1.9 Applications of Hydrologic Optics to Underwater Visibility Problems

In this section we shall apply the simple model for radiance (14) of Sec. 1.3 to the
problem of predicting the visibility of underwater objects illuminated by natural light
fields and as seen by underwater swimmers. In order to achieve this goal we must take
into account not only the geometrical structure of the light field at each depth z, and its
general exponential decrease with depth, but also the inherent properties of the eyes of
the underwater swimmer and their mode of adaptation to the light levels in the
underwater environs. These rather delicate features of the problem must 'be blended
with great care in order to achieve a synthesis which is at once readily applicable under
rugged field conditions, and yet accurate enough to make useful and dependable
predictions.

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 is essentially that given in [75]. Successful
experimental field tests of the theory underlying the simple model are recorded 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
coefficient K, so that we require only a Mode Il classification of optical media, as
defined in Sec. 1.7, in order to implement the theoretical results summarized below.
These optical properties may be measured simultaneously by means of a water clarity
meter designed and developed at the Visibility Laboratory of the Scripps Institution of
Oceanography [7] and which has been in use now for several years by the U.S.
Oceanographic Office.

Introduction to the Nomographs

The limiting range at which a swimmer can sight any specified underwater object can
be calculated from a and K if sufficient information is available concerning the nature of
the object, its lighting, its background, and the visual characteristics 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
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FIG. 1.81 Parts (a) and (b) illustrate the effect of distance on the apparent
contrast of a swimmer against his background. The nomographs below giVe a
quantitative means for predicting and describing the visibility of the

swimmer for various parts of his under-water environs. Courtesy of S. Q.
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 contrast 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 swimmer can be seen by his companion, the
photographer, may be calculated by means of the nomographic 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 which adequate input data are readily available.
The main body of this section is concerned with the prediction of sighting ranges
along paths of sight which are inclined 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 with
slightly less certainty until additional development work, in progress at the time of the
present writing, has been completed: Accordingly, sightings of complex surfaces and
sightings along upward-looking paths of sight are not treated per se in the present set
of homographs.

A. Selection of the Proper chart

A.1 Introduction
The detection capabilities of any swimmer depend upon the level of light to which his
eyes are adapted. This, in turn, depends upon the quantity of natural illumination on
the surface of the sea, the depth of the swimmer, and the clarity of the water.
We shall present nomographic charts for nine adaptation conditions covering the entire
range of light levels at which the human eye can operate, a range which extends from
brightest 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 appropriate chart.
A.2 Natural lllumination
The Bureau of Ships, U.S. Navy ,.has made a comprehensive study of natural
illumination on the surface of the sea and has published an unclassified handbook-type
report entitled "Natural lllumination Charts", (Ref. "[351) from which the illuminance in
lumens per square foot (i,,e,,," footcandles'1 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 reproduced as Figure
1.12, By means of this figure the illumination on the surface of the sea can be
found if the altitude of the sun and type of sky is known.

A.3 Effect of Depth and Water Clarity

If the illuminance on any fully exposed upward-facing horizontal surface is
measured at various depths in any uniform 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 illumination



level decreases exponentially with depth.. Graphs of the exponential law,
constructed especially for the purposes 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 defined by the equation

E.

Ee-KzO0

where E, is the downward illuminance at the top of the uniform stratum, z is depth
within the stratum, and E; is the downward illuminance at depth z. Strictly, this
equation relates 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 surface to the target, z may be
taken as the depth of the swimmer and the illuminance 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 necessary 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 illumination 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 illuminance at the surface of the sea i, 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 nomographic
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 fluctuations 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 /ft2 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 in Equation (1) yields a predicted illuminance of 17s
lumen s/ft?, in excellent agreement with the measured value. A diver reported that no
major stratification was observable above 40 feet.

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 measurement disclosed only 90 lumens /ft*.

Obviously the cloudy stratum 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 Adaptation Level

If the swimmer were just above a perfectly reflecting white bottom he would be adapted
to a 'luminance level (expressed’in foot-lamberts) numerically equal to the illuminance at
his depth, If, however, he is in water so deep that the bottom 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 paragraph B.7 below). Thus, if
the illuminance on the top of the swimmer is 100 lumens/ ft* he will observe an
adaptation luminance 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 is greater by an amount known as the inclination factor.
This

factor depends upon depth and the downward direction in which he looks, as shown by
the small graphs in the lower left corner 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 azimuth 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
is2x2 =.4 foot-lamberts. The theoretical 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 (i0 on
how greatly the bottom differs in reflectance from 1/50, (ii) on the clarity of the water, and
(iii) upon its distance from the swimmer. Generally speaking, dark mud bottoms have
little or no effect on adaptation 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
adaptation significantly. Generally speaking, therefore, the influence of the bottom upon
adaptation can be neglected in calculating visibility by swimmers. It should be noted,
however, 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.5. Calculation of Adaptation Luminance

The foregoing discussion can be summarized and illustrated by concrete examples: let
it be required to find the adaptation luminance for a swimmer 60 feet beneath the
surface of deep water characterized by a diffuse attenuation coefficient 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 typical of coastal water. Let
it be assumed that the sun is 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
/ft>.  Inspection of the line marked K = 0.10 per foot in Figure 1.82 shows that the
horizontal plane containing the swimmer receives 2.6x 1 0' as much downward light as
does the sea-surface, or 2000 x 2.5 x 10°=5 lumens /ft.

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

If the swimmer looks along a downward slant path having 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,
0.14 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; i.e., 0.50 foot-lamberts 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 sight
having a zenith angle of 110 degrees.

A.6 Chart Selection

Paragraph B below (in Figs. 1.89-1,106) contains nine pairs of nomographic charts,
each pair representing a decimal value of adaptation luminance, as follows: 1000, 100,
10, 1,

14'x, 10-2, 10.-1'.10-4t 10" foot-lamberts. One member of a pair is for low clarity, the
other for high clarity water. After the adaptation luminance of the swimmer has been
calculated the chart closest to this level is selected. If the adaptation luminance is not
close to any decimal value, sighting range for the visual target should be calculated by
means of charts for higher and lower light levels respectively in order to bracket the
desired answer and provide for interpolation between these sighting ranges.

Using the No
Jintroduction



Once the adaptation luminance for the swimmer has been determined and the proper
nomographic chart selected, sighting ranges can be predicted. The calculation
procedures are slightly different for each type 'of visual task and, therefore, they will be
discussed separately. The basic nomographs are given in Figs. 1.89-1:106. However,
for illustrative purposes, two charts have been excised from that group and appear in
Figs. 1,84 and 1.85. This is the low-clarity, high-clarity pair for 10*" foot-lambert
adaptation.

B.2

4b"ects on the Bottom

The nomographic visibility charts can be used to calculate the sighting range of flat,
horizontal objects of uniform reflectance lying on the bottom.

Object Size and Shape

The size of the object is measured by its area, expressed in square feet; the shape of
the object is unimportant unless it is an extremely elongated form (10:1 or greater) and
unless adaptation luminance is 10 foot-lamberts or greater. Even in such unusual cases
the effect bf object shape on sighting range is usually small.

Vertical Path of Sight

Sighting range calculations are simplest when the path of sight is vertically 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 target.

The vertical scales on the homographs 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 simple radiance model was developed, is to facilitate the
direction specifications by the swimmer. In other words we adopt here field luminances
and the swimmer-centered direction convention.) A downward vertical path of sight has a
zenith angle 6 = 180 degrees, and cos 180 -1. A point representing the sum of a
and K, expressed in reciprocal feet, is 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 is
more reflective than the target the difference will, of

course, be a .negative number; disregard the negative 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 measured 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 reflectance may be measured at the
sea-bottom or on ship-board by means of a technique described in paragraph B.5 of this
section.

The curved lines which 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 homographs,) Curves representing decimal values of target area are
marked accordingly. 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 S times the decimal value'
Special Charts for Water of Low-clarity.  Two series of nine nomographic charts are
presented below. In the first series, the scales have been optimized for use in clear
oceanic 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 | foot to 20 feet or more prevail. Either series of charts may he
used for any problem having input data within the range of its scales, but experience will
eventually indicate which chart is best suited for any given problem.

Sighting Range Calculations, Clear 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 intersection 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 Figure 1.84.

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 _ 4.080; non-glossy Bottom reflectance = 4.030

Volume attenuation coefficient = a = 0.073 per foot Diffuse attenuation coefficient =
K = 0.,027 per foot

From these data, (recalling that paths of sight at present are vertical) a + K =
0.100, and target reflectance minus bottom reflectance is 0.050. The solid line
drawn on Figure

1.84 intersects the curve marked !'l0 square feet" at the vertical 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 4.1
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 is 48.S feet or less from the bottom,
Sighting Range Calculations, Low-clarity. Water. = The same example may be
solved by means of the low-clarity chart (Figure 1.85) and corresponding sighting
ranges obtained, but with far less precision.

In an hypothetical water of lesser clarity, characterized by a = 0.43 per foot and K =
4.17 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. Actually, this chart can be adapted
by extending the left vertical scale linearly downward to 4.60 and constructing a
diagonal line from that point to O.OS on the right vertical scale, but such a
procedure is unnecessary because the low clarity 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 | 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 tiny object of area
10" square feet can be seen.

Inclined Paths of Sight

The nomographic visibility 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 azimuth of the path of sight 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 increase in adaptation
luminance associated with the inclined path. This is accomplished by means of the
inclination factor curves in the lower left corner of Figure 1.84. (Identical curves
appear on all of the nomographic visibility charts.) A continuation of the numerical
example begun in the preceding section will illustrate this step:

Let the following 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 sight is "across sun".

(2) Depth of swimmer = 2.7/K. This would be the case if his depth is 100 feet and K
= 0;427. The depth, 2.7/K, falls within the range for which the "across sun” curve
applies.

(3)  Zenith angle of the path of eight = 120 degrees.

Effect of Zenith Angle on Adaptation. Reference to the "across sun" inclination
factor graph discloses that the inclination 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" = 4.19 foot-lamberts.
Since this adaptation luminance falls between the nomograms for | 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 illustrated by Figure 1.86.

Effect of Zenith Angle on Left Vertical Scale. The zenith angle of the path of sight
(120 degrees) affects the value plotted on the left vertical scale of the nomograph:
a-K cos 8 =0.43 - (0:17)(-0.50) = 0.51 .

(A table of cosines is available in Table 7 of Sec. 12.1) Use the relation cos 8 = -
cos (180-e) for e in the range

90S 8 5180.

Effect of Zenith Angle on Effective Area. The effective area of the object depends
on the observer's line of sight; thus A cos (180-8) = 10 x 0.50 = 5 square feet.
Inspection of the curves in Figure 1.85 shows that, in this case, no sighting range
will be lost by the foreshortening because all targets having an effective area
greater than 1 square foot are visually detectable at the same distance under the
conditions assumed in this numerical example.

Effect of Inclination Factor on Right Vertical Scale. The inclination factor affects the
value plotted on the right vertical scale as follows: the difference between target
reflectance and bottom reflectance must be divided by the inclination factor before
the number is plotted. Thus,
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(0.050/1,9) = 0.026. The inclination factor curves which appear on each chart have
been plotted on an inverted logarithmic scale having the same modulus as the right



vertical scale of the nomograph in order that the division can be accomplished
graphically. Draftsman's dividers can conveniently be used for this purpose:
measure downward from the top border of the figure to the inclination factor curve
and transfer 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 10"

foot-lamberts. Since, as shown above, the adaptation luminance is 1.9 X 10" foot-
lamberts a minor correction to the sighting range should be made in the following
manner:

Effect o f Adaptation on Slighting Range, Since the luminance to which
the swimmer's eyes are adapted is 0.19 foot lamberts, an interpolation should be
made between the sighting range 9.1 feet indicated by the nomograph for | foot-
lambert and the sighting range 8.2 feet indicated by the nomograph for 10" foot-
lambent. By linear arithmetic interpolation, 8.2 + (9.1-8.2)(1.9 X 10"1) = 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 illustrates the effect of adaptation on
sighting range in this illustrative example. Figure 1.86 has been prepared by
assuming successively all decimal values of adaptation luminance and plotting the
resulting sighting ranges given by the entire series of nomographic charts.* Linear
arithmetic interpolation of sighting range between adjacent decimal levels of
adaptation luminance suffices for the needs of most problems.

Implication of the Sighting Range. Although the sighting range for the inclined path
(8.5 feet) happens to be only slightly longer than the sighting range for the vertical
case, it should be recognized that the swimmer must be within 4.25 feet of the
bottom in order to see the target at this inclination angle.

B.3 The Secchi Disk

The underwater sighting range of a flat horizontal surface 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 readings are
obtained by an observer above the surface of the sea

The discontinuity in curve slope at about 4.4 x |0"™ footlamberts results from a
change from central fixation to averted vision on the part of the swimmer, in order
to*achieve maximum sighting range in the dim light; this change of fixation is built
into the nomographs:
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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 a and K are known. Conversely, the observed sighting 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 light field. The homographs are so constructed that they will
correctly predict the sighting range of the disk if the right, vertical scale of the
nomograph is imagined to be labeled "Secchi Disk reflectance minus 0.42". All other
details of the calculation are identical with those described in the preceding paragraphs
of this section which deal with ob3ects on the sea-bottom. Attention is called, however,
to subject matter of Section B.7, entitled "The R. Correction".

B.4 Target Markings

The preceding paragraphs of this section have dealt with the sighting ranges of the
whole target. It is sometimes required to calculate the sighting ranges of certain details
or markings on a target; This is readily accomplished by means of the nomographic
visibility charts. The only modifications of the procedure described in the preceding
paragraphs are (i) to imagine the right vertical scale to be labeled "reflectance of
marking-reflectance of target", and (ii) to use the curve which applies
to the area of the marking

B.5 The Measurement of Target Reflectance

The reflectance of painted surfaces differ, often markedly, when dry and
when wet. The values of target reflectance required for use in the nomographic visibility
charts are those which would be measured by a water-filled reflectometer submerge&
with the target. This submerged reflectance differs from reflectances measured by
conventional laboratory reflectometers even i f the painted surface is, wet.

Target reflectance may be measured at the sea-bottom, or, with greater convenience, it
may be measured on shipboard 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 assembled and are reproduced in Fig. 1.87.

B.6 Horizontal Paths of Sight

The visibility homographs can be used for calculating sighting 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 irradiance
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FIG. 1.87 Graphical means of determining the reflectance R, of a submerged
surface given its wet reflectance. The technique involves wetting the sample with a
thin film of water, irradiating it with a beam at, 4 5 ° , and viewing it normally, say
with a conventional refractometer. This determines the abscissa of the graph. The
associated ordinate yields R,. 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.Zfi, for the general class of medium
(specified by Mode Ill of Sec. 1.7) under study. Such irradiance distributions are
also readily made from radiance distributions obtained via a .Mode IB classification
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 "inherent contrast : 54". Thus an inherent contrast of %I
plots at the point marked 4.02 on the right vertical scale,

For horizontal paths of sight the zenith angle e =.90
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degrees and, since cos 90 = 0, the left vertical scale involves 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 position of the swimmer.

Sighting ranges are calculated by connecting the right and left vertical scales with a straight
line, and reading the sighting 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 approximations are
involved so that neither of the corrections described in the next two sections of this report are
required,

B.7 The R. 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 illuminance from below to the illuminance from above is 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
surface of reflectance R.. This quantity is often measured by means of two
photoelectric cells mounted back-to-back and facing upward and downward
respectively.

Because R. = 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. Alternatively, the "Ry
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.
CORRECTION" 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.8 Correction ofthe Slighting Range

The nomographic visibility charts involve certain algebraic approximations which may lead to
invalid sighting ranges 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 numerical example will illustrate the use of Figure 1.88.
A sighting range of 4 feet is indicated by the
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nomographic visibility chart when:

Adaptation luminance is 107" foot-lamberts Target area = 10°° square feet

a-K cos 8.= 0.50

Bottom reflectance = 0.10 Inclination factor .= 2 Target reflectance - bottom
reflectance = 0.010

Since the sighting range is short and the reflectance of the bottom departs
markedly from 0.02, the predicted sighting range should be tested and
corrected by means of Figure 1.88 as follows,*..

On the vertical scale of Figure 1.88, labeled "sighting range x (a-K cos
1B)" -enter the data 4.x 0.5 = 2. onthe horizontal scale labeled
"bottom reflectancel/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 reflectance - 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 sighting 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¢o is known to differ
from this value this information can easily

be inserted 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 example if Ry =
0.0154, the horizontal coordinate of the point on Figure 1.SS is
0.054/(S0 x 0.01S4) = 0.065, and the correction factor is 0.77 rather
than the value 0.83 obtained before the insertion of 'the R.
information, and the new corrected sighting range is 3.60 feet.

FIG. 1.68 BOTTOM REFLECTANCE / INCLINATION FACTOR
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C. Interpretation of Sighting Range

C.1 Introduction

The sighting ranges calculated by means of the nomographic 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 possessed of perfect vision. It is not
assumed, however, that his training has included a lengthy special fraining period
devoted to maximizing his ability to produce long sighting 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 visual field and there 'is no problem of vigilance.

The above described interpretation of "sighting range" is indicated on the
nomographic visibility charts by the'inscription "field factor 2.4". This notation,
meaningful only to specialists in visibility calculations, implies that nomographic
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
observer characteristics is out of place in this work, but three common effects will
be discussed in simplified form in the fob lowing paragraphs.

C.2 Effect of Lack 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
existence 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 dividing the value of "target reflectance minus bottom reflectance"
by 1.2 before entering the right vertical scale of the nomographic charts.

C.3 Effect of Observer Training

Extensive practice in sighting underwater targets at .limiting distances will enable
good observers to exceed slightly the normal sighting range. A correction for the
effect of training can be made by multiplying the value of "target reflectance -
bottom reflectance" by a training factor between 1 and 2 before entering the right
vertical scale of the nomographic 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 ordinarily 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 personnel 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 detection by ordinary eye-
examinations. The nomographic charts have been drawn to represent the
performance of average "perfect" young eyes. Some estimate of the effect on
sighting range of the spread in visual capability within the population of "perfect”
observers can be obtained by successively doubling and halving the value of "target
reflectance minus bottom reflectance" before entering the right vertical scale of the
nomographic chart.

Visualization of Water Clarity

D.1 Introduction

The clarity of natural waters can be visualized directly in terms of
the attenuation coefficients a and K on the basis of experience
gained through the use of the nomographic visibility charts. It will be
found that most objects can be sighted at 4 to 5 times the distance
1/(a-K cos e) unless the adaptation level is low; exceptions to this
rough rule-of thumb are common but they can easily be categorized.
Alternatively, 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 paragraph is
illustrated by the examples in paragraph D.2 of this section. In the
first (clear water) case 1/(a-K cos e) =

1/4.10 = 10 feet and the vertical sighting range of the large (10 square feet) object is
48 feet, or 4.8 times 1/(a-K cos8). In the second (low-clarity water) case 1/(a-K cos
e)= 1/0.60

1.67 feet, and the vertical sighting range of the same target is 8.0 feet, or 4.8 times
1/(a-K cos e).

It will be recognized that the factor 1/1.2 for .lack of warning and the training factor
1.2 cancel; thus the nomographic charts as drawn apply without correction to the
case of the experienced, highly trained swimmer who comes upon objects 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, target 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
14" square feet in area is 5.5 feet or 3.3 times 1/(a-K cos 8). If, however,
the reflectance of the original 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 (0.430) bottom, its vertical sighting range is
found to be 11.0 feet or 6.6 times

1/ (a-K cos e). 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 e) whereas high values of "target reflectance minus bottom
reflectance" make large objects visually detectable at ranges in excess of
S times 1/(a-K cos e).

An important and common special case is that of large dark objects viewed
horizontally. In this case 1/(a-K cos 9)=

1/a, since cos 90° = 0, and the sighting range will be approximately 4
..times 1/a unless the adaptation luminance is low.

D.3 Estimation of Adaptation 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 is reduced by a factor of 1/10 for each
(In 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 501
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.|f measured values of a and K are not available, these
constants can be estimated 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 light 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 diode |ll 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 visualization, it is possible for natural waters to be
characterized by the distances 4/a and
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as well. In the clearest known natural waters* these distances 4/a and 2.3/K are
believed to be less than 239 feet and 349 feet respectively. In the first numerical
example given in paragraph 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.



