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O -E2ndir-tional underwater voice commuication by man of

scattered light at ranges of 1,000 yards or more in clear ocean

water appears to be possible with comercially avaiblable lamps

and phototubes. Longer ranges, up to 1,750 yards, are possible
C)E C, A; :i

with the same components if they are used in a 201directional

system. Still longer ranges are possible with more intens, light

sources. hI&-repart-prezents technical evidencelin support of

these possibilities and pte engineering equations ,for the

design of such optical coizunication systems. The equations

show that scattered light penetrates ocean water mach further

than does non-scattered light, primarily because the attenuation

coefficient for scattered light is (typically) about one-third of

the attenuation coefficient for non-scattered light. Eperimental

data on the long-range propagation of scattered light from

underwater sources is Lterpreted and extrapolated for engineering

purposes. Data concerning the long-range transmission of polarizod

scattered light by natural waters is presented, and the ro!e of

polarization as a: means for establishing multiple voice comnica-

tion chanls is discussed. ( K
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LOMr-RANGE TROSKISSION OF LIGHT THROUGH WATM

ansurents of the long-range tismrnsmiion of monochroatic

light from a aubmerged uniform point surce and from an underwater

source having variable beam spread have already been reported.1,2

The Appendix of this report is a reprint. of a peper enti~ied "Light

in the Sea," wherein Fig. 16 on page 222 shows the total irradiance

produced underwater at various distances by a l,000-watt incandesoent

"diving 2amp" (No. NG 25/1) manufactured by the General Electric

Coupany. The photometry was by means of an urderwater photoelectric

irra.diance meter facing directly toward the lamp. The reader is

referred to the Appendix of this report and to Ref'. I for further

details concerning the arrangements of the experiment.

The same underwater light source was also used in an encloumre

which produced a continacusly variable beam spread do-6n to 200. Tbe

details of this experiment are described in Fef. 2. The results of

all these exper .,ents are summarized by Eqs. (3) and (6) on pages

"2 and 223 of the Appendix of this report. Co6ining these

equations, the total irradiance, Hr, produced on . normal surface at

distance r from the underwater lamp is

Je-ar/r2 + (2.5-1.5 lcg1 2-/,,)[ + 7(2n/)l2e-K-j Je-'//.r,()

3D=tley, S. Q., "Meaurents of the Transmission of light from an
Underwater - int Source, BuShips Contract M~bs-7203,, Report
No. 5-11, October 1960.

2Datley, S. Q., "easuremwnts of the Trasmission of LU\ght from an
Underwater Source having Variable Beam Spread,' SIO Ref. No. 60-57,
November 1960.
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vhare 3 is the axial radiant intensity of the lamp, '44 is the total

beam spread, a is the attianuation coefficient for non-scattered

light, and K is an attenuation coafficient for light Which has been

scattered. These quantities and their associated conce-'pts are fully

discussed and quantitatively illustrated in the Appendiix of this

report. Equation (1) should not be used for beam spreads less than 20c.

Because al.) natural waters seem to be similar in their forward-

xcattering characteristics, as is illustrated by Fig. 12 in the

Appendix. Eq. (1) is believed to have universal applicability for

engineering purposes in conne~ction with long-range underwater optical

:ominications at sea. The first term of Eq. (1) represents the

direct (non-scattared) light frcm. the lamp arriving at the irradiometer)

and the second term represents the irradiance produced by scattered

light. These ty-_o comnponents are referred to as the monope~th imrdiance

and 111pt iraj.2, respectivelT. Figure 19 of the Appendix

shows that at lamp distances greater than 1.4 attenuation lengths,

uultipeth irradiance predominates. * At 20 attenuation lengths, for

example, only about 1 part in 4C of the total irradiance results from

monopath transmission, i *e., non-scattered radiation direct from the

lamp. The firat term oil Eq. (1.), therefore,, is of no comiequence in

It will be noted from Eq. (1) that the monopath transxisaaion is
characterized, in the far field, by an attenun-tion coeffiLcient a and
an inverse square function of distance whereas the mkltipath
transmission is governed by an attenuation coefficient K and the
inverse first-power of the lamap distance. At long range~s neither the
inverse squa"e nor, the 5.nverse first-power dependence is of major
importance compared with the effect of th. exponential frictors, but,
significantly, the monopath coefficient a is 2 to 4 tiae6 as great
as the Nltipeth coefficient K. Thus, scattered light perntrates
the oceani much feirther than does non-scattered light.
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connection with long-range optical signiling probleam. All of the

radiant power available to the distant detector vill be altipath

transmission, scmatimes called L3y t. The discussions

in this report will be limited exclusively to ranges such that the

first term of Eq. (1) (monopath transmittance) is negligible.

MULTIPATH IRRADIAOCE AT IONG RANGE

Equation (1) has been used to calculate -the irradiance produced

by an underwater point source at long ranges. Specifically, it has

been used to extend the data of Fig. 16 of the Appendix to a lamp

distance of 130 attenuation lengths. The sane equation has also been

used to compute the irradiance produced at these same ranges by an

underwater light source of the same intensity on axis but having a

beam spread of 20o. The result of these calculations is given by

Fig. 1. At all ranges beyond 40 attenuation lengths, the two curves

are parallel to within three significant figures and Eq. (1) simplifies

to the expression:

Hr (2.5-1.5 logior /) jKe- nr (2)

The effect of beam spread on the irradiance proeuced on the axis

of the beam at all distances beyond 40 attenuation lengths is shown

in Fig. 2, in which irradiance is plotted in terms of the same relative

units used in Fig. 1. The same data are shown by the dashed line in

Fig. 3, which has been lifted from Ref. 2 where (without the dashed

curve) it appears as Fig. 6; this figure shows the effect of beam
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spread as meamrd at ahorter ranges froa 2.6 to 14.6 attanuation

lengths in the course ot experiments which are described in detail in

Ref. 2; all rf the curves ha been ,uperimposed at A = 3600 for

purposes of shape comparison.

PHOTOELECTRIC SE SITIVITY

The photoelectric irradiance photometer used to secure the original

data in the manner described in Refs. 1 and 2 was an ?JA 931A multiplier

phototube used in comparatively low sensitivity circuitry. This

irra-diometer was, however, sensiti-;e enough to measure the irradier.-e

sufficiently above the limit set by circuit noise at a 2lamp distance

of approximately 34 attenuation lengths, i.e., out to point A in Fig. 1.

The irradiance at t1his istance uas 3.2 x 10 - 9 in terms of the

relative units used in Fig. . and in Fig. 16 of the Appendix. Subsequently

this phototube was replaced by an -. 1 9524B multiplier phototuce

having a cathode area of 4.16 squsire centimeters. ' nen used with the

same circuitry, this unit was fcurd to have 1,OCO times more sensitivi1ty

than the aCA 931A phototube previously employed. it was ipable of

measuring an irradi;nce of 3 x 1O-1 2 relative units, or at a lamp

distaince of more than 56 attenu:-tion lengths; see point B in Fig. 1.

It was determines by means of underater photography that more

than 90 percent of the light received by the irradiometer came from

a cone 50 in diameter centered on the direction of the light source.

It is possible, therefore, to employ a collecting lens having a much

greater area than the sensitive cvthode of the multiplier phototube.

It would, in fact, seem not unreasonable to conceive of using a
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plastic Freszel-type lena having an area 1,000 times as great as the

cathode of the EMI 95243 mltiplier phototube, i.e., a diameter of

73 centimeters. With this lens, the Di 9521+B multiplieai phototube

should be capable of measuring an irradiance of 3 x 10- 1 5 relative

units, or a lamp distance of nearly 80 attenuation lengths; see

point C in Fig. 1.

If an efficient projection-type optical system is employed to

concentrate all of the flux emitted by the lamp into a narrow cone

having an angular opening of only 20° , the intensity on the axis of

this cone could be as much as 130 times that produced by the bare

lamp. Thus, measurement of the irradiance sat 2.3 x 10- 17 relatio

units should be achievable or, from point D oA the lower of the two

curves in Fig. 1, a lamp distance of approximately 91 attenuation

lengths.

LDETTATION BY AMBIENT LIGHT

Even at night none of the longer ranges mentioned in the pre-

ceding section will be achieved with a non-modulated, non-monochrcmatic

system because of the natural ambient backgro-und of light in the sea.

At shallow depths this background may result from the moon or stars,

and at virtually any depth light may be produced by biological

organisms. It is believed, therefore, that any practical system for

underwater com ications must either use some form of modulation

or make use of a highly monochromatic (laser) source and a monochromatic

receiver. Since blue-green laser equipment for this purpose is not
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yet sufficiently devuloped, the present report will lifit its

discussion to sodulation techniques and non-lascr sources. A brief

discussion of mans for acccoplishing aodulation will be given in

a later section of this report but for the present let it be

asumd that the ligbS, is modulated 5Lt 30M carrier frequency, say,

one megacycle and that this carrier is, in turn, nodulated to

provide a voice commication channel.

EFFECTS OF MDULATION

For the sake of z numrical discussion let it be assumd that

the bandwidth of a voice channel is to be 3,200 cycles per second.

It has been determined that the effective bandwidth of the irradiance

photomter used to establish point A in Fig. I was 0.16 cycles per

second. Assuming that the threshold performanoe of the comunication

system is set by white, Gaussian, photon shot noise or circuit noise,

the irradiance threshold will be increased by the square root of the

ratio of the bandwidth of the comu-nication channel to that of the

photometer by means of which point A was est".blished; that is to

say, the square root of the ratio of 3,200 cycles per second to 0.16

cycles per second, or a fact/or of 141. The range of the omni-

directional source will then be reduced to 63 attenuation lengths, as

shown by point E. C~rrespondingly, the range of the 200 divergent

source will be reduced to slightly less than 75 attenuation lengths,

as. shown by /yint F.

Lona'r ranges can be obtained through the us. of a light

source having greater radiant intensity, i.e., greater power per unit
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of solid angle. Both the 5,000-watt incande.cent diving lamp

(G.E. No. MG25/5) or the 1,000-vatt high pressure mercury la4

(G.E. No. AH6) will yield approximately six times the intensity that

was produced by the 1,000-watt diving lamp (G.E. No. XG25/1) used

to establish point A and, thuo, pcints B through F in Fig. 1. As

omnidirectional emitters these more intense lamps will produce a

communication range of 6S attenuation lengths, as indicated by

point G, while as sources for a 200 beam they should provide for

voice communication beyond 80 attenuation lengths (see point H int

Fig. 1).

it is obvious from Fig. 1 that a vast increase in intensity is

required in order to drastically lengthen the communication range.

Two methods for accomplishing this may be possible:

(1) Nrrow Beam Sread. If the same radiant power is

confined to a beam of smaller divergence, the intensity

is correspondingly increased. This can be acccimpliehed

by means of large conventional optical systems or by

laser techniques. The directionality of such narrow

beam sources is probably a serious handicap for most

underwater comurication needs.

(2) U Sourcrs of fHigher Power. If, however, electrically

powered omnidirectional lamps having 10,000 times the

intensity of the 1,000 watt incandescent diving lamp

(G.E. No. MG25/) can be achieved and can be supplied

with power, or if a nuclear powered lamp can produce 107

times the int~nnity of the l,0O0-vatt diving lamp,
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substantially longer ranges are possible. For wmaple,

in omnidirectional service the former could produce a

voice comm-mication range of 94 attenuation lengths

(point J) while the latter source should achieve 117

attenuation lengths (point K). As emitters of a 200

divergent beam, the same two sources might produce 106

attenuation lengths (point L) and 129 attenuation

lengths respectively.

COMMNICATION RAIES

The ranges discussed above for an underwater communication

system having a voice channel 3,200 cycles per second in width are

summarized by Table I:

TABLE I

T:pe of Lamp Manufacturer's Power Required Effective Maxim Voice*
Designation (Kilowatts) Radiant Cormunication Distance

Intensity (Attenuation lengths)
(Relative)

=I-Az 20° -Iam
diryctional

Incandescent G.E. MG25/1 1 1 63 74

Incandescent G.E. MG25/5 5 6 68 80

Mercury G.E. AH6 1 6 68 80

HYPOTHETICAL 104 94 106
(electric)

HYPOTHETICAL 107t  117 129
(nuclear)

*Voice channel bandwidth = 3,200 cycles/second.
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Very clear ocean water is characterized by an attenuation length

of 20 mWin in the blue-green region of the spectrum (480 mp), or in

English units, 21.9 yards/in. For water of this clarity, the ranges

discussed above are as given in Table II:

TABLE II

Type of Lamp Manufacturer's Power Required Effective Maximum Voice*
Designation (Kilowatts) Radiant Communication Distance i

Intensity very clear ocean water
(Relative) (yards)

O20 0-be-a
directiorl

Incandescent UJ.E. MG25/1 1 1 1380 1620

Incandescent G.E. MG25/5 5 6 1490 1750

Mercury G.E. AH6 1 6 1490 1750

HYPOTHETICAL l0 2060 2320
(electric)

HYPOTHETICAL 107 2560 2820
(nucleae)

*Voice channel bandwidth = 3,200 cycles/second.

gths) **Attenuation length = 20 meters/in.

Vast areas of the oceans of the world are somewhat less clear than

that depicted by Table II. The attenuation lengths "very clear" ocean

water usually lie between 10 m/ln and 20 m/in. Communication ranges in

any water can be predicted by scaling Table II in linear proportion to the

attenuation length of the ocean location under consideration. See

Table Iland Ref. (17) of the Appendix for values of attenuation length in
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various locations.

It would appear that a system based upon an T{E 9524B rultiplier

phototube and a 1,000-watt nrcury lazp (G.E. ho. AH6), when

modulated by the techn~iques to be described in the following section,

could provide voice commnication ranges of 750 to 1,500 yards,

depending upon water clarity, when the source is operated in an omni-

directional mode and 875 to 1,750 yards, when operated as a 200

divergent source. In both cases it is assumed that the receiver is

rendered directional oy means of a large lens associated with the

iultiplier phototube. It has been estimated, however, that an Omni-

directional optical system for use with the same multiplier phototube

could be achieved with a loss in range of about 16 attenuation lengths

in Table I or 350 yards in Table II for any of the cases. An

equivalent omnidirectional receiving capability might be obtained by

using a cluster of (perhaps) six multiplier phototubes of the

large cathode variety. Because of its smaller size such an installation

might be preferable.

EXTRAPOLATIONS

Although the possibility of even more intense light sources seems

improbable, receiver improvements, reductions in channel bandwidth,

etc. may require extrapolations to some greater range than is covered

by Fig. 1. In such cases, system performance in either omnidirectional

or 200 divergent modes of operation can be readily predicted from the

following considerations.

Beyond 40 attenuation lengths the two curves in Fig. 1 are parallel
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and their residual curvature has virtualy -mziahd at the right lower

boundary of the figure. When approximated by straight lines

beyond 120 attenation lengths, the functions are simple exponentials

with an effective attenuation coefficient of 0.0583 ln/ft. Thin may

be compared with the diffuse attenuation coefficient upon which Fig. 1

in this report and Fig. 16 in the Appendix are based; namely,

K = 0.0570 In/ft. Thus, the inverse first power dependence of the

iultipath transmission has virtualy vanished and the range is controlled

almost exclusively by the diffuse attenuation coefficient K.

It is convenient to express the slope of the curves in Fig. I in

the vicinity of 130 attenuation lengths as 7.86 attenuation lengths

per decade. Thus for each tenfold increase in lamp intensity, the

comunication range in either the omnidirectional or the 200 divergent

mode is increased by 7.36 attenuation lengths. It has been estimatad

t~a ~thruagha. the next 50 attenuation lengths, the effective slope

of the curve will average 7.91 attenuation lengths per decade. The

slope is approaching asymptotically that of the reciprocal of thd

diffuse attenuation coefficient, or 8.09 attenuation lengths per log.

It is interesting that these numbers illustrate the penetrating quality

of mltipath transmission through natural waters in comparison with

monopath transmission for which, in the absence of inverse square

effects, the gain in range is at the rate of 2.30 attenuation lengths

per log. The inverse square effect will be so minor at the long

ranges under consideration that the actual monopath gain may be

lessened by only a fraction of one percent.

It is believed that the equations, graphs$ data, and rules-of-

thumb provided by this report and its Appendix .!ill enable the gains
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or loss in comanication ram to be estiuted easily for variots

alternative light sources, beam spreads, light collection devices,

mtiplier phototubes, and coMication channel bwndvidths.

IETHODS OF MODULATION

Many methods exist for modulating the output of a lanp bit

scme of these are incapable of achieving a high percentage of

modulation at frequencies such as t+hose which might be used in an

underwater voice communication system. !ost of the means for pro-

ducing substantially -fll modulation at high f-eqency involve

polarization techniques and many of these, like the Kerr cell, are

not necessarily easy of application in underwater comunication system s

nor does the modulator unit necessarily have a large free aperture

and a high transmission.

One light modulating system which is apparently well-suited to

the needs of underwater commication systems was devised during

World War II by Professor Hans Mueller of the Department of Physics

at .I.T. under a project for the National Defense Research

Committee. Mueller devised a light beam telephone using a polariza-

tion system for impressing voice modulated carrier frequencies of a

few megacycles on the light beams produced by conventional search-

lights. This was accomplished by mounting an inch thick square plate

of homogeneous glass directly in front of the searchlight and causing

this glass to become elastically birefringent by means of electric

fields from metal electrodes which were deposited on the edge

surfaces of the plate. These electrodes were connected to the output
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of a conentiona2 AM radio tranmitter of moderat power. By poperly

spacing the electrode sections around the peribery of the garsa

block and by properly adjusting the phase of the radio frequency

voltages which wre applied to the various elactrodes.; strain patternt

were induced in the glass b7y the radio frequency electric field,

tausing it to beco, alt*ratirgly bilrefrinkent. If a linear sheet

polarizer was attached to the face of the block nearest the search-

light, the cutpu:t of the coubination was a beam of light having a

state of polarization which varied in accordance with the MFl carrier

frequency, and whose percentage polarization depended upon the

amplitude modulation of that carrier.

Mria polarizaticn modulaticn of the light besa was converted to an

intensity !xDdulation by means of a second linear sheet polarizer.

This was located either on the output surface of the glass block or

at the distant receiver. The latter option contributed to the security

of the comunication system and to its freedom from limitation by

ambient light.

Dr. Mueller developed many ingenicus modifications of the basic

concept outlined above in order to increase the security of the

coanication channel. He was able to nodulate the searchlight

output in terms of right circular polarization, left circular polariza-

tion, elliptical polarization of many kinds, and cowbinations of

these polarization states in such a way that only a special receiver

would respond intelligibly to this polarization scrambling. The

transmission security achieved in this way seemed to be of virtu&ly
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endless variety. Afll of this work ws declassified at the close of

'orld Var iI.

An octabodral or dodecahedral envelope of lelelor platms could,

presumebly, be used to enclce. an conidirectional source.

TRSUSSIION OF POLARIZED LIGHT BY MCU "oATER

Figure 12 on page 220 of the Appendix of this report shows

the intense fordamrd scattering wehich seems to characterize ll natural

vaters. It is believed to result chiefly from refraction b.r

transparent organisms and particles large conpared w th the wavelength

of light. Ccnaequtntly, scattering at s-all forward argles pre-

dominates and polarized light tends to preserve its polarization.

figure 4 of this report snows the quantitative aspects of

polarization transmission by natural -water. The data in thiLt figure

vere obtained as follows: An incandescent light source prcxlucirg a

200 divergent beam was equipped with a linear sheet polarizor such

that the light entering the water at the lamp was linearly polarized.

A photoelectric irradiance meter was equipped with a rotatable linear

sheet polarizer mounted in the water just in front of the collecting

surface of the irradiance meter. This instrument was used to measure

the irradiance at the center of the beam produced by the unlerwater

lamp at distances out to nearly 30 attenuation lengths.* LPch point

in Fig. 4 represents the fraction of the measured irradisrai which

is linearly polarized at the receiver. At each lamp distance one

measurement of irradiance was made with the axis of the analyzer

Ile attenuation length of the water used in this experiment was

4.2 ft/:Ln.
__________



Report No. 5-12 -16-

parallel with that of the polariser and another vith the aneyser in

the cros ed position. The ratio of the difference to the sum of

these two readings is the fraction of irradiance which is polarized,

i.e., the percentage poiarization at the irradianoe mter.

Figure 4 shous that more than 75 percent of the light received

at 28 attemation lengths has the s state of polarization as that

with which it left the lamp.

The dashed portion of the curve beyond 30 attenuaticn lergths

in Fig. 5 is an arbitrary extrapolation of the data. If it is correct,

nearly half of the light has ita origiral state of polarization at a

distance of 50 attenation lergths froa the lamp. Under such circum-

stances, the use of polarization modulation for umderwater coimica-

tion purposes seems feasible. It is believed that the isolation of

the voice signal from the effects of ambient light in the sea would

be superior to that which would be achieved if only conventiomal

amplitude modulation is employed.

Aplitude modulation of the light emitted by the searchlight

(rather than polarization modulation) can, of course, be achieved by

attaching the analyzer to the output side of the glass block at the

transmitter. Such an emission lacks some of the security associated

w.itE polarization modulation but omindirtctional transmission can

probably be achieved more readily.

The foregoing description of the Mueller system for modulating

the output of a ais- is offered merely as a suggestion and with the

realization that other techniqges for modulation exist. It should be

pointed out, however, that (1) the use of megacycle carriers makes

I



MI.itiple Comn'loation chan ls possible., etm (2) the. ftoueUr 7 astu

is capable of modulating the outpt of any lamp by as of a

uodulator having a high transmission and a fro* aperture inny 13)Chs

ini diameter.
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LIGHT IN THE SEA
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Reprin.ed from JocLwu. or nm Ornre..,. SoccE-T #w .MnucA. .W " 3. &,.No. 2. 214- 233. Fdbxary.. 1963

Light in the Sea*

rVi3iy I a'dlpry. Sciips 1xsziwoxg ei Ocemogapky. Ld JC&. Ceji' Wnis
'Reodved 2 7 Aust 1962)

.igt in the sea =k- be produced En the sun or s.=r%,to chemikal or Uoo ' process.u or b% man-mac
somc-c Ser-'ng as tLe Primary source of cner& for the occans and supporting their ecology. light !lSo
enablt the native inhab~itants of the water worid. as welas hamans and their devices to see. In this; pae.
new data rawn from invei uspannng nea t so decad -e used to Mlustate an.nerated account
of thee opxal natume of ocean ater. the doisIbution of flux diverging from tocaized anrxierarer light sources.
the propagation of ltigI4 collimated beams of light. the penectration of daiEht ito the sma xyd the utiliza
tion of solar eferg for m=n% purposes inciuding heating. pbotos nthes is, iion. and pbtnograpi.

IINTRODUCTIGN MacAdam. in a g!ass-bottomed boat off the east coast

AN interest in the aerial photography of shalow of Florida to obtain the speztroradiomeuic data shownocean bottoms promped the author o begin in Fig. 1. the presence of reefs and sandy sloals show

nearly 20 years ago, a continuing experimental and theo- clearly in the green region of the spec-trum. When the

retical study of light in the sea. Some of the principles spectrograph was flown in an airplane 431 ft above the
discovered or extended and generalized by the author same ocean locations, the radiance spectra shown in Fig.

and his colleagues a=e summarized in this paper. Early 2 were obtained- 4 The data in Figs. 1 and 2. displaved

discussions with E. G. Hulburt and D. B. Judd as well in colorimetric form by Fig. 3, exhibit many intricate

as publications by many investigators' provided a valu- and beautiful phenomena which are manifestation, of
some of the physical principles discussed in this paper.able starting point. By 1944 the author xwas uing a

grating spectrograph. spechly" designed by David L. The importance of light in the sea is apparent when
gt i r-alled that solar radiation supplies most of the

Most of the investigatons descrit-d in this paper were spto the ocean and support it
ported by the Office of Naval Research and the Bureau of Ships energ- input ecology
the U. S. Navy. Grants frorn the National Science Foundation -

have also aded the work. At certain times in the past the-researth 'S. Q. Duntei. VinFi o Sialiic., and Sne.1ppluaa- in ju
was supported b- the Natinal Defense Research Committee and fidd o'Cami*n, e. Summar, Tcth. RepL of Di.islon 16. NDR(C

)by the U. S. Navy's Bureau of Aeronautics. (Colu-nbia University Press. 19454 . CaII, Cp. 5. p. 212.
See F- F. DurandLH. Dawson. -Trnsmison of ight in 'See J. G. Moore. Phil. Trans. Ro). Soc. iLondono A210.

',Sater. An Annotated Bibliography." U. S. Na a; Rese.i.h 163,1946 48, for a method of using -di data to dctermne depth
Laboratory Bibliograph. No. 20. April, 1961 for abstracts of 650 and attenuation coefficients of sbalolo water.
publications b) over 400 authom in moe than ISO Swiss German. 'See G. A. Stamm and R. A. Fkengcl. J. Opt. Six. Am. St. 1090
1-rench, italan. Enghsh. and C. S. journals and other souruz fpr'r 1961, for data on the .etra ity dia mc ;ni.t or the anderside
ISIS to 199.. of an aircraft fling above the ocean.
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through 1.,onnih-i. "ne b.ological producti-ity of
an acre of oc.an has beea eslimatel to be, on a wodrd- 'Z
wde average. comparab!e to that of an rzre of land. S AND. DEPTH 6'

MoNst of the surface oi our "water rlanet" is covered by it SaND. CT, 5

seas and its atmo-p ere centains great quantities of S c5 AND. DEPTH 35.

water in th e form of v-apor and clouds. Light in the sea
embls the native inhabitants of te water world to
find their food and to eiu..de attack. Nowhere i, nature ,
is protective coloration more perfecty or dramatially z REE. -'EPC, 6- -
disp!ayed tha in the feeding grounds of the sea. Man L - ---
t.d his cameras may 'ew underwater scenes by means 'M 5o 6W0 "Co
of daylight or with the aid of artificial lighting devices. WA. EN. N ,,LL..LuCRCNs
Many boogical organisns. including some living at
very great depth. produce their own light at or near the S

-zmvdeng-t for which water is most transTarent, pire- <

sarnably both for vision and for signaling. All of thei- Fti.2 Spetr.-adietu=c cues f ligt fr the raai reach-
=g a specurograiph in an al-plane 4300 ft above the same ocean

kxaiois as i Fig. 1. Spectral reso!ution: 7.0 amt; spatial resolu-
SatLcon: 3.2X 1" sr.

sAND. duced by artificial underwn.ter light sources, for any
25 ,EPTH 6 optical input to the water may be represented by an- I.appropriate supe-position of highly collimated, mono-i- SAND.pporaesppti

> DEPT 5 chromatic beams. The following paragraphs describe a
variety of experiments which have been made by using

!sAND-  a collimated, underwater light source, slhown schemati-

.4 cally in Fig. 4, at the Visi'bility Laboratory's Field
z -- Station at Diamond Island, Lake Wiiipesaukee, New

R~EEF Hampshire

Attenuation of a Collimated Beam

STREAM If a collimated beam of monochromatic light is in-
jected into macroscopically homogeneous water by

WAV ELENGTH IN MILOMICRONS 5

Fir- 1. -Sp-troradjometric curves of light from the n idir reach- 50

ing a pcrgrar . -i.unted in a glass-bottomed boat over shoals_
-di Dania. Fkrida fSMarch 194). Spectral rso-ution: 7.7 nm;
spatial rsoludon: 20XI1 5.

aspects of light in the se can be treaterI by describing I

the optical nature of ocean water, the distribution of fflux diverging from localized underwater light sources,

the propagation of highly collimated beams of light,
and the penetration of daylight into the sea. .An inte-
grated account of these topics is the subject of this
paper.

OPTICAL NATURE OF OCEAN WATER

Most of th.: optical properties of ocean water as well I
as many of the principles which govern the propagation W

of light in the sea can be studied by injecting a highly 0 0A* .3 0.40 0.50 CA* 0.,,

collimated beam of monochromatic light into other ise ?-
unlighted vvater and measuring all aspe.th of the re- Fic. 3. CIE chromaticity diagram showing loci of the colors of
suiting distribution of flux. This investigative approach ocean shoals as seen from an altitude of 4300 it (shortercurve) and
ei en proiider a basis fot understanding the distribution from a glass-bottomed boat (longer, upper curve). The points were

calculated from the spectral radiance data in Figs. I and 2. The
of daylight in the sea and the submarine lighting pro- circled point represents CIE source C.
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WATfCt energy of the water is the major absorption mechanism
LI,,,T*CAN ,in the ocean. Photosynthetic conversion of light into

chemical potential energy is, of c-nurse, measurable and
vital to the existence of life in the sea. Visible light

E Tfluorescence and transpectral effLcts are ordinarily too
minute to be detected in ocean w-.xer. The volume atten-

- "C[VATcD -AQC LAMP uation coeflident a is the sum of the rolume absorption
FIG. 4. Schematic diagram of the highly collimated underwater co . a

light source repraented by a cross-hatched block Fgs. 5 6 7a and the o rolue scattering cofficint s:
13,20, and 21. This source was used in obtaining part or all of the thusa=a+s.
data presented in Figs. 9. 10. 12, 17, 18. 20, and 22. Interchange- Wardength dependence. The attenuation coefficient of
able 2, 10, 25. and 100 w zirconium concentrated-arc lamps in a
Water-tit air-filed cnlosure producenominal total beam spreads all water (pure, distilled, or natural) varies markedly
of 0010, 0.046%.0.0850, and 0.174', resvectively, %hen used with with wavelength. Typical data are summarized :a
a Wratten No. 61 green filter and a sveoally constructed air-to- Table I, wherein the reciprocal of the volume attena-
water collimator leas haling an effective first focal length of
495 mm. This lens, designed for the author b3 Jusun J. Rennilson, tion coefficient, talled attenuation lengls, has bc:n tabu
is a cemented doublet 55 mm in diameter having radii Y, =269.75 lated rather than attenuation coefficient for three rea-
mm. ,- =ra,102.60 mm, r4=-325.0 mram and axial thicknesses
It-3o-,-02 m.6.50.2 mm.The first element is of Hayward sons: (1) a distance is easier tovisualize and tc rmem-
LF 2 glass (No- 1.50-0.0010, ,=41.0, and the second is of ber than a reciprocal distance, (2, --isibilit) ,.aloulatioa
Hayward BSC-1 (.VDm 151 10:0.0010; P=63-5). Thefree aperture aud many experiments by swimmers show that any large
is 50.0 mm. The first back focal length of the doublet with its Last
surface in water is 493.MS mm. The air-glass surface was treated
for increased light transmission. The achromatization is such that TABLE I. Attenuation length of distilled water
with the 2-W concentrated-arc lamp the extreme ray divergence is at various wavelengths. -

00031. 0.0039, and 0.01090 at 480,520. and 589 ni, respectivelh -,
when thelamp is used ;n fresh waterhaving a temperature of 20-C. Wavelength Attenuation length (1 'a
A Wratten No. 61 green filter =s used during all of the experi- meters/In
men4-ith this lamp, but it does not appear in Fig. 4 because ,
was always incorporated in the photometer or the camera. An 400 13.
external drcular stop (not shown) can be mounted in the water .140 22.
close to the lens whenever a smaller beam diameter is desired. 480 28.

520 23.
means Gf an underwater projector, as suggested by so 19.

Fig. 5, it is found that the residual radiant power p, u -. 1

reaching a distance r willwiut haring been deriated by 700 1,7
any type of scatlering process is - - -

P oe", E. O Hulburt. J. OPL Soc. Amn. 35. 699 (19451.
pr O= p ,For ultraviolet attenuation data see L. H. Dawson and E. 0. llulburt.

J. Opt. Soc. Ara. 24. 175 (1934).

where P, represents the total flux content of the beam # For near infrared attenuation data see J. . Curt,'., 4ad C. C. Pett>,
J. Opt. Som. Ain. 41. 302 (1951).

as it leaves the projector. The zero superscript on p O
denotes the zero scalering order, i.e., nonscattered radi- dark object (buch as a dark-buited swimming compan-
ant power. The spectral rolume attenuation co0efient a, ion) is just visible at a horizontal distance of about 4

defined by Eq (1), has the dimension of reciprocal attenuation lengths %%hen there is sufficient underwiater

length and can be expressed in natural log units per daylight, (3) many physicists like to characterize any
meter in/im), natural log units per foot (ln'ft), etc, it absorbing-scattering medium ksuch as water) by the
is a scalar point function of position which may vary mean free path for a photon in the ordinary kinetic
along any underwater path of sight if the water is theory sense, this is the attenuation length 1,'a. The
macroscopically nonhomogeneous. term, "20-meter water," signifying water having

The attenuation of a beam of light by water results an attenuation length of 20 m, In, facilitates verbal
from two independent mechanisms: scattering and ab- discussions.

sorption. Scattering refers to any random process by Water posses-ss onl) a single important %,indowN, the
which the direction of individual photons is changed peak of which lies near 480 mp unless it is shifted toward
without any other alteration. Absorption includes all of the green by dissolved yellow bubstances. Such yellows
the many thermodynamically irreversible processes by ,olutes, usually prominent in coastal waterb, consist of
which photons are changed in their nature or by whith humic acids, melanoidinb, and other compounds %whih
the energy they represent i: transformed into thermal result from th, detomposition of plant and animal ma-
kinetic energy, chemical potential energy, and so on. terials. Clear ocean water ibsobeleutivein its absorption
Transformation of photon energy into thermal kinetic, that only a. comparatively narrow band of blue-green

light penetrates deeply into the seas (see Fig. 1) but
-- -p1- this radiation has been detected at depths greater than

r ,_ 600 m with a multiplier phototube photometer.'

FIG. 5. Illustrsting the geometry of Eq. (1). The cross-hatched ' J. E. Tyler, Limnolog) and Oceanoraph) 4, 102 (195%.
block represents the collimated underwater light source (projector, 6 3S. . Duntl , at Acad. 36. Na]. Rcsca.h Cujuuil
shown schematically in F% 4. Pub 3, 79 (1956).
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Many have wondered whether there exists any fine TABLE I. Attenuaticn lerbth of ocean water for
structure in the volume attenuation function which was w 440 nw at various loc.sons.

beyond the spectral resolution available to the investi- Attenuation length (1 a
gators whose results are summarized by Table I. Is Loati.n nieersln
there, for example, a narrow-band window of high trans- Caribben 8
mission? It is the conceiisus of most physicists that the Pa!iik .. Equat.rial Current 12
atomic and molecular structures involved in water Pacific Corintercurrent 12
provide no reason to expect any significant fine struc- Pacific Equatorial Divergence 10

Pacific S. Equatorial Cirrent 9
ture in the spectral attenuation function. A careful Gulf of Panama 6
spectroscopic examination of the region from 3750 to Galapagos Ishnds 4
680 A with a resolution of 0.2 A and sensitivity suffid- . e
ent to detect a variation of 0.02 In 'm in the attenuation (i9s1) Vol. 3. p. 49. Table 27.
coefficient has been reported by Drummeter and
Knestrick.- They detected no fine structure, i.e., no clarity. Even for monochromatic light, at least two co-
narrow-band window. efficients, such as a and K, are required, and a more

complete specification requires data on the volume scat-
Water Clarity tering function a(h), defined in the paragraphs which

The dearest body of ocean water of large extenL is follow.
reputed to be in the Sargasso Sea, a vast region of the Daylight, abundant in the mixed layer near the sur-
Atlantic Ocean east of Bermuda. Jerlov has reported face, supports the growth of phytoplankton in the bi-
very dear water between Madeira and Gibraltar s as ologically productive regions of the oceans. These, in

turn, feed a zooplankton population. The transparent
TAB E IL Attenuation length of the Atlantic Ocean for wave- planktonic organisms, ranging in size from microns to

length 465 m at various depths in the vicinit% of Madeira and e
Gibraltar. centimeters, scatter light and thereby produce optical

attenuation. Settling of the plankton, particularly after
Depth Attenuation length (1/)J death, tends to produce a high concentration of these
meters meters/In scatters just above the thermodine which ordinarily

0-10 19 exists at the lower boundary of the mixed layer in the
10-25 20 sea. 0 Below the thermocline lies clearer water which
25-5o 18 may be optically uniform for tens or hundreds of meters50-75 13
75-90 16 before some different water mass is encountered. In-

_terestingly, the optical structure of the ocean resembles,

N. G. jrelov. Kg). Vetenskap. Vitterh. 11ata. F.6, Sem. B. BD8.N:oi i in a sense, that of the atmosphere if depth is considered
(196%). as analogous to altitude and a proper allowance is made

for the decrease of atmospheric density with height.
summarized by Table I. Although clearer water was
found at 10 m depth than at 90 m at this location, the Scattering
reverse is often true elsewhere. Optical oceanographic
data are not numerous. Jerlov's measurements during Scattering of light in the sea is predominantly due to
the Swedish Deep Sea Expedition of 1947-48 are classi- transparent biological organisms and particles large
cal examples. Table IMl shows some of these data se. compared with the wavelength of light. The magnitude
lected to typify certain indicated locations of the scattering is, therefore, virtually independent of

DuPr and Dawson' give many references to water- wavelength." The variation of attenuation length with
clarity data, users of published data shouid note care- A' Multiple thermoclines often form in the upper portion of the
fully whether the attenuation coefficients reported are sea; the maximum optical attenuation is associated with the
expressed in in'm or in log/m and whether the values maximum vertical temperature gradient and frequently falls on a

ed secondary thermocline. Internal waves shift the scattering layer
refer to the attenuation coeffident a for nonscattered vertically. See E. C. La Fond, E. G. Barnham, and W. H. Arm-

light, as in a collimated beam, or to some form of dif- strong, U. S. Navy Electronics Laboratory Rept. 1052 (July 1961),fuseallmtalo oe Jnl , dicused lterin t'i p. 15. Also see J1. Joseph, Deut. Hydrograph. Z., Nr. 5 (1961).
fuse alenuao Kiscssebcattenng is also contributed b) fine particles, by molecules ofpaper. No single number can adeq uately speLify the water, and by various solutes, but these contributions are usually

clarity of any natural water because two independent quite minor and often difficult to detect. Even in very clear, blue
ocean water scattering by water molecules produces only 7% of

mechanism~s, absorption and s~atttring, govern water theatotal scattering toeflicient and is dominant only at scattering
angles near 90

°, where it provides more than 2/3 of the scattered
intensity (see reference 8); although the magnitude of this small

L. F. Drummeter and G. L. Xnestrick, U. S. Naval Research component of scatteing varies inversely as the fourth power of
Laboratory RepL No. 5612 (1961). wavelength (X-), it isso heavily masked by nonselective scattering

SX. G. Jerlov. Kgl. Vetenskap. itterh. IlandI, F.6, Scr. BI, due to large particles that total scattering in the sea is virtually
.DG No 11 (1961). independent of wavelength. The prominent blue color of clear

IN. G. Jerlov, Reports of the Swedish Deep Sea Expedition of ocean water, apart from sky reflection, is due almost entirely to
1947-48 (1951), Vol. III, p. 49, Table 27. selective absorption by water molecules.
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f---_ predicted for pure water. The predominant forward scat-
tering is caused by a comparatively few large particles.

_. The dotted curve may be regarded either as a polar
plot of the radiant intensity dJ(O) or of the rolumc

Fi.. 6. Polar diagram illustrating Rayleigh scattering b) pure scattering fundion o(Oj, defined b) the equation
water. The ratio cf the light scattered into the rearhemisphere to dJ(O)=a() Hdr, where H is the irradiance produced
that scattered into the forward hemisphere is 1 to 1. The crossa
hatched block represera the collimated underwater light soure by the collimated lamp oa the volume dr. The dimension
shown schematically in Fig. 4. of or(Ol) is reciprocal length; typical units are reciprocal

steradian-mezers or reciprocal steradian-feet. The polar
wavelength set Tabe I) is due almost wholly to selec- curve in Fig. 7 is not complete, it begins at 0 = 22 1,2 °

tive absorption. and stops at 0-= 1650. All conventional scattering meters
In the blue region of the spetrum, t.ent-tring at 480 designed to be used in situ possess the limitation that

mp, approximately 60% of thrattenuation ,oeffidentof they Lannot meabure battering at small Angles. For
dear, blue ocean water is due to stattering and 40"o is tunately, tht total scattering .oefident s, defined by
due to absorption; e.g., s=0.030 ln/m and a=0.020 the relation
ln/m.s In all other spectral regions absorption is over-
whehningly predominant in very dear water. s=2 (O) sintd,

Since scattering is virtually independcnt of wav.- 21-
length its detailed nature is best revealed by m-.ns of

experiments conducted at or near the wavelength of is insensitive to the magnitude of small-angle forward

minimum absorption. This means experiments with blue scattering. Unfortunatdy, however, the propagation
light in dear, blue ocean water and experiments with of highly collimated light doe depend importantlyo

green light in greenish coastal and lake waters. small-pngle scattering.

Seattering by pure water. Consider a scattering experi- Small-angle scattering. The author has devised a
mentperormd i pue wtertha is inwatr mle-special (coaxial) in situ scattering meter to supply the

ment performed in pure water, that is, in water mole- spca (cail nst ctern ee ospl h
cules containing no dissolved or particulatematter what- missing forward part of the curve. Figure 8 is a schema-

soever. As in Fig. 6, consider an- element of volume d, tic diagram of the instrument. It shows the optical sys-

receiving collimated, nonpolarized, monochromatic ir- tem adjusted to measure the volume scattering function

radiance H to act as source of scattered light, producing at a scattering angle of 1/2 deg. Such a datum was ob-

radiant intensity dJ()) at scattering angle 6. Scattering tamed with the coaxial scattering meter at the Diamond

by the water molecules will be Rayleighian, with Island Field Station and determines the ipper end of

dJ(0)--X- 4 andwith the shape of the intensity function the upper curve in Fig. 9. This may be the first in situ

dJ(6) characterized by (1+0.835 cos7O) (see reference measurement of small-angle scattering by natural water.

12). Since even the most elaborately prepared distilled The very large scattering found at small scattering

water samples show particulate matter when examined angles is believed to have been caused primarily by re-

in a light beam, scattering by truly pure water has prob-
ably never been measured. WATER A I

Scattering by distilled water. A colleague, John E. " --
Tyler, has performed scattering experiments in many ..
sariples of commercial distilled water"3 ; Fig. 7 shows a / - GLASS

typical result. Obviously, the scattering produced by WINDow PI0OOTUBE

this sample of distilled water is very different from that -- LAMP

FI1. 8. Coaxial scattering meter for in situ measurement of the
volume scattering function at small scattering angles. In this
schematic draing the vertical scale has been exaggerated five
times over the horizontal scale in order to illustrate the principle
of the device more clearly. The collimated underwater light
source shown in Fig. 4 is used with the addition of an external

-- _ ---.- - -__-- - _ _ opaque central stop which resu;ts in the formation of a thin-walled
hollow cylinder of light. This traverses 26 in. of water to a high-
quality glass window behind which. in air, is a photoelectric
telephotometer with a 2* total field of view. The light source and
the telephotometer are coaxial, but the latter is equipped with an
Ga ternalstop small enough to exclude Lhe hollow cylinder of light

FIG. 7. Polar diagram illustrating measured scattering b a ~so that only light scattered by the watt. is collected. The c) lindri-
typical sample of commerdal distilled water. The ratio of the light -al scattering volume is indicated by -Lru, -hatching. The upper
scattered into th. rear hemisphere to that scattered into the for limit of the scatterin angle is determined b the field of the tele-
ward hemisphere is 1 t. 6 for this water sample. Data are by Tyler photometer and the lower limit is set by the size of its external
(Sec reference 13). The scale of this polar plot is smaller than that stop, i.e., by the entrance pupil. A dectailed geometrical analysis of
used in Fig. 6. the configuration depicted above shows that the scattering is

measured at 0.47 degh0.15*; this datum. is used as the volume
1L. 11, Dawson and E. 0. Ifulburt, J. Opt. Soc. Am. 31, 5541 scattering function for 1/20 scattering angle in Figs. 9 and 10.

(194 1). Photometric calibration of the scattering meter is achieved by
13J. E. Tyler, Limnology and Oceanography 6, 451 (1961). removing the external stop on the telephotorneter.



February1963 LIGHT IN THE SEA 219

fractive deviations produced by the passage of thL col- 0 -7 

limated light beam through transparent plankton hay-
ing an index of refraction dose to that of water. The z
curve shape at small scattering angles is chosen to sug- t
gest that the magnitude of the volume scattering func- >
tion may merge tangentially with that of the irradiating -

-j 5beam at vanishingly small angles. t 10
Chemists have, for many years, made laboratory 2i

mmasurements of very small-angle scattering from tiny z
volumes of scattering .materials.n Koslyaninov's has re- 2 1O1
ported volume scattering measurements at angles down .,

Zto 1 deg by means of a shipboard laboratory apparatus w

using water samples brought on board for measurement. " 3

Figure 10 shows the data of Koslyaninov for the East Z
China Sea superimposed upon the lake data from Fig. :, L A K E
9 afttr normalization at a scattering angle of 9V°. as -
denoted by the small circle in the figure. The f,_.vard- I-
scattering portions of the curves are s milar in shape. o

U, l0- EAST CF A SEA- .

I 1 000 I I I I i I I I l

0 0 30 60 90 120 150 180
C. 1OO SCATTERING ANGLE (DEGREES)

FIG. 10. Comparison of the shape of the in situ volume scattering
function data for Lake Winnipesaukee, New Hampshire, from

a lo Fig. 9 with the shape of a curve representing the in 'iro scattering
to data obtained by Koslyaninov (see reference 15) using a shipboard
- llaboratory apparatus and a sample of water taken from the East

China Sea. The curves have been normalized at a scattering angle
of 900 (circled point) for purposes of shape comparison.
Koslyaninov used blue light isolated by means of an absorption

0- filter having-an effective wavelength of 494 mu; he reported data
at scattering angles of 1, 2.5, 4, 6, 10, 15, 30. 50, 70, 110, and
144 deg. The curves are similar in shape-for scattering angles less

z than 60*

o- .Comparison wilh distilled water. Figure 11 shows a
z LA K E comparison of in situ scattering measurcments by Tyler

of commercial distilled water and clear Pacific water.
t- .001_ Ocean water scatters more light than does distilled

water but the similarity of the shape of the curves is
c striking and interesting in its implication of the pre-

.dominant role of large particle scattering.
.jz __0_ ___

0 t

0 30 60 90 120 150 180 2 O

SCATTERING ANGLE (DEGREES)

R I 0o PACIFIC OCEANFIG. 9. Volume sc.ttering function curves for pure water w O
(Dawson and Hulburt, see reference 12), the Atlantic between
Madeira and Gibraltar (Jerlov, see reference 8), and the Diamond _j DISTILLED
Island Field Station, Lake Winnipesaukee, New Hampshire. The V 0 I
upper curve (lake) represents in situ measurements at 50 intervals W - ..a , I , , , I , I
between scattering angles 20*>0>1600* by means of a conven- 2 0 30 60 90 120 15o 180

tional type, pivoted-arm scattering meter and a single datum at o SCATTERING ANGLE (DEGREES)
0=0.5° obtained in situ with the coaxial scattering meter shown >
schematically in Fig. 8; the data are of 20 August 1961; and are 11G. 11. Comparison of in situ scattering data by Tyler (3ee
for g een light isolated by means of a Wratten No. 61 filter reference 13) in clear Pacific ocean sater near Catalin. with com-

parable data for a tqical sample of commercial distilled water.
11 H. F. Aughey and F. J. Baum, J. Opt. Soc. Am. 4., 833 (1951). Both curves were obtained with the same pivoted-arm scattering
I 5M. V. Koslyaninov, Trady Inst. Okeanol. Acad. Nauk meter and are in the same relative units. The data are for green

S.S.S.R. 25, 134 (1957). light isolated by means of a Wratten No. 61 filter.
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,O 1 1 1 ' volume scattering functions, it is important to note
therefore that measurable differences apparently exist
and that ocean water masses might t1,erefore be identi-

;o0 fied by their scattering function curves.
Multiple scattering. The propagation of light in the

>- sea is complicated by multiple scattering. Consider, as
< 1o6  in Fig. 13, a plane surface irradiated at normal incidence
ELI by the collimated lamp shown in Fig. 4. Every point on

kthe plane receives scattered light from every volume
05 ( )element within the light beam. It receives, moreover,

o HLBURT (WHITE- multiply scattered light from every elementary volume
o 4JERLOV (BLUE) of water near the beam. In fact, every volume element

K10- within the sea is irradiated by every other volume: SASAKI tREO)-7
uL. /element both inside and outside the beam. The figure

S_7illustrates how irradiation is produced throughout
103 -the plane by second-, third-, and fourth-order scattering.

KOZLYAVINOV {BLLUE)- Although theoretical treatments of the effects of mul-
,. 2 -POOLE .ATKINS (BLUE) tiple scattering on the distribution of light in the sea1 1GO 8ENSB both from underwater sources and from daylight have

TY; ER (GREENJ been undertaken with partial success by several workers,

o0 DUNTLEY (GREEN)-- no fully practical solution has yet been evolved. Some
derivations include only secondary scattering and neg-

.j lect higher-order effects. Others, following the prac-o !0 L> I I I -;e of neutron physics, assume the scattering to be
0 30 60 90 120 150 180 virtually isotropic, that is to say, the shape of the

SCATTERING ANGLE (DEGREES) volume scattering function is assumed to be spherical or
nearly so; this is, of course, highly unrealistic. Four

Fir. 12. Com of scattering data by seven investigators patterns of approach characterize the theories: (1)
ujng dissimilar instruments in seve. Jifferent parts of the world.
All curves are superimposed at a scattering angle of 90', as mdi- Multiple integration using the volumt beattcring funL-
cated by the circled point. Gross similarity in curve shape is tion, the attenuation ioeffiodent a, and the inverse
apparent in the forward (0<0<90*) scattering directions despite squa.re law; these treatments suffer from complexity,
major differences in water clarity (2 m/In< 1 f< 20 m/In), spec-
tral region, geographical location, instrumental design, and experi- are never Lomplet, and mty neglect bi&,tblt Lompon-
mental technique. Most of the scattering in natural waters is ent of flux but some useful approximate solutions have
caused by transparent organisms and particles large compared been achieved in special -ases. (2) Diffusion theory. This
with the wavelength of light. The scattering is believed to result
chlefly from refraction and reflection at the surfaces of these applies rigoroubly only to ibotropie or very mildly non-
scatterers. As a consequence, scattering at small forward angles isotropic scattering systems which are not found in the
predominates and polarized light tends to preserve its polarization.
To the extent that all scattering curves have identical shapes the sea; nevertheless, considerable Ul-Less has been
scattering by natural waters can be specified in terms of some achieved in the predittion of irradiance at long ranges,
single number, such as the total volume scattering coefficient s or diffusion theory is, however, unable to yield much in-
the volume scattering function at some selected angle. formation concerning the directional characteristics of

the underwater light field. (3) Radiative transfer. fhis
Comparison between natural waters. A compason of method is based upon equations of transfer, sometimes

the scattering properties of natural waters is afforded in vector form; these integro-differential equations are
by Fig. 12, which shows a superposition of measurements sovdnprciebitatepoeuesnthlrgt

by seven different investigators using seven dissimilar solved in practice by iterative procedures on .th largest

instruments in seven different parts of the world. Three electronic computers. (4) Monte Carlo procedures. These

of the measurements were made with blue light, two

were made with green light, the dashed curve was ob-
tained with red light, and one investigator employed ,
white light. The attenuation lengths of the waters ranged ,
2 mID for the author's lake data to 20 m/In in the case
of Jerlov's data for the Atlantic. It appears that the - - - -"
shape of the forward portion of the volume scattering
function is remarkably similar in all of these natural FiG 13. Illustrating the irradiation of an object by multiply
waters, but that significant differences occur in the scattered light at arbitrary points inside and outside the light
character of the backscattering they produce. beam. The dotted curve associated with each cross-hatched

Although it is a useful first-order concept that natural volume element has the shape shoA n in Fig. 7 a-IJ represents a
polar plot of the volume scattering function. The need for addi-

waters are somewhat similar in the shape of their tional scattering data at small forward angles is obvious.
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though, in principle, either of the two latter approaches
appears to be capable of handling all underwater light
propagation problems, neither has thus far achieved
appreciable practical success in the treatment of point
source or collimated beam geometrics, for the calcula-
tions are too massive for even the largest of electronic us
computers. Success has, however, been achieved for the -
case of daylight in the sea,16 wherein the development of
theory and the evolution of practical computation pro- 5 12 T/LN

cedlires followed quickly after expefri-ntal explorations I 00 FT/LN
of anderwater daylight radiance distributions had 5072 FL

produced a body of data, described later in this paper, 0
from which valid assumptions could be made and against I
which predictions could be checked. This experience
prompted the author to begin a program of experimen- \\o-
tal explorations of the distribution of light produced by \ .
submerged divergent light sources and by collimated Zwoo)lamps underwater. These explorations are still in pro-
gress, but some of the conclusions reached thus far are
summarized in the following section. , , ,

20 30 40 50 60 70 80DIVERGENT LIGHT IN THE SEA {r) LAU OISIANCE kFEETI

Marine organisms which emit nearly hemispherical FiG. 14. Apparent radiance of a uniform, sphericl underwater
lamp at various distances, illustrating the exponential nature of

flashes of light are found at virtually all depths in the the attenuation of apparent lamp radiance with distance. Photo-
sea. Underwater lighting forvision, television, or photog- graphic photoretry was employed using a Wmtten NTo. 61 filter
raphy is often accomplished by means of incandescent and Eastman Plus X 35-mm film (Emulsion No. 5061-64-16A)

developed to unity gamma in D-76. E-posure time atf/l.5 varied
lamps or flash tubes which approximate point sources from 1.75 msec at a lamp distance of 10.5 ft to 180 000 insec when
and emit divergent flux. Quantitative prediction of the the lamp was 80 ft from the camera. The source of light wasirradiation produ10ed by suinh lamps at the object on G25/1) ma -

irraiaton podued b suh lmps t te obect on factured by the General Electric Company. The 3-in. spherical
its background, and throughout the observer's path of lamp envelope was sprayed with a white gloss lacquer in oider to
sight Lan enable optimum lighting arrangements and produce a uniform translucent white covering which gave the lamp

the same radiant intensity in all directions (to within +7%) ex-
camera positions to be planned in advance and exposure cept toward the base, which a-as turned away from the camera
to be predicted with sufficient accuracy to permit high- Two or more exposure times differing by 5- or 10-fold were used
contrabt photogrphiL techniques to be employed at each lamp distance. Open circles represent data from a single

time of exposure, solid points indicate that identical values ofeffectively. apparent radiance were obtained from negatives made with twodifferent exposure times. A solid straight line, representing an
Apparent Radiance at the Object attenuation length 1/a=.00 ft/In, has been drawn near thepoints. Dashed lines corresponding to attenuation lengths of

4.72 ft/In and 5.12 ft/In, respectively, represent values measured
Every underwater object and every elementary by means of a light-beam transmissometer before and after the

volume of water irradiated by a submerged divergent all-night experimental session. Cooling of the water during the
light source is lig',ted by an apparent radiance distri- night correlated with the observed increase of attenuation length,presumably due to plankton shrinkage. Data are of 26 August
bution which depends upon the radiant intensity dis- 1959 at Diamond Island Field Station.
tribution of the lamp, the optical properties of the
water, and the lamp distance. This radiance distribu-ton an e senphoogrphed an mesurd b an urements of the lamp images in a series of photographston can be seen, photographed, and m eas ured by an o e e i g s h r c l u d r a e i h o r ep o u e
observer stationed at the position of the object. To such of a receding spherical underwater light source produced
an observer a receding, uniform, spherical lamp appears the results shown in Fig. 14, wherein the close fit of the
to be surrounded by a glow c' cattered light which be- data to the solid straight line shows that the apparent
comes proportionately more prominent as lamp dis- radiance of the lamp is attenuated exponentially, as the
tance is increased, until at some range, often 18 to 20 equation
attenuation lengths, the lamp image can no longer be NNo ', (2)
discerned and only the glow is visible. The glow, how- where N, is the apparent radiance at distance r, No is
ever, may be seen for a considerably greater distance, the inherent radiance of the lamp surface, and a is the
depending upon the radiant intensity of the source attenuation coefficient for apparent radiance. The
and the ambient level of light in the sea. dashed lines, constructed from data secured with a

Apparent radiance of the lamp. Densitometric meas- light-beam transmissometer designed to conform with
1 W. H. Richardson and R. W. Preisendorfer, Scripps Inst. the requirements of Eq. (1), provide evidence that nu-Oceanog., Ref. 60-43 (1960). merically identical attenuation coefficients a apply in
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1o 000 1 ...... . .. . irradiance H,=l -+I-t,*. Since H, can be mea-zured

see Fig. 16) and H can be calculated by means of
SPHE~CA. LAMP Eq. (3), It,* can be found by subtraction; thus,: x oo H*=H,-H, .

Diffusion theory'7, s based upon the assumption of
oo , isotropic scattering suggests that

Hr*=JKeXrf...r, (4)

I where K is an attenuation coefficient for scattered light.
0If this K is given a value numerically equal to the at-

lo- 2 tenuation function for daylight scalar irradiance k, as
discussed laier in the portion of this paper devoted to

S daylight in the sea, Eqs. (3) and (4), when summed, fit
15 . 9 6 3 0 3 f 9 1 t5 the data of Fig. 16 within experimental uncertainty

oEGREES both at short and at long lamp distances; between 10

FIG. 15. Angular distribution of apparent radiance produced by ft (2 attenuation lengths) and 70 feet (14 attenuation
a uniform, spherical, undemrater lamp at distances of 8.5, 18.3, lengths), however, the measured total irradiance is as
29, and 39 feet. The lamp was identical to the one described in mu-h as tivie the predkted "alues. A emiempiriwl
connection with Fig. 14. The photometry was by means of an
automatic scanning, photoelectric, telephotometer having a modification of Eq. (4) which, added to Eq. (3), fits
circular acceptance cone 025' in diameter and with its spectral the data of Fig. 16 within exptrimental error ib
response limited by a Wratten No. 61 filter. Attenuation length
was 5.1 ft/hn. Data are of 3 August 1961 at the Diamond Island H_*= 25(I+7e"Kr)JKe- Krr. (5)
Field Station.

Effect of beam spread. Underwater sources of diver-
Eqs. (1) and (2), indicating thereby that images are gent light are seldom Lompletely spherii-al in thLir
formed by. photonb transmitted without being scattered radiant intensit) distribution. Man) undtrniattr Lamps

and that the contribution of scattered light to the ex-
posure of the image portion of the negative was
negligible.

Apparent radiance of the glow. D;.stributions of the
apparent radiance of the glow surrounding the distant
lamp were obtained by densitometry of the same series
of photographs, but more accurate results have been io-,
achieved by means of an automatic scanning photoelec-
tric telephotometer which was more free from stray W ;o- \

ight than was the camera. Distributions of apparent
radiance as measured photoelectrically from the target
position are shown in Fig. 15. The irradiance on any -
surface of the target facing the lamp can be computed -
from these curves and, if the reflectanc-! and gloss char-
acteristics of the target surfaces are know,, the inherent f"
radiance of the target in any specified direction can be
calculated. If, moreover, the volume scattering func-
tion of the water and its attenuation length are known, 10
calculations of inherent background radiance, path
radiance, and apparent target contrast can be made 1°2o'- 4060 0W-'2D K 10

from Fig. 15. Cr LAMP oIsTA:IcE (FEET)

FIG. 16. Total itradiance produced at various distances by a
Irradiance at the Object uniform, sphercal underwater lamp at ti' ! Diamond Island Field

Station. The solid curve was passed through the data points by
The surface of any underwater object is irradiated means of a least squares procedure. The lamp ivas idential %ith

by (1) direct (nonscattert.6) light from the lamp and the one described ia connection with Fig. 14. The photometrn %as
by" means of an underwater photoelectric irradiance meter facing

(2) scattered light. The nonscallered or monopath ir- directly toward the Lmp. The spectral response of the irradiometer

radiancc fl ° produced at normal incidence by a lamp was limited by means of a Wratten No. 61 green filtcK. The
radiant intensity J at distance r is given by the relation attenuation length of the water w%-as 5.0 ft/In. Data .re of 26

August 1959.
HrO=Je-r/rs. (3) 1 S. Glasstone and M. C, Edlund, Elements of Nuclear Reactor

In addition to H,, the object is irradiated by the Theory (D. Iran Nostrand and Company, Inc., Princeton, Nei
Jersey, 1952), p. 107.

scattered or miulipath irradianxe H,*. Thus the total, 18 R. W. Preisendorfer (9rivate communication).
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emit roughly conical patterns of flux 2W or more in
total angulat extent. Monopath irrdiance is, of course,
unaffected by the beam spread, and the effect on multi- -, \I
path irradiance is not large uales-s the lamp produces a z I
highly collimated beam. Experiments with an under- I
water light source having a continuously variable beam ; 1
spread down to 20" resulted in an empirical modification
of Eq. (5) to the form T"

H7* = (2-5 - 1.5 logit2z7 0)

X[1+7(2- 0)" e-XKrJKe-Kr 4rr. (6) a zg

where 3 is the total beam spread. Equation (6) should [ 30 r
not be used for beam spreads less than 20'. 4

Equations (A), (5), and (6) have been tested by the ,. 7 6 5 4 3 2 0 1 2 3 4 5 6 7

author only at the Diamond Island Field Station, but D E E
because of the similarity in zhe shape of the volmne scat- FiG. 17. Apparent radiance produced by scattering from the

beam of the highly collimated underwater lamp shown in Fig. 4.tering functitonT of n~aural vaters, a, illutrated by Fig. The photometq aas b% means of an automatic scanning, photo
12, they may have nearly universal applicability as ap- eectric telephotometer having a circular acceptance cone 0.25' in

diameter and with its sp.:tral ;esponse limited by a Wratten No.prodmations for engineering purposes. 61 filter. The beam from .oelamp had a divergence of 0.01; it was
directed toward the telcphotometer and filled the entrance pupil

COLLIMATED LIGHT IN THE SEA of that instrument at all times. Lamp distances of 11, 20, and 30 ft
were used. 'rests of the telephotometer showed that the data in

Underwater projectors producing beam spreads small Fig. 17 are free from stra -light effects. Attenuation length of the
compared with 1' exhibit distinctive properties. When water was 6.7 ft/In. The data are of 1 August 1961 at thecompredwit 1~exhbitdistnctve roprtis. hen Diamond Island Field Station.

seen from the position of the irradiated target, the head-

on appearance of a distant, highly collimated lamp is respectively. For these three lamps the distances r' are
remarkably similar to that of a broad-beam lamp at 1.15, 2.30, and 9.20 attenuation lengths. The points
some lesser range. Thus, the bright disk-shaped image at r=r', be)ond which Eq. (7) applies, lie within th-
of the lamp is surrounded by a glow of sca'tered light, diagram for both of the two smaller lamps and are in-
having an apparent radiance distributiun like that dica~ed by triangles. In all vases, diffraction will lower
shown in Fig. 17. Although it is difficult to distinguish the dashed curves.
a distant collimated lamp from a distant divergent The total irradiance H,, on the axis of a collimated
houri-e when each is observed from within its beam, beam exceeds the monopath irradiance H,0 by the
radianL distribution measurements reveal subtle dif- multipath contribution H.;', i.e., H,= 'r°+H*. This
ferences, the nature of whih Lcan bc seen by comparing is illustrated by the experimen, _l data points shown in
Figs. 15 and 17. Fig. 18 and the solid curves which have been fitted to

The appearance presented by a moderately distant, them. In the case of the two smaller lamps the multi-
slightly averted collimated lamp is, however, very dif path contribution was not detected at. ranges shorter
ftrent from that of ith divergent counterpart because than r', indicated by the triangle points, but this is not
the inttn~e mal-anglc ,cattering, common to all natural Lrue in the beam from the large-diameter lamp where
%Naters, produeb a readily visible, sharply defined, H,* and H,.9 are approximately equal throughout much
nearly cylindral luminous cAlumn extending toward of the range of distances covered by the data. The
thc obscrv-r from the collimated lamp. Near the lamp zteadily increasing separation of the solid and dashed
and on the axis of this column the monochromatic eurves in each of the lower pairs implies that malti-
monopath irradiance normal to the beam at distance path irradianc, beones dominant at large lamp
r i 1,/,"=Hoe-ar, where the irradiance H0 in the water distances.
at the lens of the projector is given by Ho= J 2D- in Data such as those in Fig. 18 can be used to cahu-
term, of raAiant intensity J, total beam spread , an& late the ratio of onopath to multipath irradiance,
diameter D of the light beam. Beyond the distance i.e., H,0 Hr*. This ratio, independent of the intensity
r'=D,', at which the lens relaces the source as the of the lamp or its radiant power output, is a measure
aperture stop of the irradiating system, H,0 is given by of the beam content of the light, it is the ratio of imagt,-

l,0=Je-"',r2=Ho e'(D/d'r)2 =Ht - (r/r')2  (7) forming light transmitted by the water path to the
non-ima,-fIorming (scattered) light arriving at the ir-

if diffraction is negligible, radiated object. Applications dependent on the reten.
The dashed lines in Fig. 18 illustrate the foregting tion of narrow-beam geometrical characteristics, of co

relatiurn appl;d to the cae of three col!imated lamps herence, or of s;ngle-valued transmission time may re-
having a divergence of 1, 6^ and exit pupil diameters quire that bomz usable fraction of the irradiance ,:on-
of 11300, 2,300, and 8,'300 of an attenuation length, sist of nonseattered (monopath) light. Figure 19 is a
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BEAM~ SPREAD
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0 j SPHERtCAL LAMP
LAMP DISTANCE JATTENUATION LENGTHS)

FIG. 18.Irradiancenormaltotheaxisofthebeamoflighthaving 0 ise L
a divergence of 1/6' produced by a collimated underwater lamp 0
(Fig. 4) at distances up to 8 attenuation lengths is shown b', the ,
data points and the solid lines for bem diameters of 11300, < 

9  -
2/300, and 8/300 of an attenuation length. The data are of 14
August 1961 at the Diamond Island Field Station; attenuation
length l/4= 6 3 ft/In. Dashed lines represent the monopath
irradiance in each case computed from Eq. (7). Geometrical 4 R 0 a4 2 !
divergence reduces the axial monopath irradiance at all lamp
distances beyond the points marked by triangles, which occur at LAMP DlS'A CE -" - E,, 5.
1.15 and 2-30 attenuation lengths for the two smaller lamps and FiG. 19. Ratio of monopath irradiance to multipath irradiance
at 9.20 attenuation lengths (net shewn) for the largest lamp. produced by a uniform spherical lamp flower curve) and by the
Spreading of the beam by diffraction also reduces the monopath same source mounted within a blackened enclosure lbox) which
irradiance at all lamp distances, often dramatically In a pkit limited its emittance to a circular cone 20" in total angular
involving dimensionless lamp distance (such as Fig. 18), the diameter oupper curve). In producing these cunres, monopath
dashed lines cannot be drawn to include the potentially major irradiance H, was calculated by means of Eq. ,3) and muhipath
eifect of diffraction becamuse the wavelength of light is independent
of the attenuation length, but they should be appropriately irradiace da g ive by g1frate unrmt herical
lowered when the figure is interpreted in terms of actual dimen- irmp annfrdatcorrvenondiFgg.ata for the unrse
sions. The vertical separation between the dashed and the solid lamp and from corresponding data for the 20 case.
curves in each pair is a measure of the multipath irradiance.
Caution. The data in this figure relate only to the axis of an Refractive Deterioration of High CoUimation
aplanatic underwater projection system having a beam spread
S-1/6% they should not be scaled by the ratio D,', they do not, No discussion of the properties of highly collimated

for examle, apply to the case of =1/60' and lamp diameters
D=l/30, /30, or 8/3000 attenuation length. underwater light oi image-formlmg rays would be com-

plete without mention of certain commonly encountered
refractive effects which limit the resolution of fine de-

plot of Ho1'H,* for divergent sources. It shoss that tail and tend to destroy high Lollination. Naturai waters
for a beam spread of 20^, fHr*= r' at 1.4 attenuation often Lontuin refraLti, e nonhomogeneities of two kind.
lengths and that multipath irradianfe predominates at $1) small scale point to-point variations in refractive
large lamp distances. Experiments now in progress with "Idex due, for example, :o temperature differences; and
light beams , mall diameter and high collimation may (2) transparent biological organisms (plankton) which
produce corre-ponding curves for collimated lamps. may range in size from microns to centimeters. The

highly cillnated be All of the effects of these optical nonhomogeneities has been ob-
Irradiance near a hag y c ern ear. of te served by allowing the beam from the 2-in.-diameter

foregoing discuss; a has concerned irradiance produced 0.01" divergent lamp shown in Fig. 4 to fall on an un-
on the axis of a collimated beam. 'Measurements of ir- derwater viewing s.reen after traversing any 'on-
radiance outside the light beam at variou, 4istanccs vnient water path )r by photographing the effect with
from the collimated lamp are shown in Fig. 20. an underater Lamera having no lens, in the manner
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M'aioECatEon is LeceSsar to make the !oss of resou-
ton obvious.

AIn expeiie~1z studv of this loss of res-olutionawas
perfrmed severa, years ago at the Diamond TI -~ad
Field Station and a theoretic-A treatment of the effect

Z 4 s e .9 A Z 74 was evolved3- At Diamond Island the loss of resolu-
tion was compaVabe to that caused by the on-a-xs aber-
rations of a flat water-to-air window of I 4-in.-thick

Fx.. 20. l da= 3ctid , a bv, LM- ' ;iT. g B .M CrW pakt.- glass When 10 ft of Water separated
dvergence: 036'; Lear 6zaeter: 2-. Fi-ter. W6a1 N 6I t.e object from the camera. The argular magnitude of
Attenuatim Lmh4S ft In; D -i)ad I=d the bur increases as the square root of the object-to-

camera distance, and the apparent contrast of fine de-
uggested by Fig. 21. If sudi a phaoto ph is made in tafls is decrea-ed inversely as the third power of the

wll-mixed dist'lled water. onh. a uniform %hite field iS d&tano.e in matrostopical y uniform water.%
recorded, but if the distilled water is allowed to stand,
a pattern of shadows appears as thermal structures de- DAYLIGHT I THE SEA
ve,,p. If transparent plankton are added, their refrac- Most of the light in the sea is from the sun and the
tive shadows are superimposed. sky. In sunn:¢ weather each sqare meter of the water

Figure 22 is a photograph of the pattern obtained surface may be irradiated by as much as one kilowatt
when such a picture was taken in the dear. natural of s- olar power. Approximately 95% of this power en-
water at the Diamond Island Field Station in Lake
Winnipesaukee, New Hampshire. In this case the light
beam passed through 10 ft of lake water. Th - drcular
shadows were caused by transparent plarkton some-
what less than 1 mm in size whose refractive index dif-
fered only slightly from that of water. No effects due to
thermal tubulons have been identified in this picture.
The light beam was horizontal and 30 in. beneath the
surface of the water. A shutter speed of 1 50 second
was used because the pattern was in constant restless
motion, primarily due to slight wave action, but also
due to plankton movements and possibly to thermal
drifts.

Loss qf resolution. Wavefronts passing through
natural waters are distorted by these refractive effects. FiG. 22 Photograph ot thielight distribution from the collimated

underwater lamp (Fig. 4) after traversing 10 ft of water in the
The edges of objects appear blurred and the apparent anner shown sheriacai0 in Lg. 21. Camera; Contax without
Lontrast of small objects is reduced. Thus, resolving !msn E!W, ure Sime. 1,50 sec. Film. EaFsman Plus-X. Develop-

is impaired and fine details are obliterated. It i meat: rnrmal, D-76. Beam spread: 0.01 . Beam diameter: 2 in.power s p a nAttenuation length: 56 Et ln; Diamond Island; 22 August 1961.
said that in some clear, south-sea waters tht :oncen- Th; diamete: of the outer black drcular border (caused by the
tration of transparent plankton is so great that a swim- opening in the camera bdy; measured 1.3 in. on the negative.

mer cannot distinguish his toes even though his foot S. Q. Duntlev, W. H. Culver, F. Richey, and R. W. Preisen-
is dearly visible at high contrast. Conditions are much do{rfer, J Opt. S&- Am. 42, 77(A (1952).

2S. Q. Duntlev. W. IL COLver. F. Richey, and R. W. Preiwe,
less severe at the Diamond Island Field Station, where d,,rfer. J. Opt .S, _ ;Ur. ito be published).
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tes t_% ,ater and is absorbe --oew±crc btenath tht dW. A t&hortt:,a proo-w f the exL-tcnc of d.axaier-
sfare ~v~,hgt is the prini-al soure of --r-y for lzt,. d-fife Eg ht ,=-dnptut, rad .e dibtrnutzn in
th.- sea. Aswpzyg it with heat a o its natmral ,rtes has been iien by Preeodoeru and
eaepogy throi p~oovrnthel N-%eadv half of &e '- Lrmfirmnatonj, experimentil &at& in Other nataral Waters
rdation is inf-red rnost of w h is absorb within have been o.tained b- Jer.o. and Fakuda and
a n.t-r of the smiface.As much as ot ffth of the dy- SasakL
light may be ultravilet and this can penetrate some-
whao more deepy if the concentration of ,dsolved or- Depth Pofiles of Underwater Radiance
,n,: decomposition products t-eLow sbstanceT t is

low. Fortznatelv. the peak of t. sar spectrum i Lo The r b-to u a!e grapical reprsentation o the dis

far fiom the wavelenth (480 xrqp of greatest transm- riaoe ofsbuton profac like those i F rig. 23. Con-

parenf in dear ocean water. Blue-green lig rep-

resenting less than one-tenth of the total incident solar
power, penetrates so deeply into the sea that it has been 2 E TE I a so 1GT
detect.d p.otoelectrically below 600 m- 1-1si:it. im- so • - 8--2

portant to inhabitants of the underwater world, is pos-
sble dtie& bemause of this bllegreen ligh.

Direclional Distribution of Daylight Underwater
2e

Stm4ihtentering at the sufacebecomes progressively 
_0_

more dihluse w-th depth until a state of diffusion is ZE ITH

reached rhch (1) is daracte-istic of the water mass, " o
(2) is irkpendent of the sdar altitude and the pre- 0 , K_
valing sky condition, and (3) is invariant with further -%

inrese in.dethunless otclydifferent water is.encountered This Wavior of dakyight in water a sub- =o03 _
ject of con j-ture for more than 30 years-.wa probably - \
first definitily postulatedby "Whitney in brilliant
speculations basd neither upon adequate radiance dis- F
tribution d'ila nor apon a valid theoretical analysis but i so
chiefly upon insightful interpretations of irradiance /

measuremer. ts. hNitnq's hYpothesis could not be con- 1 ,
firmed until 1957, wen an eight-year experimental
program, inijated by the author and conducted in its
later stages chiefly by stveral of his colleagues, culmin- too
ated in the definitive xadiance distribution data of 'N
Ty 'P Thes,: data were obtaited with superlative "N,
equipment representing oearly a decade of apparatus to ' -devopmenL The experiments were onducted in a70

mountain laka containing optically uniform water of SEPr" kMTERS;

very great depth. This lake (Pend OreIle, Idaho) was Fxi. 23. Depth profiles of underwaer anparert radiance to,:
used only after many futile attempts had been made to a der iiathi5 -.s,,ht ,-ay danglr A28 a p ar f SU L Odie ,

a dear, calmn, c1oudles, tunny dayr t28Aprii 1957) at Pend Orelle,
find sufficiently uniform, deep water at sta and in other ia1=ho. The cires de dam E'5 Ty~cr (st referrce 23k. The
lakes. Even at Pend Oreille optical tniformity ocurs slar zenith ang!e a as334-. Thlpeubmeglphotodectrradiance
only for a few d- Lys during the spring of each year. The photometer measured blue light Ly means tf an R -s, 931A multi-

plier phototube equipped with a 'ratten No.45 filter, its field of
Pend Oreille data show an mumistakable, *s-stematic view was circular and 6.6' in arigular diameter. The water was
trend toward tile formation of a daraLtexistk (or nearly uniform in its optkaliprt ies, ie..e oatter uitnlength
asymptolic) distrbution of underwater- daylight mdi- "as measured by rears o' a lid beam t-nsismeter hasing atungste souce, an RCA ti3lA coototube, and a Wratten No. 45
ance. A series of figures de"eloped from Tyler's tabu- filter, was 2.52 in In just beneat the surface and increased very
lated Pend Oreill: dataP and described in the seLtion slightly ata steady rate to 2.62 m,Ta at a depthof 61 m, that Lb to
which follows summarize this experimental evidence for say, the change in attenuaion length with depth was bardy

dtectable- Additional famies )f radiance profiles in vertica
the asymptotic rad, ant disin'bulrm hypothesis and illu - planes at jthe aziuths be osrtnitted irum 1)fer's rabie.,
trate the progress ve transformaion of the light field which alsoprovide correspondingdataft overaastcondidians. All

such sets of profles are remarkably- similar at great depth. Parallel
from the sunny ca',idition near the surfacv to the char- profies signify that the radiance distnbution has its asymptotc
acteristic diffuse distribution which previls at great form.
=L V. Whitncy, J. farine Research 4, 122 (1M1). 11 R. W. Preisendorfer, J. Marie Research 18, 1 (1959).
" "L V. Whiltney. J. Cit. Soc. Am. 31, 714 (1941,. r N. G. Jerlov and 31. Fukuda, Tellus 12,348 (1960j.

J' J. E. Tyler, Bull. S :ripps Inst. Oceanog. 7, 363 (1960). : T. Sasaki, BulL Japan. Soc.!.k. Fisheries 29,489 (1962).
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Sconcept more co-npct iy. Di!errntA e..uation for trx
- U rad ance atnuation futctio-. havc been evolved by

. PreriorfcrY'

Attenuation Function for Scalar Irradiance

The -!ope of a vertical profile of scalar irradiance h (z,,
a radiometri quantitv mca-surabe by means of a s-ph.ri-
cal diffuse coflector, is uallcd the a!enuation funtdionfor
&..ar irradiance at depth = and is denoted by k(v. This

• function is :hown by the dashed curve in Fig. 24. The
- -- - -: imiting value k' of kIz) is a convenient experimen-

.- tal parameter for describing txe optikal properties of
F: .24- Ile sdl-d cmrts are raiance at uxatiom fmctins the sea bem-use 1) kiz) approaches its asymptot~c value

The 1c pom are n' mT.4s =3aiO fOctiot tbs at less depth than do the radiance attenuation functions,

ts.ee rerewc 23,. The dash ed'cwve is the attenuion fuctibn and (2 1it is easier to measure. Figure 2 shows a water-
for scalar irra e- the skpe of the depth pro e of scala clarity meter proposed by the author and constructed
irrdence, a -raoen: qusry proportonal to the regmse oi
a spherical diise cf Cctor --. as that at the top of the instra-
racut pkctw in Fi, - 25- The transforatkcm of the light ikeA to
its asmptod-i form is llustrated by the comverzeric of the
radianc atenuaon fzm~ to a cotnrnon, -steady v-alue at
sufdent depth.

ceptually, each curve represents the results of loweringT
vertically into 6he sea a radiance photometer having
a fixed zenith angle and azimuth. The unique utlity
of s ch profiles arises from the fact that the contrast
trans itance of any path of sight in the day-Iihted
sea iz given by the ratio of the apparent background
radiaaces at the terminals of ..he path multiplied by the
beam transmittance of the path Esee ]q. f8,]. This
important general theorem is rigorously true despite any
degree of stratification or nonhomogeneity possessed
by the water and despite any amount of nonuniformity
in the lighting throughout the path of sight. Radiance
distribution profiles like those in Fig. 73 enable the
apparent background-radiance ratio to be read for any
pair of terminal points, negardless of the shape of the
profile.

In Fig. 23 each curve is nearly, but not quite. stright
and nearly. but not quite. parallei with its fellows.
When, at sufficient depth, all of the profiles are parallel.
the asymptotic radiance distribution prevails.

Radiance Attenuation Functions

The inverse slope of the semilogarithmic underwater
radiance distribution profiles in Fig. 23 is called the
radiance alttenuat.m function. It is symbolized by

%. ere z refers to depth, 0 specifies the zenith Fv. 25. Water-clarity meter for measuring depth profiles of
angle of the radiance photometer, and 0 denotes its scalar irradiance k(:) and attenuation coeffidert a(.) at se 'The
azimuth. Figure 24, developed from -imlar ones by hollow, transMuct white sphere at the top of the instrument is

the collector for the measurement of scalar irradiance. Attenuation
Preisendorfer 2 - is a plot of the radian,-e attenuation is mewsred by means of a highly collimated beam of light, pro-

functions (slopes) of the radiance profiles shown in Fig. duced by a projector in the lower compartment, which travels
23. The carves in Fig. 24 have been extrapolated beyond upward to a photoelectric telephotometer in the upper chamber.B-aes are used to minimize the effect of daylight in near surace
the greatest depth e-xplored by Tyle;-s measurement in .ife reudtoinieth eeto a;ih1ersrfettin measurements. The use of multiplier phototubes enables this
order to illustrate the asy.%mptotic radiance distribution equipment to produce profiles of scalar irradance at depthsR greater than 10 attenuation lengths. A prssure transducer is

27 R. W. Prdsndirf'er, S-'crnltf, I rt. Oceamz, Ref- 5-59, incorporated in the instrument to indicate its depth. Due to the
(195 . spherical nature of the irradiance sm.or, the orientation of the

" R. W. Preisendorier, Scir& Irst. OCearog. Ref. 5 ,60 instrument is not important; it can, if desired, be oriented hori-(1958). z~ntakly (see reference 29).
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tribution changes throughout only the first 41 m of107t depth (about 16 attenuation lengths or optical depths).
At that depth, however, the shift of the maximum

06 -, toward the zenith is incomplete and continues to change
rapidly as depth is progressively increased. Figure 28

ho 103 shows how the maximum of the underwater daylight
4 24 METERS distribution shifts toward the zenith with increasing

_j depth; it suggests, by extrapolation, that a depth of 20
.0 4 attenuation lengths (iO m) or more is required in order

S-for the true asymptotic radiance distribution to be
76.6 reached.

Irradiance Prefiles

When the underwater radiance distribution has its
41.3 asymptotic form, the irradiance incident on a plane

oriented in any direction will decrease exponentially
5. with depth at the same rate as will the irradiance on

10 /planes oriented in any other directions. A family of
6, , semilcgarithmic profiles of the irradiance on planes ori-

XF, ented in various directions is merely a group of parallel
straight lines having a slope corresponding to k(w), the
limiting value of the attenuation function for scalar ir-

-180 -120 -60 0 60 120 $so radiance. In most ocean water the irradiance H(z,-)

ZENITH ANGLE (OEGREES) on the upper surface of a horizontal plane at any depth
Fro. 26. Underwater radiance distributions in the plane of the z is approximately 50 times as great as the irradiance

sun on a clear, sunny day at depths of 4.24, 16.6, 29.0,413, 53.7, H(z,+) on the lower surface of the same plane, the ir-
and 66.1 m, respectivey. The circles denote data by Tyler see radiance on plhnes oriented in all other directions at
reference 23) at Pend Oreille, Idaho, 28 April 1957. The solar this depth lies between H(z-) and H(z)
zenith angle was 33.4 For additional experimental details see
Fig. 23. At the shallowest depth measured (4.24 inr, the peak of At lesser depths, v'here tht underwater radiance di,-
the radiance distribution is at a slightly greater zenith angle than tribution departh from its asymptotic form, the semi-
refracted rays from the sun (24.40); see Fig. 29. At progressively
greater depths the distribution becomes less sharply peaked and logarithmic irradiance profiles diffzr somewhat from
the maxim m moves toward zero zenith angle. Te radiance dis. paralleim and btraightnt.-:. Sudh p.rturbations art,tribution is nearly in its asymptotic form at 66.1 m, the greatest however, comparatively minor and for many purposes
depth at which data were taken. Corresponding trends appear in
similar plots of data obtained by Sasaki in ocean water near J they are ngligible. For example, some of the attenua-
(see reerence 26) and in Gullmar fjo, ' by Jerlov and Fukuda tion funcionS at a depth of 2.5 ft on an overcast day
(see reference 25).

by his colleagues,2 which measures simultaneous verti-
cal profiles of scalar irradiance h(z) and attenuation Z
coefficient a(z) in routine oceanographic surveys.

Shapes of the Underwater Radiance Distribution 4 METERS

The shapes of a typical family of underwater radiance .
distributions in the plane of the sun at progressively -

greater depths are shown by Fig. 26, which includes the
same data plotted in Fig. 23. At shallow depths the dis- 4

tnbution is sharply peaked, approximately in the direc-
tion of the refracted rays from the sun. At increasingly -
greater depths the distribution becomes less sharply ;!....._,_, ___,_,_.

peaked and the maximum moves progressively toward
the zenith. The change in curve shape is better flus- 4 ZENT ANGLES OVE EES

trated by Fig. 27, wherein the upper four ,.urves of Fig. FiG. 27. In this figure the underwater radianc distributiun
26 have been superimposed at their respective maxima. curves for depths 4.24, 16.6, 29.0, and 41.3 m from Fig. 26 have

been superimposed at their respective maxima in order to compare
The ower two curves in Fig. 26 do not appear in Fig. their shapes. The radiance curses for depths 53.7 and 66.1 In are

27 because their shape does not differ from that of the not shown since, within the limits of experimental error, their
shapes are identical with the curve for 41.3 mn d( h. Thus, the

41.3-m curve within the precision of the data. It may shapeof the underwaterradiancedistriuuion ha nea-rlv completed
be noted, therefoit, that th form of tht radianc is- its transfurmativn to tht as)mptotiL form at 41.3 m'depth. The

maximum of the curve has not, however, reached zero zenith angle
R. W. Austin, Scripps ITat. Oceanog. Ref. 59-9, (1959,. at dais depth and is, in fact, changing at maximum rate, see Fig. 28,
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DEPTH kATTEXATON 4_ENGTHSI daylight in the sea diminish rapidly with depth. Con-
0 4 8 12 ,6 20 24 trLtst reduction along inclined paths of sight through

- - optically uniform water are treated after certain generalj principles havec been dis-cussed.

25,- General case. A completely general phenomenological
treatment of the reduction of apparent contrast by any
scattering and absorbing medium has been given by

020 2 the author and two of his colleagues in an earlier paper'
concerned with the atmosphere; Eq. (1) through (10)
of that paper and the disussions which accompany

0 1 t them apply also to the reduction of contrast along all
underwater paths of sight, and the notation employed
in reference 31 has been used throughout the present
paper, except that z is used to denote depth rather than
altitude) and is positive from the sea sarface dovwnward.
Although, in the interest of brevity, only one [Eq. (7)]
of those equations is discussed here, they constitute the

00 foundation for all of the relations which follow in thiso , ! : ; : '""- paper.

0 20 40 60 so ,oo 120 Equation t7) in reference 31 states that the ratio of
DEPTH METERSi the apparent contrast C,(z,O,0) of an object at distance

FIG. 23. Illustrating how the peaks of the underwater daylight r from an observer at depth z along a path of sight hay-
radiance distributions shown in Fig. 26 shift toward zero zendth in zenith angle 0 and azimuth 0 to the inherent con-angle with increasing depth. At shall6w depths in these data the 0
peak occurs at a greater zenith angle than the direction (uneter- trast Cu(zO,,M) of a target at depth zg is
water) of rays from the sun. The extrapolated (dashed) portion of
the curve suggests that a depth of more than 10 Om is required to C(Z,0), Co(z,,O, )i
bring the peak to zero zenith angle; i.e., to complete the tra-ls- T,(z,0,)b.Yo(z,,l) " ¥r(Z,0, ), (8)
formation of the light field to its asymptotic form.

where T,(z,OS) is the beam transmittance of the path
(28 August 1959) at Diamond Island were K(2.5,-)= of sight for image-forming light and b.Vo(z1,6,O)/
0.067 1n/Rft, k(2.5)=0.063 In ft, K(2.5,+)=0.051 In ft, ~~Y,(z.O,0) is the ratio of the apparent radiances of the
and a(2.5)=0.18 In/ft. background at the terininals of the path of sight. Thib

equation is rigorously true despite any amount of non-
Contrast Transmittance uniformity in the water or in its lighting. Profiles of

Introduction. Underwater sighting ranges are always underwater radiance, such as those in Fig. 23, provide
short compared with sighting ranges in clear air. Nearly the two background radiance values required by Eq. (8)
all objects, therefore, subtend so large a visual angle -nd the beam transmittance can be found from a pro-
when seen underwater that the exact size of the object file of attenuation length by means of Eq. (16) in ref-
is of almost no consequence. Except for very tiny ob- erence 31. It should be noted that the beam transmit-
jects or the fine details of larger ones, underwater sight- tance T,(z,0,) must include the factor [n(z)/n(z)T-
ing ranges depend almost entirely upon the contrast required by geometrical optics when the refractive in-
transmittance of the path of sight when ample daylight dex n (z) of the medium at the observer differs from that
prevails. Along horizontal paths of sight dark objects at the target t(zt), as in the case of underwater obser-
(such as black-suited swimmers) approach detection vation through a flat face plate or a plane window.
threshold near the distance 4 'a(z) when viewed against Uniform water. If the underwater path of sight lies
a water background, although bright objedts (including entirely within a single optically uniform stratum and if
light sources) can be seen further.* For objects of suf- the profile of monochromatic apparent radiance (see
ficient angular size, horizontal daylight sighting ranges Fig. 23) can be approximated by a straight line and rep-
underwater are remarkably similar to horizontal day- resented by the differential equation
light sighting ranges in the atmosphere if both are ex- dXz,8O),'dr= -K(z,O) cosOX"(z,0,), (9)
pressed in attenuation lengths. This quantitative simi-
larity does not hold, however, when the path of sight is where r cosO=zt-z, Eq. (10) of reference 31 can be re-
inclined either upward or downward because water, placed by differential equations of transfer for spectral
unlike air, absorbs light so strongly that all aspects of field radiance

33 Along any underwater path of -,ght a remarkable proportion dN(z,O)/dr= X*(,0,4,)-a(z)N(z,0,0), (10)
of the objects ordinarily encountered can be seen at limiting ranges
between 4 and 5 times the distance l/[a(z)-K(,O,0) coSO], re-
gardless of their size or the bw..kground against which they appear, ,1 S. Q. Duntlev, A. R. Boileau, and R. W. Preisendorfer, J. Opt.
provided ample daylight prevails [see Eqs. (14) and (IS)]. Soc. Am. 47, 499 (1957).
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and for apparent spectral target radiance residual image-forming light from the target and the
second term represents radiance due to scattering of

dt.V(z,G,¢} dr=X(z,O,k-a~zX(z,O,,). (11) light in the sea throughout the path of sight, i.e., the

Equations (9), (10), and (11) can be combined and path radiance N,*(z,O,0). A graphical illustration of
integrated throughout the path of sight to produce the Eq. (12) is provided by Fig. 29, which shows how black
important relation objects and white objects submerged in deep water ap-

pear to emerge gradually from the background as they
s.X,(z,0,.,)= gNctB,¢) exp[-a()r] are approached from above by a descending, downward-

+X(z,,A0) exp[+K(,0,,)r cosO] looking underwater observer or camera.
X{1-exp[-a(z)r+K(z,O,¢)rcos]), (12) In Eq. (12), a(z) and K(z,0,O) are considered to be

constants throughout the path of sight. In uniform
where t.,{z,D,.) is the apparent spectral radiance of water this i6 true of a (z) but not of K(z,O, , unle s the
the target and ,Xo(z,,0) is its inherent spectral ra- radiance dibtribution ib a_%mptoti. Fig.rt 24 illuttratez
diance. In Eq. (12) the first term on the right represents how K(z,O,t) changes %ith z nd 0 in the plane of the

sun; corresponding figures can be constructed from
Tyler's tablesP to illustrate changes with 0. Such data
should be used to ascertain the variation of K(z,0,0) on
the particular segment of the path of sight to be used;

- the degree of approximation represented by Eq. (12)
-[and by Eqs. (14), (15), and (16)] can then be esti----o, - - - mated. Because underwa,er sighting ranges rarely ex-

- 'I ceed 2;'K, the effect of K variation is seldom appreciable,

CLELTIEi except near the surface of the sea. General equations,
° ,remarkably similar in form to Eqs. (12), (14), (15),

L EXPOSu'RE tRELA T sj U and (16), have been written by Preisendorfer (private
communication); these involve, for example,

Z ep I f

0.0

- e: / -,,,_ __ instead of

31 0 .- they are also applicable to nonuiform water and even
to multi-media paths of sight.

, ____- ___ | os0JECT Equation (12) also specifies the apparent radiance of
,0-4 ,o- any background against which a target may be seen;

APPARENT RADIANCE 4WATTS/a, SO METER. mp, when used for this purpose the presubscript I (for target)
should be changed to b(for background). Subtraction

rig. 29. Illustrating the effect of (vertical) object-to-camera sh e backg
distance on the apparent radiance (lower figure) and the photo- of 1he background form of Eq. (12) from Eq. (12) it-
graphic contrast (upper figure) of an object having both white and self yields the relation
black areas submerged 35 m beneath the surface of deep, optically
uniform water characterized by an attenuation length (I/a) of 1X,(z,0,0) - b.V, (z,0,0)
3.2 r/In, (a/K)= 2 .7, II(z, +)/II(z, -)=0.02, and asymptotic
radiance distribution. The prevailing spectral irradiance on the E- o(z,,0,q)- iVo(zt,0,O)]exp[-az)r1. (13)
surface of the water is assumed to be 1 W/r 2, mg.

As a downward-looking camera is lowered from the sea surface, Equation (13) implies that along any underwater path
the apparent radiance presented by the %%ater decreases at the of sight, radiant.e difftrt-nLe, art tranbmitted %iith cx-
rate of K0.116 In/m, as shown by the diagonal dashed line in
the lower figure. At 19 m depth (i.e., an object-to-camera distance ponential attenuation at the same space rate as image-
of 16 m or 5 attenuation lengths) the apparent radiances of the forming rays.
object differ but littlefrom that of the surround. When the camera The two formb of Eq. (12) 9an be Lombined with the
is 9.6 m (i.e., 3 attenuation lengths) above the target, the white
area presents an apparent radiance significantly greater than the defining relations for inherent spectral contrast,
surround (diagonal dashed line) but the black area appears only Co(z,0,4), and apparc.nt spectral contrast C,(z,O4.),
slightly darker than the water background. Near this camera which are, respectively,
position the two terms in the right-hand member of Eq. (12) are
equal, so that dN(z,7,O)/dr=O; at greater camera depths the
second term predominates. WVhen the camera is 3.2 m or I attenua- Co(z,,S)' o(,,q)-.Yo(zg,O4p)]!b.Y (zt,04),
tion length above the object, both the black and the white areas
of the target differ markedly in a pparent radiance from the sur- and
round (diagonal dashed line). The upper figure illustrates, by
means of the characteristic curve of a negative material, the range C', (z,O, ) = [1.'V(Z,0,0) - 1,'Xr(Z,'04)J/,f (z,O,.k).
of photographic densities corresponding with object-to-camera
distances of 3.2 m (dashed lines) and 9.6 m (dotted lines). When this is done, the ratio of inherent spectral con-
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trast to the apparent spectral contrast is found to be course of early experiments as illustrated, in part, by

Co(ZgOO)/C(,,0) 
Figs. 30 and 31.

Horizontal paths of sight. Along horizontal paths of
=I -N(z ,0)/bX o (g,0 sight cos 0=0 in E4s. (9), (12), (14), (15), and (16),
X{1 -exp[a( z)r-K(zeO)r cosO]). (14) which show that both the apparent radiance and the

If as in the special ae of an apparent contrast of objects seen horizontally under-

object suspended in deep water, Eq. (14) reuces to water change Mth distance in a manner dependent on
a but not on K. When cos O= (l, Eq. (10) indicates that

C,(Z,0, )=Co(z1,0,O) some unique equilibrium radiance .4 zjr,'2,4k) must

Xexp[-a(z)r+K(z,O,O)r cos0]. (15) exist at each point such that the loss of radiance within
the horizontal path segment is balanced by the gain,

Whenever the underwater daylight radiance distri- i.e.,
bution has, effectively, its asymptotic form, the radi-
ance attenuation function K(z,0,) is a constant, in- d*qV(z,, )dr=O *(z,4-,6)a z)X.(z,jw4.). (17)
dependent of z, 0, and ,. Equation (15) may then be Even in nonuniform water there is an equilibrium radi-
written ance for each element of horizontal path although this

C,(z,0,0)/Co(Zg,0,0)= exp[-a-+K cos0)]r. (16) may differ from point to point. Inclined paths of tight
do not have a true equilibrium radiance, as will be clear

The right-hand member of Eq. (16), sometimes called from Eq. (9), but they possess an exponential counter-
the contrast reduction factor, is independent of 0, the part which is illustrated by the diagonal dashed line
azimuth of the path of sight. This and other implica- in Fig. 29.
tions of Eq. (16) were discovered by the author in the A method- for measuring the attenuation coefficient

so °0
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FIG. 30. Interrelated experiments from the September 1948 series at the Diamond Island Field Station:
(Left) Semilogarithmic depth profile of scalar irradiance obtained by lowering a 6-in.-diameter, air-filled,
hollow, translucent, opal glass sphere having a photovoltaic cell sealed in an opening at its bottom. The
straightness of the curve indicates optical homogeneity of the water and a depth invariant attenuation
coefficient k(z) =0.066 In/ft. (Cenler) Semilogarithmic plot of the absolute apparent contrast of a horizontal,
flat, white target lowered vertically beneath a telephotometer mounted in a small, hooded, glass-bottomed
boat; calm water, clear sky, low sun. The long, straight portion of the curve illustrates Eq. (15) and its slope
indicates that a(z)-+K(z,r,0) =0.247 In/ft. Because the sun was low the radiance distribution was approxi-
mately asymptotic, so that K(z,r,0) k~z=0.066 In/ft and, by subtraction a(z)=0.181 In/ft or the attenua-
tion length 1/a= 5.3 ft/In. (Rig/o Two semilogarithmic plots of apparent contrast vs target distance along
60 -downward-sloping paths of sight for black targets (lower portion) and white targets (upper portion)
have been combined to demonstrate (1) that the apparent contrast is exponentially attenuated with target
distance at the same space rate for both light targets and dark targets, (2) that this space rate is independent
of azimuth, and (3) that Eq. (16) is valid. All four paths of sight have the same zenith angle, 0= 150 , but
the azimuth angles relative to the plane of the sun are 0=0 (circled points) and 4=45O (crosses), 4,=950(diamonds) and = j350 (squares). The dashed straight lines are constructed parallel and, in accordance
with E~q. (16), they have a slope 0.181+0.066 cos150 ='0.214 In/ft. These lines were p~assed through the
uppermost datum point of each series without regard to the lower points; the lines are provided solely to
facilitate judgment of th eo and linriy of the data. Photographic underwa ertelephotometry; green
(daons light, calm water, clear sky, low sun.

'IS. Q. Duntley, J. Opt. Soc. Am. 37, 994(A) (1947) and U. S. Patent No. 2,661,650.
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S'o , V cicpls discussed in this paper were discovered or genera-
\, lizcd early in the course of these experiments. The data

guided a collaborative development of the foregoing
j - equations by Dr. Rudolph W. Preisendorfer and the

40 authoO". th
\ - Experiments were conducted concurrently in lakef- ABSOLUT CON T and at sea almost from the beginning because optical

\SSOLUTE CO,,TRST principles can be explored better and more inexpensivey
in lakes whereas the magnitude of the optical constants

- of ocean waters can be measured only at sea. Most ofe, the data used in this paper to illustrate principles were
.. \obtained at a field station establisht.d by the author in

L.EA 1\1948 at Diamond Island in Lake Winnipesaukee, New
E&SE rHampshire. Examples of data from the field station are
CCNTRLS! \o pro-vided in Fig. 30. These data, taken from the 1948

series, illustrate several important principles which are
4LL \implied and summarized by Eq. (16). Figure 30 shows" Lt ~ k \ \ that the attenuation coefficients k(z) and a(z) obtained

- - by means of a depth profile of scalar irradiance and
measurements of the apparent radiance of a white ob-o \ ject lowered vertically (in the manner of a Secchi disk)

01'- -- can be used with Eq. (16) to predict the apparent con-
trast of any object, black or white, along various un-
derwater paths of sight. Measurements of apparent con-
trastw ith highly refined photoelectricequipment have
been made along many paths of sight and under many
kinds of lighting conditions in the course of the field

_______________station experiments; all of these experiments support0 5 10 15 20 25 30 35

TARGET DISTANCE [ET) the validity of Eqs. (15) and (16).

FIG. 31. Comparison of apparent absolute contrast with ap- The water-clarity meter pictured in Fig. 25 produces
parent edge contrast of white targets for two horizontal under- a profile of scalar irradiance similar to that shown in
water paths of sight havng azimuths relative to the direction of Fig. 30 and, therefore, a measure of k(z), it also meas-
the sun of 95 (crosses) and 135 ° (drcles), respectively The three
lines are arallel and correspond to an attenuation length ures the attenuation coeffident a(z), providing, thereby,
1/a, 5.65 hin. The data are of 24 Septcember 1948 at Diamond the necessary input information for using Eq (16) toIsland. Photographic telephotometry; green filter, calculate contrast reduction, since K= k(z).

Telephotometry of either black or white targets along
a(z) is suggested by Eq. (17) and the fact that in op- any two paths of sight having different inclinations
tically uniform waterX(z,jr,) -- N(.zfr,); thus (i.e., zenith angle 0) yields two values of the contrast

attenuation coefficient (a-K cos0) from which a and
a(*)= .(z,-X,0)/'(4,-r, ). (18) K can be found. The use of a horizontal path for de-

In Eq. (18), N(z,jr) can be approximated by the termining a, and a downward vertical path for deter-
apparent radiance of a very black object, such as an mining a+K, is often a convenient choice.
opening in a small black box, located at a unit distance Absolute contrast. The water immediately surround-
which is small compared with the attenuation length, ing a submerged white object sometimes appears to
and N(z,jr) is the apparent radiance of the unre- glow. This effect is caused by the intense small-angle
stricted water background. This technique is especially forward scattering of light which is reflected by the
convenient for documentivg conditions in underwater target in directions adjacent to that of the observer.
photography by daylight. The value of a(z) so obtained The effect is most noticeable when a strongly lighted
agrees precisely with data obtained by (1) properly de- white object is observed against a dark background.
signed light beam transmissometers, (2) measurements The apparent radiance of the scattered glow has beer
of the apparent contrast of underwater objects observed found to be attenuated at the same space rate as the
along horizontal paths of sight, and (3) underwater target itself; this is shown by Fig. 31 wherein the semi-
telephotometry of the apparent radiance of the surface logarithmic attenuation curves for apparent absolute
of a distant submerged frosted incandescent lamp or contrast and apparent edge contrast are parallel. Apparent
other diffusely emitting source. absolute contrast is relative to the apparent background

Field experiments. Experimental cxplorations of the n S. Q. Duntlev, Proc. Armed forces-Natl. Research Council
distribution of daylight in the sea and underwater image Vision Committee 23, 123 (1949); 27, 57 (1950); 28, 60 (1951).

ntransmision phenocra were Mbegun e by the authorain s Q. Duntley and R. W. Preisendorfer, MIT Rent NSori

1948 and are stil in progress. Most of the physical prn- "R. W. Preisendorfer, Scripps Inst. Ocmanog. Ref. 5842 (1957)
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WA??Smn4IC METER. WL111CAradiance that would be observed if the target were ab- ,,s - , ,.

sent; apparent edge cantrast is relative to the apparent C _"__
"

__
"

____________

background radiance wxhich appears immediately ad- , ,,co Tc I
jacent to the target. Grdinarily, few underwater ob- WT. OF -X

jcsare white enough tc cause the two types of con-
trast to differ significantly. When the glow is prominent, .
absolute contrast is usually ,he more meaningful meas- /
ure of object detectability, but a full treatment of this
topic can be made only in context with details con- & a / / UT I .

cerning the characteristics of the detector (eye, camera,
etc.), a matter beyond the scope of this paper. 400

Absorption C 4 C 0 4 , , , 4 1 0 .

If radiant power in the sea is to be aseful for heating " EMCIC t , LON

or for photosynthesis it must be absorbed. The mono- Fic. 32. Superimposed steritilogarithmic plots of monochromatic
downwelling irradiance vs dpth ard monochronatic radiantchromatic radiant power absorbed per unit of volume power absorbed per unit of volume vs depth illustrate the (approxi-

at any depth depends upon the amount of power re- mate) relation between these quantities expressed by Eq. (20).buaa Monochromatic dowawelling -,radiance is the total mon-,ceived by the volume element and the magnitude of chromatic radiant power p., unit of area received by the upper
the absorption coefficient; i.e., upon the proAuct of the surface of a horizontal plane at arbitrary depth z. The product of
scalar irradiance and the volume absorption cofficient.36  this irradiance and its depth attentuation function (slope of its

more frequently useful relao depth profile) is, within about 2-, equal to the monochromaticrfl ioy7 has been evolved as power absorbed per unit of volume. Thus, at a depth of 50 m in
follows: The net inward flow of radiant power to any Fi. 32, H(50, -)=6.3X10" W/(m, mg), K(50, -=0.114' ~lnl&, and dP(WO)id,-(63:X 1O"'(0.114)= 7.2X 10- IV/(& , mjz),
element of volume dv in any horizontal lamina of thick- Neither of the curf i in this figure repreent flc experimental
ness dz at depth z in the sea is data, but the irraoiance profile is typical of the Pacifi- Ocean off

California. The ptts..nce of a deep scattering layer is shown below
S dP (z) d 350 ma.

d-} dz be used to measure dP(,)dr by means of Eq. (19) in
d{ z,+' turbid waters for which (1-EH(z,+)/HI(z,--)]) is not[ (19 negligible.dz ICONCLSION¢

The ratio H(z,+)/H(z,-), sometimes called the re- Although no research program is ever fully completed
flectionfunction of water, has been found by experiment and the author hopes to participate in studies of light
to be virtually independent of depth and to have a in the set for many years to come, the investigations
value of 0.02-0.0I for most natural waters unless large which, with many colleagues, have been made thus far,
quantities of suspended matter are present; the re- coupled with the findings of other workers all over the
flection function is rigorously independent of depth world, have produced a sufficient quantitative under-
when the underwater daylight radiance distribution has standing of the optical properties of ocean water and
its asymptotic form in optically uniform water. To the the behavior of underwater light to provide scientific
extent to which 2% effects are negligible, Eq. (19) guidance and optical engineering methods for those
becomes persons whose interests or occupations involve light in

the sea.4 dP(z)/dv=.H(z,-)K(z,-), (20) t
~ (20)ACKNOWLEDGMENTS

since, bydefinition, K(,-) = -[dH(z,-)/dzJ/H(z,--). The long research program, spanning two decades,
Thus, the radiant power absorbed per unit of volume from which this paper is drawn has involved too many
at any depth in the sea can be measured simply by persons to permit complete acknowledgment here.
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irradiance, as illustrated by Fig. 32. Brown, Professor George E. Russell, John Frankovitch,

Alternatively, the quantity (H(z,-)-H(z,+)) can Frederick C. Spooner, Robert W. Sandberg, Walter
be measured directly by lowering an assembly of two Rutkowski, Robert J. Uhl, Frances Richey, Dr.
diffusely collecting, flat photocells mounted back to Rudolph W. Preisendorfer, Roswell W. Austin, Almerian
back so that one faces upward and the other downward. R. Boileau, John E. Tyler, Justin 3. Rennilson, William
Such an assembly, sometimes called a janus cell, can Hadley Richardson, Dr. William H. Culver, Theodore

J. Petzold, Charles W. Sauirders, Jr., Sidney Lindroth,
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