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Estimation of Per cent Polarization 

in Deep Oceanic Water' 

J.E. Tyler 

Visibility L aboratory 
Scripps I nstitution of Oeeanography 
La Jolla, California 

ABSTRACT 

An isotropic model is used to describe and estimate the 0 / 0 polarization in a horizontal 
direction in the ocean at near-asymptoti c depth. It is found that when the radiance distribu-
tion is described by a fourth power ellipse the 0/ 0 polarization = s2, wheres is the eccentri city 
of the ellip se. 

Introduction. From electromagnetic theory it can be sh~wn that if a small 
volume of scattering particles is irradiated by a field of flux that is distributed 
nonuniformly around it, then the flux scattered by the particles will most 
commonly exhibit partial-plane polarization. If the field of flux subtends a 
small angle at the volume of scattering particles, the 0/o polarization will tend 
to be large in certain directions; but if the field subtends a large angle, the 0/ 0 

polarization will tend to be small. There are two special cases in which partial 
polari zati on will not be. observed, viz: (1) when the volume of scattering par-
ticles is completely surrounded by uniform flu x, and (2) when many equal 
sources of flu x are concentrically arranged around the axis of observation. 

The experimental investigations by J erlov ( 1938 ), Whitney ( 1941 ), Sasaki 
et al. ( I 960 ), T yler ( 1960 ), and others have demonstrated that the field of flu x 
surrounding a point in deep oceanic water is symmetrical around the vertical 
axis but is nonuniform around the horizontal plane, being overwhelmingly 
from the zenith. It has been shown further that under some circumstances the 
shape of the flu x distribution becomes more beamlike as measurements are 
made closer and closer to the surface; under other circumstances, however, the 
flu x distribution becomes more spheroid (Tyler, 1960) with decreasing depth. 
From the theoretical work of Preisendorfer (1959) it is known that the flux 
distribution at asymptotic depth in homogeneous water is independent of the 

1 T hi s research was sponsored by a grant from The National Science Foundation, Earth Sciences 
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surface lighting and that its shape will depend only on the scattering and 
absorbing properties of the water. Preisendorfer has also shown that the shape 
of the radiance distribution at asymptotic depth is a prolate spheroid that 
alters either to a sphere in the absence of absorption or to a narrow vertical 
beam in the absence of scattering. These theoretical and experimental findings 
lead to the following deductions with respect to polarized light patterns in 
deep oceanic water: 

( 1) Polarized light can be generated at any depth in the ocean by the inter-
action of scattering particles with the natural surrounding field of flux at 
that depth. . 

(2) At asymptotic depth there will be an asymptotic pattern of polarization 
that will be independent of the surface lighting. 

(3) At asymptotic depth, all e-vectors of the observed polarized light will 
be horizontal, i.e. at right angles to the axis of symmetry of the light field. 

(4) The maximum 0/o polarization will be observed in the horizontal direc-
tion at asymptotic depth. 

(5) The 0/o polarization, which will be a function of the shape of the 
radiance distribution, can either increase or decrease with decreasing depth. 

Some experimental evidence in support of these deductions has already 
been published by Waterman (1954, 1955) and Ivanoff (1956a, 1956b, 1957), 
who have also demonstrated and discussed special polarization effects such as: 
( 1) the tilting of the e-vectors, which occurs near the surface and comes about 
because of the tilting of the axis of symmetry (or of the maximum N vector) 
of the light field, and (2) the introduction of elliptical or plane polarized light 
into the flux field as a result of interface phenomena (Ivanoff and Waterman, 

1958). . 
The present paper will consider only the near-asymptotic radiance distribu-

tion, which is substantially devoid of e-vector tilting, and of polarization effects 
rrom the source or from the interface. 

Theory. It will be assumed that the polarization resulting from scattering 
conforms to the isotropic situation represented in eqs. (1) and (2): 

NH = \ N(0, <I>) (cos2 0 + sin2 0 cos2 <P) d w, 

Nv -~ N(0, <I>) (sin2 0) dw, 

where NH is the horizontally polarized component of the radiance in the 
horizontal direction, Nv is the vertically polarized component of the radiance 
in the horizontal direction, and N(0, <P) represents an unpolarized radiance 
distribution. 

In general a plot of experimental values of N(0, <I>) for a fixed value of <I> 
does not by itself conform to the equation for an ellipse. Rather, as Preisen-
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TABLE I. COMPARISON OF N(8,90) DATA WITH FITTED ELLIPSE. 

TYLER (1960) 

,-- Depth = 55.0 m ,--Depth = 42.8 m ,--Depth = 30.5 m 

0 N i/N Ellipse O / 0 Error N ifN Ellipse 0 /o Error N i,IN Ellipse O / 0 Error 
e= .558 e= .560 e= .572 

0 29.6 2.33 2.33 250.0 3.98 3.98 2430.0 7.02 7.04 +0.284 
10 27.9 2.30 2.30 240.0 3.94 3.91 0.768 2340.0 6.96 6.90 -0.862 
20 22.5 2.18 2.17 -0.458 205.0 3.78 3.68 2.64 1960.0 6.65 6.51 -2.10 
30 17.0 2.03 1.99 -1.97 150.0 3.50 3.39 3.14 1480.0 6.20 5.96 -3.87 
40 11.8 1.85 1.80 -2.70 102.0 3.18 3.06 3.77 958.0 5.56 5.36 -3.59 
50 7.43 1.65 1.61 -2.42 65.3 2.84 2.73 3.87 612.0 4.97 4.76 -4.22 
60 4.60 1.46 1.43 -2.06 39.8 2.51 2.42 3.58 364.0 4.37 4.22 -3.43 
70 2.78 1.29 1.27 -1.55 24.4 2.22 2.17 2.25 224.0 3.87 3.75 -3.10 
80 I.76 I.IS 1.14 -0.870 15.0 1.97 1.94 1.52 133.0 3.40 3.34 -1.76 
90 I.IO 1.03 1.03 9.38 1.75 1.75 82.6 3.01 3.01 

100 .716 .920 .942 +2.39 6.17 1.58 1.59 0.633 54.7 2.72 2.74 +0.735 
110 .484 .834 .865 +3.71 4.30 1.44 1.47 2.08 38.6 2.49 2.52 +1.20 
120 .349 .769 .808 +5.08 3.22 1.34 1.37 2.24 28.6 2.31 2.34 + 1.30 
130 .265 .717 .760 +5.99 2.55 1.26 1.29 2.38 22.5 2.18 2.20 +0.918 
140 .209 .676 .724 +7.10 2.12 1.21 1.22 0.827 19.2 2.09 2.09 
150 .181 .652 .696 +6.74 1.90 I.I 7 1.18 0.855 17.1 2.04 2.01 -1.47 
160 .158 .631 .677 +7.29 1.76 I.15 I.IS 15.9 2.00 1.95 -2.50 
170 .146 .618 .665 + 7.61 1.67 1.14 I. 13 0.878 14.9 1.96 1.92 -2.04 
180 .143 .615 .662 +7.64 1.65 1.13 1.12 0.885 14.8 1.96 1.91 -2.55 

SASAKI (1961) 
Depth= 10 m Depth= 15 m 

0 N yJir Ellipse 0 / 0 Error N yN Ellipse 0 /oError 
e = .413 e= .361 

o . ... ... . 330.0 4.26 4.26 89.0 3.08 3.08 
10 .. . .. . . . 320.0 4.20 4.21 + .2 85.0 3.04 3.05 + .3 
20 . . .. ... . 295.0 4.15 4.08 -1.7 78.5 2.98 2.97 - .3 
30 . ... . .. . 245.0 3.96 3.89 -1.8 69.0 2.88 2.86 - .7 
40 ... .. .. . 180.0 3.66 3.66 55.0 2.72 2.72 
50 . .. .... . 130.0 3.38 3.40 + .6 43.5 2.57 2.56 - .4 
60 .. . . .... 96.5 3.14 3.15 + .3 33.5 2.40 2.41 - .4 
70 . ..... .. 69.0 2.88 2.91 +i.O 25.0 2.24 2.24 
80 .... . ... 52.0 2.68 2.69 + .4 19.0 2.09 2.10 + .5 
90 .. .. . . . . 39.0 2.50 2.50 15.0 1.97 1.97 

100 . .. .. . . . 30.5 2.35 2.33 - .9 12.0 1.86 1.85 - .5 
110 .. .. .... 25.0 2.24 2.19 - 2.2 9.25 1.75 1.75 
120 . . . ..... 21.0 2.14 2.08 -2.8 7.95 1.68 1.67 - .6 
130 .. . . ... . 18.0 2.06 1.98 -3.9 6.95 1.62 1.60 -1.3 
140 .... .. .. 16.5 2.02 1.90 - 6.0 6.10 1.57 1.55 -1.3 
150 . . . . .. . . 15.0 1.97 I.85 - 6.2 5.60 1.54 I.SO -2.6 
160 .... .. . . 14.0 1.93 1.80 - 6.7 5.25 1.51 1.47 -2.6 
170 . . . . ... . 13.0 1.90 1.78 - 6.3 5.00 1.49 1.45 -2.7 
180 .... . .. . 12.0 1.86 1.77 - 4.8 4.90 1.48 1.44 -2.7 
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TABLE I (cont.) 

SASAKI ET AL. (1955, 1960) 

,-(1955) Depth = 25 m ,- (1960) Depth = 60 m 

(} N {lN Ellipse 0 / 0 Error 

0 .... . . . . 
10 .. . .. . . . 
20 . . .. .. . . 
30 . . . . . . . . 
40 . . . . . . . . 
50 . . . . . .. . 
60 .... . .. . 
70 .. . .. . . . 
80 ... .. . . . 
90 ... . . .. . 

100 .. . . . .. . 
110 . . . .. . . . 
120 .. . .. . . . 
130 ... .. .. . 
140 . . . . . . . . 
150 .. ..... . 
160 . . . .. . . . 
170 . ...... . 
180 ... .. . . . 

101.1 
75.0 
24.0 
8.0 
1.0 

3.17 
2.94 
2.22 
1.68 
1.00 

6= .469 

3.16 .3 
2.83 3.7 
2.19 1.4 
1.68 
1.14 +14.0 

N TN Ellipse 0 / 0 Error 

49.0 
43.9 
34.0 
24.0 
14.0 
8.0 

6= .616 

2.64 2.64 
2.58 2.57 
2.42 2.40 
2.22 2.17 
1.98 1.92 
1.68 1.68 

1.46 
1.28 
1.13 
1.02 
.916 
.838 
.775 
.726 
.689 
.661 
.643 
.631 
.628 

.4 

.8 
-2.3 
-3.0 

dorfer (1959) has shown, it is the ratio of the radiance to the path function 

N(0, <P) 
N.(0, <P)' 

or of the radiance to the equilibrium radiance 

N(0, <P) 
Nq(0, <P)' 

which conforms to the equation of an elli pse.2 

However, the near-asymptotic radiance data can be empirically fitted to an 
ellipse by means of eq. (3), 

[
N(0,<P)]¾-= _1_ 

N(90) 1 -HosO' (3) 

2 In this paper and in Tables of N(O ,<I>), 0 is measured from the zenith to the direct ion of measure-
ment. Preisendorfer has used the angle between zenith and the direct ion of motion of the flux , which 
is I 80° minus the (} used here. 
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where N(90) is the horizontal path radiance and is a constant in the equation, 
I 

and where a is an arbitrary integer. As a approaches=, [N(0,<l>)/N(9o)Ja 
will approach a perfect fit to the ellipse. 

If eq. (3) is substituted into eqs. (1) and (2), and if the latter are integrated 
between appropriate limits and substituted into eq. (4), 

/ l 
. . NH-Nv 

0 
0 po anzatlon = N N ; 

H+ V 
(4) 

the 0/ 0 polarization will be expressed in terms of the eccentricity e of the fitted 
ellipse. 

Before undertaking these substitutions it is advantageous to evaluate a. 
This has been done by using overcast radiance data in the vertical plane at 
right angles to the sun's azimuth. Such data, given recently by Tyler (1960) 

I 

and Sasaki et al. (1955, 1960), are shown in Tabler together with [N(0, <l>]T, 
I 

the computed ellipse, and with the error, expressed as [LIN x 100 ] / [ N(0, <l>)]4, 
where LI N is the difference between the data and the fitted ellipse. A somewhat 
better fit can be achieved· with a = 5 or 6 but, using for the moment the 
principle ofleast integer, we have chosen a = 4. If the substitution and integra-
tions indicated above are now performed, using a = 4, the 0/o polarization is 
given by eq. (5): 

0/ 0 polarization =e2 • (5) 

Calculations. Equation 5 is the connecting link between the near-asymptotic 
radiance distribution and the 0/o polarization. From it the 0 / 0 polarization that 
would have been measured in a horizontal direction by Tyler and by Sasaki has 
been predicted and is given in Table u. Conversely, a single measurement of 
NH and Nv in the horizontal direction at near-asymptotic depth will make it 
possible to determine 0/o polarization, e, N(90) (= NH + Nv), and from e and 
N(90) the complete near-asymptotic radiance distribution by means of eq. (3). 

In the event that the value a = 4 in eq. (3) does not give an adequate fit 
to a particular set of radiance distribution data, eqs. (1) through (4) can be 
solved for a = 5 or 6, in which case a somewhat more complicated expression 
will be obtained for 0/o polarization and greater arithmetic difficulty will be 
experienced in evaluating e. There is no theoretical way to decide whether 

~TABLE II. PREDICTED PERCENT POLARIZATION FROM NEAR-ASYMPTOTIC RADI-

ANCE DISTRIBUTIONS (OVERCAST EXTERNAL LIGHTING) 

Depth °lo Polarization Depth °lo Polarization 

Tyler 30.5 m 32.8 Sasaki JO.Om 17.0 
42.8 m 31.4 15.0 m 13.1 
55.0 m 31.2 25.0 m 22.0 

60.0m 38.0 
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or not a good fit to the near-asymptotic radiance distribution has been achieved 
if one starts with 0 /o polarization and works backward to N(O, <P), using 
a = 4. However, since the ellipse is fitted at 0 = o and 90°, the fit can be 
experimentally checked by measuring N(O, <P) at 45° and 180°. 

Discussion. It has been deduced at the outset that the near-asymptotic light 
field must exhibit polarization, but for estimating 0 /o polarization, it has been 
assumed that the light field exhibits no polarization. How then will the existing 
pattern of polarization in the real ocean affect the estimate of 0/ 0 polarization 
as obtained by this method? A complete answer to this question requires the 
application of radiative transfer theory, a procedure that has been intentionally 
avoided here. However, a heuristic answer can be obtained by considering the 
case of horizontal vi ewing at near-asymptotic depth and by describing the field 
in all horizontal directions in terms of the sum of the unpolarized and polarized 
flux [i .e. N(90,<P)+NH(90,<P)]. It can be seen that, if this flux impinges 
horizontally on a small volume of scattering particles at right angles to the line 
of sight, a fraction x N(90, <P) + o · N H(90,<P) will be scattered as horizontally 
polarized flux toward the observer; however, if the original flux proceeds 
directly along the horizontal line of sight toward the observer, a portion 
o·N(90,<P)+yNH(9o,<P) will be scattered as horizontally polarized flux 
toward the observer. 

In our estimate of 0/o polarization we have assumed that a fraction of the 
measured unpolarized flux [i . e. x(N(90, <P) + NH (90,<P)] impinging hori-
zontally and at right angles to the line of sight is the same as a fraction of the 
unpolarized flux [x = N(90,<p)] plus none of the horizontally polarized flux. 
In other words, we have assumed inequality (6) to be equal; likewise, for the 
flux that proceeds along the path of sight, we have assumed inequality (7) to 
be equal: 

x·N(90, <P) +o·NH(90, <P) < x·[N(90, <P) +NH(90, <P)], (6) 

o · N(90, <P) + y· NH (90, <P) > o · [N(90, <P) + N H(90, <P)]. (7) 

It can be seen that, by assuming (6) to be equal, we have increased the 0 /o polarized 
light, and by assuming ( 7) to be equal, we have decreased the 0 /o polarized light. 
The effects therefore tend to be partially self-cancelling. In addition to this, 
the radiance from the zenith, which contributes the largest portion to the 
0/ 0 polarization, will be unpolarized at these depths, so that in this important 
direction the asumption of unpolarized radiance is correct. These arguments 
imply that the existing pattern of polarization will not have a large effect on 
the estimate of 0/0 polarization obtained by this method, but of course the final 
answer must await a closed experiment. 

It is of considerable interest to compare eq. (3) of this paper with eq. ( I 5) 
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given by Preisendorfer (1959), which is rewritten as follows for comparable 
geometry: 

N(O, <1>) 

N. 
I /rx. K . 

I - - COS 0 
rx. 

Thus, for near-asymptotic depth, where K- ·>- K00 , we would expect 

N~ <1>) ""' [ N(O, <1>)] + 

* 

rx. 

=£ 

This suggests another method of obtaining 0 /o polarization, using conventional 
rx. and K instruments, or of checking the radiance distribution at near-asymptotic 
depth by comparing the values ofe obtained from 0 /o polarization and from K 00 /rx.• 
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