling of these names represents only an educated guess based on
the Russlan speiling.
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the sea, and, in the second place, what kind of equipment is
capable of ensuring the required accuracy and comparabillity of
measurements.

The first conference was held in Moscow in October of 1964,
Quite understandably, the questions on the agenda aroused fairly
heated discussion. The group chairman, J. Tyler, volced the
belief that the Instrument in question should be based on a
radiation receiver having the same spectral sensitivity as the
living cell of the phytoplankton. Tyler's position was violently
opposed by the blologists. They maintalined that to design the
instrument according to this principle was impossible for many
reasons. First and foremost,the diversity of specles among plankton
organisms 1s so great and their spectral sensitivity to radiation
1s so varled that the selection of any one averaged curve which
would satisfy all situations would be simply unrealistic. 1In
addition, the reaction of plankton to light does not remailn constant
by virtue of the plankton's capacity for light and chromatic
adaptation, there being therefore the further need to make allowance
for the inertial character of these adaptational processes.

After extended discussion a decision was adopted binding the
hydrooptical specialists to develop an instrument capable of
measuring with up to 10% accuracy the sum radiant energy propaga-
ting from the sea's surface to its depths in the 350-700-nm band.
This meter was to be simple to handle and convenient to use in
large-scale studies. In addition to the submersible sensor, tne
device was to be equipped with a similar radiation receiver for
radiation readings in deck incubators where the illuminance condi-
tions prevalent at different depths might be simulated. Moreover,
the instrument envisioned was to able to sum the energy during
the exposure time of the sample vials - no simple task. However,
prerhaps the most difficult feature to achleve was the requirement
that the instrument's radlation receiver be nonselective in the
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350-700-nm interval, and also that 1t not react to emissicn outside
this band - that is, that its measurements of sea-penetrating
radiant energy be limited precisely to this region of the spectrum.

Before reaching a final decision regarding the creation of
any new Instrument, it was necessary to ascertain whether existing
equipment might not be used for direct radiatian measurements,
along also with one of the indirect methods for the computation
of the energy values -~ the optical classification scheme for waters
proposed by Jerlov. In effect, provided one knows the law governing
the attenuation of radiant energy in different portions of the
spectrum in given waters, 1t is sufficient‘to measure the energy
incident to the sea's surface and 1ts attenuation in water within
one narrow spectral segment in order, using Jerlov's curves, to
compute the sum energy at the required depth. For thls purpose,
a standard-type pyranometer muét bé installed on the deck, with
the measurement of the vertical attenuation index entrusted to a
primitive photometer with a selenium photocell covered by & narrow-
band color filter. At the Hydrooptics Laboratory of the institute
of Oceanology of the Academy of Sciences of the USSK methcdological
investigations had been conducted which 1ndicated that in the
transparent waters of the open sea the optical classification method
is wholly aprlicable, although it 1s somewha" less accurate In
the more turbld waters near the shore,

And so four years went by. In May of 1968 the hydrooptical
members of the Working Croup met in San Diego to compare different
instruments for the measurement of photosynthetically active radla-
tion (PAR) 1in the sea. Simultaneously, the Australian hydro-
biologlist Gitts conducted primary production measurerients, using
a deck incubator of his own design. The tests were cornducted in
Califcrnia Bay. A comblnation of calm weather, cloudless skies,
and high suns provided excellent working conditions. The measure-
ments were taken with devices which differed In design and opera-
ting principle.
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The Americans Tyler and Smith measured the spectral energy
distribution at different depths using a submersible spectro-
radiometer. This instrument provided highly accurate spectral
curves since its resolution was only 5 nm. The French hydrooptical
speclalists Ivanoff and Beaualr made use of a simllar device.

In addition, they tested a high-sensitivity underwater pyrano-
meter and a narrow-band lux-meter. Soviet speclalists Ochakovskiy
and Suslyayev employed an underwater pyranometef, a narrow-band
lux-meter, and the VARIPO device.

Of particular interest was Jerlov's meter, for which he had
colned the designation "quantometer." 1In this instrument the
receiver is a selenium photoelectric cell, different surface
segments of which are shlelded by different color filters. Accord-
ing to Jerlov, this design renders the radiation receiver non-
selective in the PAR band. Regrettably, Jerlov himself was
unable to participate in the tests, and his instrument was demon-
strated by two of his colleagues, K. Nugard and G. Kullenberg.

At the present time, with the test findings still 1n the
analysis stage, it 1s premature to arrive at any judgements regard-
ing the results achieved. It 1s clear, however, that this project
represents merely one of the first steps in the search for an
optimum instrument configuration to provide the light measurements
so urgently needed by marine biologlsts.

An interesting plece of equipment for the analysis of photo-
synthetically active radiation has been designed by the Polish
sclentist Jerzy Dera. His device, which rides the surface in the
manner of a float, sums the amount of energy striking the surface
of the sea 1n the course of an entire day.

The point to be remembered is that the "light and photosynthe-

sis" problem remains one of the paramount problems both of marine
optics and marine biology. The ocean 1s the food supply source
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of the future, and its abundance 1s mainly determined by primary
production. Recently Soviet scientists 0. I. Koblents-Mishke,

V. V. Volkovinskily, and Yu. G. Kabanova made an approximate
estimation of the primary production of the World Ocear. They
calculated that in a year's time marine plant 1life (algae) convert
some 15-20 billion tons of carbon from the inorganic to the
organic state.- In other word, in a year algae account for the
accumulation of 600-800 billion tons of raw biomass.

An additional factor to consider here is the fact that thus
far the biclogical resources of the sea have not been subject to
the repgulatory of man. At a later date, when human beings
learn to cultivate the seas and oceans, their prcductivity will
unquestionably increase even further. ‘

The Effect of Light on the Vital
Activity of Marine Organisms

There are many phenomena in nature which still defy explana-
tion. This 1s also true of the vertical migrations of zooplankton.
What essentially is involved here? t was long ago ncted that
within the 24-hour period certain minute marine animals shift
thelr .Location in the mass of water - at night they rise closer
to the surface, descending to lower depth levels by day. The
small plankton prawn (Calanus finmarchicus) travels some 500 m in
a day's time, while the dally peregrinations of certain larger
plankton organisms encompass layers of as much as 8GC-1000 m.

The average speed of locomotion for these aifferent orcanisns
ranges from 0.5 to 3 meters per minute., A curlous point 1s trat
during their vertical travels these animals traverse watery strat:a
of differing temperature; on occasion the temperature dlscrepancy
between layers may be around 10°, At the came time, considerably
smaller temperature differentlals pose an 1lnsuperablie barrler to
the horizontal distribution of these same organic specles, thereby
circumscribing thelr geographical proiiferation.
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There is not yet any consensus among hydrobiologists as to
the cause of these daily migrations. In the view of some, the
organisﬁs gradually developed these vertical displacements as a
kind of defense mechanism against the attack of predators. Most
biologists, however, are convinced that the cause of the migrations
lies in the diurnal variations of the natural 1lluminance. Further
biological and blophysical research will hopefully yield the final
answer to the problem of these twenty-four-hour vertical migra-
tions.

In our own view,those hydrobiologists who hold that it is
changes in illumination intensity that are responsible for the
vertical movement of organisms on a daily basis are closer to the
truth. This 1s also supported by the findings of T. S. Petlip, who
on 30 June 1954 observed the behavior of zooplankton in Sevastopol
Bay during a solar eclipse. The Sun's disk on that occasion was 92%
obscured, thanks to which, according to Petip's calculations,
There was a 17-fold reduction in the normal daytime illumination
of the sea's surface. Zooplankton catches throughout the entire
mass of water indicated that many zooplankton species were rising
from the depths to the upper 0-5-m layer of the water. Following
the conclusion of the eclipse, when normal sea-surface illuminance
was restored, the main mass of the zooplankton descended very
rapidly to the deeper-lying strata.

In this instance the connection between the change in
illuminance and the vertical migrations of the zooplankton is
absolutely obvious. But what will happen if there 1s no change 1in
illumination intensity over an extended period of time - say, three
or four weeks? W1ll the 2zooplankton now also follow the customary
rhythm of vertical migrations? Such a situation was investigated
in the Arctic by V. G. Bogorov during the height of the polar
summer, when the Sun remains above the horizon around the clock.
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Bogorov conducted observations into the behavior of the
aforementioned zooplankton prawn (Calanus finmarchicus) off the
coasts of Novaya Zemlya. He reported that during the polar day
the Calanus kept to the same depth level, revealing nc vertical
movements, tut that in the fall, during the period of alternating
day and night, the same organism carried out 1its diurnal migratiors.
Bogorov made no recording of the above-water i1llumination intensity:
therefore, we can only approximately estimate 1its value and
diurnal variations, using 0. A. Sokolov's figures, which were
obtained for the same latitude but a different longitude. During
the polar day the illuminance value varies from 500 to 1800 lux,
giving rise to a change of from 0.5 to 4 lux in the underwater
1llumirance at the constant level at which the Cglanus gather.

In all likelihood, these light intensity variations are not sensed
by the organism.

Concurrently, there are data which suggest that specific zoo-
plankton specles react to more subtle changes in lighting. The
English biologlst Moore has observed, for example, how when the
Moon appears suddenly in the sky, it causes 2zooplankton organisms
to descend from the uppermost surface level to a certzain depth...
and this even though the 1lluminance created by the Mocn on the
sea surface 1is only 0.5 lux!.

The examples cited, it would seem, provide convinecing evidence
of the relaticnship between the regular up-and-down diurnal
movemnent of many plankton animals - theilr vertical migrations -
and the change in the amount of light penetrating into the body
of sea water. Moreover, investigators have noted that each animal,

'pAccording to measurements made by the German researcher G.
Luneburg, at a depth of 25 cm the 1llumination intensity created
by moonlight equals 0.Cl1 lux, and at the 3-meter level 0.002 lux.
During the measurement cycle the sea-surface illuminanc: caused
btv the Moon fluctuated within 0.1-0.3 lux.
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as 1t ascends or descends, attempts to keep to locations with
identical 1llumirfation. This was particularly evident during
studies of sound-scattering layers - local clusters of large
plankton organisms and fish detectable by means of hydroacoustical
devices such as echo-sounding equipment. Such sound-scattering
layers are rarely formed from animals of only one specles. Normally
the upper section reveals a concentration of Euphausiidae - shrimp-
like animals. These creatures have enormous black eyes (whence
their local /Russian/ name: ‘“"chernoglazki"); their body (1-3 cm)
is transparent with tiny red spots. The lower tiers of the sound-
scattering layer are occupied by minute fish.

In the summer of 1954 the American blophysicists E. Cam b |
B. Bowden conducted extensive investigations of sound-sc:-
layers in the Pacific Ocean off the California coast. Recu. “ugs
of layer displacement were comblned with measurements of under . :tar
illuminance by means of a bathyphotometer equipped with a highly
sensitive photomultiplier. Before dawn on the 2nd of July the
bathyphotometer was lowered to the depth of the upper plankton
section of the sound-scattering layer (the !lluminance was
6.3‘10'" lux). Shortly thereafter the lay.r began to descend.
Simultaneous uninterrupted recordings of the illuminance revealed
that 1t remained constant at 6.3'10'“ lux. The layer ceased its
downward movement at 243 m, with the bathyphotometer continuing
to indicate 6.3'10‘“ lux. The evering ascent went much the same
way, that is, the upper portion of the sound-scattering layer
consistently recorded the same illumination intensity value
(Fig. 67). True, this value was not the same as the illuminance in
descent, but noticeably exceeded it (7.1‘10'3 lux). The reason
for this 1is to be found in the fact that on the moonless night
before the descent (the night of July 1) the animals adapted
well and, cor.iequently, were less sensitive to the low illumination
levels than in the daytime period before the ascent (the evening
of July 2).
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These examples show that in all likelihood even the rate of
plankton-organism migration depends on the rate of change In
underwater illuminance. The majority of investigators have centered
thelr attention on the nexus between vertical zooplankton migraticns
and changes in sunlight illuminance. Only a very few have
studied the effect of moonlight on such migrations. The Japanese
oceanographer Uda maintains that the Moon affects the position of
sound-scattering layers. With lunar illumination these layers
recede from the surface of the sea, resulting in poor catches of
squids and many fish.

The Culoring of Marine Organisms

Blologists of one of the oceanographic expeditions on the
vessel "Michael Sars" turned their attentiun to the coloring of
the fish and animals in the Sargasso Sea. The upper stratum of
the water, abundantly illuminated by the sunlight, is populated
by blue flying fish and medusallke Siphonophora. Here also dwell
the totally colorless glassy larvae of the eel and clunps of
uncolored jeily - the medusa or Jellyfish. At times these fish
are even invisitle in a bucket of sea water. Thelr ldeal
coalescence with their environment 1s primarily explained by the
fact that the indices of refraction of the larvae and medusas are
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close to the refractive index of water, so that light rays are
not reflected and do not change their direction when paseing
through their. bodies. Additionally, the degree of light absorption
by these organisms is also very low. )

Fish ih the uoper layer of the eea generaily have a light
belly ‘and a: darker Baok, From above, the back 1is difficult to
discern against the dark depths of the water, while, from below, ' i
the fish's light-tolored belly tends to blend ip with the sunlit
surface!of the sea. Fish with' brown packs can be found at a depth
of 300 m. This is understandabTe: there is less light here. ; .

The larvae of the surface-swimming|Siphonophora - Phygalia - )
inhabit the area from-300 to 400 m in. depth and are not blue-,
colored, as are the adult forms, but oright red. "In the surrounding
blue-violet gloom this color is oerceived as virtually black. mhe
color of the Calanus, which desg¢ends in the daJtime to 300-500 m,
1s likewise ‘red. This color is ‘complementary to th° light pene-'
trating to the depth in question. _ ¥ , i

1

Below 500 m only blaek ' fish .and red prawns were gaught from
3 !
the deck of the "Michaei Sars.". »

A

! !
' | .

Toward the end of the thirties the French biqlogist Bertin .
in a report to the Biogeographi*al Sociefy deolared- "Lvidently, 1
a depth of 7000 m should be regarded as the 1limit for the prbpaga-
tion of living organisms, with the exception of bacteria. ]
In 1949, however, a Soviet expedition on the "Vityaz' _'xvuera’ing
over the Kuril Trench, discdvered drfferent life forms below the
"Bertin 1life bdundary." r“he fish Careprocttq amblistomopsis was ' R
caught at a depth of 7230 m. : '

Extensive biological;studies of .the ulfimate depths‘of the
ocean were farried out by a Danish expedition on'the "Galatea"

in 1950-1952. Of particular significance, however, to the discovery !
H l . . o 3
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of life in the deep-water trenches and depressions of the oceans
have been the Soviet "Vityaz'" expeditions. 1In January of 1G58
the bilologists of this team succeeded in exploring, with a deep-
water dredge, the Tonga Depression to a depth of 10,700 m. 1In

the net were captured animals belonging to a variety of zoological
groups. What was the coloring of these unfathomable, unilluminated
depths? The majority displayed a faint grayish-yellow ccloring,
with the remainder not colored at all. The fsct is, of course,
that coloring here has no protective significance, such as it does
nearer the surface or at a depth of a few hundred meters.

Many marine animals have a capacity for active camouflage -
that 1s, homochromia. Such creatures can assume-a color in
accordance with their environment, copving with a fair depree of
accuracy, through pigmentation, the spectral reflection curve of
the background. This 1s possiblé because of an amazing "spectro-
photometric" feature in the vision of fish and animals, that is,
thelr ability to perceive in the light spectrum an energy distri-
bution which man is able to discern only with the aid of a special
instrument - a spectrophotometer. Wide publicity has been given
to tests with a flounder which was placed in an aguarium against
a blue, red, green, and violet background and on each occasion
changed its coloring accordingly. Not only that, but the flounder
copied not merely the color but the pattern of the background.

Once a fish or animal loses its sight it also loses its
camouflage ability. N. I. Tarasov has reported catching a flounder
at Sivash with skin drawn tightly over its eyes. This specimen
was black in color and stood out conspicuously from among the

sighted flounders whose green coloring matched the shade of the
seaweed.

A remarkably skillful master of pigmentation camouflage is
the prawn Hippolite varians. This small creature, no more than

171

SR Lt

Gt R N R e kA F AR,

e o SR

UARE St
R Rl i A




T

] i

2.5 em in length, attaches itself to seaweed and assumes its color.
The prawn 1s capable of rapidly changing its color to green, brown,
and red, which happen to be preclsely the colors of the group of
marine algae inhabiting the shallow zone of the ocean. 1In fact,
they are even so named: green, brown, and red algae.

The regularity in the depth distribution of these algae has
long been a subject of inquiry. Table 2 indicates the number of
types for the different algae groups found in Kiel Bay at different
depths.

This tiered arrangement holds true in other seas as well. As
indicated by investigations, it 1is related to the varylng depth-
specific spectral composition of the sunlight. The green algae
inhabit the uppermost level where there 1ls still red 1light to be
actively absorbed by the chlorophyll a. In the same manner as
ground plants, they make the best use for photosynthetic activity
of the blue light and also of radiation at a wavelength of 640-65C
nm. In the red and brown algae maximum assimlilation occurs in
the blue and green regions of the spectrum.

Table 2
Ijepth, m T_.‘ipes of algae
green brown red
0—2 30 11 i
= 10 15 18
18—25 ) _ 5 7

For adaptation to one or another spectral light composition
4t specific depths, algae (Just as many other plants, for that
matter) develop a pigment-plastid system which ensures the most
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efficient utilization of the light. The green algae contain a
definite amount of chlorophylls a and b. Chlorophyll a provides
the best absorption of red light, and chlorophyll b of light in
the shortwave reglon of the spectrum. The pigment-plastid ratio
changes as a function of the prevailing light in the underwater
{llumination mix, and there is a simultaneous change in the
coloring of the algae themselves. The latter take on a comple-
mentary color with respect to the light which is best used by the
plant for the purpose of photosynthesis.

The prawn Hippolite varians acquires a different color, in
accordance with the algae color at different depths, only by day;
at night, regardless of 1ts daytime color, it assumes a beautiful
transparent blue shade.

This then 1s na‘ure's solutlon to the baffling problem of
camouflage adapted to a changeable background as affected by vary-
ing conditions of natural illumination.

The Sea Lives — The Sea Glows

In the summer of 1968 the "Chernomor" /Black Sea/ underwater
laboratory was set up on the floor of Golubaya 4§1ug7 Bay near the
city of Novorossiysk. Several crews, operating in shifts, carried
out underwater observations according to a variety of programs.
The hydrooptical program, specifically, called for the oceanauts
to carry out night excurslons from thelr underwater laboratory.

As the men mcved through the black water blulsh sparks flashed
around them. Any chance rotary motion of the arm resulted in a
glowing clrcle. The source of these falrly brilliant flashes was
found to be tiny single-cell flagellate organisms - night-glowers
(Noctiluca miliaris). They measure 0.2-2 mm in size.

Sea-glow 1s also the work, however, of many other small
inhabitants of the water - planktonlc prawns, shrimps, and
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mollusks. But the prime contritutor to sea-glow 1s above all the
plankton. There 1s a hypothesls to the effect that Columbus
mistook the flickering of large clusters of some kind of tropical
Polychaeta for light signals being sent from an unknown shore. He
described these signals as being like the light of an alternately
raised and lowered candle. Columbus saw these mysterious flashes
at about 10:00 pm on the 12th of October 1492. . Historians who
have studied the ship's records cf the "Santa Maria" have concluded
that during the observations of the "light signals" the Genoan

was some 80-85 miles from Watling Island and, thus, could not at
thils distance have made out the light of a candle.

At the same time, natural scientists have drawn attention
to the fact that in these locallties, during the final phase of
the Moon, glowworms regularly rise to the surface of the sea.
The Moon happened also to be 1ﬁ ité final quarter on 12 October 1492
- what Columbus saw was probably the glow of these worms.

That these flashes are quite intense and can be seen at con-
slderable distances 1s demonstrated by the following example. No
more than slx miniature euphausid prawns placed in a glass Jar
emit ehough light for a man with good vision to read a newspaper by.

Organic phosphorescence may be intracsllular or extracellular.
The first kind is encountered with greater frequency and 1s proper
to masses of single-cell organisms and bacteria. In the higher
crustacedns and fish 1t is concentrated in special orgar: -
photophores. Extracellular phosphorescence 1s found, for example,
in certain squid and shrimp which eject a glowing mucous in the
manner of a screen.

At the present tine blochemists have established that

rhosphorescence 1s mainly brought about through the oxidatlon of
luciferase (a substance similar to vitamin K) by luciferin (a

174



-

protein with high molecular weight). Both these substances are
contained in special cells of the organisms. he physical nature
of the phenomenon 1is also understood, the name for it being bilo-
luminescence or living cold 1light. In biolumlinescence the energy
of the chemical reaction causing the glow 1is almost totally con-
verted into light with no heat losses. Luminescence efficlency
exceeds 90%.

Earlier theories sought to explain sea-glow by invoking the
gleam of phosphorous in the sea (whence the concept "phosphores-
cence of the sea"). There was also a hypothesis to the effect
that the water would release the sunlight stored up during the

daylight hours of the day. According to still arother, "mechanical,"

viewpolint the light was emitted by salt molecules rubbting against
water molecules.

A mechanical effect by certain stimull 1s required to trigger
the luminescence of these organisms. Such stimull may include the
motion of the water, friction against air bubbles, and contact
with allen, especlally moving, objects. Only in the case of fish
and certaln higher crustaceans and mollusks 1s luminescence
caused by neuro-hormonal activity. It is also worthwhile noting
that the light of bacteria alone 1s independent of external stimu-
lation.

Thus, the glowing of the sea is a manilifestation of bio-
luminescence representing the aggregate of the bioluminescent
flashes of marine organisms. Most of the time such bioluminescent
signals are very weak and their detection requires'extremely
sensitive receivers of light energy - photoelectron multipliers.
Even at very close range the human eye 1s barely able to perceive
these signals. On the other hand, there are cases when marine
phosphorescence may be clearly visible even at considerable
distances.
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In an article by an Italian researcher L. Cappuro "Ocean-
ography From Space" (Bolletino di Geofisica Teorica ed Applicata,
9, No. 33, 1967), quoting the US astronaut S. Carpenter, the
assertion 1s made that in troplcal waters the glowlng wake of a
large vessel may be seen from an altitude of 100-200 km.

Luminescence increases if the sea surface -1s 1rradiated with
light pulses. The American researcher Nashiba, using a xenon
pulse lamp, discovered that as a result of the optical stimulation
of the glowling organisms the level of bilolumlinescence increased
a thousand times. Even visual observations have provided scme idea
of the enormous scale of thls phenomenoun, which embraces vast
bodies of water and virtualily all latitudes. During the voyage of
the ship "Beagle," while off the coasts of South America, Charles
Darwin wrote: "...a fresh rreeze was blowing and the entire
surface of the sea, which by day was covered wilth foam, was now
gleaming with a white light. Ahead of the prow two waves rcse up

as from liquld phosphorous, and behind it stretched a milky wake..'."

What Darwin was observing was the phosphorescence of the sea in
troplecal latitudes. The following 1s an entry written by K. S.
Badigin, Captain of the 1icebreaker "Sedov," while adrift in the
central Arctic Ocean: "A south wind is raising waves in the clear
water between the ice. The waves are licking our floe, When they
recede, a greenish phosphorescent glow is left behind on the
HIEEl e 202

Occasionally sea-glow cccurs 1in the form of strange strips or
clrcles. This is so-called fipured i{uminescence. Seamen ot
merchant vessels who have observed 1t recount that they were gripped
by a feellng of fear as tihe glistening bands and wheels moved

'ch, parvin /Darwin/. Sobr. soch. /Collected Works/, Vol. 1,
Skp. 1898 (in Russian). _ -

2¥. S. Badigin. Vo 1'dakh Arktiki /Amid The Ice Of The Arti§7.
M.=L., Izd-vo Glavsevmorputl, 1951,
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over the surface of the night sea. One of the authors had the
opportunity, near Hodelda in the Red Sea, of observing four phnos-

AT,

phorescent strips connected at a single point and somewhat
reminiscent of faint searchlight rays slowly turning in a counter- {

clockwise direction. This observation had to be broken off when
the Moon emerged from behind the clouds which had hitherto been
obscuring ict.

JEs TP

An explanation for flgured luminescence was recently found i
by the German oceanologist K. Kalle. After analyzing mecre than
two thousand observatlons of this kind he concluded that the cause
of flgured luminescence lies in the flashing, near .the sea surface,
of tiny organisms startled by the shock waves which arise with the
shifts and movement of layers on the ocean floor. These shock
waves are transmitted into the mass of the water, so that on the
surface, where the luminescent brgénisms gather, the result 1s a
kind of interference pattern. If the selsmlc sources on the sea
bed change thelr position, this pattern is activated.

Strictly speaking, sea-glow is understood to mean the increased
brightness of the sea surface brought about by the 1light of marine
organisms congregating in the near-surface layer of the water.
However, bicluminescence has also been observed actually within
the sea 1tself. We have already mentioned the experilences of the
oceanauts of the "Chernomor." From the underwater laboratory
"Carribean 1," set up in July of 1966 on the floor of Rincén-de-
Guanaba Bay not far from Havana, oceanauts were also able to
observe bloluminescence. Writing in his diary, Miguel Montanes
noted: "I cbserved the life of the sea by night over an extended
periocd. Countless small flashes of fire were springingup all over.

. Stellar and lunar 1llumination cannot penetrate a 20-meter layer of

water. The sole source of natural light at these depths at night
is the plankton mass. From time tc time some unknown phosphorescent
fish would swim by in this spectral light...!."

'A. A. Chernov. Gomo akvatikus /Homo Aquaticus/. "Molodaya
gvardiya," 1968.
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To date, however, underwater laboratories have been put into
service only at relatively shallow depths. It is true, neverthe-
less, that even at considerably greater depths investigators have
seen luminescent animals with their own eyes. In a pioneer project,
William Beebe, taking a bathyscaphe to a depth of 923 m, reported
on the presence of glowlng animal 1ife. This researcher even took
a number of unique photographs, fiiming the luminescent creatures
in their own natural light.

Professor August Piccard reached the floor of the Mediterranean
in the bathyscaphe "Triest," attaining a depth of 1080 m. "We
switch off the light and all around there is total darkness. I
approach the porthole: some kind of gleaming point, like a shooting
star, cuts across my field of vision. Living matter! Is it a plant
or an animal? 1In thls kind of darkness no true plants could exist.
We frequently encounter phosphorescent animals, traveling along
sometimes in groups and sometimes alone... and then we again plunge
into the impenetrable gloom.!"

The genuine revolution In the study of bioluminescence began,
however, only after sclentists began to measure 1t using bathy-
photometers. These instruments, equipped with particularly sensitive
vacuum-type photomultipliers, record the faintest flux of light,
down to even a few quanta per second. Bathyphotometers made their
first appearance only ten or twelve years ago, but since then
they have been employed to carry out extensive 1lnvestigations in
the Atlantic, Pacific, and Indlan oceans to depths of 2000 m.

These studles were summarized at the Second International Congress
of Oceanography in Moscow in 1966: bioluminescence is characteris-
tic throughout the entire volume of the ocean and 1is unquestionably
a permanently operative factor in marine optics and in the ecology
of marine organisms.

Ao, Piccard. Ibidem.
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The first Soviet instrumentation investigatlons of bilolumines-
cence were condueted under the supervision of Professor 1. I.
Gitel'zon in the Pacific Ocean in 1961 from the scientific-research
vessel "Vityaz'." Giltel'zon noted that on bathyphotogram record-
ings the bloluminescent flashes, which show up in the form of pulses,
form a dense flow that often merges into a single whole. 1In this
way, bloluminescence should be regarded not as some rare phenomenon
or occurrence sporadically recorded by a bathyphotometer suspended
somewhere under water, but as iInformation regarding unceasing

biological processes 1In the sea.

The form of the light signal of individual organisms has also
peen studied under laboratory conditlions using flow-through phcto-
metric apparatus. Investigators have noted a nonuniform distribu-
tion in the depth of the bioluminescent flashes, with the
maximum number of flashes observed at depths of 50-100 m (several
hundred per minute). As was later discovered, it 1is precisely at
these depths in the surveyed region of the Paciflc that clusters of
luminescent plankton forms are encountered. At certain depth
levels only a few flashes (less than ten per minute) were recorded,

or none at all.

Thus, at the very beginning of instrumental bioluminescence
research the massive character and significance of this phenomenon
from the standpoint of marine optics became obvicus. 1t is curious
that the maxirmum bloluminescent signals recorded by Gitel'zon amount
to 9.6'10"2 microwatt/cmz, which exceeds the maximum 1illuminance
created by a full Moon on the surface of the sea (H.S'lo"?
microwatt/cm2). It naturally follows, therefore, that in the total
illuminance balance for any level in a sea water mass, along with
an estimation of astronomical light external with respect to the
sea (Sun, Moon, stars), the sea's natural light - bloluminescerce

- must also be taken intec account.
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Gitel'zon distinguishes three light zones in the ocean:

1) " 0-200 m - a zone of daytime solar and nighttime mixed
(astronomical and bioluminescent) glow;

2) 200-700 m - a zone of daytime solar and nighttime bio-
luminescent glow; '

3) below 700 m - a zone of bioluminescent glow alone.

Laboratory studies of the spectral composition of the light
radiated by phosphorescent marine organisms indicate that their
entire emission falls within the 400-700-nm band and is maximum
in the 480-520-nm wavelength interval. The reader will recall
that it is precisely in this spectral interval that one finds the
maximum transmittance value for transparent ocean water. Naturally,
therefore, the light signals emitted by these organisms pass easlly
through the volume of ocean water; and thls 1is probably not a
chance effect, but the result of & long evolutionary process in
the animal world. We might also add that the light effleciency cf
bloluminescence is extraordinarily high.

Some 1dea of the light efficiency of bioluminescence may be
obtalned by comparing its spectral composition with the spectral
sensitivity distribution of the recelver. In highly organlzed
organisms the eyes function as the radiation receiver. However,
the visual properties of the inhablitants of the sea have not yet
been adequately studied, and one can only conjecture that the
spectral sensitivity of thelr eyes 1s tuned to the emission of the
Sun, that is, 1s close to the spectral sensitivity of the human eye.

By comparing the luminescence sbectrum of a mﬁrine organism
with its luminescence spectrum corrected for the visibility
curve, we obtain the ligh%t efficiency of the radiation. The
closer the maximum radiation to the apex of the visibility curve,
the greater the light efficlency of the radiation. In certain fire-
flies whose radiation maximum (562 nm) is close to the visibility
curve apex the light efficiency of radiation is 92%.
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In this way, the light efficlency of biloluminescence far

exceeds the efficiency of all known electrical and thermal sources
of light.

The biological meaning of bloluminescence i1s still not entirely
clear. In some organisms it performs a signal function, preoviding
a means of communication between individuals of the same speciles.
Other organisms employ thelr luminescence to attract their prey or
frighten away predators. In a number o cases, blolumlinescence
appears to be used for illumination. Thus, in certalnrn deep-water
fish the light-bearing organs (photophores) are of very advanced
deslgn, possessing lenses, reflectors, and even colored filters.

Tne biological significance of bacterial phosphorescence is
altogether unclear.

In recent times there has been helightened interest in blo-
luminescence. From the point of view of bionics, bloluminescence
represents an example of a lémp with an extremely high legree c¢f
light efficiency accompanied by very low energy expenditure. The
study of bioluminescence has great practical importance.

Our account of the sea-glow phenomenon will probably be incom-
plete unless we make mention of one more effect. In the twentties
of the present century the Indlan scientist K. Ramanathan called
attention to the faint greenish glow of sea water when irradiated
by ultraviolet light. Careful analysis disclosed that this glow
derives from the presence In the sea water of so-called fluorescent
substances of organic and lnorganic origin. The phenomenon of
fluorescence, long familiar to physiecists, consists in the ability
of certain sutstances to glow, that is, to emit visible light when
irradiated by ultraviolet 1light of shorter wavelength. This
emission, moreover, ceases at once immediately following the
discontinuance of the irradiation. In shallow inland seas
fluorescence affects the visible color of the sea, givine it
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an additional greenish cast. The fluorescent effect is particular-

ly conspicuous in the coloration of the sea following a storm in
the areas closer in toward the shore, this being related to the
stirring up cof the fluorescent particles contained in the fine
silty deposits of the bottom. A curious point is that fluorescent
substances are also present in petroleum. Recently, marine
geologists, equipped with aqualungs and sources of ultraviolet
radiation invisible to the eye (or, as the professionals say,
"black 1light"), have been conducting intensive searches for oil
outlets in the shelf region.

Ultraviolet lamps have also won favor with archeologists, who
guide themselves by the characteristic greenish glov to detect
the wrecks of ancient wooden ships, and even with criminologists.
English illumination engineers maintain that because of the
fluorescence of human skin it is more advisable to search for the
bodies of drowning victims at night than by day. The specialists
have shown that the range of detection of drowned persons, using
ultraviolet lamp irradiation, is eight times greater at night
than during the day.

We might alsc add that in more recent time fluorescent sub-
stances - rhodamine and fluorescein - have come into wide use in
studies of turbulent diffusion in the ocean. These agents offer
many advantages over nonfluorescent dyes. Specifically, they are
completely harmless to man and to the inhabitants of the deep.
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CONCLUSION

With every passing year the range of questions engaging the
attention of hydrooptics grows larger. This expanded problem area
will inevitably lead to new trends and new directions. Even today
one of these new trends has already taken dlstinct form - optics
of the night sea (nocturnal marine optics) - a 'scientific disci-
pline which owes 1its origin in large measure to the rapidly
evolving needs of marine biology.

The role of moonlight penetrating a body of water 1s still
unclear. By examining the laws governing the propagation of such
celestial 1light in the sea, nighttime marine optics will assuredly
be of assistance in decyphering this scientific enigma.

The enticing effect of light Has long been known to man. In
Vietnam flshermen often bait thelr lines with the luminescent organs
of the squid, which they have previously also snared through the
use of llght. The technique 1s to start a fire on the shore and
then cast on the water a fishing line with a scrap of white cloth.
Usually, it will not be long before a school of squid, attracted
by the 1light, puts In an appearance, and one of thelr numbter -
the most curious - selzes the cloth. The flshermen carefully
pulls In the line and snatches his prey from the sea.

During the "Vityaz'" expeditions in the Pacific and Indian
oceans, weather permitting, with the vessel at anchor for the
night, the blologists would take the occaslon to lower overboard
high-intensity electric lamps. A variety of creatures would be
attracted from the night ocean up into the circle of iight -
flyine fish, anchovies, living-rocket-like squid, and many other
inhabitants of the deep.

Why 1s it that a brilliant light plercing the underwater
mloom will lure fish and marine animals? Several explanations
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have been adv;nced. Nikanorov and Belyayeva, forlexample, explain
the fact that fish and animals can be so lured by thelir exploratory
reflex. ' In some countries, including our own, fishing by electric.
light 1is practiced on an industrial scale.: Drawn by an underwater
lamp arrangement, clusters of sprat aré scooped up by a pump and
spill onto thedeck of the'processing vessel 1in a silvery stream.
The Colélabis saira of the Far East is also caught through the use
of a high-power electric light source.
. ‘ l " !
At the same time, however, fish are also known to exhibit a °
negative reaction to .light. Light shunning eels do their extensive
traveling at :nighttime only. A project has been devised calling
for the stringing of a chain of electric lamps across one of the
stralts connecting the North Sea and the Baltic (the Little Belt)
The idea 1s that the eels migrating from the Baltic, on encounter-
ing the luminous 'obstacle, would rush into a specially\prepared
narrow channel where they could be easilv caught Unfortunately,
because of differences of opinion among the fishing interests
concerned, it has not yet been possible to put this plan into

actual practice. \ 1 |

1
H

. < [ O .
Certain fish are taken with luminescent light - daylight lamps,

as they are commonly called. . ! : |
) !

! 1 , .

In all 1ikelihood, optical investigations of hioluminescence
will enable biophysicists and blochemists to develop new and more ‘'
advanced sources of luminescent 1light, for any glowing substance
is in effect a living miniaturized model of a chemical reactor
with a'very.high Iight‘energy yield..;For bionics .- the science
which studles the feasibility of.technologically‘exploiting living
naturé's best achievements - it uill‘also be interesting to study
light as a means of spatial orientatiun. We have already discussed
how certain species of marine animals use polarized 1ight for

navigational purposes. We might merely add that, to date, engineers’

‘ i
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specializing in optical mechanics can only dream of a polarimeter
capable of determining polarization parameters with the same
accuracy as these animals.

The widening range of problems of concern to marine optics
will inevitably result in the development of new and the improve-
ment of old methods of oceanological research. Soviet hydrooptical
specialists have devised a very promising method for rapidly
measuring a number of optical characteristics from an overhead
aircraft. Special optical equipment installed on the plane 13 used
to determine a major parameter, namely, sea surface brightness.

Concurrently, marine optics 13 also becoming an underwater
sclence, with the experts more and more frequentiy taking thelr
investigations into the depths of the sea itself. In the summer
of 1968 the "Chernomor" submarine laboratory was set up in Golubaya
Bay near Gelendzhik. Five crews, working 5-to-6 day shifts each,
conducted a program of observations from this base. On the upper
deck they installed a device for the measurement of underwater
illuminance, while in a gpecial apparatus they installed another
instrument, called a "hydrospider," to provide readings of the
polarization and brightness of the natural light. This apparatus,
consisting of a buoy with an instrumentation platform and an intri-
cate array of metal lines, was secured to the sea bed some 20-25 m
from the "Chernomor." The buoy was capable of submersicn to any
depth, 1n this way enabling the observers to measure optical
characteristics from the surface to the bottom.

The "Chernomor" experiment was the first of 1ts kind in marine
optics and was a harbinger of the rich prospects held out by
underwater laboratories for the conduct of precise and protracted
underwater measurements. The fact is that to date the vast
majority of hydrooptical readings have been taken from on board
scientific-research shlps subject, as a rule, to wave and ripple
surface disturbance. Obviously, measurement precislon under
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these conditions is less satisfactory than from the rigidly secured
"Chernomor" laboratory. Another factor of great importance 1is
that, by temporarily leaving the lab, an oceanaut 15 free at any
time to check the operation of the instrument packages.

In the summer of 1969 optical research with the "Chernomor"
laboratory was conducted at greater depths. The scientific program
was expanded and diversified.

Whenever optical quantum generators, or lasers, are mentioned
in technical writing, a long list of their "credits" 1is almost
always cited. 1In fact, lasers are employed in a very wide range
of scientific and technological applications. They can be used in
place of the surgeon's scalpel in delicate operations or of the
welding torch in the fusion of metals, for observations of artifi-
cial earth satellites and in mebeorology. The needle-sharp laser
beam has also found extensive application in marine optics. Radio-
waves, as we are aware, propagate poorly in the sea, and for a
long time only acoustical methods were used for underwater communi-
cation. Until the invention of optical quantum generators optical
communication was simply out of the question.

The effective range of the concentrated flow of light emitted
by a laser in an air or, all the more, an airless medium extends
to millions of kilometers. But what distances can the laser beam
cover 1in water? US researchers have reported thet because of the
severe absorption of red 1ight by water the effective ranuge of a
ruby laser with a pulse power of 21C W is no more than 50-60 m.
The ruby laser is obviously unsulted f'or underwater communication.
The situaticn changes, however, in the case of lasers operating
in the more transparent region of the visible-light spectrum.
According to data developed by a team of American specialists,
the ray from a blue-green laser can travel 1200 m in an adqeous
medium. This kind of laser, therefore, offers a genuine possibility
of establishinpg effective underwater optical communications.
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Laser radiation 1s being used today in the creation of extra-
ordinarily sensitive hydrooptical instrumentation. 1In Jerlov's
laborato}y a device has been designed and successfully used for
scattering measurements directly 1n the sea. The American optical
expert Spielhaus, using a laboratory-type instrument in which the
light source 1is a gaseous neon-argon laser, has conducted extensive

readings of light scattering by sea water in the Atlantic and Indian

oceans. Reports have been made of efforts to use speclal-purpcse
optical quantum generators as optical gyrccempasses.

Hydrooptics 1s one of the newest branches of oceanology. Over
the last ten years 1t has made rapld advances. Actually it was
not very long ago at all that all research in the area of marine
optics could ultimately be reduced to otservations of the so-called
transparency of the water by means of the white disk and to se:
color determination by the Forel-Ule scale. Naturally this infor-
mation was inadequate to meet the growing needs of scientific and
rractical applications. This in turn led to the development of
new methods and more advanced methods for the measurement of the
sea's optical parameters. .The continued need to solve a whole
complex of urgent oceanological and hydrobilological problems, as
well as tasks of a purely practical nature, will lnevitably result
In stil1l further significant progress in this vital and fascinatiyug
branch of hydrophysics.
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