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the pink and ivory sunset of a conch shell--but the
vanishing point of distance beneath the water, where
the coral reef ends and the mysteries of the unknown
deeps begin--the illusion, too subtle for color, of
submarine visual infinity--this is not to be whelmed
by man-made brushes nor imprisoned on any terrestrial
dimension," S ' -

V1isS1ibh1 1ty Problems

In this section we shall apply the simple model for ra-
‘diance (14) of Sec. 1.3 to the problem of predicting the vis-
ibility of underwater objects illuminated by natural light
fields and as seen by underwater swimmers. In order to a-
chieve this goal we must take into account not only the geo-
metrical structure of the light field at each depth z, and
its general exponential decrease with depth, but also the 1in-
herent properties of the eyes of the underwater swimmer and
their mode of adaptation to the light levels in the under-
water environs. These rather delicate features of the problem
must be blended with great care in order to achieve a synthe-
sis which is at once readily applicable under rugged field
conditions, and yet accurate enough to make useful and depend-
able predictions.

1.9 Applications of H drolo;ic Optics to Underwater

Such a synthesis has recently been achieved by Duntley
and it is on his results reported in [75] that the present
section is based. Except for minor changes of the text of
[75], in order to insure continuity within the framework of
the present work, the exposition of the use of the nomographs
~1s essentially that given in [75]. Successful experimental
field tests of the theory underlying the simple model are re-
corded in [83]. (See Figs. 1.51, 1.52.) ' '

We observe that the optical properties required for the
application of the nomographs in this section are the volume
"attenuation coefficient a and the diffuse attenuation coeffi-
cient K, so that we require only a Mode III classification of
optical media, as defined in Sec. 1.7, in order to implement
the theoretical results summarized below. These optical prop-
erties may be measured simultaneously by means of a water

clarity meter designed and developed at the Visibility Labor-
atory of the Scripps Institution of Oceanography [7] and which
has been in use now for several years by the U.S. Oceanograph-
ic Office. - a '

Introduction to the Nomographs

_ The limiting range at which a swimmer can sight any
‘specified underwater object can be calculated from o and K if
"sufficient information is available concerning the nature of
the object, its lighting, its background, and the visual char-
acteristics of the observer. Consider, for example, the two
underwater photographs shown in Fig. 1.81. In part (a) of the
figure the camera is looking steeply downward through twenty



- - -

FIG. 1.81 Parts (a) and (b) illustrate the effect of dis-
tance on the apparent contrast of a swimmer against his back-
ground. The nomographs below give a quantitative means for
predicting and describing the visibility of the swimmer for
various parts of his underwater environs. Courtesy of S.4Q.
Duntley
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feet or more of water at a black-suited swimmer close to the
bottom. At short range, as in part (b) of the figure, the
swimmer's suit appears very black compared with the near-
white bottom, but at twenty feet (part (a)) its apparent con-
trast is low; only the nearest fish and kelp leaves appear
"black'. At a slightly greater camera distance the swimmer
would not be seen in the photograph because of insufficient
apparent contrast. The greatest distance at which the swim-
mer can be seen by his companion, the photographer, may be
calculated by means of the nomographlc charts presented in

- this section. - .

The nomographic charts in this Section can be applied
to nearly every underwater viewing task if adequate input
data concerning the object, its lighting, and its background
are available. The applications discussed and illustrated in
this section are visual tasks for whlch adequate input data
are readily available. - -

The main body of this section is concerned with the pre-
diction of sighting ranges along paths of sight which are in-
- ¢lined downward, and the nomographs are designed especially
for this case. The visibility of flat, horizontal, non-glossy
surfaces lying on the bottom or suspended far above the bottom
can be calculated with great accuracy; but three-dimensional
objects, particularly those with rounded surfaces, will be
treated_w1th slightly less certainty until additional develop-
ment work, in progress at the time of the present writing,
has been completed. Accordingly, sightings of complex sur-
faces and sightings along upward-looking paths of sight are
not treated per se 1n the present set of nomographs. -

A. Seleotion of the'Proper Chart
A.l Introduation  o -

The detectlon capabilities of any swimmer depend upon
~the level of light to which his eyes are adapted. This, 1in
turn, depends upon the quantity of natural illumination on
the surface of the sea, the depth of the SW1mmer, and the
clarity of the water. - '

We shall present nomographlc charts for nine adaptation
conditions covering the entire range of light levels at which
the human eye can operate, a range which extends from bright-
est day to darkest night. The first step in any visibility
calculation is to ascertain the adaptation luminance to which
‘the swimmer will be exposed and to select the approprlate
chart.

A.2 Natural IZZumznatzon

The Bureau of Shlps, U S. Navy, has made a comprehen-
sive study of natural illumination on the surface of the
sea and has published an unclassified handbook-type report en-
titled "Natural Illumination Charts', (Ref. [35]) from which
the illuminance in lumens per square foot (i.e., '""footcandles')
~can be found for any location on earth at any time of day on
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any day in any year. A summary page from that report is re-
produced as Figure 1.12. By means of this figure the illumi-
nation on the surface of the sea can be found if the altitude
of the sun and type of sky is known. '

A3 Effect of Depth and Water Clarity

If the illuminance on any fully exposed upward-facing
horizontal surface is measured at various depths in any uni-
form stratum of sea water, we have seen (in (7) of Sec. 1.2,
and (7) of Sec. 1.4) that, to a useful approximation, the il-
lumination level decreases exponentially with depth. Graphs

- of the exponential law, constructed especially for the pur-

poses of the present section, are given in Figures 1.82, 1.83.
The slopes of the straight lines are measured by the various
values of the diffuse attenuation coefficient K, which is de-
fined by the equation ' , ' -

o _ -Kz

E, = Eje y (1)
where Eg is the downward illuminance at the top of the uni-
form stratum, z is depth within the stratum, and E; is the
downward illuminance at depth z. Strictly, this equation re-
lates to monochromatic light only, as shown in (7) of Sec.
1.4, but it is a sufficient approximation to illuminance data
for the practical purposes of this section.

If the measured value of K is the same from the sea sur-
~face to the target, z may be taken as the depth of the swim-
mer and the iliuminance at his depth determined by multiply-
ing the illuminance at the sea-surface (from Figure 1.12) by
the appropriate factor read from Figure 1.82.

'Stratified Water

If the water above the target is composed of two or
more layers having different values of K, it will be neces-
sary to use the appropriate straight line in Figure 1.82 or
1.83 to obtain the factor for calculating the illuminance at
the bottom of the first layer and use this value as the il-
lumination incident on the top of the second layer, and so on
until the level of the swimmer is reached. In other words,
Figure 1.82 is used to determine factors for each successive
layer, and the product of these factors is multiplied by the
1lluminance at the surface of the sea in order to obtain the
illuminance at the depth of the swimmer. -

- The assumption of an average or weighted-average K for
the entire distance from sea-surface to swimmer is often a
sufficient approximation for the calculation of adaptation
luminance and the subsequent selection of the proper nomo-
graphic chart. Even in extreme cases the use of a single K is
often sufficient for this purpose. ' -

Effect of Sea-state
~ Sea-state, i.e., wave conditions, have no significant

‘effect on underwater visibility tasks except near the surface,
where small waves and ripples may cause the water to be filled
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with a rapidly moving ensemble of dancing beams of sunlight
‘and where large waves may cause noticeable lighting fluctua-
tions due to the effectively variable depth of the swimmer
(cf., discussions on subsurface refractive phenomena in Sec.
1.2). When the sun is within 5 degrees of the horizon,
slightly more sunlight penetrates the water surface when it is
rough than when it is calm, as described in the discussions
of Table 3, Sec. 1.2, but the effect is ordinarily negligible
in terms of visibility by swimmers. .

- Examples

On a certain cloudless sunny morning the illuminance at

a point 40 feet beneath the surface in the entrance channel
of a harbor was found by measurement to be 176 lumens/ft? and
K at this depth was measured as 0.0943 per foot. A deck-cell
showed the illuminance on the surface of the water to be 7600
~ lumens/ft*?. Reference to Figure 1.82 or insertion of these

numbers 1in Equation (1) yields a predicted illuminance of 175
lumens/ft%, in excellent agreement with the measured value. A
diver reported that no major stratification was observable
above 40 feet. = o R -

-~ Half an hour earlier, however, the diver had reported a
dense cloud of organic material between depths 10 and 15 feet.
The surface illuminance at that time was 5200 lumens/ft? and
K at 40 feet was 0.0943 per foot. The illuminance at 40 feet
predicted from these numbers is 120 lumens/ft?, but measure-
ment disclosed only 90 lumens/ft?. Obviously the cloudy stra-
tum between 10 and 15 feet had lowered the illuminance at 40
feet by 30 lumens/ft?, and it would have been necessary to
know K for this stratum in order to correct for its presence.

-~ A.4 AdaptationiLeveZ_"f

If the swimmer were just above a perfectly reflecting
white bottom he would be adapted to a luminance level (expres-
sed 1n foot-lamberts) numerically equal to the illuminance at
- his depth. 1If, however, he is in water so deep that the bot-

~tom produces no influence on the light-field he will see,
when looking straight down, a luminance numerically equal to
approximately 1/50 of the illuminance from above (see para-
graph B.7 below). Thus, if the illuminance on the top of the
swimmer is 100 lumens/ft? he will observe an adaptation lumi-
nance of 2 foot-lamberts when looking straight down.

~ Inclination Factor

- If the swimmer looks along an inclined path rather than
straight down he will see an adaptation luminance which 1s
greater by an amount known as the inelination factor. This
factor depends upon depth and the downward direction in which
he looks, as shown by the small graphs in the lower left cor-
ner of Figure 1.84. For example, if the swimmer is at a depth
9/K (i.e., 90 feet if K = 0.1 per foot) and looks downward in
~a direction having a zenith angle of 120 degrees in the azi-
muth of the sun he will observe approximately twice as much
~luminance as if his path of sight were straight down. In
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terms of the numerical example in the preceding paragraph, his
adaptation luminance 1is 2x2 = 4 foot-lamberts. The theoreti-
cal basis for the inclination factor is (68) of Sec. 1.4.

'Bottom Influence

- If the swimmer is near the bottom, his adaptation may
be affected, depending (i) on how greatly the bottom differs
in reflectance from 1/50, (ii) on the clarity of the water,
and (1i1) upon its distance from the swimmer. Generally
speaking, dark mud bottoms have little or no effect on adap-
tation and light-colored bottoms have negligible influence
when the sighting range is the order of 3/K or greater. Even
at a sighting range of only one diffuse attenuation length
1/K, few bottoms are white enough to affect the swimmer's

.'adaptatlon significantly. Generally speaking, therefore, the
- influence of the bottom upon adaptation can be neglected in

calculating visibility by swimmers. It should be noted, how-
ever, that the reflectance of the bottom may have a major
effect on the inherent contrast of the object and, therefore,
upon its visibility, as discussed in Section B.2 below.

A.S5 CaZcuZation'of Addptafion:Luminanee

The forego1ng discussion can be summarized and. illus-

trated by concrete examples: let it be required to find the
adaptation luminance for a swimmer 60 feet beneath the sur-

face of deep water characterized by a diffuse attenuation co-

efficient K of 0.10 per foot, or 0.328 per meter which, as we
have seen in Tables 7 and 8 of Sec. 1.6, is on the order of
K-values found in clear lake water. It is also a value typi-
cal of coastal water. Let it be assumed that the sun 1is 16.8
degrees above the horizontal plane on a clear sunny day.

Reference to Figure 1.12 shows that the illuminance on
the sea-surface is 2000 lumens/ft2 ~ Inspection of the line
marked K = 0.10 per foot in Figure 1.82 shows that the hori-
zontal plane containing the swimmer receives 2.5 x 10~ 3% as
much downward light as does the sea-surface, or 2000 x 2.5 X
10-° = 5 lumens/ft2 -

If the swimmer looks straight downward his adaptatlon
luminance will be 5 X 1/50 = 0.1 foot-lamberts if there is no
bottom influence.

~ If the swimmer looks along a downward slant path haV1ng
a zenith angle of 110 degrees in a plane at right angles to
the azimuth of the sun, the inclination factor graph in Fig.
1.84 shows that his adaptation luminance is 2.5 times greater
than if he looks straight down. Along this inclined path of
sight the swimmer's adaptation luminance is, therefore,
0.10 x 2,5 = 0.25 foot-lamberts. The user of Figure 1.84
should verify that the ''across sun' curve is applicable by
noting that the depth (60 feet) of the swimmer is 6/K, since
K= 0.10 per foot, and that this depth lies between limits
specified in the figure. - '

Had the solar elevation been 65 degrees, Figure 1.12
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shows that the illumination at the sea-surface would have
been 10,000 lumens/ft? and the adaptation luminances of the
swimmer at 60 feet would, therefore, have been five times
higher; 1.e., 0.50.foot~1amberts when looking straight down
and 1.25 foot-lamberts when looking at right angles to the
azimuth of the sun along a downward path of 51ght haV1ng a
zenlth angle of 110 degrees._ .

A.6 Chart Selection

_ Paragraph B below (in Figs. 1.89-1.106) contains nine
pairs of nomographic charts, each palr representing a decimal

value of adaptatlon lumlnance as follows: 1000, 100, 10, 1,
10“‘, 1074, 1073, 10°*, 103 foot lamberts. One member of a

palr 1s for low clarlty, the other for high clarity water.

After the adaptation luminance of the swimmer has been calcu-
lated the chart closest to this level is selected. If the
adaptation luminance is not close to any decimal value, sight-
ing range for the visual target should be calculated by means

- of charts for higher and lower light levels respectively 1in '

order to bracket the desired answer and provide for interpo-
lation between these sighting ranges.

B. Using the Nomographs
--B.l.-_Intraductian  o

Once the adaptation luminance for the swimmer has been
determined and the proper nomographic chart selected, sight-
'ing ranges can be predicted. The calculation procedures are
slightly different for each type of visual task and, there-
fore, they will be discussed separately. The basic nomo-
graphs are given in Figs. 1.89-1,106. However, for illustra-
tive purposes, two charts have been excised from that group
and appear in.Figs.-1.84 and 1.85. This 1s the low-clarity,
high-clarity pair for 10! foot- lambert adaptation.

__B.Z Objects on the Bottom

The nomographlc v151b111ty charts can be used to calcu-
late the sighting range of flat, horlzontal objects of unifom
:reflectance lylng on the bottom -

Object Slze and Shape

. ‘The size of the obJect is measured by its area, expres-
sed in square feet; the shape of the object is unlmportant un-
less 1t 1is an extremely'elongated form (10:1 or greater) and
unless adaptation luminance is 10 foot-lambherts or greater.
Even in such unusual cases the effect of object shape on
_ 51ght1ng range 1s usually small -

Vertlcal Path of Sight

Slghtlng range calculatlons are simplest when the path
of sight 1s vertlcally downward - Each nomograph requires
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five items of input data: target area, target reflectance,
bottom reflectance, the volume attenuation coefficient a, and
the diffuse attenuation coefficient K. The coefficients a
and K must be for the water between the swimmer and the tar-
get | | |

The vertical scales on the nomographs are labeled

"a-K cos 6'". (The use of a minus sign here, relative to the
use of a plus sign in Sec. 1.3 wherein the theory of the sim-
ple radiance model was developed, is to facilitate the direc-
tion specifications by the swimmer. In other words we adopt
~here field luminances and the swimmer-centered direction con-
~vention.) A downward vertical path of sight has a zenith an-
gle 6 = 180 degrees, and cos 180 = -1. A point representing
- the sum of a and K, expressed in reC1proca1 feet, 1s marked
on the left vertical scales. - -

-~ The right vertical scales of the nomographs are labeled
'"target reflectance minus bottom reflectance'". The algebraic
sign of this difference is of no importance; if the bottom 1s
more reflective than the target the d1fference will, of
- course, be a negative number; disregard the negatlve sign and

~plot the magnitude of the difference on the right vertical =
scale. Reflectance must be expressed as a decimal; i.e., as
0.06, not as six percent. Bottom reflectance should be meas-
ured at the sea-bottom with great care to avoid disturbing
any fine silt which may be present. Bottom samples cannot be
brought to the surface for measurement without disturbing the
material sufficiently to alter its reflectance. Target re-
flectance may be measured at the sea-bottom or on ship-board
by means of a technlque descrlbed in paragraph B.5S of this
section, - . .

The curved 11nes wh1ch cover the upper right corner of
the nomographic visibility charts represent visual threshold
data for the target area with which each curve is identified.
(The refractive effect of the swimmer's flat face-plate has
been allowed for in constructing these nomographs.) Curves
representing decimal values of target area are marked accord-
'ingly. Intermediate unmarked curves refer respectively to 2,
4, 6, and 8 times the decimal value except in those cases
when only a single line appears between decimal curves; in
this case the unmarked curve related to 5 times the decimal

value. -

Speetal Charts for Water of Low-clarity. Two series of
nine nomographic charts are presented below. In the first
serles, the scales have been optimized for use in clear oce-
‘anic and coastal waters where sighting ranges of 20 feet to
100 feet or more often occur. The second series of charts
are designed for waters of poor to medium clarity where
sighting ranges of 1 foot to 20 feet or more prevail. Either
series of charts may he used for any problem hav1ng input
~data within the range of its scales, but experience will evemn

Eually 1nd1cate WhICh chart 15 ‘best suited for any given prob-
em.

f ' Sighting Range dalculationa,'CZear Water. To calculate
sighting range, connect the appropriate points on the left
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and right vertical scales by a straight line and note its 1in-
tersection with the curve corresponding to the area of the
target. From this intersection proceed vertically to the
sighting range scale. The following numerical example will
illustrate this procedure with the aid of Flgure 1.84. Errata

Let the following input data be assumed:

Adaptation luminance = 10°' foot-lamberts

Target: flat; horizontal; on the bottom
"Target area = 10 square feet

Target reflectance = 0.080; non- glossy

Bottom reflectance = 0.030

Volume attenuation coefficient = a = 0.073 per foot
Diffuse attenuation coeff1c1ent = K 0.027 per foot

- From these data, (recalllng that paths of sight at pres-
ent are vertical) a + K = 0,100, and target reflectance minus
bottom reflectance is 0.050. The solid line drawn on Figure

EErrata1 84 1ntersects the curve marked '"10 square feet'" at the ver-
tical line denoting a sighting range of 47.6 feet. The same
line drawn on Figure 1.84 indicates that a swimmer looking
straight down under the assumed conditions can sight a 0.1
square foot object at 43 feet, an object of 1 square foot at
46 feet, and all objects of area 100 square feet or more when
he 1s 48.5 feet or less from ‘the botton.

Stghting Range Calculatzons,,Low clarzty Water. The
same example may be solved by means of the low-clarity chart Errata
(Figure 1.85) and correspondlng 51ght1ng ranges obtained, but
with far less precision. . . o

In an hypothetlcal water of lesser clar1ty, character-
ized by a = 0.43 per foot and K = 0.17 per foot, the sum a+K
is 0.60 per foot. If all other input data remain unchanged
the high- clarity nomograph (Figure 1.84) cannot readily be
used because its left vertical scale goes only to 0.14., Ac-
tually, this chart can be adapted by extending the left ver-
tical scale linearly downward to 0.60 and constructing a di-
agonal line from that point to 0.05 on the right vertical '
scale, but such a procedure is unnecessary because the low-

Errataclarity nomograph (Figure 1. 85) is available. The straight

line drawn on that figure indicates by its intersection with

- the lower-most curve that flat horizontal objects of all
sizes greater than 1 square foot can be seen by a swimmer
looking straight down under the assumed conditions when he is
8 feet or less from the bottom. The same line shows by other
intersections, that he must descend to within 7.5 feet of the
bottom to see an object 10-% - square feet in area and_ to 5.5
feet from the bottom before a t1ny obJect of area 10 % square

feet can be seen.

Inclined Paths of Slght |

. The nomographlc v151b111ty charts can be used for the
calculation of sighting range along inclined paths of sight.
Three additional items of input data are necessary: (1) the
‘approximate az1muth of the path of 51ght relative to the sun,
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(2) the depth of the swimmer expressed in units of 1/K and
(3) the zenith angle of the path of sight.

The first two items of data are used to estimate the in-
crease 1in adaptation luminance associated with the inclined
path. This is accomplished by means of the inelination fac-
tor curves in the lower left corner of Figure 1.84. (Identi-
cal curves appear on all of the nomographic visibility charts)
A continuation of the numerical example begun 1n the preceding
section will illustrate this step: -

Let the follow1ng input information be assumed:

(1) Azimuth of’the path of sight: at right ‘angles
to the azimuth of the sun, i.e., the path of 51ght 1s ''across
sun'', -
(2)' Depth of swimmer = 2.7/K. This would be the
case if his depth is 100 feet and K = 0.027. The depth,
2.7/K, falls within the range for WhICh the '"across sun''curve
applles

(3) Zenith angle of the path of sight = 120 de-
rees. .

Effect of Zenzth AngZe on Adaptatton. Reference to the
''across sun'" inclination factor graph discloses that the in-
clination factor for this zenith angle is 1.9. This means
that the adaptation luminance is 1.9 times as great as that
experienced by the swimmer when looking vertically downward;
i.e., 1.9 x 10°! = 0.19 foot-lamberts. Since this adaptatlon
- luminance falls between the nomograms for 1 and 10°! foot-
lamberts, both charts should be used in order to bracket the
sighting range. The effect of adaptation on sighting range
will be discussed further in a later part of this section and
1llustrated by Figure 1.86.

Effeet of Zenith Angle on Left Vertical Scale. The ze-
nith angle of the path of sight (120 degrees) affects the val-

ue plotted on the left vertical scale of the nomograph:
~a-K cos &6 = 0.43 - (0.17)(-0.50) = 0.51 .

(A table of cosines is avaiiable in Table 7 of Sec. 12.1) Use

- the relation cos 6 -cos (180-6) for 6 in the range
90=06 =180.

Effeet of Zenith Angle on Effective Area. The effec-
tive area of the object depends on the observer's line of
sight; thus A cos (180-6) = 10 x 0.50 = 5 square feet. In-
spection of the curves in Figure 1.85 shows that, in this
~case, no sighting range will be lost by the foreshortening be-
cause all targets having an effective area g¢greater than 1

square foot are visually detectable at the same distance un-
der the conditions assumed in this numerlcal example.

Effeet of Inclination Factor on Right WVertical Scale.
The inclination factor affects the value plotted on the
right vertical scale as follows: the difference between tar-
get reflectance and bottom reflectance must be divided by the
1nc11nat10n factor before the number is plotted. Thus,
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(0.050/1.9) = 0.026. The inclination factor curves which ap -
pear on each chart have been plotted on an inverted logarith-
mic scale having the same modulus as the right vertical scale
of the nomograph in order that the division can be accom-
plished graphically. Draftsman's dividers can conveniently
be used for this purpose: measure downward from the top bor-
der of the figure to the inclination factor curve and trans-
fer this setting to the right vertical scale of the nomograph,
using it to reduce the plotted value of target reflectance
minus bottom reflectance. ' - '

- Calculation of the Sighting Range. The broken line on
Figure 1.85 shows that the sighting range would be 8.1 feet
for the inclined path if the adaptation luminance was 107!
foot-lamberts. Since, as shown above, the adaptation lumi-
nance is 1.9 x 10! foot-lamberts a minor correction to the

sighting range should be made in the following manner:

Effect of Adaptation on Sighting Range. Since the lu-
minance to which the swimmer's eyes are adapted is 0.19 foot-
lamberts, an interpolation should be made between the sight-
- 1ing range 9.1 feet indicated by the nomograph for 1 foot-lam-
~bert and the sighting range 8.2 feet indicated by the nomo-
graph for 10°' foot-lambert. By linear arithmetic interpola-
tion, 8.2 + (9.1-8.2)(1.9 x 10~!) = 8.4 feet. This value
compares with the sighting range of 8.5 feet found by the
graphical interpolation provided by Figure 1.86, which illus-
trates the effect of adaptation on sighting range in this il-
lustrative example. Figure 1.86 has been prepared by assum-
1ng successively all decimal values of adaptation luminance
and plotting the resulting sighting ranges given by the en-
‘tire series of nomographic charts.* Linear arithmetic inter-
polation of sighting range between adjacent decimal levels of
adaptation luminance suffices for the needs of most problems.

Implicatian of the S£ght£hg Rdnge. Although'thé sight-

- ing range for the inclined path (8.5 feet) happens to be only

slightly longer than the sighting range for the vertical case,
1t should be recognized that the swimmer must be within 4.25

feet of the bottom in order to see the target at this inclin-
ation angle. . I - . .

' B.3 The Secehi Disk

- The underwater sighting range of a flat horizontal sur-
face of uniform reflectance, suspended in (optically) deep
water, e.g., a Secchi Disk, can be calculated by means of the
nomographic visibility charts. Ordinarily, Secchi Disk read-
ings are obtained by an observer above the surface of the sea

*The discontinuity in curve slope at about 4.4 x 10~* foot-

~lamberts results from a change from central fixation to avert-
ed vision on the part of the swimmer, in order to achieve max-
imum sighting range in the dim light; this change of fixation
1s built into the nomographs. o - - - -
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who must look downward through the surface (see the analysis
of the Secchi Disk theory in Sec. 1.4). Sky reflection and
complex refractive effects resulting from water waves greatly
complicate the interpretation of the greatest depth at which
the disk can be seen. If, however, a swimmer lowers a Secchi
Disk beneath him and observes its disappearance, the sighting
range can be predicted by means of the nomographic visibility
charts if o and K are known. Conversely, the observed sight-
ing range can be inserted in the nomograph in order to find
‘the sum of the attenuation coefficients, a+K.

~ Let it be assumed that the water is so deep beneath the
disk that the bottom has no significant effect upon the 1light
field. The nomographs are so constructed that they will cor-
rectly predict the sighting range of the disk if the right
vertical scale of the nomograph is imagined to be labeled
"Secchi Disk reflectance minus 0.02". All other details of
‘the calculation are identical with those described in the pre-
Cceding paragraphs of this section which deal with objects on
the sea-bottom. Attention is called, however, to subJect mat-
ter of Sectlon B 7, entitled '""The Ry, Correctlon".

B.4 Target Markingse"

~ The preceding paragraphs of this section have dealt
with the sighting ranges of the whole target. It 1is some-
times required to calculate the 51ght1ng ranges of certain de-
tails or markings on a target. This is readily accomplished
by means of the nomographic visibility charts. The only mod-
ifications of the procedure described in the preceding para-
graphs are (i) to imagine the right vertical scale to be la-
‘beled '"reflectance of marking-reflectance of target', and (ii)
to use the curve which applles to the ‘area of the marklng

_.B.S The Measurement of Target Reflectance

, -~ The reflectance of painted surfaces differ, often mar-
"kedly, when dry and when wet. The values of target reflect-
ance required for use in the nomographic visibility charts

- are those which would be measured by a water-filled reflect-
ometer submerged with the target. This submerged reflectance
differs from reflectances measured by conventional laboratory
reflectometers even i1f the painted surface 1s wet. -

Target reflectance may be measured at the sea-bottom,
or, with greater convenience, it may be measured on ship-
board by means of a technique developed by the Visibility
Laboratory of the University of California (San Diego) and
described in [82]. Excerpts from that report have been as-
sembled ‘and are reproduced in Fig. 1.87.

B.6 Horzzontal Pathe of Szght

- The V151b111ty nomographs can be used for calculatlng
s1ght1ng ranges along horizontal paths of sight provided the
inherent contrast of the object against its horizontal water
background is known. Such contrasts are determinable in any
of several ways. For example, one may use 1rrad1ance _
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- FIG. 1.87 Graphical means of determining the reflectance
‘Rg of a submerged surface given its wet reflectance. The -
technique involves wetting the sample with a thin film of wat-
er, irradiating it with a beam at 45°, and viewing it normally,
say with a conventional refractometer. This determines the
abscissa of the graph. The associated ordinate yields Ro.
This scheme was designed by Duntley, and the plotted points
are the results of his experimental check of the graph.

distributions of the kind shown in Figs. 1.25, 1.26, for the
general class of medium (specified by Mode III of Sec. 1.7)
under study. Such irradiance distributions are also readily
made from radiance distributions obhtained via a Mode IB clas-
sification of media. Finally, one may use the simple radiance

- model of Sec. 1.3 to provide such estimates.

- ‘For the calculation of horizontal sighting ranges, the

- right vertical scale should be imagined to be labeled "inher-

- ent contrast * 50". Thus an inherent contrast of *1 plots at
the point marked 0.02 on the right vertical scale. '

- For horizontal paths Of sight the-zenith angle 6 = 90
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degrees and, since cos 90 = 0, the left vertical scale in-
volves only the volume attenuation coefficient a. The areas
associated with the curved lines on the nomograph refer to

the prOJected area of the target as seen from the p031t1on of
the swimmer. - - - -

Sighting ranges are calculated by connecting the right
and left vertical scales with a straight line, and reading
the 51ght1ng range from the scale division directly above the
intersection of this line with the curve which applies to the
‘target area. When the nomographic charts are used in this
manner for horizontal sighting range calculations no approxi-
mations are involved so that neither of the corrections des-
cribed in the next two sections of this report are required.

B.7 The Ry, Correction

- In nearly all optically deep natural waters and at all
‘depths approximately 50 times more illuminance reaches any
horizontal plane from above than from below. The ratio of
the 1lluminance from below ta the illuminance from above 1is

- denoted by the symbol "R,'". This notation implies that the
(optically) infinite deep water beneath any horizontal plane
in the sea could be replaced, for optical purposes, by a sur-
face of reflectance Re,. This quantity is often measured by
means of two photoelectric cells mounted back-to-back and
facing upward and downward respectively.

Because Re, = 0.02 for most natural waters of moderate
to high clarity, the nomographic visibility charts have this
- value built into their scales. If R, is known to be different
than 0.02 in any specific instance, this information can be
entered in the calculation by dividing the value of ''target
reflectance - bottom reflectance'" by 50 R, before plotting the
point on the right vertical scale of the nomograph - Alterna-
tively, the '""Reo CORRECTION'" scale printed on the nomograph can
be used to apply a correction after the point has been plotted
but before the line is drawn across the chart. Draftsman's
dividers are a convenient tool for this purpose: set one leg
of the dividers at the circled point on the "R, CORRECTION"

scale and adjust the other leg to the known value of R,.
- Transfer this setting to the right vertical scale, maintaining
the direction of the correction indicated by the "R CORREC-
TION" scale; i.e., the plotted point on the right_vertical

scale is moved downward when R, exceeds 0.02, and upward when
R, is less than 0.02. . B

B. 8 Correctton of the Saghtzng Range

The nomographic visibility charts involve certain alge-
“braic approximations which may lead to invalid sighting rang-
es when the indicated value of sighting range is short and
when the reflectance of the bottom departs markedly from 0.02.
Figure 1.88 is provided as a means for testing any indicated

- sighting range for error and indicating the needed correction.

The following numer1ca1 example will 111ustrate the use of
Plgure 1.88. . . ,

A 51ght1ng range of 4 feet is 1nd1cated by the
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‘nomographic visibility chart when:

Adaptation luminance is 10-! foot-lamberts
Target area = 10-° square feet

a-K cos 6 = 0,50

Bottom reflectance = 0.10

Inclination factor = 2 ' .

‘Target reflectance - bottom reflectance = 0,010

o Since the sighting range is short and the reflectance
~of the bottom departs markedly from 0.02, the predicted sight-
ing range should be tested and corrected by means of Figure

1.88 as follows: S ' '

. On the vertical scale of Figure 1.88, labeled ''sighting
range x (a-K cos 6)" enter the data 4 x 0.5 = 2, On the hor-
1zontal scale labeled "bottom reflectance/inclination factor"
enter the data 0.10/2 = 0.05. These entries locate a point
on Figure 1.88 which falls close to the curve marked "0.83".
- The factor 0.83 is to be applied to the value of 'target re-
flectance - bottom reflectance'". Thus, 0.010 x 0.83= 0.0083.
If this corrected value is plotted on the right vertical
scale on the nomographic visibility chart the corrected sight-
ing range is 3.72 feet. . ' . '

Except in extreme cases the corrected sighting range
will differ but little from the uncorrected value. In most
cases the point on Figure 1.88 will plot above the highest
curve, indicating thereby that no correction is required.

- Like the nomographic visibility charts, Figure 1.88 has
been constructed with the assumption that R, = 0.02. If R_
1s known to differ from this value this information can easily
- be 1inserted in the correction process by dividing the value
- of “bottom reflectance/inclination factor" by 50 R, before
plotting the point on Figure 1.85. Thus, in the foregoing ex-
ample 1f R, = 0.0154, the horizontal coordinate of the point
- on Figure 1.85 is 0.050/(50 x 0.0154) = 0.065, and the cor-
- rection factor is 0.77 rather than the value 0.83 obtained
'before the insertion of the R, information, and the new cor-
~rected sighting range is 3.60 feet. ' -
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C. Interpretation of_Sighting'Range
C.1 Introduction

- The sighting ranges calculated by means of the nomo-
graphic visibility charts are the limiting distances at which
a swimmer will be aware of seeing the object. It is assumed
that he is fully familiar with the underwater environment,
well acquainted with the objects for which he looks, and pos-
sessed of perfect vision. It is not assumed, however, that
~his training has included a lengthy special tralnlng perlod
devoted to maximizing hlS ability to produce long s1ght1ng

ranges. |
It is ‘assumed that the swimmer.knows.the direction in
which to look and that he expects to see the visual target.

In other words, the swimmer is not required to search his vis-
ual field and there is no problem of vigilance.

The above described interpretation of "sighting range”
1S indicated on the nomographic visibility charts by the in-
scription "field factor 2.4'". This notation, meaningful only
to specialists in visibility calculations, implies that nomo-

graphic charts can be constructed to depict other levels of
observer performance, i.e., other values of '"field factor".

A general discussion of visual search, field factors, and ob-
server characteristics is out of place in this work, but three
common effects will be dlscussed 1n simplified form in the fok

lowing paragraphs.

_C.Z_ Effect ofﬂLack'of‘Warning

When an underwater object is encountered by a swimmer

without warning, the sighting range will be somewhat shorter
than otherwise. This is to say that unexpected objects will

be less well detected initially than will those whose exis-

tence is known and whose appearance is expected. This effect
is independent of training, experience, or visual capability.

Its effect upon the sighting range can be allowed for by di-
viding the value of 'target reflectance minus bottom reflec-

tance'" by 1.2 before entering the right vertical scale of the
nomographlc charts.

C.3 Effeet of Observer Training |

- Extensive practice in sighting underwater targets at
limiting distances will enable good observers to exceed slight-
ly the normal sighting range. A correction for the effect of
training can be made by multiplying the value of ''target re-
flectance - bottom reflectance'" by a training factor between
l and 2 before entering the right vertical scale of the nomo-
graphic charts. A training factor of 1.0 represents the usual
capability of experienced swimmers who are fully familiar with
the underwater environment and are well acquainted with the
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object for which they look; this value (unity) should ordi-
narily be used. If an experienced swimmer is considered to
be unusually good at underwater sightings a training factor
of 1.2 is recommended.® Laboratory experience indicates that
only after many thousands of careful attempts to achieve
sightings at maximum range can even the most experienced per-
sonnel achieve a training factor of 2. -

C.4 Effect of Observer Visual Capability

. "All human eyes are not created equal with respect to
their capability to detect underwater objects at limiting
range; this is not a matter of training but represents subtle
physiological differences between men which are beyond detec-
tion by ordinary eye-examinations. The nomographic charts '
have been drawn to represent the performance of average ''per-
fect" young eyes. Some estimate of the effect on sighting
range of the spread in visual capability within the popula-
tion of "perfect'" observers can be obtained by successively
doubling and halving the value of '"target reflectance minus

- bottom reflectance' before enterlng the right vertical scale
of the nomographic chart .

D. Visualization of Water Clarity
D.1 Introduction

The clarity of natural waters can be V1suallzed directly
in terms of the attenuation coefficients a and K on the basis
of experience gained through the use of the nomographic visi-

bility charts. It will be found that most objects can be
sighted at 4 to 5 times the distance 1/(a~K cos 8) unless the
adaptation level is low; exceptions to this rough rule-of-
thumb are common but they can easily be categorized. Alter-
natively, a convenient conceptualization of the appearance of
any underwater environment can be obtained from 1/a and 1/K.

D.2 Estimation of Sighting Range

The rough rule-of-thumb stated in the preceding para-
graph is illustrated by the examples in paragraph B.2 of this
section. In the first (clear water) case 1/(a-K cos 8) =
1/0.10 = 10 feet and the vertical sighting range of the large
(10 square feet) object is 48 feet, or 4.8 times 1/(a-K cos®9).
In the second (low-clarity water) case 1/(a-K cos 6)= 1/0.60
= 1,67 feet, and the vertical sighting range of the same tar-
get is 8.0 feet, or 4.8 times 1/(a-K cos 8). -

*It will be recognized that the factor 1/1.2 for lack of warn-
ing and the training factor 1.2 cancel; thus the nomographic
~charts as drawn apply without correction to the case of the
‘experienced, highly tralned sw1mmer who comes upon ohjects

“without warning.
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The value 4.8 is not universal; it will be altered by
changing target size, adaptation luminance, zenith angle, tar-
get reflectance, etc. For example, it was noted in paragraph
B.2 that in the low-clarity water the vertical sighting range
of a small target 10-? square feet in area is 5.5 feet or 3.3
times 1/(a-K cos 68). If, however, the reflectance of the ori-
ginal 10 square foot visual target had been 0.330 (instead of
the value 0.080 assumed in paragraph B.2), thus forming a
high inherent contrast with the dark (0.030) bottom, 1its ver-
tical sighting range is found to be 11.0 feet or 6.6 times
1/(a-K cos 6). In summary, small values of target size or
low. values of adaptation luminance (or both) will produce
- sighting ranges shorter than 4 times 1/(a-K cos 8) whereas
high values of "target reflectance minus bottom reflectance”
make large objects visually detectable at ranges in excess of
5 times 1/(a-K cos 8). t

An important and common special case is that of large
dark objects viewed horizontally. In this case 1/(a-K cos 8)=
= 1/a, since cos 90° = 0, and the sighting range will be ap-
groximately 4 times 1/a unless the adaptation luminance is
oW, - -

D.3 Estimation'of‘Adaptatian Luminance

. Inspection of Figure 1.12 will enable convenient order-
of-magnitude values of illuminance on the surface of the sea
to be noted for, say, noon and sunset, clear and cloudy. _
Translation of these values to the approximate illuminance at
the depth of the swimmer is often facilitated by noting that
the illuminance, and, therefore, the adaptation luminance 1s
reduced by a factor of 1/10 for each (1n 10)/K of depth.
Figures 1.82 and 1.83 provide convenient illustrations of
this concept. ' -

D.4 Estimation of a and K

. In some, but by no means all, waters the distance 2.3/K
is about 50% greater than the distance 4/a; i.e., about 6/a;
thus the natural illuminance (and the adaptation level) may
decrease by a factor of 1/10 for each unit of depth equal to
1.5 times the horizontal distance at which a swimmer can see a
large dark object at high light levels. If measured values
of « and K are not available, these constants can be esti-
‘mated by means of the relations a =4/d and K = 1.5/d, where d
is the horizontal sighting range for large dark objects at
high 1light levels. The estimate of a is more reliable than
the estimate of K. Rules of thumb such as these can be given
~a better basis after more extensive Mode III classifications
of natural hydrosols have been made (cf. Sec. 1.7; see also
(11)-(13) of Sec. 10.8). ' - -

D.5 Characterization of Natural Waters

For purposes of easy visua1ization, it is possible for
natural waters to be characterized by the distances 4/a and
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2.3/K, though the numbers 1/a, and 1/K can do just as well.
In the clearest known natural waters® these distances 4/a
and 2.3/K are believed to be less than 230 feet and 340 feet
respectively. In the first numerical example given in para-
graph B.2 the distances were found to be 4/a = 55 feet and
2.3/K = 85 feet; in the second, 4/a = 9.3 feet and 2.3/K =
13.5 feet. ' _

<< Table of Contents - << Title Page >> Next Page >>

1.10 Applications of Hydrologic Optics to the Food-Chain
’rOtlem in the Sea. |

In this section we shall discuss, from the point of
view of radiative transfer theory, the problem of food-chain
relations in the ocean. The theory of food-chain relations
attempts to describe, in quantitative terms, the distribution
in time and space, within a given oceanic region, of the food
supply of the main animal populations of that region. The
food supply is an essentially self-sustaining collection of
biological organisms, inorganic matter, and radiant energy.
Aside from radiant energy, the chain consists principally of
the following four links: nutrients (e.g., phosphate), phy-
toplankton, herbivores, and predators. This set of interact-
ing organisms is arranged so that each item in the list con-
stitutes the food of the next item in the 1list, and in this

"sense forms a food-chain in an oceanic region. This food-
chain 1is initiated and sustained by solar radiant energy pene-
trating into the sea. The radiant energy sustains the photo-
synthesis within the phytoplankton and the life processes of
the herbivores and predators. Furthermore, the continued de-
composition into nutrient material of each of the last three
links in the chain also contributes to its maintenance. Thus,
any complete theory of food-chain relations in the ocean must
take into explicit account, among other things, the role of
radiant energy in the food-chain relations. A survey of the
present state of the theory (ref. [265]) indicates that the

- systematic inclusion of radiant energy terms into the food-

chain relation has been avoided because of the additional dif-
ficulties attendant on such an inclusion in an already complex
theory. In the present discussion, it will be shown how the
general inclusion of radiant energy terms into the descrip-
tion of the food-chain relations can be carried out in such a
way that the attendant increase in the complexity of the the-

ory will not render the result altogether impracticable. Fur-
thermore, it will be shown that the resultant formulationmns

point to some novel, detailed descriptions of the depth dis-
tributions of the light field in a region containing the mem-
bers of the food-chain. By doing so, the main purpose of the
‘discussion will be fulfilled, namely, to round out the clas-
sical Volterra prey-predator equations [309] which describe

_a-# 0;017“per_foot = 0.056 per meter
K = 0.0067 per foot
= 0.022 per meter at 480 millimicrons

Compare this o with that in Table 1 of Sec. 1.6.

*Probable values:
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