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Instrumentation for the Measurement of the Underwater Lightfield

and the Determination of the Optical Properties of the Sea

In the application of radiometry to light measurements in.the sea there
are five important parameters which must be always kept in mind.
1. The directional distribution of the light being measured.
2. The bandwidth, or wavelength range included in the measurement.
3. The state of polgrization of the radiation.
4. The magnitude of the radiant quantity measured, and
5. The direction of propogation of the radiant quantity being measured.
The measurement of some optical properties like the attenuation coefficienﬂ,
and the volume scattering function requires artificial light which is strictly
limited in its distribution, i.e., a collimated beam of light. Other cuantities
like irradiance, or spherical irradiance, and optical properties like the diffuse
attenuation function K are determined for the light field as it exists in
nature. Directional distributybon is therefore under the control of the
experiﬁentalist only to the e¥tent that in building instrumentation he must conform

to the strict requirements of the defined auantities.

Bandwidth, on the other hand, is left almost entirely to the discretion of
the experimentalist. The selection of bandwidth has been a vexing problem
because it is not always clear what bandwidth should be used for a specific
application. Even when known, it is often difficult to obtain phototube-filter
combinations that will duplicate a desired bandwidth. Added to these difficulties
is the fact that ocean water itseif limits bandwidthlzand in great depths may
entirely control the bandwidth associated with the measurement. Current thought
with respect to the seleciion of bandwidth is divided according to the requirements

of individual problems.
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The physical approach to the selection of bandwidth is to adopt a
monochromatic criterion. Monochromatic measurements are the most generally
useful since, once available, they can be applied to a variety of problems.

A second approach to bandwidth selection has been to match the instrumentél

bandwidth with the acceptance spectra or utilization spectra of the organism

or image forming system being studied. The recent discovery of the accessory pigment815
effect ;n thg photosynthetic action of certain plankton species has emphasiged
the importance of this approach.

A third approach to bandwidth seiection has been the use of a broadband
sharp cut-off filter which limits the bandwidth of the instrument to that region
of the spectrum Qhere the attenuation coefficients of the water are known to
be lowest. Near-surface measurements can in this way be made to correspond
closely in bandwidth to the d;ep measurements,

The state of polarization of the'flux in the underwater light field is
of course related to the state of polarization of the flux from the sky and to
the.subseqqut scattering effects in the water. Recent measurements by Ivanoff
and Watenn;ﬁ6of the amount and direction of polarized light underwater indicate
that polarization exists at considerable depth and should be given proper
consideration in the design of instruments. Of the remaining two parameters,
magnitude and direction, a word should be said about magnitude. In light méa-
surements in the sea, instrument readings are related to radiant flux by a factor
composed of circﬁit constants, which are generally designed to remain constant,
plus an optical coupling factor which must remain constant for all aspects'of the
light field,

For an irradiance collector, for example, the optical coupling is stated by the

cosine law.

IO = I0 cos @



SIO Ref. 60-24 - , -3 -

A collector plate with an error that becomes progressively worse as ©
increases,will not yield readings which are directly proportional to irradiance
for all sun angles because the direct rays from the sun, which would be the
major determinant in the magnitude of the irradiance will be weighted differently
at different angles., Similarly a spherical collector will not yield readings
directly proportional the spherical irradiance for all light fields if the optical
coupling factor is not a constant for every aspect of the sphere;

Opticai equipment should obviously be carefully designed and tested to
insure a constant coupling between collector and detector.

The physical quantities and properties which are most important for the
optical documentation of the sea and of the underwater light field are reviewed

below.

Radiance distribution ° N(Z,0,%)
Attenuation coefficient =
Volume scattering function <I—ZO)
Irradiance

Scalar irradiance

Diffuse attenuation function
Distribution function

Reflectance function

P W O = - =

Absorption coefficient
Total scattering coefficient

[¢:]

Path fuhcﬁion

3
*Z

Beam transmittance

)

The first three can be regarded as having primary importance since the remaining
nine can be derived from them.13 However, in the determination of these latter
nine properties it is sometimes more convenient to meke direct measurements and

considerable attention has been given to specialized instrumentation for this

purpose,
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Radiance Distribution

The early exploratory measurements of radiance distribution underwater
were made with instruments that were simple but ingenious and well designed for

detecting the major features of radiance distribution underwater. The work of

& .

e

Pettersséﬁ?and Johnson and Liljequi;% ié of particular interest since it repre-
sents one of the major advances in the optical exploration of the ocean and |
focused attention on radiance distribution as an important parameter in
optical oceanography.

The existance of "characteristic diffuse"light (or asymptotic radiance
distribution) was deduced from these early measurements. A limited amount of
data was also obtained on.the influence of the light field above the water surface
and the rate of change of radiance with depth.

- Complete radiance distribution data for lake water under clear sunny and
overcast lighting conditions was obtained at several depths by Tyler in 1957.6

These data are, of course, characteristic of optically identical water
under the same lighting conditions any where in the world.

The instrumentation used by Tyler 1s shown in Figures 8 and 9. This
instrument employs a gyrosyn compass for agimuth position information and a
servo mechanism with positive propeller drive to maintain the azimuth position of
the instrument underwater to better than ib. The zenith angle is controlled by
means of a synchronous motor and event marks which appear on a synchronously
driven strip chart along with the data., The angular field is 6.60, obtained by
means of a Gershun tube. The instrument has a dual measuring head with two
RCA 931-A multiplier phototubes each coupled to an amplifier with output propor-

tional to the logarithm of the flux input.
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A series of interesting studies has been made recently by Sasakilgon the
influence of sky 1ighting and depth on the radiance distribution in a horizontal
plane. The instrument used by Sasaki'is shown in Figure 11. This instrument
employs a remotely indicated magnetic compass for azimuth position information.
No azimuth control is provided and evidenily is not necessary since the readings

are taken at fixed angles from the comﬂﬁss heading which is always known.
¥

The maximum radiance reading locates the vertical plane containing the sun,
The angular field of view of the instrument is lO°, obtained by means of an i
optical system, and the flux is recorded by means of an RCA 931-A multiplier

phototube and a microammeter. The zenith angle is fixed at 900.

The instrument shown in Figure 12 was developed by Ivanoffléand has been
used by him for measurements of the polarization of underwater light. The
instrument is also capable of radiance measﬁrements in the horizontal plane
and is of interest because of its simplicity and low cost. The instrument uses
a Westaphot rhotocell connected‘to a galvanometer., Flux from the horizontal
direction is directed to the cell by means of a mirror which scans the azimuth

continuously. Azimuth position stability depends on a rudder.

Used for radiance measurements the continuous scan will generally record
radiance as a wave form, the maximum of which would locate the vertical plane
containing the sun. The length of the waveform would establish the equivalent

o

of 360 in azimuth and the phase difference between two successive waveforms

would be indicative of the stability of the azimuth position,

The zenith angle of observation of this instrument is also fixed at 900.
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Measurements of radiance distribution in the meridional plane have
recently been made by Jerlov and Fukudzein the stratified waters of
Gullmar Fjord. In this work the instrument was guided into the water along
a taut wire which also served to maintain a fixed azimuth orientation of the
measuring head. The resolving power of the instrument was 7.00. The near-

surface experimental measurements are compared with computed results based

on a simple theory that neglects multiple scattering.
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iAttenuation Coefficient’

Instruments for measuring the transmittance of a fixed path length of
water have been in use in oceanography for a long time. Some of these
instruments have undoubtedly come close to ylelding the attenuation coefficient
as -defined in the section on theory, others have not. Rather than describe
specific instruments we will put down here the essential optical characteristics
of an ol meter, ] |

The basiec principle of an O meter is contained in the equation

oy

Since transmittance (T) is obtained from the ratio of an air reading to

a water reading it is important to utilize a beam of light which is not

. adversely affected by a change in index of refraftion along its lengtﬁ; A

suitable optical system is shown in Figure 13.

In this system the beam is cylindrically restricted to a constant cross
section by imaging the field stop at the photocell with a magnification of
one between the aperture stop and the image of the field stop. A change in
index of refraction between the windows will under these circumstances cause
a change in flux distribution on the surface of the detector but if the latter
has uniform sensitivity over its surface, or constant coupling, no error

will result.

The lamp must deliver a steady flux output during the measurement period and
should be run on regulated voltage. Voltage control of the light output is not
desirable because the flux output of the lamp is a function of the temperature of

the container which may be quite different in water than in air. Probably the



© ..SI0 Ref. 60-24 LY - 8-

most satisfactory method for controlling the light output is to provide another

photocell near the lamp which monitors its flux output directly.

The inherent errors associated with the measurement of O( have been
discussed by Wills and Jones20 and by Preisendorfer21. The major sources of
’error are perturbation of the light field as a result of the pree;ence of the
instrument and forward scattered light within the beam (which is unwanted).
Preisendorfer has estimated that for a one meter instrument with a 1 cm diameter

beam of light the error due to perturbation is: 0.3% when it is used in water

having o< = .402/m and (o = 1.92/meter steradian.

An <X meter of advanced design for oceanographic work is in use by the
Institute of Oceanology of the Academy of Scilences, U.S.S.R.22 The optical system
of this 1 meter instrument is shown in Figureli. The vacuum phototube (6)
monitors the flux oitput from the lamp (l); Not shown is the modulator which
modulates the direct beam ;md dlso the comparison beam. The two pulsating
signals thus obtained are campared by means of a balance circult and their ratio
is plotted on an EPP-09 (Russian) strip chart recorder. This o< -meter has
calibration filters as well as color filters (16) which can be introduced into the
beam from a remote control staticn. The instrument is built to withstand depths
up to 200 meters and in addition has a s ample tube that fits between the windows
(9) and (10), which can be used for the measurement of samples taken at greater

depths,
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A great deal of specialized information is available in the literature
on the variability of the total attenuation coefficient, o , with location,
depth, wavelength, time and other parameters. Fig. lha gives the wavelength

o) 1
variability of distilled water after Dawson and Hulburt,h Hulburt& and

L2
Curcio and Petty.
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Volume Scattering Functions and Total Scattering Coefficient

The measurement of the volume scattering function is difficult. From
equation 16 it can be seen that the measurement requires volume calibration as
a function of angle:'as well as a determination of input irradiance. Because of
the difficulties associated with these calibrations and perhaps because of a lack
of interest in the real magnitude of the volume scattering function, there have

been very few instruments specifically developed for this measurement.

Some instruments and technigues which have been described recently are
applicable to the problem of measuring volume scattelling function and these will

be mentioned briefly.

The need for an in-situ type instrument with a controlled sample volume was
recognized by Waldt'am23 who was interested in light scattering in the atmosphere,
Waldram developed a rotating stop which operated to maintain a constant
sample volume as the angle for ( (9) determination was changed. Astop of this
design has been incorporated by Tylerzh in a nephelometer for measurements of the
volume scatterin< function in natural waters. Tyler's instrument shown in
Figure 15 was desirned for in situ measurements and has a cylindrically restricted
beam of detectivity as well as a cylindrically restricted beam of light. Stray
light is controlled by intemally baffled lens shades which can be seen in
Figure 15 and l;y the black trap which forms the background for the beam of
detectivity. Experimental values of directional intensity, i-nput irradiance and
sample volume are used to campute .the volume scattering function between 20o
and 1600. These values can then be integrated to give the total scattering coeffi-

cient (see equation 21), and the forward and backward scattering coefficients,
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More recently Dr. Jerlov39has developed the instrument shown in
Figure 15a for studving the volume scattering function of ocean water.
The detector in this instrument is fixed in a vertical position as shown
in the figure. The lamp assembly can be released to turn slowly around the
point p carrying a series of semicircularly arranged stops with it. These
stopé are designed to maintain a sample volume of fixed size at p. Relative
values of the volume scattering function are obtained at 12 angles from 10°

o
to 165 .
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Measurements of the scaﬁtering of ocean water samples at a fixed angle
have been found useful for cﬁaracterizing waters of various t&pes, and for
studying the particle distfibution inthe ocean. Dr. Jerlovzshas developed the
equipment shown in Figure 17 for this purpose and in his ihvestigations has used
the p;emiée that a direct correlation e xists betwgen his meésurements at:ﬁS?i

from the beam and the total scattering coefficient,

The equipment consists of a modified:géiss turbidity meter and a Pulfrich
photometer set at the désired scattering angle.  The volume of the sample is constant
by virtue of the fact that it is contained in a glass cylinder which is immersed

in water to reduce interface reflection.

Measurements are obtained by visdally matching the scattered light to a
comparison glass illuminated.direqtly by the source. This is done in the split
field.of the Pulfrich photometer. Since the radiance of thé comparison glass is
direcﬁly propoftional to the irradiance input to the sample, the readings can
easily be converted into values of volumevqcattering functionsiat-the specified

angle by calibrating the instrument.

The instrument shown in Figure 17 was'developed by Koslyaninov26 and called
a spectro—hydro nephelometer.. This instrument has two voltage regulated light
sources (S.and 15) one of which (5) irradiates the contained sample (1), the
other irrédiates a "milk" glass compénent. (12,13,14,17) Sy meanis of the knife-
edge mirror (8) and the mechanical atteﬁuating arrangement (16). The scattered
light is Qisually matched in the’spli@ fieldvof ﬁhe eye piece with the radiance
of the.milk glass, The écattefiﬁg angle is changed by rotating the lamp asseﬁbly
(5) around the vertical axis marked 6. Data is thained.fran 1° to 150° and can

be‘converted-to values of the volume scattering functions by calibration procedures.
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The instrument is equipped with six narrow band filters (10) and is used as

well for X measurements by rotating the lamp 5 assembly to the position € = Oo.

Figure 17a gives the volume scattering function for three samples of commer-
cially available "distilled" water together with the computed values of the total
scattering coefficients (Tylerhs). Figure 17b gives the average of 30 determinations
of the relative volume scattering function obtained between Madeira and

Gibraltor (Jerlov, unpublished).

Many of the design features adopted by Pritchard and Elliott3318 their
Recording Polar Nephelometer for atmospheric measurements could be directly applied
to the problem of measuring volume scattering function in the ocean. Anyone who
is seriously considering the development of instrumentation for this purpose would

do well to consult their paperu,

In addition to these instguments, two interesting proposals have been
advanced for the direct measurement of the total scattering coefficient. The
first by Buettell and Brewer27, who, like Waldram, were working on atmospheric
scattering, proposed a small Lambert emitter as a source which was to be viewed

parallel to its surface at distance h above the surface. Their analysis
demonstrates that when the absorption coefficient of the medium can be neglected
the total scattering coefficient s =27 h N/IO where N is the measured
radiance of the infinite path obserﬁed and IO is the initial intensity of the
plate. Because of the relatively high absorption coefficients of water throughout
the spectrum this method has limited application to the measurement of the
scattering coefficient of sea water.

The second proposal advanced by Tyler,28 utilizes a sample contained in a
water tight glass sphere on a G. E. Spectrophotometer., Using the technique

described the value obtained from the spectrophotometer is the total fradtion of
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scattered light from a collimated beam passing through a fixed volume., From
this information the total scattering coefficient can be computed as a function

of wav?length.

Irradiance

From Equation 3 it can'be seen that in order to measure irradiance it is

necessary to use a device which collects flux according to the cosine law

IO = Io cos ©

Sinee photodetector surfaces do not_collec% flux in this manner, an opticalA
collector must be provided. This usually consists of a diffusing glass or
plastic dise which has been prepared or mounted so as to collect flux in
accordance with the above cosine law. However, diffusing materials differ widely
in their properties, and do not 'in general'behave the same way when submerged

as they do in air. Consequently design specifications are of limited value.
The best procedure is to c?nducﬁ'a practical underwater test of the collecting
properties of a plate as aA}unction of the angle pf.incidence, using an axis
tangent to the front surface'of the plate. .The source of light should be a
uniform field of collimated llght which more than floods the surface being
tested. In this way the plate's properties can be brought to any desired degree

of perfection,

Figure 18 illustrates a flat-plate collector which exhibited a total

error of 2% in irradiance when used to measure a typical underwater light field,
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Diffuse Attenuation Function and Reflectance Function

The measurement of these two propertiés is intimately associated with the
measurement of irradiance (see Equations 38 and 34). Photoelectric instruments
for measuring the downwelling flux and the upwelling flux have been in use at
least since 1922 (Shelford and Gail).3h However, measurements since that time have
not all been made using a diffusing collector and the "extinction coefficients"
obtained can in no sense be substituted for the diffuse attenuation coefficient
as defined herein. In 1938 W.R.G. Atkins7'et. al, recommended the use of
diffusing glass in measurements of "submarine illumination." This important
recommendation makes much of the data published since that time valuable in approxi-
mating the value of K at various locations. Some of the diffusing plates used
since 1938 may not pave collected exactly according to the cosine law, (this
would mean that the value of K obtained was a function of the directional
distribution of the flux in the field as well as of the broperties of the diffuging
plate,) but the diffuse attenuation. - functién', . it will be remembered, is obtained
from the ratio of two values obtained at two depths. The error due to an
imperfect plate thus tends to cancel. If a diffusing plate of some kind was
used, deep data and data taken on overcast days should be quite comparable té

the diffuse atﬁenuation function defined in Equétion 38.

This reasoning does not hold, however, for measurements of the reflection
function or the absorption coefficient. 'The directional distribution inlthe
upper hemisphere underwater is quite different from that in thqﬁlower hemisphere,
see Figure 19, and the proportionality factor which connects irradiance with the .
inétrument reading will be quite different for the two cases thus leaving a
significant residual error in the value of the reflectance function if the collector

is imperfect; v
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An instrument suitable for the determination of the diffuse attenuation

function K and the reflectance function R is shown in Figure 19.

Recently irradiance measuring instruments of advanced design have beén
29
developed by Boden, Kampa, and Snodgrass at Scripps Institution of Oceanography

30

and by Hubbard and Richardson” at Woods Hole Oceanographic institute.

The former instrument employs interference type filters to isolate narrow
spectral bands. Desaturation of the band because of large angles of incidence
is avoided by a collimating tube located between the filter and the irradiance
plate which limits the angle of incidence on the filter to 50. See Figure 20,
The instrument is equipped with a pressure transducer and can withstand pressures
down to 600 meter depth. A series of remotely controlled aperture stops and an
electronic circuit designed to yield readings propdrtional to the logarithm of

the light flux give the instrument a wide range.

The instrument designed by Hubbard and Richardson employs a similar irradiance
collector but the flux is sampled by means of a submersible monochromator shown in
Figure 21. The data obtained is automatically corrected for the spectral
sensitivity of the multiplier phototube as well as for the ﬁonlinear dispersion
of the monochromator. The recorded voltage is therefore directly proportional

" %to the flux per unit wavelength.
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Monochromatic data for the diffuse attenuation function is given in

Table 13, TABLE 13
{
K : _ Location and Source
(Half bandwidth 10 mu) Depth Depth
yza'sém 56 - 159 m ’
400 , 12w |
4,20 .139 .0902/m Lat.39°38¢ N
440 ,133 .,0820 _Lon.68°42' W
4,60 .118 L0749 |
4,80 .115 L0611 = Hubbard "
500 .106 .0527
520 .0995 L0545
54,0 ' 107 .0806
560 .105 | .0852
580 , 2110 .0908
600 .107 .0933
Depth _ Depth
150 - 250 m 122 - 198 m
410 .065
452 .053
470 .051 ' Lat. 32° LO'N
489 | 048~ "~ Lon, 117° 40" W
503 LOL7
54,1 .06l ,
581 | .081 Boden

(Unpublished)
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Scalar Irradiance (Spherical Irradiance)

The use of a spherical diffuse collector for measuring spherical irradiance
was proposed in 1936 by Gershunh. Very little use has been made of this device
in underwater light measurements. In .current theory scalar irradiance is required
for the determination of important optical propertles such as the distribution
functions and the absorption coefficient. Spherical irradiance can also be used
to evaluate the K-functions and in this role has the advantage of beiﬁg
insensitive to tilting - a problem encountered sometimes with a horizontal irra-

diance collector.

1
In 1955 an instrument was described by 'I‘ylér'3 which was used for the
determination of K, R, and D functions in lake waters. This instrument is

shown in Figure 22,
Absorption Coefficient

An instrument for the measurement of the absorption coefficient "a"
of horizontally stratified water has been described by Tyler32. This
instrument is based nn the theoretical work of Preisendorfer , and provides a
direct metﬁod for the determmination of "a" independent of the scattering of the

i

water.

Path Function

No instrument has been developed for the measurement of path function

underwater.,
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The instrument shown in Figure 20 has an accessary sphérioal irra&iancé

- 19 -

4

collector and can be used to determine the absorption coefficient of large

bodies of water;

Values of the reflectance function Ry, s the distribution function D(~) and

D(+), the diffuse attenuation function K(-) and the absorption coefficient a,

conmputed for various depths from Tylérﬁs

‘radiance distribution data, are given

S
in Table 14. The peak wavelengthlfoq this data is 480 mu and the half-band width

64 mu,

Overcast Sky

Depth
Meters

6.1
18.3
30.5
L2.8
55.0

Clear Sunny Sky
L.24
10.4
16,6
29,0
41.3

53.7
66.1

.0221
.0250

.0266
.0279

.0215
.0184
.0204
.0227
.0235
0234
.0190

TABLE 14

D(-)

1.29

1.33

1.33
1.34
1.34

1.247
1.288
1.291
1.313
1.315
1,307
1.308

D(+)

2.7
2.82

2.77
2.79
2.9

2,704
2.727

2,778

2.781
2.757
2,763
2.947

K(-)

_ Per Meter

216
206

.189
.180
.178

.129
153
A7
.169
.165
.158
<154

a
Per Meter

4L
.119
. .123

.115
.118
117
.117
112
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Applications

At the present time there appears to be three broad areas of application

for light measurements in the ocean. These can bé classified under the headings:

1. Descriﬁtive Oceanography and other Geophysical Applications.
2. Photosynthesis and other Biological Phenomena.

3. 1Image Recording Equipment.

1. Descriptive Oceanography and other Geophysical Applications

The fact that certain geophysical features of the ocean are associated
with characteristic optical properties has‘;ed to the use of optical measurements

as a means- for locating and describing these features.

Work of this type was undertaken at least as early as 1943 by Joseph and
3
Wattenberg who developed maps showing regional differences in light transmission

of the Kattegat and of the area west of Lim Fjord,

37
More recently Joseph™ has described specialized instrumentation which he has
used to develop detailed cross sections and maps showing the correlation
between important oceanographic features and the transmittance properties of the
water,
. 25 . . .
Similar work has been done by Jerlov “who has developed particle distribution

cross sections from scattering measurements.

22
Russian oceanographers are also using this technique and Koslyaninov has

" described a section through the North Pacific current by transmittance measurements.
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Equipment of advanced design is being used in the United States for

coastal and harbor surveys.

This equipment called a "Water Clarity Meter"
’l

' 45
was designed by R. W. Austin apd is shown in Figure 24.
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2, Photosynthesis and Other Biological Phenomena

The phytoplankton productivity of various areas of the ocean and the
total standing crop at agy location are intimately associated with the amount
of light available for photosynthesis. It is well known that an increase in
microorganisms is associated with a change in optical properties. Thus it is
tote expected that correla@ion will be found betwéen light measurements and

nutrient concentration, or temperature.

\

3. Image Recording Equipment

In image recording equipment like the human eye,.the camera, or television
apparatus, a prime optical requisite for useful operation is adequate contrast
from the object. The theoretical work of Duntley35and Preisendorfer(loc'Cit')
clearly shows the degenerative effect of the ocean environment on object

contrast as it is seen by such equipment, and provides means' for computing contrast

under specified circumstances.
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APPENDIX

Equations referenced in the text: -

16.

21.

38.

BL'

G = 39
HV
T
s = 2T <rk0)sn10d0
“o
dH = N cos ©@ d JL-
K(Z,t) = - 1 aH (z, )
H(Z,=) az
R(Z,-) = H(Z,+
H Z"'
depth
radiance
irradiance

w = CZ\ 0w < o T = N
”~
©
g

radiant intensity
volume

total scattering coefficient

volume scattering function

diffuse attenuation function

reflection function

-23 -
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Underwater Radiance Photometer.6 The measuring head
with its radiance tubes is on the right, The center
box holds the tilt motor. The left box contains the
gyrosyn compass and propeller-drive motor. The pro-
peller can be seen through a hole in the damping fin

~on the left.

Power supply and control panel for the underwater radiance’
photometer,

(Not used).
19

Drawing of instrument developed by Sasaki™ “for radiance

measurements in the horizontal plane.

Drawing of instrument developed by Ivanoffléfor studles
of polarization of light underwater.

Optical system for measuring o< , the total attenuation
coefficient. (a) Details of the projection system;
(b) Details of the detection system,

Optical system of <X -meter described by Koslyaninov.22

(No caption).

Scattering meter designed by Tylerzhfor in situ
measurements of ((B.

Scattering meter developed by Jerlov (unpublished) for
in situ measurements of (8) .

Scattering meter developed by Jerlov25for contained samples,

Scattering meter developed by Koslyaninov26for contained
samples.

Volume scattering function and total scattering c¢oefficients
for three samples of "distilled" water, for peak
wavelength 522 mp half-band width 56 mp.

Relative volume scattering function obtained by Jerlov
in the North Atlantic near the entrance to the
Mediterranean Sea for peak wavelength 465 mP.

Suggested design for an irradiance collector using a
barrier-layer type photodetector.
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Figure 19

Figure 20

Figure 21

Figure 22

Figure 23

Figure 24
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Distribution of flux from upper and lower hemispheres.
Data shown js for overcast lighting at a depth of 42.8 m
(from Tyler®) lower hemisphere data has been enlarged to
exhibit the difference in shape. For sunny conditions the
difference in shape would bg still more pronounced.

Photocell-type instrument designed by R. W. Austin
(unpublished) for the determination of K and R. This
instrument is equipped with a diffusing plastic sphere
which replaces the upper irradiance plate thus making

it possible to determine the distribution functions

(D) and the absorption coefficient, (a). A pressure
transducer, visible in Fig. 20a, gives accurate depth
determination. A "deck" cell shown in Fig. 20b monitors
the surface lighting. :

2
Instrument developed by Boden, Kampa, and Snodgrass. ?
The irradiance measuring head with amplifier below is
on the right.

Arrangement of the optics in the Hubbard submersible
monochromator. The exit-slit mirror covers the upper
half of the collimating lens so that the incoming flux
passes under it to the prism, Irradiance is measured
by utilizing an irradiance collector in front of the
collimating lens on the left.

Instrument for determining R, K, and D.

The coastal survey meter designed by R. W, #ustin
measures both <4 and K.
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Figure 8

Underwater Hadiance Photometer.” The measurins head with its
radiance tubes is on the rirht, The center box holds the tilt

motor. The left box contains the svrosvn compass and propeller-
irive motor. The npropeller can be seen throu+h a hole in the dampinre
fin on the left, :
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Figure 12

16
Drawing of instrument developed by Ivanoff for studies of polarization
of lieght underwater
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Figure 17

Scattering meter developed by Koslyaninov26 for contained samples
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Suggested design for an irradiance collector using a barrier-layer type photodetector
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ZENITH

Figure 19

Distribution of flux from upper and lower hemispheres. Data shown
is for overcast lighting at a depth of 42.8 m (from Tyler®) lower
hemisphere data has been enlarged to exhibit the difference in shape,

For sunny conditions the difference in share would be still more
pronounced,

g. 19
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Figure 22

Arrangement of the optics in the Hubbard submersible monochromator. The exit-slit mirror
covers the uprer half of the collimating lens so that the incoming flux passes under it to

the prism. Irradiance is measured by utilizing an irradiance collector in front of the
collimating lens on the left.
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Fipgure 24

The coastal survey meter desipned by I, W. Austin measures

both ~{ and K,



