C

o

0
3
{

Qa
<

SQ.DUNTLEY
415 VIRGINIA WAY
ILA TOLLA. CALIFORNIA



U e et st ettt 3

UNDERWATER CCHMMUNICATION BY SCATTERED LIGHT

S. <. Duntley

Contract NObs-72035 i
Task 5 (Final Report)/

Report Ne. 5-12 September 1963




Report No. 5-12 /1)

\, s

Umpidirgciional underwater voice communication by sesns of
scattered light st ranges of 1,000 yards or more in clear ocean
water zppears to be possible with commercially asveilable lamps
and phototubes. Longer ranges, up to 1,750 yards, ars possible
with the same components 1.1‘ they arc used in a ZJngiféim
systex. Still longer ranges are possible with more intenss light
sources. This-report—presents gechnical evide‘r;ei;; ;upp::r{ of
these possibilities and m engineering mmtiozzzfg; tﬁe i
design of such optical communication systems. The squations
show that scattersd light penetrates ocean water much further
than does non-scattsred light, primarily becsuse the attemuation
coefficient for scattersd light is (typically) about one-third of
the attenuation coefficisnt for non-scattered iight. Experimental
data on the long-range propagation of scattsred light from
underveter sources is interpreted and extrapolated for engineering
purposes. Data concerning the long-rangs transmission of polarized
scattered light by natural waters is presented, and the role of

polarization as a means for establishing multiple voice comsnica-
tion chamnele is discussed, ( )
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LONG-RANGE TRARSMISSION OF LIGHT THROUGH WATER

Heasursments of ths long-range tiensmission of mopochromatic
light from a submerged uniform point s>urce and from an underwater
source having variable beam spread have already besn reported.ls»?
The Lppendix of this report is a reprini. of s peper entitied "Light
in the Sea,” wherein Fig. 16 on rage 222 shows the total iwradiance
produced underwater st verious distances by 2 1,000-watt incandescent
*diving lamp® (No. MG 25/1) mamufactured ty the Geperal Electric
Company. The photozetry was by measns of an upderwater photoelectric
irrsdlance meter facing directly toward the lamp. The reader is
referred to the Appendix of this report and to Ref. 1 for furtler
datalls concerning the arrangements of the experizent.

The same underwszter light source was also used in an enclosurs
which procduced & contimecusly variable beam spread down to 20°. The
details of this experimeni are described in Ref', 2. The vesulis of
all these experiments are summarized by Egs. (3) and (6) on pages
222 and 223 of the Appendix of this report. Combining these
ogquations, the total irrsdiancs, !{r, produced on a normal surface at

distance r from the underwater lamp is

B, = 3¢°F/r2 + (2.5-1.5 logyga B3 + 7(20/8) Y 267K 3xe X5 Yy, (2)

lDuntloy, S. Q., "Measurements of tbe Transmission of Light from an
Inderwater Foint Source,® BuShipz Contract NObs-72037, Report
No, 5-11, Uctober 1960.

2D:.m’c.lﬁjy',. S. Q., ™easuremsnts of the Transmission of Light from an
Underwater Source having Varisbles Beam Spread,® SIO Ref. No. 60-57,
Rovember 1960,
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where J is the axial radient intensity of the lemp, & is the total
beznm spread, o is the atbomuation coefficient for non-scattered
light, and K is an attemiation coefficient for light which has been
scatisred. These quantities and their associated coxzcepts are fully
Giscussed and quantitstively illustrated in the Appendix of this
report. Equatlon (1) should not be used for beam spreads less than 20°.
Because a1l naturael waters seem to be similer in their forward-
scattering characteristics, as is illustrated by rig. 12 in the
Aprendix, Eq. {1j is believad to have universal applicability for
engineering purposes in connection with lorg-renge underwater optical
cormunications at sea. The first term of BEq. (1) represents the
direct (non-scattored) iight frem the lamp arriving at the irradiometer,
and the secord term represents the irradiance produced by scattsred
light. These tuo components are referred to as the monopeth jrradiance
and myltipath irradiapce, respectively. Figure 19 of the Appendix
shows that at lamp distances greatsr then 1.4 attenuation lengths,
multipath irradiance predominates.” A% 20 attermation lengths, for
sexaxple, only_ about 1 part in 106 of the total irresdiance results from
monopath transmission, i.e., non-scattered radistion direct from the

lamp. The firat term of Eq. (1), thersfore, is of no consequerce in

*It will be noted from Eg. (1) that the monopath transmission is
characterized, in the far field, by an attemuntion coefficient a and
an inverse square function of distance whereas the multipath
transmiseion is governed bty an attemuation coefficlent K anmd the
inverse first-power of the lamp distance, At long ranges neither the
inverse sguare nor the inverse first-powsr dependence is of wajor
importance compared with the effact of the exponential factors, but,
significantly, the monopath coefficient a is 2 to 4 times aas great
as the mitipeth coefficient K, Thus, zcatiered light penetrates
the ocean much farther than does nocn-scattered light.
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connaction with long-range optical signeling problems. 4ll of the
radiant pover available to the distant detectcr will be multipath
transmission, scmetimes called glov irspsmission. The discussions
in this report will be limited exclusively to ranges such that the
first term of Eq. (1) (monopath transmittance) is negligible.

MULTIPATH TRRADIANCE AT IONG RANGE

Equation {1} bas been used to calculate the irradiance produced
by an underwater point source a2t long ranges. Specifically, it has
been used to extend the data of Fig. 16 of the Appendix to a lamp
distance of 130 attemuation lengths. The same equetion has elso been
used to compute the irradiance produced at these same ranges by an
underwater light source of the same intensity on axiz btut having a
beam spread of 20°. The result of these calculations is given by
Fig. 1. At all ranges beyond 40 attemuation lengths, ths twe curvss
are parellel to within three significant figures end Eq. (1) simplifies

to the expression:
He £ (2.5-1.5 logyg2r/B) sKe > [hnr (2)

The effect of beam spread on the irradiance produced 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 showe the effect of beam
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spread as meesured at ghorter ranges from 2.6 to 14.6 attemiation
lengths in the ccurse of experiments which are described in detail in
Ref. 2; all of the curves have been superimposed at A = 360° for

purposes. of shape comparison.

PHOTOELECTRIC SENSITIVITY

The photoslectric irradiance photometer used to secure the originzl
date in the menner described in Refs. 1 and 2 was an rCA 931A muitiplier
phototube used in compsrsztively low sensitivity circuitry. This
irradiometer was, however, sensitive enougn to measure the irradisrnce
sufficisntly above the limlt set by circuit noise at a lomp distance
of approximately 34 stteruztion lengths, i.e., out to point 4 in Fig. 1.
The irradience ai this 1istance was 3.2 x 107 in terms of the
relative units used in 7ig. 1 and in Fig. 16 of the Appendix. CSubsequently
this phototube was repluced by an EMI 95248 multiplier phctotube
haviné a cathode area of 4.16 sguare centimeters. .hen used with the
same circuitry; this unit was found to have 1,000 times more sensitivity
than the 2Ci< 9314 pnototube previously employed. It wae ipable of
measuring an irradiznce of 3 x 10712 reletive units, or at a lamp
distence of more than 26 ztteru:tion lengths; see point B in Fig. 1.

It was determinal by meons cf underwster photography that more
than 90 percent of the light received by the irradicmeter came from
a cone 5° in diametur centered on the directicn of the light source.
It is possible, therefore, to employ a collecting lens having o much
_ greater area than the sensitive cwsthode of the multiplier phototube.

1t would, in fact, seem not unreascnable to conceive of using a
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plastic Fresnel-type lens having an area 1,000 times as great as ths
cathode of the EMI 95248 mmltipiier phototube, i.e., a dizmeter of
73 centimesters. With tnis lens, the EMI 95248 multiplier phototube
should be capeble of measuring en irradiance of 3 x 1075 relative
units, or a lsmp distance of nearly 80 attemuation lengths; see
point C in Fig. 1.

If an efficient projectionrtype‘optical systen is employed to
concentrate all of the flux emitted by the lamp intc & narrow cone
having an angular opening of only 200, the intensity on the exis of
thie cone could te es much as 130 times that produced by the bare
lamp. Thus, measurement of the irradiance st 2.3 x 10717 relative
units should be achisvable or, from point D of the lower of the two
curves in Fig. 1, a lamp distance of approximately 91 attermeation,

lengths.

LIMITATION 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-monochrometic
system because of the natursl ambient backgrcund of light in the ses,

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 i1s believed, therefore, that siy practical system for
urderwater commnications mist either use some form of modulation

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

receiver. Since blue-green laser equipment for this purpose is not
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yot sufficiently developed, the present report will limit its
discussion to modulation technijues and non-laser sources. A brief
discussicn of means for accosplishing modulsiion will be given in
a later section of this yeport tut for ths present let it be
assumed that the light is modulated at some carrisr frequency, say,
ons megacycle and that this carrier is, in turn, modulated to

provide = voice communication channel,

EFFECTS OF MODULATION

For the sake of 2 rumerical discussion let it be assumed that
the bardwidth of a voice channel is to be 3,200 cycles per second.
It has been determined that the effective bsndwidth of the irradiance
rhotometar used to establish point A in Fig. I was 0.16 cycles per
second. Assuming that the threshold performence of the communication
syster is set by white, Gaussian, pholon shot noise or circuit noise,
the irradiance threshold will be incressed by the square root of the
ratio of the bandwidth of the communication channel to that of the
photonetsr by means of which point 4 was estnblished; that is to
say, tha square root of the ratio of 3,200 cycles per second to G.16
cycles per second, or a factor of 141. The rangs of the omni-
directional source will Zhen be reduced to 63 attemuation lengths, as
shown by poiat E. Correspondingly, the range of the 20° divergent
source will be reduced to slightly less than 75 attenuation lengths,
as. shown by puint F.

Long4r ranges can be obtained through the use of a light
sourcé having grester radiant intensity, i.e., greater power per unit
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of solid angle. Both the 5,000-watt incandescent diving lamp

(G.E. No. MG25/5) or the 1,000-wati high pressure mercury ls=p

(G.E. No. 4H6) will yield spproximately six times the intensity that

was produced by the 1,000-watt diving lamp (G.E. No. ¥G25/1) used
to establish point A and, thue, pcints B through F in Fig. 1. As
omnidirectional emitters these more intense lamps will producs a
communication renge of 62 attemuation lengths, as indicated by
point G, while as sources for a 20° beam they should provide fcr
voice commnicetion beyond 80 attenuation lengths (see point H in
Fig. 1).

It is obviocus from Fig. 1 that a vast increase in intensity is
required in order to drastically lengthen the comrunication range.
Two methods for accomplishing this mey be possibles

(1) Nerrowv Bezm Spread. If the same radiant powsr is

confined to a beam of smaller divergence, the intensity
is correspondingly increesed. This can be avccmplished
by means of large conventiorsl optical systems or by
laser techniques. The directionality of such narrow
beam sources is probsbly a serious handicap for most
underwvater commurdication needs.

(2) Light Sources of Higher Power. If, howsver, electrically
powered omnidirectional lamps having 10,000 times the
intensity of the 1,000 watt incandescent diving lamp
(G.E. No. MG25/1) can be achieved and can be supplied
with power, or if a nuclear powered lamp can produce 107

times the intsansity of the 1,000-watt diving lamp,
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substantially longer ranges sre possible, For &xampls,
in omnidirectional service the former conld produce a
voice compunication range of 94 attemuation lengths
(point J) while the latter source should achieve 117
attemation lengths {point K). As emitters of a 20°
divergent beam, the same two sources might produce 106
attemuation lengths (point L) and 129 attenuation

lengths respectively.

CCYMUNICATION RANGES

The ranges discussed above for an underwater communication
system having e voice channel 3,200 cycles per second in width are

sumzerized by Table I:

TABLE I

Type of Lamp Manufacturer's Power Required Effective Maxcdimum Voice¥

Designation {Kilowatts) Radiant Commini.cation Distance
Intensity (Atteruation lengths)
(Relative)
Quni- 20%-bes
directionyl
Incandescent G.E, MG25/1 1 1 63 y7A
Incandescent G.E, MG25/5 5 6 6% 80
Mercury G.E, AH6 1 6 63 80
HYPOTHETICAL 10% 94 106
(electric)
HYPOTHETICAL 107 117 129
(muclear)

*Voice channel bandwidth = 3,200 cycles/second,
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Very clear ocean water is charescterized by an attemuation length
of 20 m/ln in the blue-green region of ths spsctrum (4820 mp), or in
English urits, 21.9 yards/Iln. For water of this clarity, the ranzes

discussed above are as given in Table II:

TABLE 11

Type of Lamp Mamufacturer's Power Required Effective Maximum Voice*
Designation (Kilowatts) Radiant Communicatior Distance i
Intensity very clsar ocean water¥

(Relative) (yards)
Omni- 20°-bean
directional
Incandescent &.E, MG25/1 1 1 1380 1620
Incandescent G.E. MG25/5 5 6 1/90 1750
Mercury G.E. AH6 1 6 1490 1750
HYPOTHETICAL 104 2060 2320
(electric)
HYPOTHETICAL 107 2560 2820
(micleas)

#Voice channel bandwidth = 3,200 cycles/secord.

**¥jttenuation length = 20 meters/ln.

Vast areas of the ocsans of the world are somewhat less clear than
that depicted by Table II. The attemuation lengths "very clear" ocean
water usually lie between 10 m/ln and 20 m/ln, Communication ranges in
eny water can be predicted by scaling Table II in linear proportion to the

attenuation length of the ocean location under consideration, Ses
Table I1land Ref. (17) of the Apperdix for values of attemuation length in
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various locations.

It would appear that a zystem based upon an EMI 95248 mmltiplier
phototube and a 1,000-vatt mercury iamp (G.E. ho. AH6), when
modulated by the techriques to be described in the following section,
cculd provide voice communication ranges of 750 to 1,500 yards,
depending upor water clarity, when the source is cperated in an omni-
directional mode and 875 to 1,750 yards, when operated as a 20°
diverpgent scurce. In both cases it is assumed that the receiver is
rendered directional oy meens of a large lens associated with the
multiplier phototube. It has been estimated, however, that an omni-
dircctional optical system for use with the same multiplier photctube
could be achieved with 2 loss in range of about 16 attemiation lengths
in Table I or 350 yerds in Table II for any of the cases. An
equivalent omnidirectional receiving capability might be obiained 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 20° divergent modes of operation can be readily predicted from the
following considerations.

Beyond 40 attemuation lengths the two curves in Fig. 1 are parallel

LN
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and their residusl curvature has virtually vanished at the right lower
boundary of the figure. When spproximated by straight lines
beyord 120 attermation lengths, the functions ere simple exporentials
with an effective attemation coefficient of 0.0583 1n/ft. Thiz may
be compared with the diffuse attenuation coefficient upon which Fig, 1
in this report and Fig. 16 in the Appendix zre based; namely,
K = 0.0570 1n/ft. Thus, the inverse first power depenience of the
multipath transmission has virtually vanished erd the range is controllsd
almost exclusively by the diffuse atienuation ccefficient K.

It is convenisnt to exprese the slope cf tbe curves in Fig, 1 in
the vicinity of 130 attemiation lengths as 7.86 attsmation lengths
per decade., Thus for each tenfold increase in lamp intensity, the
communication rangs in either the omnidirectiorsi or the 20° divergent
mode is increased by 7.35 atteruztion lerngths. It has been estimeted
that thronghout the next 50 attenuation lengths, the effective slope
of the curve will average 7.91 attemuation lengths psr decade. The
slope is approaching essymptotically that of the reciprocal of thé
diffuse attemiation coefficient, or £.09 asttemuation lengths per log. ;
It is interesting that these numbers illustrate the penetrating quality
of multipath trenemission through natural weters in comparison with
monopath transmission for which, in the absence of inverse sguars
effects, the gain in range is at the rate of 2.30 attenuation lengths
psr log. The inverse squars effect will be so minor at the long
ranges under consideration that the actusl monopath gain may be
lessened by only a fraction of one percent.

It is bselieved that the equations, graphs, data, end rules-of-

thumb provided by this report and its Appendix «+ill enable the gains
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or loss in commnication range to be estimated sasily for vsrious
alterrative light sources, beam spreads, light collsction devicas,
miltiplier phototubes, and communication channel btardwidths.

HETHODS OF MODULATION

Many methods exist for modulating the cutput of a lamp tuat
scme of these are incapeble of achieving a high percentage of
modulation at frequéncies such as those which might be used in an
undervater voice commnication system., Most of the means for pro-
ducing subsiantially full moduistion at nigh frequency involve

polarization techniques and many of these, 1ike the Kerr cell, ere

not necessarily easy of application in underwater comeunication systems

nor does the modulator unit pecessarily have z;. large free aperture
and a high transmission,

‘One light modulating system which is apparently well-suited to
the needs of underwater ccmmpication systems was devised during
World War II by Professor Hans Mueller of the Department of Physlcs
at M.1.T. under a project for the Nationel 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 dirsctly in front of the searchlight and causing
this gless to become elastically birefringent by means of elsctric
fields from metal electrodes which were deposited on the edgs

surfaces of the plate. These electrodes were connected to the cutput
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of a conventicnal AM radic trensmitier of modsrais power. 35y properly
spacing the elsctrode sections sround the psripuery of the glass
block and by properly edjusting the phzss of the radio frequency
voltages viich were applied to the varicus elactrodes, strzix patterns
were induced ir the gimss Sy the radic frequency elsctric field,
causing it to bscome siterretirgly birefringent., If a linear sheei
polarizer was attached to the face of tkhe block nearest the ssarch-
light, the cutput of the cowbinetion was & beaw of light having =
stats of polarization which varied in accordance with the RF carrier
frequency, snd whcse percentsge polarization deperded upon the
axplitude modulation of tkat carrier.

1n2 polarizeticn zoduisticr of the light beax was converted to an
intersity modulztion by neans of 2 secornd linsar sheet polarizer.

Tnis wes located either on the cutput surface of the glass block or

et the distant rgceiver. Tre latiter option contrivated to the security
of the comminication syster and to its freedom from limitation by
azbient light.

Dr. Musller developed many ingenicus modifications of the basic
corncept cutlined above in order to increase tne security of the
communication charnel., He was able to modulste the ssarchlight
output in terms of right circular polarizstion, left circular polariza-
tion, eiliptical polarizetion of many kinds, end combinetions of
these polarization states in such 2 way that cnly a specisl receiver
vould respond intelijgibly to this polarization scrambling. The

transmission security achieved in this wey seemod to be of virtuelly
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endless veriety. 411 of this work ws declaszified at the close of
World ¥ar II.
in octahedral or dodecakhedral envelope of Masller platues could,

presumebly, be used to enclcee an cenidirectional scurcs.

TRARSMISSIOL C= POLARIZED LIGHT EY OCEAN WATER

Rigure 12 on pege 220 of the Appendix of this report shows
the intense forwerd scattering wnich seems to charactsrize nll petural
waters. It is believed to result chiefly from refraction by
transperent organisms and paerticles large compered with the wavelsngth
of light. Ccnsequently, scattering at smali forward arglss pre-
dominates and pclarized lignt tends to prsserve its polarization.

Fi;gure 4 of this report shows the quentitative aspects of
polarization trensmission by natursl wetsr. The data in that figure
vore cbtained as follows: An incandescent light scurce producirg a
20° divergent beam wes squipped with a linsar sheet polarizer such
that the light entering the water at ths lamp was linsarly polarized.
A photoelectric irrediance meter was equipped with a rotatable linear
sheet polarizer mountad in the water just in front of the collecting
surface of the irradisnce meter. This instrument was used to measure
the irradiance at the center of the beam produced by the underwater
lamp at distances out to nearly 30 attemuation lepgths.” Xach point
in Fig, 4 represents the fraction of the measured irradisnce which
is linearly polarized at the receiver, At each lamp distance one

measurement of irradiance was made with the axis of the analyzer

.The attemation length of ths water used in this experiment was
4.2 £t/1n,

tr
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perellel with thet of ths polariser and another with the aneiyser in
the crossed positior. The ratio of the difference to the sun of
these two readings is ths fraction of irradience which is polarized,
i.e., the percentage poiarizaticn at the irradiance mstar.

Figure 4 shows that more tbarn 75 percent of the light received
at 23 attemuation lengths has the sems stzte of polarizetion as thati
with vhich it left the lamp,

The deshad portion of the curve beyond 30 atierueticn lengths
in Fig. 5 1s en arbitrary extrapolztion or the data. If it is corrsct,
naarly helf of the light has its originel state of polarization at a
distance of 50 atterustion lengths from the lamp., Undsr such circum-
stances, the use of polarization modulstion for underwater comsmunica-
tion purposes seexrs feasible. It is believed that the isoistion of
the voice signal from the sffects of awbient light in the sea would
be superior to that which would be achieved if only conventionel
amplitude modulation is employed.

implitude modulation cf the light emitted by the searchlight
(rather than polarization modulation) can, of course, be achieved by
attaching the analyzer to ths output side of the glass block at the
transmitter. Such an emission lacks some of the security associated
witl polarization modulation but omnidirectional transmission can
probably bs achieved more readily.

The forsgeing description of the Mueller system for modulating
the cutput of a lanp is offered merely as s suggestion and with the
reslization thut other techniques for modulation exist. It should be

pointed out, however, that (1) ths use of megacycle carriers makes
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poltipls commmnication channels possible, and (2) the Muellsr system
is capabls of modulating the output of anmy laxp by weans of a
modulstor baving & high transmission and a free aperturs many inches

in diameter.

o -

RIS VE———

R g IR G 1y " WG BT G AR " e AT N 0




DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY.

OIR. OGAL

Blon - P%{j

«ﬁq :«_;} B )/7 a L=
[Lee n “RemoweD

BEST
AVAILABLE COPY



(Relative Units)

Irrodiance

10~ 7

10-8

o R

10-16

10-'8

020

10—21

BEAM SPREAD 360°

BEAM SPREAD 20°

——

I R N

20 40 60

Lamp Distance

(




N

(® 1000 WATT DIVING LAMP
(INCANDESCENT)

60°

/A 1000 WATT DIVING LAMP
(INCANDESCENT) WITH
VOICE MODULATION

1000 WATT AH6 MERCURY
LAMP WITH VOICE
MODUL ATION

HYPOTHETICAL ELECTRIC
LAMP —

HYPOTHETICAL NUCLEAR
\ B LAMP

[+]

7
®
X +

(Attenuation Lengths) Figure |




3.0)(10—[5 T | ] —
)
©
-
>
2010 =
O
)
@
U
[&]
c
O
=
N
~{5
L.OX 10 ™ — Lamp Dista:
] 1 |
0 40 80 120
Beam !




] I | I T
.
stance = 80 Attenuation Lengths N
l | | | l
160 200 240 280 320 360

: Spread (Degrees)
Fiqure 2




Units)

(Relative

Irradiance

0.2

>4V Lamp Distance in

l | | ]

20 30 45 60

Beam Spreac




in Attenuation Lengths

i L | 1
0 75 90 180 360

ead (Degrees)

Figure 3

fa




uoljoziinjod oabojuasiay

40

paziiD|jogd dOUD|PDII|

JO UO01}0D44

0.6f—

.50

20

10

{Attepuation Lengths)

Lamp Distance

Figure 4




LIGHT IN THE SEA

SeiserT Q. Dr~TLEY

-




Reprinted from JorrxaL of THE Or1icar Secery of AMeErica, Vol 33, No. 2, 214 233, Febewary, 1963
Peda C. S A

Light in the Sea*

Szeeet . DrsTeex
1535y Leborstory, Soripps Ingiiintion & Oceamoprapiax. Le Jolic, Celivornis
'‘Received 27 August 1962)

Light in the sea a3y be produced by the sun or stars, In chemical or Hological processes, or by man-made
sources. Serving as the primary source of energy for the occans and supporcting their ecology. fight 2l
ecables the mative inkatitants of the water world, as weil as humans and their devices. to see. In this paper.
new data drawn from investizations spanning neasly tao Jecades are ased to [ustrate an.ntegrated account
of the optscal pature of ocean water. the distribution of fux diverging from localizerd anensater fizht sources.
the propagation of highiy oollimated beams of Eght. the penetration of da3Eght intn the sea, and the utiliza
tion of solar energy foc many purposes inciuding heating, photosynthesis, vision. and pkntographs .

INTRODUCTION

N interest in the aerial photography of shallow
ocean bottoms prompied the author to begin,
nearly 2} years ago, a continuing experimental and theo-
retical study of light in the sea. Some of the principles
discovered or extended and generalized by the author
and his colleagues are summarized in this paper. Early
discussions with E. (7. Hulburt and D. B. Judd as well
as publications by many investigators' provided z valu-
able starting point. By 194 the author was using a
grating spectrograph, speciaily designed by David L.

* Most of the investizations described in this paper were sup-
vorted by the Office of Naval Research and the Bureau of Ships of
the U. S. Navy. Grants from the National Science Foundation
have also aided the work., At certain times in the past the research
was supported by the Nauonal Defense Research Committee and
by the U. S. Navy's Bureau of .\eronautics.

1Zee E. F. DuPré and L. H. Dawson, “Trznsmission of Light in
Water. An Annotated Bibbography,” U. S. Nawa: Research
Laboratory Bibliographs No. 20, April, 1961 for abstracts of 650
publications by over 400 authors in mose than 150 Swiss, German,
French, Itaban, Esghsh, and U. §. journals and other sourees from
1818 to 1959.

MaciAdam, in a glass-bottomed boat off the east coast
of Florida to obtain the spe:troradiometsic data shown
in Fig. 1: the presence of mefs and sandy shnals show
clearly in the green region of the spectrum.? When the
spectrograph was flown in an airplane 4300 ft above the
same ocean locations, the radiance spectra shown in Fig.
2 were obtained.?-* The data in Figs. 1 and 2, displayed
in colorimetric form by Fig. 3, exhibit many intricate
and beautiful phenomena vrhich are manifestations of
some of the physical principles discussed in this paper.

The importance of light in the sea is apparent when
it is reealled that solar radiation supplies most of the
energy input to the ocean and supports its ecology

*S. Q. Duntiey. Viabidits Studies and Some A pplvasions in ine
Fidd o/ Cam«mja,;e. Summary Tech. Rept. of Disvisivn 16, NDRC
(Colunbia University Press, i%45:. Vol. II, Chap. 3, p. 212,

3See J. G. AMonre. Phil. Trans. Roy. Soc. ¢London) A210,
1631946 48, for 2 method of using such Jata to determne depth
and attenuvation cocfficients of shallow water.

*See G. A. Stamm and R. A. Flengel, J. Opt. Soc. Am. 5L, 1090
1961, for datz on the spectral srrediane sncident on the anderside
of an aircraft flying above the ocean.
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through photosymtbesdts. Tre Liclogical productivity of
an acre of ocean has been estimated to be, on a world-
wide average, comparable to that of an zize of land.
Mozt of the surface of our ““water planet™ is covered by
sezs ard its atmosphere centains grext quantities of
water in the form of vapor and clouds. Light in the sea
enables the native inhabitants of the water world to
find their food and to evade attack. Nowhere in nature
is protective coloration more perfectly or dramaticatly
displaved than in the feeding grounds of the sea. Man
zxd his cameras may view underwater scenes by means
of dzylight or with the aid of artificial lighting devices.
Many biglogical orzanisms, including some living at
very great depth, produce their own light at or nzar the
wavelength for which water is most transparent, pre-
samably both for viston and for sigralinie. All of these
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Fic. 1. Spectroradiometric curves of fight from the padir reach-
ing a spectregraph mounted in 2 ghass-hottomed boat over sheals
o Damia. Florida (March 1941). Spectral resclution: 7.7 my;
spatial resclation: 201078 or.

aspects of lizht in the sea can be treateq by describing
the optical nature of ocean water, the distribution of
flux diverging from localized underwater light sources,
the propagation ¢f 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 FATURE OF OCEAN WATER

Most of the optical properties of ocean water as well
as many of the principles which govern the propagation
of light in the sea can be studied by injecting a highly
collimated beam of monochromatic light into etherwise
unlighted water and measuring all aspects of the re-
sulting distribution of flux. This investigative approach
even provides a basis for understanding the distribution
of daylight in the sea and the submarine lighting pro-
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spectrograph in an airplane 4300 it above the same ocean
bcan»;ﬂ_faiqxx_s‘l"g.l Spectral resclution: 7.0 ma; spatial resolu-
tea: 3.2X ST,

pg APPARENT RADIANCE {RELATIVE UNITS)

duced by artificial underwater light sources, for any
optical input to the water may be represented by an
appropriate superposition of highly collimated, mono-
chromatic beams. The following paragraphs describe a
variety of experiments which have been made by using
a collimated, urderwater light source, shown schemati-
cally in Fig. 4, at the Visibility Laboratory’s Field
Station at Diamond JIsland, Lake Winnipesaukee, New
Hampshire.

Attenuatia of 2 Collimated Beam

If 2 collimated beam of monochromatic light is in-
jected into macroscopically homogeneous water by

@39 ] 7 I 7
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F1c. 3. CIE chtomatiary diagram showing lodi of the colors of
ocean shoals as seen from an altitude of 4300 §t (s‘hortcrcun'c) and
from a glass-bottomed boat (longer, upper curve). The points were
calculated irom the spectral radiance data in Figs. 1 and 2. The
drzled peint represents CIE source C.
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Fi16. 4. Schematic diagram of the bighly collimated underwater
light source represented by a cross-hatched block in Figs. 3, 6, 7,
13, 20, and Z1. This source was used in obtaining part or all of tre
data presented in Figs. 9, 10, 12, 17, 18, 20, and 22. Interchange
able 2, 10, 25, and 100 w zirconium concentrated-arc lamps in a
water-tight air-filled enclosure produce nominal total beam spreads
of 0010%, 0.046°, 0.085°, and 0.174°, respectively, when used with
a Wratten No. 61 green filter and a spedally constructed air-to-
water collimator lees having an effective first focal length of
495 mm. This lens, designed for the author by Justn J. Reanilson,
is 2 cemented doublet 35 mm in diameter having radii r, =269.75
mm, 7 =r;=102.60 mm, r,=-—-325.0 mm and axial thicknesses
£;=3.0=:0.2 mm, £2:=6.5::02 mm. The first element 1s of Hayward
LF 2 glass (Vp=1.35800=:-0.0010, »=41.0; and the second is of
Hayward BSC-1{.Xp»=1.51102:0.0010; »=63.5). The free aperture
is 30.0 am. The first back focal length of the doublet with its last
surface in water is 493.88 mm. The air-glass surface was treated
for increased light transmission. The achromatization is such that
with the 2-1V concentrated-arc lamp the extreme ray divergence is
0.0031°,0.0039°, and 0.0109° at 480, 520, and 589 my, respectivels;,
when the lamp is used in fresh water having a temperature of 20°C.
A Wratten No. 61 green filter was used during all of the experi-
ments: with this lamp, but it does not appear in Fig. 4 because jt
was always Incorporated in the photometer or the camera. An
ezternal drcular stop (not shown) can be mounted in the water
close to the lens whenever a smaller beam diameter is desired.

means ¢f an underwater projector, as suggested by
Fig. 5, it is found that the residuai radiant power P°
reaching a distance r without having been deviated by
any lype of scaflering process is

Pp=Per, (1)

where P, represents the total flux content of the beam
as it leaves the projector. The zero superscript on P,’
denotes the zero scallering order, i.e., nonscattered radi-
ant power. The spectral volume allenuation coefficient a,
defined by Eq (1), has the dimension of redprocal
length and can be expressed in nalural log units per
meler (Inm), natural log units per foot (In,ft), etc, it
is a scalar point function of position which may vary
along any underwater path of sight if the water is
macroscopically nonhomogeneous.

The attenuation of a beam of light by water results
from two independent mechanisms: scallering and ab-
sorplion. Scattering refers to any random process by
which the direction of individual photons is changed
without any other alteration. Absorption includes all of
the many thermodynamically irreversible processes by
which photons are changed in their nature or by which
the energy they represent is transformed into thermal
kinetic energy, chemical potential energy, and so on.
Transformation of photon cnergy into thermal kinetic

r 1

Fic. 5. Hlustrating the geometry of Eq. (1}. The cross-hatched
block represents the collimated undenwater light source (projector,
shown schematically in Fig 4.

-
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energy of the water is the major absorption mechanism
in the occan. Photosynthetic conversion of iight into
cheinical potential energy is, of caurse, raeasurable and
vital to the existence of life in the sea. Visible light
fluorescence and transpectral eficcts are ordinanly too
minute to be detected in ocean water. The volume atten-
uation coefficient « is the sum of the tolume absorption
coeffic.. 1t @ and the lotal relume scallering codfficient s:
thus a=g-s.

Warelength dependence. The attenuation coefficient of
all water {pure, distilled, or natural} varies markedly
with wavelength. Typiwal data are summanzed (2
Table I, wherein the reciprocal of the volume attenta-
tion coeffident, called afenuation lenglh, has been tabu
lated rather than attenuation ceefficient for three rea-
sons: (1) a distance is easier to visualize and te rcmem-
ber than a redprocal distance, (2, visibility caloulations
aud many experiments by swimmers show that any large

Taete I. Attenuation length of distilled water
at various wavelengths.*™*

Wavelength Attenuation length (1 «)

mu meters/In

400 13.

440 22,

480 28.

520 25,

560 19.

600 5.1

656 33

700 1.7

» E. O. Hulburt, J. Opt. Soc. Am. 35, 698 {1945).
] » For ggzﬁole; auex;u‘al!igg)dau see L, H. Dawson and E. O. Hulburt,
. Opt. Soc. Am. 24, 175 (1934). )
?l?or neas 1nf attenuation data see J. A, Carun and C. C. Petty,
J. Opt. Soc. Am. 41, 302 {1951).

dark object (such as ¢ darh-suited swimming compan-
ion) is just visible at a horizontal distance of about 4
attenuation lengths when there is sufficient underwater
daylight, (3) many physidists like to characterize any
absorbing-scattering medium (such as water) by the
mean free path for a photon in the urdinary kinetic
theory sense, this is the attenuation length 1,/e. The
term, ‘“20-meter water,” signifying water having
an attenuation length of 20 m,In, fadilitates verbal
discussions.

Water possesses only a »ingle important window, the
peak of which lies near 480 mp unless it is shifted toward
the green by dissolved yellow substances. Such yelion
solutes, usually prominent in coastal waters, consist of
humic acids, melanoidins, and other compounds which
result from th. decomposition of plant and animal ma-
terfals. Clear orean water Is so selective in its absorption
that only a comparatively narrow band of blue-green
light penctrates deeply into the sea® (sce Fig. 1) but
this radiation has been detected at depths greater than
600 m with a multiplier phototube photometer.®

% J. E. Tyler, Limnology and Oceanography 4, 102 (1959,.

‘S, ? Duntley, Natl. Acad. 3d. Nad. Research Counil
Publ, 473, 75 (19?6).,
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Many have wondered whether there exists any fine
structure in the volume attenuation function which was
beyond the spectral resolution available to the investi-
gators whose results are summarized by Table I. Is
there, for example, a narrow-band window of high trans-
mission? It is the concensus of most physicists that the
atomic and molecular structures involved in water
provide no reasen to expect any significant fine struc-
ture in the spectral attenuation function. A careful
spectroscopic examination of the region from 3730 to
6830 A with a resolution of 0.2 A and sensitivity suffici-
ent to detect a variation of 0.02 In ‘m in the attenuation
coefficient has been reported by Drummeter and
Knestrick.” They detected no fine structure, i.e., no
narrow-band window.

Water Clarity

The clearest body of ocean water of large exteni is
reputed to be in the Sargasso Sea, a vast region of the
Atlantic Ocean east of Bermudu. Jerlov has reported
very clear water between Madeira and Gibraltar,® as

TasLe IL. Attenuation length of the Atlantic Ocean for wave-
lg\bgu‘; 463 my at various depths in the vicinity of Madeira and
1braitar.*

Depth Attenuation length (1/«)
meters meters/In
0-1¢ ig
10-25 20
23-50 18
. 50-75 13
75-90 16

{iéﬁ\ll) G. Jetlov, Kgl. Vetenskap. Vitterh, Handl, F.6, Ser. B, BD8.N:o1t
summarized by Table II. Although clearer water was
found at 10 m depth than at 90 m at this location, the
reverse is often true elsewhere. Optical oceanographic
data are not numerous. Jerlov’s measurements during
the Swedish Deep Sea Expedition of 194748 are classi-
cal examples. Table T{I shows some of these data se-
lected to typify certain indicated locations.?

DuPré and Dawson' give many references to water-
clanty data, users of published data should note care-
fully whether the attenuation coefficients reported are
expressed in In ‘m or in log/'m and whether the values
refer to the attenuation cocfficient a for nonscattered
light, as in a collimated heam, or to some form of dif-
fuse allennation coeffiient K, discussed later in this
paper. No single number can adequately spedify the
clarity of any natural water because two independent
mechanisms, absorption and scattering, govern water

7L. F. Drummeter and G. L. Xnestrick, U. S. Naval Research
Laboratory Rept. No. 5642 (1961).

3 W. G. Jerlov, Kgl. Vetenskap. Vitterh. Handl. F.6, Ser. B,
X %01“1(1961{“' f the Swedish Deep Sea Expedition of

?* N. G. Jerlov, Reports of the Swedish Deep Sea ition o
194748 (1951), Vol. III, p. 49, Table 27.
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Taete II1. Attenuaticn length of ocean water for
wavelength H0 myu at various locations.*

Attenuation length (1/a}

Locatizn meters/ln
Caribbean 8
Pazific N. Equaterial Current 12
Pacific Countercurrent 12
Padfic Equatorial Divergence 10
Pacific S. Equatorial Carrent 9
Gulf of Panama 6
Galapages Islands 4

» N. G. Jetlov, Repesrts of the Swedish Deep Sea Expedition of 194738
{1951), VoL 3, p. 49, Table 27.

clarity. Even for monochromatic light, at least two co-
efficients, such as a and K, are required, and a more
complete specification requires data on the volume scat-
tering function o(9), defined in the paragraphs which
follow.

Daylight, abundant in the mixed laver near the sur-
face, supports the growth of phytoplankton in the bi-
ologically productive regions of the oceans. These, in
turn, feed a zooplankton population. The transparent
planktonic organisms, ranging in size from microns to
centimeters, scatter light and thereby produce optical
attenuation. Settling of the plankton, particularly after
death, tends to produce a high concentration of these
scatters just above the thermocline which ordinarily
exists at the lower boundary of the mixed layer in the
seat® Below the thermocline lies clearer water which
may be optically uniform for tens or hundreds of meters
before some different water mass is encountered. In-
terestingly, the optical structure of the occan resembles,
in a sense, that of the atmosphere if depth is considered
as analogous to altitude and a proper allowance is made
for the decrease of atmospheric density with height.

Scattering

Scattering of light in the sea is predominantly due to
transparent biological organisms and particles large
compared with the wavelength of light. The magnitude
of the scattering is, therefore, virtually independent of
wavelength.!! The variation of attenuation length with

# Multiple thermoclines often form in the upper portion of the
sca; the maximum optical attenuation is associated with the
maximum vertical temperature gradient and frequently falls on a
secondary thermocline. Internal waves shift the scattering layer
vertically. See E. C. La Fond, E. G. Barnham, and W. H. Arm-
strong, U. S. Navy Electronics Laboratory Rept. 1052 (July 1961),
p. 13. Also see J. Joseph, Deut, Hydrograph. Z., Nr. 5 (1961).

4 scattenng 1s also contributed by fine particles, by molecules of
water, and by various solutes, but these contributions are usually
quite minor and often difficult to detect. Even in very clear, blue
ocean water scattering by water molecules produces only 79 of
the total scattering coefficient and is dominant only at scattering
angles near 90%, where it provides more than 2/3 of the scattered
intensity (sce reference 8); although the magnitude of this small
component of scattering varies inversely as the fourth power of
wavelength (N, it is so heavily masked by nonselective scattering
due to large particles that total scattering in the sea is virtually
independent of wavelength. The prominent blue color of clear
ocean water, apart from sky reflection, is due almost entirely ta
selective absorption by water molecules.
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Fiu. 6. Polar diagram sllustrating Rayleigh scattering by pure
water. The ratio cf the light scattered into the rear hemisphere to
that scattered into the forward hemisphere is 1 to 1. The cross-
hatched block represents the collimated underwater light source
shown schematically in Fig. 4.

wavelengih \see Tavle I) is due almost wholly to selec-
tive absorption.

In the blue region of the spectrum, centering at 180
mg, approximately 605 of the attenuation coefficient of
dear, blue ocean water is due to scattering and 4095 is
due to absorption; e.g., s=0.030 Inym and a=0.020
In/m.3 In all other spectral regions absorption is over-
whelmingly predominant in very clear water.

Since scattering is virtually independent of wawv.-
length its detailed nature is best revealed by means of
experiments conducted at or near the wavelength of
minimum absorption. This means experiments with blue
light in clear, blue ocean water and experiments with
green light in greenish coastal and lake waters.

Scallering by purewaler. Consider a scattering experi-
ment performed in pure water, that is, in water mole-
cules containing no dissolved or particulate matter what-
soever. As in Fig. 6, consider an-element of volume dv
receiving collimated, nonpolarized, monochromatic ir-
radiance H to act as source of scattered light, producing
radiant intensity dJ(J) at scattering angle J. Scattering
by the water molecules will be Rayleighian, with
dJ (3)~X"* and. with the shape of the intensity function
dJ(8) characterized by (140.835 cos?J) (see reference
12). Since even the most elaborately prepared distilled
water samples show particulate matter when examined
in a light beam, scattering by truly pure water has prob-
ably never been measured.

Scallering by dislilled wafer. A colleague, John E.
Tyler, has performed scattering experiments in many
saraples of commercial distilled water®; Fig. 7 shows a
typical result. Obviously, the scattering produced by
this sample of distilled water is very different from that

Ti16. 7. Polar diagram illustrating measured scattering by a
typical sample of commes.ial distilled water. The ratio of the light
scattered into the rear hemisphere to that scattered into the for
ward hemisphere is 1 tu 6 for this water sample. Data are by Tyler
(sce reference 13). The scale of this polar plot is smaller than that
used in Fig. 6.

“;’4% H, Dawson and E. 0. Hulbuet, J. Cpt. Soc. Am. 31, 554
1By, E. Tyler, Limnology and Oceanography 6, 451 (1961).

predicted for pure water. The predominant forward scat-
tering is caused by a comparatively few jarge particles.
The dotted curve may be regarded either as a polar
plot of the radiant intensity dJ(3) or of the zolume
scallering  funclion o(3;, defined by the eyuation
dJ(8)=0(8) Hdr, where H is the irradiance produced
by the collimated lamp ox the volume dr. The dimension
of o(3) is reciprocal length; typical uniis are reciprocal
steradian-me:ers or reciprocal steradian-feet. The polar
curve in Fig. 7 is not complete, it begins at #=221,2°
and stops at #-=165°. All conventional scattering meters
designed to be used in sifu possess the limitation that
they cannot measure scattering at small angles. For
tunately, the total swattering cocffidient s, defined by
the relation

s=2x [ o(8) sindds,
0

is insensitive to the magnitude of small-angle forward
scattering. Unfortunat.ly, however, the propagation
of highly collimated light does depend importantly on
small-zngle scattering.

Small-angle scatlering. The author has devised a
special (coaxial) in sifu scattering meter to supply the
missing forward part of the curve. Figure 8 is a schema-
tic diagram of the instrument. It shows the optical sys-
tem adjusted to measure the volume scattering function
at a scattering angle of 1/2 deg. Such a datum was ob-
tained with the coaxial scattering meter at the Diamond
Island Field Station and determines the apper end of
the upper curve in Fig. 9. This may be the first in silu
measurement of small-angle scattering by natural water.
The very large scattering found at small scattering
angles is believed to have been caused primarily by re-
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Fic. 8. Coaxial scattering meter for i sile measurement of the
volume scattering function at small scattering angles. In this
schematic drawing 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 resuits 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 ficld of view. The light source and
the telephotometer are coaxial, but the Jatter is equipped with an
cxtemafstop small enough to exclude the hollow cylinder of light
so that only light scattered by the wates is collected. The cylindri-
«al scattering volume 1s indicated by cruss-hatching. The uppet
hmut of the scattering angle is determined by the field of the tele-
photometer and the Iower limit is set by the size of its external
stop, 1.e., by the entrance pupil. A derailed geometrical analysis of
the configuration depicted above shows that the scattering is
measured at 047 deg:£0.15°; this datum.is used as the volume
scattering function for 1/2° scattering angle in Figs. 9 and 10.
Photometric calibration of the scattering meter is achieved by
removing the external stop on the telephotometer.

*
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fractive deviations produced by the passage of the col-
limated light beam through transparent plankton hav-
ing an index of refraction close to that of water. The
curve shape at small scattering angles is chosen to sug-
gest that the magnitede of the volume scattering func-
tion may merge tangentially with that of the irradiating
beam at vanishingly small angles.

Chemists have, for many years, made laboratory
mzasurements of very small-angle scattering from tiny
volumes of scattering materials.* Koslyaninov's has re-
ported volume scattering measurements at angles down
tn 1 deg by means of a shipboard laboratory apparatus
using water samples brought en board for measurement.
Figure 10 shows the data of Koslyaninov for the East
China Sea superimposed upon the lake data from Fig.
9 af+ar normalization at a scattering angle of 9°. as
denoted by the small circle in the figure. The forvard-
scattering portions of the curves are similar in shage.
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F16. 9. Volume scittering function curves for pure water
{Dzwson and Hulburt, see reference 12), the Atlantic between
Madeira and Gibraltar (Jerlov, sce reference 8), and the Diamond
Island Field Station, Lake Winnipesaukee, New Hampshire. The
upper curve (lake) represents §i sifu measurements at 5° intervals
between scattering angles 20°>3>160° by means of a conven-
tional type, pivoted-arm scattering meter and a single datum at
9=20,5° obtained #n sifu with the coaxial scattering meter shown
schematically in Fig. 8; the data are of 20 August 1961; and are
for g ecn light isolated by means of a Wratten No. 61 filter

1 H, F. Aughey and F. J. Baum, J. Opt. Soc. Am. 44, 833 (1954),
1B )\, V, Koslyaninov, Trady Inst. Okeanol. Acad. Nauk
S.S.S.R. 25, 134 (1957).
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F16. 10. Comparison of the shape of the in sif volume scattering
function data for Lake Winnipesaukee, New Hampshire, from
Fig. 9 with the shape of a curve representing the ir tito scatterin
data obtained by Koslyaninov (see reference 15) using a shipboar
laboratory apparatus and a sample of water taken from the East
China Sea. The curves have been normalized at a scattering angle
of 90° (circled point) for purposes of shape comparison.
Koslyaninov used blue light isolated by means of an absorption
filter having.an effective wavelength of 494 my; he reported data
at scattering angles of 1, 2.5, 4, 6, 10, 15, 30, 30, 70, 110, and
tlh’l‘i dgg. The curves are similar in sliape for scattering angles less

an 60°

Comparison with distilled waler. Figure 11 shows a
comparison of i1 sifu scattering measurcments hy Tyler'?
of commercial distilled water and clear Pacific water.
Ocean water scatters more light than does distilled
water but the similarity of the shape of the curves is
striking and interesting in its implication of the pre-
dominant role of large particle scattering.
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k16. 11, Comparison of in silu scattering data hy Tyler (see
reference 13) in clear Pacific ocean water near Catalina. with com-
parable data for a typical sample of commercial distilled water.
Both curves were obtained with the same pivoted-arm scattering
meter and are in the same relative units. The data are for green
light isolated by means of a Wratten No. 61 filter.
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F16. 12. Comparison of scattering data by seven investigators
uging dissimilar instruments in sevas: Jifferent parts of the world.
All curves are superimpoesed at a scattering angle of 90°, as indi-
catsd by the circled point. Gross similarity in curve shapeis
apparent in the forward (0<9<90°) scattering directions despite
major differences in water clarity (2 m/In<1/2<20 m/In), spec-
tral region, geographical location, instrumental design, and expen-
mental fechnique. Most of the scatfering in natural waters is
caused by transparent organisms and particles large compared
with the wavelength of Iight. The scattering 1s believed to result
ckiefly from refraction and reflection at the surfaces of these
scatterers. As a consequence, scattering at small forward angles
predominates and polarized light tends to preserve its polarization.
To the extent that all scattering curves have identical shapes the
scattering by natural waters can be specified in terms of some
single number, such as the total volume scattering coefficient s or
the volume scattering function at some sclected angle.

Comparison belween natural waters. A comparison of
the scattering properties of natural waters is afforded
by Fig. 12, which shows a superposition of measurements
by seven different investigators using seven dissimilar
instruments in seven different parts of the world. Three
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 m/Ip 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
waters, but that significant differences occur in the
character of the backscattering they produce.

Although it is a useful first-order concept that natural
waters are somewhat similar in the shape of their
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volume scaftering functions, it is important to note
therefore that measurable differences apparently exist
and that ocean water masses might therefore be identi-
fied by their scattering function curves.

Multiple scaltering. The propzgatior of light in the
sea is complicated by muliiple scattering. Consider, as
in Fig. 13, a plane surface irradiated at normal incidence
by the collimated lamp shown in Fig. 4. Every point on
the plane receives scattered light from every volume
element within the light beam. It receives, moreover,
multiply scattered light from every elementary velume
of water near the beam. In fact, every volume element
within the sea is irradiated by cvery other volume
¢lement both inside and outside the beam. The figure
illustrates how irradiation is produced throughout
the plane by second-, third-, and fourth-order scattering.

Although theoretical treatments of the effects of mul-
tiple scattering on the distribution of light in the sea
both from underwater sources and from daylight have
been undertaken with partia! success by several workers,
no fuily practical solution has yet been evolved. Some
derivations include only secondary scattering and neg-
lect higher-order effects. Others, following the prac-
tice of neutron physics, assume the scattering to be
virtually isotropic, that is to say, the shape of the
volume scattering function is assumed to be spherical or
nearly so; this is, of course, highly unrealistic. Four
patterns of approach characterize the theories: (1)
Multiple integration using the volume scattering func-
tion, the attenuation cocfficient a, and the inverse
square law; these treatments suffer from complexity,
are never complete, and may neglect sizeable compon-
ents of flux but some useful approximate sclutions have
been achieved in special ~ases. (2) Diffusion theory. This
applies rigorously only to isotropic or very mildly non-
isotropic scattering systems which are not found in the
sea; neverthdess, considerable success has been
achieved in the prediction of irradiance at long ranges;
diffusion theory is, however, unable to yield much in-
formation concerning the directional characteristics of
the underwater light field. (3) Radiative transfer. This
method is based upon equations of transfer, sometimes
in vector form; these integro-differential equations are
solved in practice by iterative procedures on the largest
electronic computers. (4) Monte Carlo procedures. These
also require the use of large electronic computers. Al-

F16 13. Illustrating the irradiation of an object by multiply
scattered light at arbitrary points inside und ottside the light
beam. The dotted curve associated with each cross-hatched
volume element has the shape shown in Fig. 7 and represents a
polar plot of the volume scattering function. The need for addi-
tional scattering data at small forward angles is obvious.
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though, in principle, either of the twwo 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
computers. Success has, however, been achieved {or the
case of daylight in the sea,'® wherein the development of
theory and the evolution of practical computation pro-
cedwres followed quickly after experimental explorations
of underwater daylight radiance distributions had
produced a body of data, described later in this paper,
from which valid assumptions could be made and against
which predictions could be checked. This experience
prompted the author to begin a program of experimen-
tal explorations of the distribution of light produced by
submerged divergent light sources and by collimated
lamps underwater. These explorations are still in pro-
gress, but some of the conclusions reached thus far are
summarized in the following section.

DIVERGENT LIGHT IN THE SEA

Marine organisms which emit nearly hemispherical
flashes of light are found at virtually all depths in the
sea. Underwater lighting for vision, television, or photog-
raphy is often accomplished by means of incandescent
lamps or flash tubes which approximate point sources
and emit divergent flux. Quantitative prediction of the
iradiation produced by such lamps at the object, on
its background, and throughout the observer’s path of
sight can enable optimum lighting arrangements and
camera positions to be planned in advance and exposure
to be predicted with sufficient accuracy to permit high-
contrast photographic techniques to be employed
effeciively.

Apparent Radiance at the Object

Every underwater objeit and every elementary
volume of water irradiated by a submerged divergent
light source is liglited by an apparent radiance distri-
bution which depends upon the radiant intensity dis-
tribution of the lamp, the optical properties of the
water, and the lamp distance. This radiance distribu-
tion can be seen, photographed, and measured by an
observer stationed at the position of the object. To such
an observer a receding, uniform, spherical lamp appears
to be surrounded by a glow ¢ scattered light which be-
comes proportionately more prominent as lamp dis-
tance is increased, until at some range, often 18 to 20
attenuation lengths, the lamp image can no longer be
discerned and only the glow is visible. The glow, how-
ever, may be seen for a considerably greater distance,
depending upon the radiant intensity of the source
and the ambient level of light in the sea.

Apparent radiance of the lamp. Densitometric meas-

181V, H. Richardson and R. W. Preisendorfer, Scripps Inst.
Oceanog., Ref. 60-43 (1960).
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Fi6. 14. Apparent radiance of a uniform, sphericz] underwater
lamp at various distances, illustrating the exponential nature of
the attenuation of apparent lamp radiance with distznce. Photo-
graphic photometry was employed using 2 Wratten No. 61 filrer
and Eastman Plus X 35-mm film {Emulsion No. 5051-64-167)
developed to unity gamma in D-76. Exposure time at f71.5 varied
from 1.75 msec at a lamp distance of 10.5 ft to 180 000 msec when
the lamp was 80 ft from the camera. The source of light was
a 1000-\V incandescent “diving lamp” (No. MG25/1) manu-
factured by the General Electric Company. The 3.in. spherical
lamp envelope was sprayed with a white gloss lacquer in order to
preduce a uniform translucent white covering which gave the lamp
the same radiant intensity in «ll directions (to within £757) ex-
cept toward the base, which was turned away from the camera
Two or more exposure times differing by 5- or 10-fold were used
at each lamp distance. Open circles represent data from a single -
time of exposure, solid points indicate that identical values of
apparent radiance were obtained from negatives made with twe
different exposure times. A solid straight line, representing an
attenuation length 1/a=35.00 ft/In, has been drawn near the
points. Dashed lines corresponding to attenuation lengths of
4,72 ft/In and 5.12 ft/In, respectively, represent values measured
by means of a light-beam transmissometer before and after the
all-night experimental session. Cooling of the water during the
night correlated with the observed increase of atteruation length,
presumably due to plankton shrinkage. Data are of 26 August
1959 at Diamond Island Field Station.

urements of the lamp images in a series of photographs
of a receding spherical underwater light source produced
the results shown in Fig. 14, wherein the close fit of the
data to the solid straight line shows that the apparent
radiance of the lamp is attenuated exponentiaily, as the
equation

Ny=Ne o, (2)

where .V, is the apparent radiance at distance r, N, is
the inherent radiance of the lamp surface, and « is the
attenuation coefficient for apparent radiance. The
dashed lines, constructed from data secured with a
light-beam transmissometer designed to conform with
the requirements of Eq. (1), provide ¢vidence that nu-
merically identical attenuvation coefficients a apply in
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Fi1c. 15. Angular distribution of apparent radiance produced by
a uniform, spherical, underwater lamp at distances of 8.5, 18.3,
29, and 39 feet. The lamp was identical to the one described in
connection with Fig. 14. The photometry was by means of an
automatic scanning, photoelectric, telephotometer having a
drcular tance cone 0.23° in diameter and with its spectral
response limited by a Wratten No. 61 filter. Attenuation length
was 5.1 ft/In. Data are of 3 August 1961 at the Diamond Island
Field Station.

Egs. (1) and (2), indicating thereby that irmges are
formed by photons transmitted without being scattered
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. DVistributions 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
achieved by means of an automatic scanning phototlec-
tric telephotometer which was more free from stray
light 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 Jamp can be computed
from these curves and, if the reflectanc= and gloss char-
acteristics of the target surfaces are knowr,, the inherent
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,
calculations of inherent background radiance, path
radiance, and apparent target contrast can be made
from Fig. 15.

Irradiance at the Object

The surface of any underwater object is irradiated
by (1) direct (nonscatterec) light from the lamp and
(2) scattered light. The nonscatlered or monopath ir-
rediance H,” produced at normal incidence by a lamp
radiant intensity J at distance r is given by the relation

Hp=Je=r/r 3)

In addition to H,% the object is irradiated by the
scattered or mullipath irradiance H,*. Thus the lolal
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irradiance H,=H 4+ H /2. Since H, can be maasured
isee Fig. 16) and H,° can be calculated by means of
Eq. (3), H* can be found by subtraction; thus,
H*=H.—HN.

Diffusion: theory!*** based upon the assumption of
Isotropic scattering suggests that

HA=JKe ¥ 4z, (4)

where K is an attenuation coefficient for scattered light.
If this K is given a vaiue numerically equal to the at-
tenuation function for daylight scalar irradiance %, as
discussed later in the portion of this paper devoted to
daylight in the sea, Egs. (3} and {4), when summed, fit
the data of Fig. 16 within experimental uncertainty
both at short and at long lamp distances; between 10
ft (2 attenuation lengths) and 70 feet (1 attenuation
rengths), however, the measured total irradiance is as
much as twice the predicted values. A semiempirical
modification of Eq. (4) which, added tc Eq. (3}, fits
the data of Fiz. 16 within experimental error is

HF=25(14T¢ k") JKe X7/ dzr. 5)

Effect of beam spread. Underwater sources of diver-
gent light are seldom completely spherical in their
radiant intensity distribution. Many underwater lemps
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F16. 16. Total irradiance produced at various distances by a
uniform, spherical underwater lamp at tb2 Diamond Island Field
Station. The solid curve was passed through the data points by
means of a least syuares procedure, The lamp was identical nith
the one described ia connection with Fig. 14. The photometry was
by means of an underwater photoelectric irradiance meter facing
directly toward the lamp. The spectral response of theirradiometer
was limited by means of a Wratten No, 61 green dlter. The
attenuation length of the water was 5.0 ft/In. Data are of 26
August 1959,

17 §. Glasstone and M. C. Edlund, Elements of Nuclear Reactor
Theory (D. Van Nostrand and Company, Inc., Princeton, New
Jersey, 1952), n. 107,

18 R. W. Preisendorfer (vrivate communication).
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emit roughly conical patterns of lux 20° or more in
total angukn extent. Monopath irradiance is, of course,
unafiected by the beam spread, and the effect on multi-
path irradiance is not large ualess the lamp produces a
highly collimated bezm. Experiments with an under-
water light source having a continuously vanable beam
spread down to 20" resulted in an empirical modification
of Eq. (3) to the form

H*=(25—15log2x 8)
X[14+7(2x 8Y e X JJKe 5" dzr, (6}

where 3 is the total beam spread. Equation (6} should
not be used for beam spreads less than 20°.

Equations (4}, (3), and (6) have been tested by the
author only at the Diamend Island Field Station, but
because of the similarity in the shape of the volume scat-
tering functions of natural watery, as iflustrated by Fig.
12, they may have nearly universal applicability as ap-
proximations for engineering purpeses.

COLLIMATED LIGHT IN THE SEA

Underwater projectors producing beam spreads small
compared with 1° exhibit distinctive properties. When
seen from the position of the irradiated target, the head-
on appearance of a distant, highly collimated lamp is
remarkably similar to that of a broad-beam lamp at
some lesser range. Thus, the bright disk-shaped image
of the lamp is surrounded by a glow of scatered light,
having an apparent radiance distributivn like that
shown in Fig. 17. Although it is difficuit to distinguish
a distant collimated lamp from a distant divergent
source when each is observed from within its beam,
radiance distribution measurements reveal subtle dif-
ferences, the nature of which can be seen by comparing
Figs. 15 and 17.

The appearance presented by a moderately distant,
slightly averted collimated lamp is, however, very dif
ferent from that of its divergent counterpart because
the intense small-angle scattering, common to all natural
waters, produces a readily visible, sharply defined,
nearly cylindrical luminous ¢olumn extending toward
the obscrver from the ollimated lamp. Near the lamp
end on the axis of this column the monochromatic
monopath irradiance normal to the beam at distance
r is II,"= Hpe™, where the irradiance H, in the water
at the lens of the projector is given by Ho=Jy?D~? in
term, of radiant intensity J, total beam spread ¢, and:
diameter D of the light beam. Beyond the distance
r'=D,\}, at which the lens replaces the source as the
aperture stop of the irradiating system, H,° is given by

H 0= Je=r/r*= Ho="(D/Yr)=Hoe~="/ (r/V) (7)

if diffraction is negligible.

The dashed lines in Fig. 18 illustrate the foreguing
relations applied to the case of three collimated lamps
having a dive.gence of 1,6" and exit pupil diameters
of 1,300, 2.300, and 8,300 of an attenuation length,
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F16. 17. Apparent radiance produced by scattering from the
beam of the highly eollimated underwater lamp shown in Fig. 4.
Tke photometry nas by means of an automatic scanning, photo
clectric telephotometer having a dircular acceptance cone 0.23° i
diameter and with its spo:tral vesponse limited by 2 Wratten No.
61 filter. The beam from .ae lamp had a divergence of 0.01°; it was
directed toward the telephotometer and filled the entrance pupil
of that instrument at all times. Lamp distances of 11, 20, and 30 ¢
were used. Tests of the telephotometer showed that the data in
Fig. 17 are free from stray-light effects. Attenuation length of the
water was 6.7 it/In. The data are of 11 August 1961 at the
Diamond Island Field Station.

APPARENT RAOQIANCE ([RELAYIVE UNITS)

respectively. For these three lamps the distances 7 are
1.15, 2.30, and 9.20 attenuation lengths. The points
at r=r, beyond which Eq. (7) applies, lie within th-
diagram for both of the two smaller lamps and are in-
dicawed by triangles. In all cases, diffraction will lower
the dashed curves.

The total irradiance H, on the axis of a collimated
beam exceeds the monopath irradiance H,® by the
multipath contribution H,*, ie., H,=HJ%+H>*. This
15 illustrated by the experimentsl data points shown in
Fig. 18 and the solid curves which have been fitted to
them. In the case of the two smaller lamps the multi-
path contribution was not detected at ranges shorter
than 7/, indicated by the triangle points, but this is not
irue in the beam from the large-diameter lamp where
H.* and H,’ are approximately eyual throughout much
of the range of distances covered by the data. The
steadily increasing separation of the solid and dashed
curves in each of the lower pairs implies that multi-
path irradiance becomes dominant at flarge lamp
distances.

Data such as those in Fig. 18 can be used to caliu-
late the ratio of monopath to multipath irradiance,
ie, H,% H,* This ratio, independent of the intensity
of the lamp or its radiant power output, is a measure
of the beam content of the light, it is the ratio of imag-
forming light transmitted by the water path to the
non-imag--forming (scattered) light arriving at the ir-
radiated object. Applications dependent on the reten.
tion of narrow-beam geometrical characteristics, of co-
herence, or of single-valued transmission time may re-
yuire that some usable fraction of the irradiance con-
sist of nonscattered (monopath) light. Figure 19 is a
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Fic. 18. Irradiance normal to the axis of the beam of light having
a divergence of 1/6° produced by 2 collimated underwater lamp
(Fig. 4) at distances up to 8 attenuation lengths is shown by the
data points and the solid lines for beam diameters of 1,300,
2/300, and 8/300 of an attenuation length. The data are of 14
August 1961 at the Diamond Island Field Station; attenuation
length 1/a=6.3 {t/In. Dashed lines represent the monopath
frradiance in each case computed from Eq. (7). Geometrical
divergence reduces the axial monopath irradiance at all laxp
distances beyond the points marked by triangles, which occur at
1.15 ard 230 attenuation lengths for the two smaller Jamps ard
at 9.20 attenuation lengths (nct shewn) for the largest lamp.
Spreading of the beam by difiraction also reduces the monopath
irradiance at all Jamp distances, often dramatically. In a plat
involving dimensionless lamp distance (such as Fig. 18), the
dashed lines cannot be drawn to include the potentially major
etfect of diffraction because the wavelength of light is independent
of the attenuation length, but they should be appropriatels
Jowered when the figure is interpreted in terms of actual dimen-
slons. The vertical separation between the dashed and the solic|
curves in each pair is a measure of the multipath irradiance.
Coution, The data in this figure relate only to the axis of an
aplanatic underwater projuction system having a beam spread
¢=1/6°, they should not be scaled by the ratio D'}, they do not,
for example, apply to the case of ¥y =1/60° and lamp diameters
D=1/3000, 2/3000, or 8/3000 attenuation length.

plot of H/ H,* for divergent sources. It shows that
for a beam spread of 20", H,*=H,° at 1.4 attenuation
lengths and that multipath irradiance predominates at
large lamp distances. Experiments now in progress with
light beams «: mall diameter and high collimation may
produce corre_ponding curves for collimated lamps.

Irradiance near a highly crllimated beam. All of the
foregoing discuss’ 21 has concerned irradiance produced
on the axis of a collimated beam. Measurements of ir-
radiance outside the light beam at various distances
from the collimated lamp are shown in Fig. 20.
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F16. 19. Ratio of monopath irradiance to multipath irradiance
produced by a uniform spherical Jamp (lower curve) and by the
same source mounted within a blackened enclosure (boxy which
limited its emittance to a crcular cone 207 in total angular
diameter tupper curve). In produdng these curves, moncpath
wradiance H® was calculated by means of Eq. 13} and multipath
urradiance A,* was obtained by subtracting H,* from the total

irradiance data given by Fig. 16 for the unrestricted spherical
lamp and from corresponding data for the 207 case.

Refractive Deterioration of High Collimation

No discussion of the properties of highly collimated
underwater light or image-forming rays would be com-
plete without mention of certain commonly encountered
refractive effects which limit the resolution of fine de-
tail and tend to destroy high collimation. Naturai waters
often contain refractive nonhomogeneities of two kinds.
1} small scale point to-point variations in refractive
index due, for example, to temperature differences; and
{2) transparent biological organisms (plankton) which
may range in size from microns to centimeters. The
effects of these optical nonhomogeneities has been ob-
served by allowing the beam from the 2-in.-diameter
0.01" divergent lamp shewn in Fig. 4 to fall on an un-
derwater viewing screen after traversing any con-
venient water path or by photographing the effect with
an underwater camera having no lens, in the manner




Febrmory 193

(RELATIVL uNiTH)

TRRA AN

-z
pg

o

Fio. 20. Imadiance outside 2 oalmated b oi Egit. Ban
divergence: 0.046%; beam Eacneter: 25, Filiter. Wratten N 61,
Atteruation length 4.8 ft In; Diarond Island,

suggested by Fig. 21 Tf such a photozruph i> mzde in
well-mixed distilled water. only 2 uniform white fidd is
recorded, but if the distilled water is allowed to stard,
a pattern of shadows appears as thermal structures de-
velop. If transparent plankton are added. their refrac-
tive shadows are superimposed.

Figure 22 is a2 photograph of the paitern obtained
when such a picture was taken in the ear, natural
water at the Diamond Island Field Statien in Lake
Winnipesaukee, New Hampshire. In this case the lizht
beam passed through 10) it of lake water. TL + drcular
shadows were caused by transparent plarkton some-
what Jess than 1 mm in size whose refractive index dif-
fered only slightly from that of water. No effects due to
thermal tubulens 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 30 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 of resolution. \Wavefronts passing through
natural waters are distorted by these refractive effects.
The edges of objects appear blurred and the apparent
wontrast of small objects is reduced. Thus, resolving
power is impaired and fine details are obliterated. It is
said that in some clear, south-sea waters the concen-
tration of transparent plankton is so great that a swim-
mer cannot distinguish his toes even though his foot
i5 clearly visible at high contrast. Conditions are much
less severe at the Diamond Island Field Station, where
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magnifcation is revessary to make tke loss of resou-
tion obvious.

Arn experimenta! study of this loss of resolution was
pericmed several vears ago at the Dicmond Island
Field Station and a theoretical treatment of the effect
was evolved.? ™ At Diamo=nd Island tke loss of resolu-
tion was comparzble to that caused by the on-axis aber-
rations of 2 flat water-to-2ir window of 1 Lin.-thick
«ommerdal plate glass aten 10 £t of water separated
toe object from the camera. The arzular magnitcde of
the blur increases as the square root of the object-to-
camera distance, and the apparent contrast of fine de-
tads is decrensed inversely as the third power of the
distance in macrescopically oniform water.®

DAYLIGHT IN THE SEA

Most of the lizht in the sez s from the sun and the
sky. In sunny weather each sqrare meter of the water
surface may be irradiated by as much as one kilowatt
of solar power. Approximately 93¢ of this power en-

v,

Fic. 22 Pactograph ot the light distribution from the collimated
underwater lamp (¥Fiz. 45 after traversing 10 ft of water in the
manner shown schermatically in F.g, 21. Cataera: Contax without
‘ene Expesure time. 1,30 sec. Film, Eastman Plus-X. Develop-
meat: cormal, D-76. Beam spread: 0.01° Beam diameter: 2 in.
Attenuation length: 56 ft/ln; Diamond Island; 22 August 1961.
The diameter of the outer black drcular border (caused by the
opening in the camera body, measured 1.3 in. on the negative.

BS. Q. Duntley, W. H. Celver, F. Richey, and R. \V. Preisen-
dotfer, ] Opt. Soc. Am. 42, §77(A) (1952).

2§, Q. Duntley, W. H. Culver. F. Richey, and R. W. Preises-
dorfer. J. Opt. Sac_ Min. (1o Ee published).
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ters the water and Is alsorbed somewkhere beneuth the
su-face Dayight iz the princpal soure of energy for
th:- sea, suppivinz it with heat znd sopporting its
ecclogy throogh photosyntbess Neagly half of the
redation is infrared, most of which is absorbed within
a mater of the surizce. As much as oze-fifth of the day-
Ezht may be ultraviclet and this can perstrate some-
wha* more deeply if the concentration of dissolved or-
gani: decomposition products i~vellow substance™) is
Iow. Fortunately, the peak of the solar spectrum 15 66t
far fiom tke wavelength (480 mp of greatest trans
parency in dear ocean water. Blue-green Lighi, rep-
resealing less than one-tenth of the total indident solar
power, penetrates so deeply inro the sea that it has been
detect.d photoelectrically below 600 m. Visbility, im-
portant to inhabitants of the underwater world, is pos-
sible chiefly Derause of this blue-green light.

Direc!ional Distribution of Daylight Underwater

Sunlight entering at the surface becomes progressively
more dufuse with depth untill a state of difusion is
reached which (1) is charactenstic of the water mass,
{2} is inlependent of the solar altitede and tke pre-
vailing sky condition, and (3} is invariant with farther
increases in depth unless optically different water is e=-
countered. This behavior of daylight in water. 2 sub-
ject of conjecture for more thar 30 vears, was probably
first definfiively postulated by Whitney™-* in brilliant
speculations based neither upor adequate radiance dis-
tribution d:ta ner apon a valid theoretical analysis but
chiefly upon insightful interpretations of irrediance
measuremer. ts. Whitney's hypothesis could not be con-
firmed untll 1957, wien an eight-year experimental
program, inijated by the author and conducted in its
Iater stages chiefly by several of bis colleagues, culmin-
ated ix the definitive radiance distribution data of
Tyler® Thess data were obtained with superlative
equipment representing nearly a decade of apparatus
development. The experiments were conducted in a
mountain lake containing optically uniform water of
very great depth. This lake (Pend Oreille, Idaho) was
used only after many futile attempts had been made to
fird sufficiently uniform, desp water at sea and in other
lzkes. Even at Pend Oreille vptical unifermity occurs
only for a few d..ys during the spring of each year. The
Pend Orellle data show an :umistzkable, systematic
trend toward thie formation of a characteristic {or
asymplolic) distribution of underwater daylight radi-
ance. A series of figures developed from Tyler’s tabu-
lated Pend Oreill: data® and described in the section
which follows summarize this experimental evidence for
the asymptolic rad. ance distribulior hypotiesis and illus-
trate the progresswve transformation of the hght field
from the sunny codition near the surface to the char-
acteristic diffuse distribution which prevails at great

1. V. Whitney, J. Marine Research 4, 122 {19:1).

2 1. V. Whitney, J. (pt. Soc. Am. 31, 714 (1941},
7. E. Tyler, Bull. S xipps Inst. Oceancg. 7, 363 (1960;.
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depth. A theoretival prool o the existen.c of Jixrater-
Dt diffuse Eaht casvmplotic muimn.e distributien) in
patural waters has been given by Pressendorder™ and
wonfirmatory experimental data in other nataral waters
have been obtaited by Jerlov and Fukeda® and
Sasoki ™

Depth Profiles of Underwater Radiance
The most usable graphical representation of the dis-

tribution of davlizht radiaace in the sea is a family of
rediance distribution profilss like tiose in Fig. 23. Con-
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F16. 23. Depth profles of anderwater radiance for
several paths of Sight (e, zenith angles, in the planc of the sun oz
a clear, calm, dloudless, sunny day (28 Aprii 1937) at Pend Oreille,
Idako. The drcles denote data by Tyier (see refererce 23, The
solar zenith angle was 33.4°, The submerged phutoeiectnc radance
photometer measured biue Eght Ly means of an R 2A 9314 malti-
plier phototube equipped with 2 "Wratten No. 43 filter, its field of
view was circular and 6.6° in angular diameter. The water was
nearly uniform in its optical propesties, i.c., the attenuation length
{as measured by means of a light beam transmissometer having a
tungsten source, an RCA $31A paototube, and a Wrattea No. 43
filter; was 2.52 m In just beneath the surface and increased very
slightly at a steady rate $0 262 m, In at adepth of 61 m, that 15 to
say, the change In aftenuation length with depth was barely
detectable. Additional families of radiance profiles in vertical
planes at uther azimuths can be waostructed iomm Tyler's tables,
which also proside corresponding data for uvercast condidons. All
such sets of protles are remarkably similar at great depth. Paralle]
profiles signify that the radiance distnbution has 1ts asymptotic
form.

#*R. W. Preisendarfer, J. Marise Research 18, 1 {1939;.

LN, G. Jerlov and M. Fukuda, Tellus 12, 348 (1960;.

* T. Sasaki, Bull. Japan. Soc. S Fisheries 28, 489 (1962,
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Fro. 24 The scbd curves are radiance attenuation functins
{i.e., slopes: of tha dlepth profiles ¢ apparent radiance in Fiz. 23,
The crcled points are froen Tyler's attenmation function tables
15ee reference 23, The daskied curse is the attenmation fonction
forsakrixni’ﬁncmizqthts!opeofthedq:&hr&ﬁlcofsczhr
irradiance, 2 radiometfic quantity proportioral to the response of
a sphernical diffuse crllector sach as that at the top of the instru-
ment pactured in Fiz. 25. The transfonmation of the Eght £ied to
its asymptotic fore is ifustmted Ly the convergence of the
radiance atteruation functions to 2 common, stady valse at
sufident depth. .

NAIAHUE AT TR KUAT OGN Bxils Binl 4 NIMLTERE

ceptually, each curve represents the results of lowening
vertically into the sea a radiznce photometer kaving
2 fixed zenith angle and azimuth. The unique utility
of such protles arises from the fact that the contrast
transmittance of any path of sight in the day-lighted
sea is given by the ratic of the apparent kackground
radiances at the ferminals of the path multiplied by the
beam transmittance of the path [see Eq. 18)1 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. Radiunce
distribution profiles like those i Fig. 23 e¢nable the
apparent background-radiance ratio to be read for any
pair of terminal points megardless of the shape of the
profile.

In Fiz. 23 each curve is nearly. but not quite, struight
and nearly, but not quite. parallel 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 allenuat.m function. Tt is symbolized by
K(z8.3). w. cre s refers to depth, 8 specifies the zenith
angle of the radiance photometer, and ¢ denotes its
azimuth. Figure 24, developed from similar ones by
Preisendorfer % is & plot of the rudiznrce attenuation
functions (slopes) of the radiance profiles shown in Fig.
23. The carves in Fig. 24 have been extrapolated beyond
the greatest depth explored by Tyles’s measurements in
order to illustrate the asvmptotic radiance distribution
’I: é W. Preisendarter, Seripps Inst. Oceansy Ref. 38-39,
21;';5 W. Prefsendorfer, Seriprs Inst. Ocearog. Ref. 38-6),

).
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conuept more completely. Diferentinl equations for toc
rzdiznce attenuation functions have been evoived by
Preisendorer™

Attenuation Function for Scalar Irradiance

The slope of a vertical protile of scalar irrediance Az,
a radiometric quantity measurable by means of a spher-
cal diffuse collector, is walled the altenuation funclion for
scalar irradiance zt depth = and is denoted by k(). This
funcdion is shown by the dashied curve in Fig. 24. The
limiting value &/ =) of 213} is a convenient experimen-
tal parameter for describing the opticul properties of
the sea because (1) kiz) approaches its asymptlotic value
at less depth than do the radiance attenuation functions,
and (27 it is easier to measure. Figure 23 shows a water-
clarity meter proposed by the author and constructed

Fr~. 25. Water-clarity meter for measuring depth profiles of
scalar irradiance k(z) and attenustion coefficdient afz) at sea. ‘The
hollow, translucent. white sphere at the top of the instrument is
the collector for the measurement of scalar irradiance. Attenuation
is measured by means of a highly collimated beam of Eght, pm-
duced Ly a projector in the lower compartment, which travels
upward to a phetoelectric telephotometer in the upper chamber.
Baffles are used 1o minimize the effect of daylight in near surface
measurements. The use of muhiFliet phatotubes enables this
equipment to produce profiles of scalar iradiance at depths
sreater than 10 attenuation lengths. A pressure transducer is
incorporated in the instrument to indicate its depth. Due to the
spherical nawure of the imadiance sensor, the orentation of the
instrument is not important; it can, if desired, be oriented hori-
zontally (see reference 29).

>
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F16. 26. Underwater radiance distributions in the plane of the
sun on a clear, sunny day at depths of 4.24, 16.6, 29.0, 41.3, 53.7,
ard 66.1 m, respectively. The cdircddes denote data by Tyler (see
reference 23) at Pend Oreille, Idaho, 28 April 1957. The solar
zenith angle was 33.4° For additional experimental details see
Fig. 23. At the shallowest depth measured (424 m,, the peal ef
the radiance distribution is at a slightly greater zenith angle than
refracted rays from the sun (24:5°); see Fig. 29. At prozressively
greater depths the distribution becomes Jess sharply peaked and
the maximum moves toward zero zenith angle. ?Eg radiance dis-
tribution is nearly in its asymptotic form at 66.1 m, the greatest
depth at which data were taken. Corresponding trends appear in
similar plots of data obiained by Saszaki in ocean water near Japan
(see reference 26) and in Gullmar fje: . by Jerlov and Fukuda
{see reference 25).

by his colleagues,® which measures simultaneous verti-
cal profiles of scalar irradiance 4(z) and attenuation
coefficient a(2) in routine oceanographic surveys.

Shapes of the Underwater Radiance Distribution

The shapes of a typical family of underwater radiance
distributions in the plane of the sun at progressively
greater depths are shown by Fig. Z6, which includes the
same data plotted in Fig. 23. At shallow depths the dis-
tribution 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 illus-
trated by Fig. 27, wherein the upper four curves of Fig.
26 have been superimposed at their respective zaaxima.

The lower two curves in Fig. 26 do not appear in Fig.
27 because their shape does not differ from that of the
41.3-m curve within the precision of the data. It may
be noted, therefore, that the form of the radiance dis-

¥ R. W. Austin, Scripps Inst. Oceanog. Ref. 59-9, (1959,
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tribution changes throughout enly the first 41 m of
depth (about 16 attenuation lengths or optical deplis).
At that depth, however, the shift of the maximum
toward the zenith is incomplete and continues to change
rapidly as depth is progressively increased. Figure 28
shows how the maximum of the underwater daylight
distribution shifts toward the zenith with increasing
depth; it suggests, by extrapolation, that a depth of 20
attenuation lengths (i+X) m) or more is required in order
for the true asymptotic radiance distribution to be
reached.

Irradiance Profiles

When the underwater radiance distribution has its
asymptotic form, the irradiance incident on a plane
oriented in any direction will decrease exponentially
with depth at the same rate as will the irradiance on
planes oriented in any other directions. A family of
semilcgarithmic profiles of the irradiance on planes ori-
ented in various directions is merely a group of parailel
straight lines having a slope corresponding te k(<«), the
limiting value of the attenuation function for scalar ir-
radiance. In most ocean water the irradiance H(z,—)
on the upper surface of a horizontal plane at any depth
z is approximately 30 times as great as the irradiance
H(z,+) on the lower surface of the same plane, the ir-
radiance on planes oriented in all other directions at
this depth lies between H(z,—) and H(z,+).

At lesser depths, where the underwater radiance dis-
tribution departs from its asymptotic form, the semi-
logarithmic irradiance profiles difficr somewbat from
paralledisma and straightness. Sulh perturbations are,
however, comparatively minor and for many purposes
they are negligible. For example, some of the attenua-
tion functions at a depth of 2.3 ft on an overwast day

IRELATIVE URNITS)

AVEARENT RADIANGE

ZERITH ANGCES ‘LDEGREES)

Fic. 27 In this figure the undernater radiance distnbution
curves for depths 4.24, 16.6, 299, and 41.3 m from Fig. 26 have
been superimposed at their respective maxima in order to compare
their shapes. The radiance curves fut depths 53.7 and 66.1 m are
not showp since, within the limits of rimental error, their
shapes are identical with the curve for 41.3 m d¢, h. Thus, the
shape of the underwater radiance distrivution has nearly completed
its traasformativn to the asymptotic furm at 41.3 m depth. The
maximum of the curve has not, however, reached zers zenith angle
at chis depth and s, in fact, changing at maximum rate, see Fig. 28,
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Fic. 28. THustrating how the peaks of the underwater daylight
radiance distributions shewn in Fig. 26 shift toward zero zen'th
angle with increasing depth. At shallew depths in these data the
peak occurs at a greater zenith angle than the direction (under-
water) of rays from the sun. The extrapolated (dashed) portion of
the curve seggests that a depth of more than 100 m is required to
bring the peak to zero zenith angle; i.c., to complete the trans-
formation of the light field to its asymptotic form.

(28 August 1959) at Diamond Island were K(2.3,~)=
0.067 In/ft, £(2.5)=0.063 In/ft, K(2.5,4)=0.051In ft,
and «(2.5)=0.18 In/ft.

Contrast Transmittance

Introduction. Underwater sighting ranges are always
short compared with sighting ranges in clear air. Nearly
all objects, therefore, subtend so large a visual angle
when seen underwater that the exact size of the object
is of almost no consequence. Except for very tiny ob-
jects or the fine details of larger ones, underwater sight-
ing ranges depend almost entirely upon the contrast
transmittance of the path of sight when ample daylight
prevails. Along horizontal paths of sight dark objects
(such as black-suited swimmers) approach detection
threshold near the distance 4 ‘«(z) when viewed against
a water background, although bright objects (including
light sources) can be seen further.® For objucts of suf-
ficient angular size, horizontal daylight sighting ranges
underwater are remarkably similar to horizontal day-
light sighting ranges in the atmosphere if both are ex-
pressed in attenuation lengths. This quantitative simi-
larity does not hold, however, when the path of sight is
inclined either upward or downward because water,
unlike air, absorbs light so strongly that all aspects of

» Along any underwater path of sight a remarkable proportion
of the objects ordinarily encountered can be seen at limiting ranges
hetween 4 and S times the distance 1/[a{z)~K(z,0,4} cos8], re-

gardless of their size or the barkground against which they appear,
provided ample daylight prevails {see Eqs. (14) and (15)].
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daylight in the sea diminish rapidly with depth. Con-
trast reduction along inclined paths of sight through
optically uniform water are treated after certain general
principles have been discussed.

General case. A completely general phenomenslogical
treatment of the reduction of apparent contrast by any
scattering and absorbing medium has been given by
the author and two of his colieagues in an earlier paper®
concerned with the atmosphere; Eq. (1) through (10}
of that paper and the discussions which accompany
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 zis used to denote depth rather than
altitude) and is positive from the sea surface dovmnward.
Although, in the interest of brevity, only one [Eq. (7)]
of those equations is discussed here, they constitute the
foundation for all of the relations which follow in this
paper.

Equation t7) in reference 31 states that the ratio of
the apparent contrast C,(z,6,¢) of an object at distance
r from an observer at depth z along a path of sight hav-
ing zenith angle 6 and azimuth ¢ to the inherent con-
trast Cylzi8,0) of a target at depth z, 1s

C,(z,ﬂ.¢), C(n(zc,e“:’):
T, (z8,0)sNo(z0,0) 3N (28,¢), (8)

where T.(z6,¢) is the beam transmittance of the path
of sight for image-forming light and V{z.6,8)/
2Y(2.8,8) is the ratio of the apparent radiances of the
background at the ferminals of the path of sight. This
equation is rigorously true despite any amount of non-
uniformity in the water or in its lighting. Profiles of
underwater radiarce, such as those in Fig. 23, provide
the two background radiance values required by Eq. (8)
~nd the beam transmittance can be found from a pro-
file of attenuation length by means of Eq. (16) in ref-
erence 31. It should be noted that the beam transmit-
tance T,(2,0,¢) must include the factor [n(z)/n(z)}
required by geometrical optics when the refractive in-
dex n(z) of the medium at the observer differs from that
at the target n(z), as in the case of underwater obser-
vation through a flat face plate or a plane window.

Uniform water. If the underwater path of sight lies
entirely within 2 single optically uniform stratum and if
the profile of monochromatic apparent radiance (see
Fig. 23) can be approximated by a straight line and rep-
resented by the differential equation

dX{z,0,¢). dr=— K(z2,0,¢) cosdN (z,0,¢), 9

where r cosf=z,~3, Eq. (10) of reference 31 can be re-
placed by differential equations of transfer for spectral
field radiance

dN (20,8)/dr=X(204)—a(2)\X (z,0,4), (10)

318. Q. Duntley, A. R. Boileau, and R. W. Preisendorfer, J. Opt.
Soc. Am. 47, 499 (1957).
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and for apparent spectral target radiance
d N(28,8) dr=XNe(z88)—alz) N (zh¢). (11)

Equations (9), (10), and (11) can be combined and
integrated throughout the path of sight to produce the
important relation

Y+ (50,8)= No(z,8,8) exp[—alz)r]
+X(zf9) expl+K(z0,0)r cosd]
X{1—exp{—a(=)r+K(z8,6)r cosd]}, (12}
where (\',(z0,¢) is the apparent spectral radiance of

the target and (No(z,0.¢) is its inherent spectral ra-
diance. In Eq. (12) the first term on the right represents
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Fig. 29. 1llustrating the effect of (vertical) object-to-camera
distance on the apparent radiance (lower figure) and the photo-
graphic contrast (upper figure) of an object having both white and
black areas submerged 35 m beneath the surface of deep, optically
uniform water characterized by an attenuation length (Il)/a) of
3.2 m/In, («/K)=2.7, H(z, +§/II (s, —)=0.02, and asymptotic
radiance distribution. The prevailing spectral irradiance on the
surface of the water is assumed to be 1 W/m?, my.

As a downward-looking camera is lowered from the sea surface,
the apparent radiance presented by the water decreases at the
rate of K=0.116 In/m, as shown by the diagonal dashed line in
the lower figure. At 19 m depth (i.e., an object-to-camera distance
of 16 m or 5 attenuation lengths) the apparent radiances of the
object differ but little from that of the surround. When the camera
i5 9.6 m (i.c., 3 attennation lengths) above the target, the white
area presents an apparent radiance significantly greater than the
surround (diagonal dashed line) but the black area appears only
slightly darker than the water background. Near this camera
position the two terms in the right-hand member of Eq. (12) are
equal, so that dN(3,7,0)/dr=0; at greater camera depths the
second term predominates. When the camera is 3.2 m or 1 attenua-
tien length above the object, both the black and the white areas
of the target differ markedly in apparent radiance from the sur-
round (diagonal dashed line). The upper figure illustrates, by
means of the characteristic curve of a negative material, the range
of photographic densities corresponding with object-to-camera
distances of 3.2 m (dashed lines) and 9.6 m (dotted lines).
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residual image-forming light from the target and the
second term represents radiance due to scattering of
light in the sea throughout the puth of sight, i.e., the
path radiance N *(z6¢). A graphical illustration of
Eq. (12) is provided by Fig. 29, which shows how black
objects and white objects submerged in deep water ap-
pear to emerge gradually from the background as they
are approached from above by a descending, downward-
locking underwuter observer or camera.

In Eq. (12), afz) and Ki{z4,$) are considered to be
constants throughout the path of sight. In uniform
water this is true of «{z} but not of K{z,8,¢} unles the
radiance distribution is asymptotic. Figure 24 illustrates
how K{z,8,9) thanges with = and 8 in the plane of the
sun; corresponding figures can be constructed from
Tyler’s tables™ to illustrate changes with ¢. Such data
should be used to ascertain the variation of K(z,0,4) on
the particular segment of the path of sight to be used;
the degree of approximation represented by Eq. (12)
[and by Eqgs. (14), (13), and (16)] can then be esti-
mated. Because underwa.er sighting ranges rarely ex-
ceed 2K, the effect of K variation is seldom appreciable,
except near the surface of the sea. General equations,
remarkably similar in form to Eqgs. (12), (14), (15),
and (16), have been written by Preisendorfer (private
communication); these involve, for example,

e.\'pl - [ [a(s)——cos&K(z,B,¢)]dr’}
L]

instead of
expl—a(z)r-+cosdK iz 0,0)r 1;

they are also applicable to nonuuiform water and even
to multi-media paths of sight.

Equation (12) also specifies the apparent radiance of
any background against which a target may be secn;
when used for this purpose the presubscript ¢ (for target)
should be changed to &(for background). Subtraction
of the background form of Eq. (12) from Eq. (12) it-
self yields the relation

l‘\’f(zﬁr(#) AT (z,0,¢) i
=[No(20,0,8)— N 0(z8,0)] exp[—a(z)r].  (13)

Equation (13) implies that along any underwater path
of sight, radiance differences are transmitted with ex-
ponential attenuation at the same space rate as image-
forming rays.

The two forms of Ey. (12) van be combined with the
defining relations for inherent spectral contrast,
Co(z10,¢), and apparent spectral contrast C.(z,0,¢4),
which are, respectively,

Cl’) (z 130;¢) = Et-\’o (Z 1)0)¢) - b-\vtl (Z 1,0,¢):]/ bA'U(Z h0v¢)’
and
Co(200) =[N (2.0,0)— 1N, (20,6) ],V (2,0,0).

When this is done, the ratio of inherent spectral con-
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trast to the apparent spectral contrast is found to be

Co(z:5:8)/Ce(z0,9)
= l—[‘\- (2118:¢)/5‘\'0(=b0:¢]
X{1—expla(R)r—K(z2¢)r cosfl}. (14)
If sNo(2:8,8)=2N(2:8,¢), as in the special case of an
object suspended in deep water, Eq. (14) reduces to

Cr (Zﬁ :¢) = Cb (z lya ’¢’)
Xexp[—alz)r+K(z8,¢)r cos8].  (13)

Whenever the underwater daylight radiance distri-
bution has, effectively, its asymptotic form, the radi-
ance attenuation function K(z0,4) is a constant, in-
dependent of z, 8, and ¢. Equation (15) may then be
written

Cilz08)/Co(z18,8)=exp[—a+K cosd) . (16)

The right-hand member of Eq. (16), sometimes called
the conlrast reduction faclor, is independent of ¢, the
azimuth of the path of sight. This and other implica-
tions of Eq. (16) were discovered by the author in the
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course of carly experiments as illustrated, in part, by
Figs. 30 and 31.

Horizontal paths of sight. Along horizontal paths of
sight ces 6=0 in Egs. (9), (12), (14), (15), and (16),
which show that both the apparent radiance and the
apparent contrast of objects seen horizontally under-
water change with distance in a manner dependent on
a but rot on K. When cos 6=, Eq. (10) indicates that
some unique equilibrium radiance N (z,x'2,¢) must
exist at each point such that the loss of radiance within
the horizontal path segment is balanced by the gain,
ie.,

aN (237,0)/dr=0=N{z x,0)—al(z)N,(z,3x,¢). (17)

Even in nonuniform water there is an equilibrium radi-
ance for each element of horizontal path although this
may differ from point to point. Inclined paths of zight
do not have a true equilibrium radiance, as will be clear
from Eq. (9), but they possess an exponential counter-
part which is illustrated by the diagonal dashed line
in Fig. 29.

A method® for measuring the attenuation coefficient
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Fic. 30. Interrelated experiments from the September 1948 series at the Diamond Island Ficld 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
coeflicient k(2)=0.060 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. (13) and its slope
indicates that a(z)4-K (z,x,0) =0.247 In/it. Because the sun was low the radiance distribution was approxi-
mately asymptotic, so that K (z,x,0) =k (z) =0.066 In/{t and, by subtraction a(z)=0.181 In/ft or the attenua-
tion length 1/a=35.5 ft/In. (Kight) Two semilogarithmic plots of apparent contrast vs farget 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. A}l four paths of sight have the same zenith angle, =150°, but
the azimuth angles relative to the plane of the sun are $=0 (circled points) and ¢=45° (crosses), $=95°
{diamonds) and ¢=135° (squares), The dashed straight lines are constructed parallel and, in accordance
with Eq. (16), they have a slope 0.181-40.066 cos130°=0.214 In/it. These lines were passed through the
uppermost datum point of cach series without regard to the lower points; the lines are provided solely to
facilitate judgment of the slope and linearity of the data. Photographic underwater telephotometry; green

light, calm water, clear sky, low sun.

28, Q. Duntley, J. Opi. Soc. Am. 37, 994(A) (1947) and U. S. Tatent No, 2,661,650,
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Fic. 31. Comparison of apparent absolute contrast with ap-
parent edge contrast of white targets for two horizontal under-
water paths of sight having azimuths relative to the direction of
the sun of 95° (crosses) and 135° (circles), respectively The- three
lines are parallel and correspond to an attenuation length
1/a==3.63 {t/In. The dsta are of 24 September 1948 at Diamond
Island. Photographic telephotometry; green filter.

a(z) is suggested by Eq. (17) and the fact that in op-
tically uniform water X (z,4%,0) =N (z37,¢); thus

a(5)=Ne(z3x.0)/N (37.4)- (18)

In Eq. (18), Nu(z,3#,¢) can be approximated by the
apparent radiance of a very black object, such as an
opening in a small black box, located at a unit distance
which is small compared with the attenuation length,
and N{z}x,6) is the apparent radiance of the unre-
stricted water background. This technique is especialty
convenient for documenting conditions in underwater
photography by daylight. The value of a(z) so ootained
agrees precisely with data obtained by (1) properly de-
signed light beam transmisscmeters, (2) measurements
of the apparent contrast of underwater objects observed
along horizontal paths of sight, and (3) underwater
telephotometry of the apparent radiance of the surface
of 2 distant submerged frosted incandescent lamp or
other diffusely emitting source.

Field experiments. Experimental cxplorations of the
distribution of daylight in the sea and underwater image
transmission phenomcma were begun by the author in
1948 and are stiil in progress. Most of the physical prin-

~
Tol. 533

ciples discussed in this paper were discovered or genera-
lized early in the course of these experiments. The data
guided a collaborative development of the foregoing
equations by Dr. Rudolph W. Preisendorfer and the
author.®-3

Experiments were conducted concurrently in lakes,
and at sea almost from the beginning because optical
principles can be explored better and more inexpensively
in lakes whereas the magnitude of the optical constants
of ocean waters can be measured only at sea. Most of
the data used in this paper to illustrate principles were
obtained at a field station establishcd by the author in
1948 at Diamond Island in Lake Winnipesaukee, New
Hampshire. Examples of data from the field station are
provided in Fig. 30. These data, taken from the 1948
serles, illustrate several important principles which are
implied and summarized by Eq. (16). Figure 30 shows
that the attenuation coefficients £(z) and a(z) obtained
by means of a depth profile of scalar irradiance and
measurements of the apparent radiance of a white ob-
ject lowered vertically (in the manner of a Secchi disk)
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-
trast with highly refined photoelectric equipment 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 support
the validity of Eqgs. (15) and (16).

The water-clarity meter pictured in Fig. 25 produces
a profile of scelar irradiance similar to that shown in
Fig. 30 and, therefore, a measure of k{(z), it also meas-
ures the attenuation coefficient a(z), providing, thereby,
the necessary input information for using Eq (16) to
calculate contrast reduction, since K=£(z).

Telephotometry of either black or white targets along
any two paths of sight having different inclinations
{i.e., zenith angle @) yields two values of the contrast
attenuation coefficient (@—K cosf) from which « and
K can be found. The use of a horizontal path for de-
termining a, and a downward vertical path for deter-
mining a+- K, is oiten a convenient choice.

Absolule contrast. The water immediately surround-
ing a submerged white object sometimes appears to
glow. This effect is caused by the intense small-angle
forward scattering of light which is reflected by the
target in directions adjacent to that of the observer.
The effect is most noticeable when a strongly lighted
white object is observed against a dark background.
The apparent radiance of the scattered glow has been
found to be attenuated at the same space rate as the
target itself ; this is shown by Fig. 31 wherein the semi-
logarithmic attenuation curves for apparent absolute
conlrast and apparent edge confrast are parallel. Apparent
absolute contrast is relative to the apparent background

88, Q. Duntley, Proc. Armed Forces-Natl. Research Council
Vision Committee 23, 123 (1949); 27, 57 (1950); 28, 60 (1951).

#8§. Q. Duntley and R. W. Preisendorfer, MIT Rept NSori

07863 (1052).
# R, W. Preisendorfer, Scripps Inst. Occanog. Ref. 58-42 (1957)
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radiance that would be observed if the target were ab-
sent; apparent edge contrast is relative to the apparent
background radiance which appears immediately ad-
jacent to the target. Gedinarily, few underwater ob-
jects are white enough to cause the two types of con-
trast to differ significantly. When the glow is prominent,
absolute contrast is usually the more meaningiul meas-
ure of object detectability, but a full treatment of this
topic can be made only in context with details con-
cerning the characteristics of the detector (eye, camera,
etc.), a matter beyond the scope of this paper.

Absorption

If radiant power in the sea is to be aseful for heating
or for photosynthesis it must be absorhed. The mono-
chromatic radiant power absorbed per wnit of volume
at any depth depends upon the amount of power re-
ceived by the volume element and the magnitude of
the absorption coefficient; i.e., upon the product of the
scalar irradiance and the volume absorption cosfliclent 3¢
A more frequently useful relation®” has been evolved as
follows: The net inward flow of radiant power to any
clement of volume dz in any horizontal lamina of thick-
ness dz at depth z in the sea is

dP(z)
de

d
=;{H (s, —)—H(, +)}

d H(s, )7
=-—[H(z, _.}[1_._(..:.{}}. (19)
ds H(s, —

- a’l’

The ratio H(z,+)/H(z,—), sometimes called the re-
Aection function of water, has been found by experiment
to be virtually independent nf depth and tu have a
value of 0.02:0.01 for most natural waters unless large
quantities of suspended matter are present; the re-
flection function is rigorously independent of depth
when the underwater daylight radiance distribution has
its asymptotic form in optically uniform water. To the
extent to which 2%, effects are negligible, Eq. {19)
becomes

dP(z)/dv=H(5,~)K (z,~), (20)

since, by definition, K{z,—)=—[dH (z,—)/dz]/H (z,—).
Thus, the radiant power absorbed per unit of volume
at any depth in the sea can be measured simply by
lowering an upward-facing, diffusely collecting, flat
photocell and determining the product of the magni-
tude and slope of the resulting prefile of downwelling
irradiance, as illustrated by Fig. 32.

Alternatively, the quantity {H(z,—)—H(z,+)} can
be measured directly by lowering an assembly of two
diffusely collecting, flat photocells mounted back to
back so that one faces upward and the other downward.
Such an assembly, sometimes called a janus cell, can

#R. W. Preisendorfer, Scripps Inst. Oceanog. Ref. 58-41,

1957).
¢ n S? Q. Duntley, Natl. Acad. Sci./Natl, Research Council Publ.

473, 85 (1956).
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F1c. 32. Superimposed samilogarithmic plots of monechromatic
downwelling irradiance vs Gwpth ard monochronatic radiant
power absorbed per unit of volumne vs depthillustrate the (approxi-
mate) relation between these quantities expressed by Eq. (20).
Monochromatic downwelling tradiance 1s the total mon>-
chromatic radiant power p<: unit of area received by the upper
surface of a horizontal plane at arbitrary depth =. The product of
this irradiance and its depth attentuation function (slope of its
depth profile) is, witkun about 277, equal to the monochromatic

wer absorbed per unit of volume. Thus, at a denth of 30 m in
Fig. 32, H{30, —)=63X10" W/(m? mz), K(30, —)=0.114
lnﬁm, and dP(30)/d:=(6.3X107{0.114)=7.2X 104 W/ (m? my).
Neither of the curves in this figure represent specific experimental
data, but the irraciance profile is typical of the Pacifi: Geean off
ggﬂoifomia. The presence of a deep scattering layer is skown below
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be used to measure dP{(z}/dr by means of Eq. (19) in
turbid waters for which {1—~[H(z,+)/H(z,~)]} is not
negligible.
CONCLUSION

Although no research program is ever fully completed
and the author hopes to participate in studies of light
in the sea for many years to come, the investigations
which, with many colleagues, hive been made thus far,
voupled with the findings of other workers all over the
world, have produced a sufficient quantitative under-
standing of the optical properties of ocean water and
the behavior of underwater light to provide scientific
guidance and optical engineering methods for those
persons whose intzrests or occupations involve light in

the sea.
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