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QUANTITATIVE EFFECT OF THE SUN'S POSITION ON 
SUBMARINE LIGHT POLARIZATION 1 

BY 

TALBOT H. WATERMAN AND WILLIAM E. WESTELL 
Department of Zoology, Yale University, New Haven, Connecticut 
and the Bermuda Biological Station, St. George's West, Bermuda 

ABSTRACT 
Over 1,000 measurements of the degree and plane of submarine light polarization 

have been made in littoral waters at depths of 3 to 41m. Using special polarimetric 
instruments, these parameters were visually measured mainly in horizontal lines 
of sight at times ranging from sunrise to sunset. Tests showed that observational 
errors were within ± 5° for the polarization plane, ± 5% for per cent polarization. 

In every case underwater illumination was linearly polarized (about 5% was 
threshold for the polarimeter). Determined independently with both e and h 
vectors, the plane of polarization changed with solar altitude in a manner that 
gave a highly significant correlation with the calculated submarine direction of the 
sun's rays. These effects were greatest at 90° to the solar bearing. With alterations 
in the latter function, the polarization plane underwent trigonometric variations 
in orientation with a 360° period. Rates of variation were maximum at 0° and 180° 
relative to the sun; there the plane of polarization was horizontal. Amplitude of 
these variations varied inversely with solar altitude, being O when this was 90° 
and greatest when it was 0°. Within the errors of observation, the angle between 
the polarization plane (e vector) and the horizontal was demonstrated to be the 
same as the sunlight's computed angle of refraction. When the sun was partially or 
wholly obscured, these relations were modified in ways depending on meteorological 
optic conditions not yet studied adequately. 

Figures for per cent polarization ranged from 5-50% with a variance far greater 
than the errors in observation. Solar altitude did not affect the degree of polarization 
in directions 90° to the sun's bearing but it did appear to limit the maximum polariza-
tion in the solar bearing itself. This limitation roughly paralleled the prediction 
based on the angle between the sun's refracted rays and the underwater line of sight. 
The degree of polarization changed systematically with a period of 180° as the solar 
bearing altered. 

Qualitative data from these and earlier results indicate that turbidity and bottom 
reflection decreased the degree of polarization. But photometric determination 
of extinction coefficients and bottom reflection in the present work did not reveal 
any simple correlation with the polarimetric results. This undoubtedly was due to 
the great spatial and temporal variations in turbidity which occurred in the littoral 
areas studied and to the fact that reflected light from the bottom had only 5-15% 
of the intensity of the penetrating light. Rather extensive measurements in hydro-

1 Contribution No. 191 from the Bermuda Biological Station. 
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graphically more uniform water masses will be required to analyze the important 
factors effectively. 

Since several parameters of the underwater polarization pattern show high degrees 
of correlation with the angle of refraction of sunlight underwater, the sun's position 
could be determined closely from this pattern. If aquatic animals, like some ter-
restrial ones, can perceive polarized light, then it has been shown that this ability 
provides a mechanism for the underwater use of the sun's position in a kind of 
celestial navigation. Previous data have strongly indicated such a possibility; 
the present work sustains it and provides the basis for a more quantitative under-
standing of certain parameters involved. 

INTRODUCTION 

In lines of sight outside the critical angle with the surface, the 
polarization patterns of submarine light appear to result largely from 
the scattering of directional underwater illumination (Waterman, 
1954). When the sun is shining on the sea surface, its bearing and 
altitude will be the main factors which establish the directionality 
of light penetrating the water. Consequently the sun's position in 
the sky should quantitatively determine the basic patterns of polariza-
tion in submarine light when the firmament is clear. 

Previous measurements have shown that this generality seems 
qualitatively sound, both in shallow and deep water (Waterman, 
1955). The present report describes the results of further observa-
tions in shallow water where both the amount and the plane of polari-
zation have been quantitatively measured in the field over a wide 
range of the sun's bearing and altitude. Such information is of 
interest not merely in relation to the general questions of light pene-
tration and underwater optics but also with respect to the biological 
possibility that aquatic animals may use a polarized light sun compass 
(Waterman, 1957). 

METHODS 

The work reported here was carried out with the aid of aqua-lungs 
at 20 littoral stations in or near St. Thomas, U. S. Virgin Islands, 
and at 15 stations in Bermuda. The bulk of the present data com-
prises those taken in Bermuda, since the greater part of the St. Thomas 
measurements has been described elsewhere (Waterman, 1957). 
In the Virgin Island series of stations, data were collected by the 
senior author. In Bermuda the underwater measurements reported 
here were carried out by the junior author in collaboration with 
Mr. Richard Sheffield, to whom our grateful thanks are due. The 
authors are also much indebted to Mr. Gerald F . Oudens who prepared 
the illustrations. 
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Instrumentation. To characterize the pattern of underwater light 
polarization, use was made of two special polarimetric devices which 
have been described in detail previously (Waterman, 1955, 1957). 
The first of these, an interference analyzer devised by the senior author, 
permitted the following to be determined by inspection: I) presence 
or absence of polarized light (with a threshold at about 5% polariza-
tion), 2) type of polarization (i .e. linear, circular, or elliptical) and 
3) orientation of the e and h2 vectors if linear. For determining 
orientation, the analyzer was so mounted that a fiducial line could be 
aligned with either of these vectors and its angle relative to the hori-
zontal read from a calibrated scale. 

The second device for measuring the degree of polarization in 
linearly polarized light was an underwater polarimeter designed and 
built on the senior author's specifications by Baird Associates of 
Cambridge, Mass. It consisted of a split field polarizer with the 
transmitting axes of the halves oriented at 90°. Between this and 
the observer another polarizer was placed so that it could be rotated. 
If this was turned until the two halves of the field appeared to be 
of equal brightness, the degree of polarization, defined as 

Emax - Emin 
p= 

Emax + Emin 

could be read on a second calibrated scale, provided that one half 
of the split field polarizer had had its transmitting axis aligned pre-
viously with the polarization plane of the light being studied. (In 
the above expression, Emnx and Emin are the light beam's electrical 
intensities in the perpendicular planes where this parameter is greatest 
and least, respectively.) 

In practice, then, the interference analyzer provided the data on 
polarization planes for the submarine illumination and at the same 
time it automatically oriented the split field correctly for measuring 
the degree of polarization. An estimate of the accuracy with which 
this instrument performed in the field may be obtained by comparing 
independent measurements made in the one case by using for reference 
the e vector visualized by the analyzer and in the other by using the 
h vector. Eighty-six pairs of otherwise identical measurements are 
available in the data for the plane of polarization; these have been 
plotted in Fig. 1. The correlation coefficient for e and 90° - h is 
0.9897 and P«0.01. More than 95% of the pairs lie well within a 
band± 5° wide. 

For the degree of polarization, the 81 available pairs have been 
2 Since the electric field is really concerned here also, this might be more properly 

called the e + 90° plane. 
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Figure I. Comparison of polarization planes measured in 86 pairs of observations. one of 
each being made with reference to thee vector, the other to tho h of the underwater polarized 
light. Their correlation Is strong and highly significant statistically. This treatment of the 
data indicates the size of the observational errors inherent in the method of measurement 
as well as the absence of any significant deviation from purely linearly polarized light In 
submarine illumination in the directions and conditions observed. In this and subsequent 
figures where individual readings are plotted, all observations are shown except that no 
attempt has been made to indicate the common occurrence of more than one reading at the 
same co-ordinate intersect. 

plotted in Fig. 2. Their correlation coefficient is 0.9403 and P«0.01. 
Of these paired readings 95% fall within a band 10% wide. 

On the basis of this evidence, the polarimetric instruments used in 
this work provided measurements of the polarization plane with 
over-all errors generally less than ± 5° and of the degree of polariza-
tion with errors mostly within ± 5%. The only other apparatus 
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which has provided underwater polarization data in the field is that 
which I van off ( 1956) has described in a short note. This consisted 
of a Savart plate, an underwater camera and a densitometric calibra-
tion to find the degree of polarization; this instrument provides a 
much less direct method than that used by us. On the basis of the 
quite limited data so far published for it, this Savart plate-photo-
grammetric technique does not provide results with less variance 
than ours. 
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Figure 2. Comparison of degrees of polarization measured In 81 pairs of observations, 
one each being made with the polarimeter lfned up with the e vector, the other with the h 
vector. Their correlation Is strong and highly significant statistically. This type of analysis 
indicates the observational errors inherent in the method of measurement with respect to 
per cent polarization. In this regard It is of Interest to compare the variance for this para-
meter in Fig. 6 where other factors must have been Involved In the scatter observed. 

Another possible way of determining underwater polarization pat-
terns has been described (LeGrand, 1939), but no published data 
have resulted from its application. 

Procedure. At most stations the procedure in our work was es-
sentially like that described elsewhere for the St. Thomas measure-
ments (Waterman, 1957). The underwater polarimeter was mounted 
on part of an astro-compass. The latter provided adjustable azimuth 
and altitude orientation for the optical axis of the system as well as 
two levelling bubbles for vertical reference. In turn the whole 
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instrument was placed either on a heavy tripod set on the bottom, 
or, in a few exploratory measurements, on a vertically floating spar 
set to support the polarimeter at intermediate depths. Surface 
distance from the polarimeter was determined with a depth gauge. 
An underwater compass or a sun sight served for azimuth reference. 

In general, measurements of the submarine light polarization were 
made mainly in horizontal lines of sight referred to the sun's bearing. 
Most data were taken at 0° or 90° to this reference azimuth, but in a 
number of cases readings were taken every 45°, sweeping entirely 
around the horizontal. More usually the e vector of the polarized 
light was used to adjust the polarimeter, but, in a considerable num-
ber of cases mentioned above, both e and h vectors were employed. 
This procedure permitted an appraisal of the instrumental errors 
as already cited and it also provided a check as to whether or not 
under various natural conditions of illumination the interference 
pattern in the analyzer suffered any distortion from the normal 
circular shape produced with linearly polarized light. 

The sun's altitude and bearing were measured directly with a bubble 
sextant and compass during the St. Thomas work and in the early part 
of the Bermuda work. Later, however, the sun's position was plotted 
from computations made with appropriate navigation tables. 

Accessory information collected at each station in Bermuda included: 
light penetration measurements with a Clarke submarine photometer; 
bottom reflection data obtained with a Weston photographic light 
meter in a waterproof case; condition of sky; estimate of underwater 
visibility; type of bottom; time of observations; and conditions 
affecting work, such as strong ground swell. 

RESULTS 

At the 35 stations included in the present report, more than 1,000 
measurements of the plane and degree of polarization were made at 
depths from 3 to 41m at times ranging from sunrise to sunset. In 
all directions observed and under all conditions recorded, the under-
water light was polarized to a degree varying from about 5-50%. 
Extinction coefficients extended from 0.05 (clear) to 0.185 (turbid) 
and bottom types from light sand or coral to dark algae and rocks. 
The resulting information will be presented here mainly in terms of 
the effect of the sun's position on the underwater polarization pat-
terns. Both the sun's bearing and altitude had important effects 
not only on the plane of polarization but also on its degree. 

Sun's Altitude and Plane of Polarization. When the sun's altitude 
changed, concomitant modifications in the submarine polarization 
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Figure 3. Effect of the sun's altitude on tho submarine polarization plane (e vector) 
observed 90° to the solar bearing. This was plotted with time as the ahsclssa; the 72 indi-
vidual observations are shown as black circles. For reference the sun's altitude has been 
indicated by the broken curves for two particular days, one at the beginning and one at the 
end of the observation period. The calculated angles of sunlight refraction (r) which theo-
retically would be the same as thee vector tilt from horizontal (P; see Fig. 10). have been 
drawn for the same days (continuous curves). As indicated in the chart, observed planes of 
polarization and the calculated angles of refraction are strongly correlated in a statistically 
significant way. 

planes took place everywhere except in the bearing of the sun and 
antisun. Maximum effect of the sun's altitude occurred in azimuths 
90° to its bearing. Here the greatest tilt of the e vector (defined as 
the angle between this parameter and the horizontal and measured 
in 72 cases) occurred at sunrise and sunset while the minimum tilt 
occurred at local noon sun time (Fig. 3). Conversely, for the h 
vector, which was independently measured in 48 cases in the same 
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Figure 4. Effect of tbe sun's altitude on the h vector of the underwater light observed 
90• to the solar bearing. The 48 observations and theoretical curves for the h vector orienta-
tion based on computed angle of sunlight refraction are plotted as in Fig. 3 except that the 
h vector has heen substituted for the e vector. Again simple theory and observation show 
a high degree of statistically slgnl!!cant correlation. 

direction, rmmmum tilt, defined in a similar way, occurred early 
and late in the day with the maximum at noon (Fig. 4). 

It can be shown that in both sets of measurements there is a high 
degree of correlation between the tilt of the polarization plane and 
the computed angle of refraction of the sun's rays in the water. Theo-
retical curves to illustrate this fact have been included in both Figs. 
3 and 4. These were obtained in the following manner. It is known 
from Snell's law that the sine of the angle of refraction is numerically 
equal to ¾ cos ex, where ex is the solar altitude and the refractive index 
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of the water is taken as 1.33 (see Fig. 10). From this relation one 
can readily compute the angle of refraction from solar altitudes as a 
function of time of day. These are also shown in Fig. 3 for two days 
near the beginning and end of the measurement period; the theoretical 
curves were derived from these relations. Obviously there is a high 
degree of similarity between the polarized light planes observed in 
the field and the calculated refractive angles of underwater sunlight. 
Correlations were as follows: for the e vector data, r = 0.9172, P 
«0.01; for the h vector, r = 0.8898, P«0.0l. 

An apparent exception to these general relations was found on one 
occasion when the sun was 2° above the horizon. The tilt of the e 
vector at that time was 77°3, which is far greater than the theoretical 
maximum angle of refraction. By the time the sun had reached an 
altitude of 10°, the polarization plane measured 51 °, which could have 
been within a reasonable error from the theoretical curve. Further 
work will be required to test the reality of this horizon sun condition; 
if sustained, the causes of such a break from the general picture must 
be sought. 

The foregoing data were obtained with the sun full out. When the 
sun was completely obscured, marked changes in the planes of polariza-
tion occurred so that the underwater pattern came to resemble that 
which occurred with the sun in the zenith, as previously described 
(Waterman, 1954). Naturally, such changes were more acute the 
lower the solar altitude. With haze and with the sun otherwise 
partially obscured, pattern modifications in the same direction were 
found regularly, but their degree was markedly dependent on the 
particular conditions of the moment and was not studied in detail. 
Much more extensive meteorological optic information would need 
to be collected and correlated with underwater polarization before 
more than broad generalizations can be made. 

Sun's Bearing and Plane of Polarization. When the sun was at a 
given altitude, it was found, as before, that the plane of polarization 
varied systematically with the bearing of the line of sight. Quantita-
tively this variation in tilt of the e vector was a trigonometrical func-
tion, being 0° in the sun's and the antisun's bearings and furthest 
from horizontal 90° from these bearings. Examples of three stations 
where the plane was determined every 45° in horizontal lines of sight 
are shown in Fig. 5; tilt right and tilt left are distinguished on the 
ordinate. It is clear from this plot that changes in the polarization 
plane with the bearing are unique at all points around the compass. 

a This point does .not appear in Fig. 3 because it was off scale, but it was included 
in the analysis which determined the correlation coefficient and its reliability. 
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Figure 6. Effect of the sun's bearing on the submarine polarization plane (e vector) 
observed at three different solar altitudes. Observations are indicated by clrcles and crosses 
connected by solid lines. For compaMson some theoretical curves (broken lines) computed 
from the angle of sunlight refraction have been included. The relation used in calculating the 
curves was tan P = tan r sin 8, where Pis the angle between the e vector and the horizontal, r 
is the angle of sunlight refraction computed from the solar altitude, and 8 Is the angle betwoon 
solar bearing and line of sight. Although enough data for statistical treatment are not at 
hand, agreement between simple theory and observations Is good. 

Also Fig. 5 illustrates further the effects of the sun's altitude on this 
phenomenon, since the three stations were made at quite different 
solar elevation angles, as labelled. 

Like the case of the infl uence of the sun's altitude alone on the 
polarization plane, the effects of bearing appear to correlate well 
with the calculated angle of sunlight refraction in the lines of sight 
concerned. This is demonstrated by the theoretical curves, also 
drawn in Fig. 5, where the function concerned is described in the 
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legend. It is quite apparent that there is good basic agreement here 
despite the fact that a statistically impressive number of replications 
have not been made for a given set of conditions. 

As would be expected from the results given above, haze and partial 
cloud cover over the sun altered the pattern of polarization planes 
versus bearing in the same direction as increased solar altitude. 
Again however, the specific changes appear to be related to detailed 
configurations and densities of clouds; their analysis must await 
further work. 

Sun's Altitude and Degree of Polarization. Interestingly enough, 
changes in the solar altitude had appreciable effects on the degree 
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Figure 6. Relation of the sun's altitude to per cent polarization in lines of sight 90° 
to the solar bearing. Obviously no correlation was present and the scatter or the observed 
points was high. This large variance probably arose from the wide fluctuations in turbidity 
occurring both spatially and temporally in the littoral waters concerned. 

of polarization in azimuths coincident with the sun's bearing but they 
had little or no detectable influence at 90° bearings. This was the 
reverse of the effect of solar altitude on the plane of polarization, 
where the greatest change was at azimuths 90° to the sun's bearing 
and where no alteration occurred in the sun's or antisun's bearings. 
At all solar altitudes except those within a few degrees of the horizon, 
a wide range of degrees of polarization was found in these directions. 
Measurements were mainly between 15 and 34%, but their distribu-
tion showed no obvious correlation with the sun's altitude or with the 
angle of refraction of its rays in the water (Fig. 6). In other words, 
the degree of submarine polarization varied widely in the measure-
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ments made, but at 90° to the sun's bearing these variations were 
not the result of changes in the sun's position. 

The only exception to this general rule occurred just at sunrise 
and sunset when several readings of less than 10% polarization were 
made. This suggests that under some conditions with low sun, its 
contribution to the over-all penetrating light was reduced and con-
sequently so was the proportion of directional light. Such dependence 
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Figure 7. Relation of the sun's altitude to per cent polarization in the solar bearing. 
As In li nes of sight 90° to this (Fig. 6), scatter was large but in this case it seemed subject 

to an upper limit . The line drawn ls a solution for p = sin• 9 

I + cos• 9 
, with its maximum 

point set arbitrarily at 30 % to bring the curve within an appropriate range for the data. 
The rough correlation which is apparent suggests that the computed underwater direction 
of the sun's rays in relation to the lines of sight was a limiting factor in degree of polarization. 
No such influence was present where this angle (9) was constant (Fig. 6). 

of the degree of polarization on the directionality of underwater light 
is sustained by the data in the sun's bearing. 

In the solar bearing a quite different set of relations was found. 
Here the percentage polarization was on the whole less, most of the 
readings being between 10 and 25%. But in addition, the maximum 
polarization found was affected by solar altitude and hence by the 
angle of the sunlight's refraction at the sea surface (Fig. 7). Thus 
the maximum polarization observed decreased steadily from 30% 
to 5% or less as the angle of refraction increased from 10°-48°. 

Some theoretical correlation for this finding may be found in Ray-
leigh's well known expression for the degree of polarization due to 
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light scattering by isotropic particles, small in relation to the wave-
length of light: 

sin2 0 
p = ----

1 + cos2 0 

where 0 is the angle between the light rays being scattered and the 
line of sight. If this is solved for the angles of refraction observed 
in the sun's bearing, the solid curve in Fig. 7 is obtained, provided 
the maximum p is arbitrarily set at 30% to bring the curve into the 
general range of the observations. 

Admittedly this correlation can be tested only crudely with the 
present data, yet it is suggestive of a valid limiting function. Note 
that in the case of azimuths 90° to the sun, 0 in the above equation 
would be invariant with the angle of refraction. Consequently the 
observed lack of correlation between the sun's altitude and the degree 
of polarization in that direction (Fig. 6) is consistent with this analysis. 

Solar Bearing and Degree of Polarization. With changes in the 
sun's bearing, the degree of polarization underwent systematic altera-
tions with a 180° period (Fig. 8). Maximum polarization occurred 
in azimuths 90° to the solar bearing, minimum polarization in direc-
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tions toward or away from the sun, with intermediate p's between 
these points. In view of the large variance in these data, as demon-
strated in Figs. 6 and 7, smooth and significant average curves for this 
function were not readily forthcoming, although the basic phenome-
non was easily observed qualitatively (Waterman, 1954). In the 15 
stations averaged for Fig. 8, changes in the sun's bearing effected 
systematic changes in polarization 5-10% in extent. 

On the basis of the analysis used in the preceding section, this 
fluctuation can be interpreted essentially as due to alterations in 8 
with changes in the line of sight. At the maximal points the per cent 
polarization was determined by a number of factors independent of 
the sun's altitude, whereas at all other azimuths the solar altitude 
influences the outcome, its effect being greater the lower the sun in 
the sky. 

Other Data Related to Degree of Polarization. Since the recent work 
on polarization of scattered sunlight in the atmosphere has quantita-
tively demonstrated the importance of the turbidity of the air and 
the albedo of the earth (Chandrasekhar and Elbert, 1954; Sekera 
et al., 1955), the comparable underwater functions are of considerable 
interest. Decreases in the degree of polarization resulting both from 
greater bottom reflection and from increased turbidity have already 
been reported elsewhere for the St. Thomas data (Waterman, 1957). 

In the Bermuda measurements some factors widely affecting polari-
zation per cent obviously were at work. Yet it is not possible at this 
time to account for them quantitatively A long series of light penetra-
tion measurements was made along with those on polarization. These 
have been plotted and extinction coefficients estimated on their basis. 
The latter show a strong variation ranging from 0.05 to 0.185. Such 
fluctuations occurred not only within short limits of time at a given 
station but also at different depths in the water column at the same 
time. Essentially similar results have been reported for other turbid 
inshore waters (Burt, 1955b). 

Marked local changes in the extinction coefficient due to varying 
amounts of suspended matter in the water would be expected to have 
great influence on the degree of secondary and higher order scattering. 
This in turn would reduce the amount of polarization caused by 
primary scattering. In addition, the shape, size and other optical 
properties of the suspended material could change the scattering 
pattern and hence the polarization in characteristic complex ways 
(Atkins and Poole, 1952, 1954; Jerlov, 1953; Burt, 1955a; Lenoble, 
1956). But the present data do not provide enough information 
to determine what these were in the present case. Obviously, with 
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rapid large fluctuations in the extinction coefficient, a large body of 
data with replicated readings made with the same sun's position 
and meteorological conditions would be required for effective analysis 
of its influence on polarization. 

The St. Thomas measurements demonstrated a definite effect of 
turbidity on polarization (Waterman, 1957). However, no significant 
correlation of this sort can be shown in the quantitative data of the 
Bermuda results. Curiously enough, the only relationship between 
per cent, polarization and turbidity in the present data emerges from 
underwater divers' qualitative observations on submarine visibility 
conditions. For each station, notes were made on the clarity of the 
water in terms of the estimated limiting distance at which constant 
visual definition was possible. These were subjectively classified as: 
A, very clear; B, moderate visibility; C, poor visibility; and D, very 
turbid. When the resulting judgments were compared with ,the 
degree of polarization at 90° to the sun's bearing, the per cent polariza-
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Figure 9. Qualitative evidence for the dependence of per cent polarization 90° to the 
solar bearing on some transparency factors of the water mass. Data plotted as a function 
of four arbitrary steps in an underwater visibility scale where A indicates Dery clear, B nwderate 
visibility, C poor flistbiHty , and D Dery turbid. 
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tion showed a definite correlation with the apparent clarity even 
though the distribution of points presented considerable overlap 
(Fig. 9). 

It seems likely that further study of this whole problem would be 
pursued with greater profit where local hydrographic conditions 
provide water masses which both spatially and temporally are more 
uniform in their optical properties. In this connection, laboratory 
study of the influence of various suspended particles, including dense 
plankton suspension, should be of assistance in analyzing the field 
problem (e.g. Burt, 1955a). Some exploratory measurements of such 
phenomena in relation to polarization by algal suspensions have been 
made by Dr. E. P. Geiduschek of the Yale Chemistry Department 
and the senior author through use of a light-scattering photometer. 
As might be predicted, the results were complicated, and further study 
will be required before an effective analysis can be made. 

As in the case of the transparency data, the Bermuda measurements 
of bottom reflection do not show any obvious correlation with the 
degree of polarization. Such a correlation has been found in the 
St. Thomas results (Waterman, 1957); its absence here is undoubtedly 
due in part to the great variance in the turbidity of the water, which 
could have had a predominant effect. 

The Bermuda measurements with a floating spar as a mount for 
the polarimeter were planned to reduce or eliminate the influence of 
bottom reflection by making the observations at intermediate depths 
away from the bottom. Perhaps the expected advantage of this 
procedure was demonstrated when it provided the maximum degree 
of underwater polarization so far measured under any conditions. 
This was a reading of 51 % in Castle Roads with the polarimeter at 
8m depth over a dark coral bottom at 14m. In use, however, diffi-
culties with the azimuth reference and with other problems of hand-
ling the spar made it impractical to carry out extensive measurements 
in this way; therefore almost all of the data were obtained with the 
polarimeter attached to a tripod that was firmly set on the bottom, 
and thereby more subject to its optical influence. However, examina-
tion of light penetration and reflection measurements indicates that 
only 5--15% of the light was reflected. This finding suggests that, 
under the conditions encountered in the Bermuda measurements, 
this factor would have had a relatively minor effect any way. 
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DISCUSSION 

Insofar as theoretical treatment can be applied to the present 
findings, a number of the major properties of the polarization patterns 
of submarine light can be accounted for in terms of the calculated 
directionality of the sun's rays in the water. Both plane and degree 
of polarization have been found to be quantitatively amenable to 

Susu•A.CE: 2es:L.E:(.TION 
AND 5C:."-"TTl:12.ING 

Figure 10. Diagram illustrating the path of sunlight and main factors relating to polariza-
tion which influence it In entering and penetrating the sea as seen from a direction 90° to a 
vertical plane through the sun. The geometrical relation of the polarization plane (e vector) 
to the direction of underwater sunlight, quantitatively supported by the present data, Is 
also indicated. The more general case where the lines of sight are not necessarily perpendicu-
lar to the solar bearing nor necessarily horizontal is considered in the legend for Fig. 12. 

such analysis, at least to some degree. The basic geometry is dia-
grammed in Fig. 10. 

Conversely, it is clear that the sun's position in the sky can be 
determined from an examination of the underwater polarization pat-
tern. Unless the sun is too close to the zenith, the solar bearing may 
be readily located by finding the line of sight with the horizontal 
polarization plane. The antisolar azimuth can be distinguished 
from the bearing desired by the directions of tilt at adjacent points 
(Fig. 5). The decrease in the polarization plane tilt in the sun's 
bearing is sharp on either side of this point when solar altitudes are 
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not near 90° (Fig. 11). Such sharp decreases and hence definition 
of the solar bearing will occur not only in horizontal lines of sight 
but with elevated or depressed directions of observation, too (Fig. 12). 

Similarly the sun's altitude can be measured by estimating the 
polarization tilt in any directions that are not in the bearing of the 
sun or antisun. Most accurate inferences would be derived from 
the polarization pattern at 90° to the solar bearing. It is clear then 
that basic information is at hand in underwater polarization planes for 

so•..---.----.----.----.----.----,-----.----,----r--, 

~o• 

!:i 40° 
i= 
z 
0 

30" 
N 

.J 
O 20• 
0.. 

10• 

P OL,'.12.IZA"TION PLi.NE~ IN ~012.IZON-ri.1.. LINl:5 O<=- SIGHT 

TH!!a012.1:,1<:AL Cu12.ve5 

20• o• 20• 
Sui.1 ·~ e&-AR.ING 

51GI-ITING AZIMUTH 

Figure 11. Illustration oi the theoreti cal relations between polarization planes and 
horizontal sighting azimuth for various solar altitudes. These have been drawn to emphasize 
the way an aquatic animal which is able to detect and analyze polarized lig ht could use it 
readil y to locate the sun ·s bearing. 

a kind of celestial navigation to be practised by any aquatic animal 
that can detect and interpret it. 

The degree of polarization would offer less reliable information 
concerning either bearing or altitude of the sun. Over and above the 
instrumental error (± 5%) in the present determinations, there 
were the large fluctuations observed in this parameter (Fig. 6) for 
which no simple correlation was found. The plane of polarization, 
on the other hand, was definitely related to the sun's position within 
the range of errors arising from the present instrumentation and 
observation (5°). At this time it is uncertain how much more closely 
the angle of refraction, calculated from the sun's altitude and for a 
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Figure 12. Same relations as in Fig. 11 recalculated for lines of sight depressed 45° from 
the horizontal to demonstrate that the sun's bearing would be quite obvious not only in 
horizontal lines of sight but also over a wide range of other directions of view. The curves 

were drawn on the basis of the general relationship tan P = tan r sin 8 • where P, r, and 
cos "Y 

8 are defined as In the legend for Fig. 5 and where -r Is the elevation or depression of the line 
of sight from the horizontal. In Figs. 5 and 11 cos -r was 1 since Jines of sight there were 
horizon ta!. 

flat sea surface, and the plane of polarization are in fact correlated. 
The probable influence of changes in refraction within the water mass, 
specular reflection from the bottom, interactions of scattering and 
absorption (Waterman, 1955), and the optical influence of the normally 
rough surface of the water (Cox and Munk, 1955) are all second order 
effects which might be found important. Improved instrumentation 
and more extensive measurements will be required to determine the 
ultimate limits of the basic correlation demonstrated. 

There are abundant facts testifying that sun compasses and the 
chronometric ability necessary for their operation are widespread in 
the animal kingdom (Matthews, 1955; Medioni, 1956). It is likewise 
well known that many terrestrial arthropods can perceive and orient 
to naturally occurring polarized light, but knowledge concerning 
behavior of this kind is scanty or lacking for aquatic organisms (Water-
man, 1957). Further study in this field of sensory physiology and 
comparative ethology is acutely needed. 
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From what we know already, there are numerous questions which 
must be answered before sound understanding can be developed. 
In terms of visual function, for example, the mechanism of polarized 
light detection is paramount. Until it is understood, the means by 
which orientation to a submarine polarization ~attern might take 
place is obscure. Also the question of whether the lesser degree of 
polarization in water, compared with the clear atmosphere, is high 
enough to be of practical use in aquatic vision has not yet been ade-
quately answered. Finally the influence of great depth which reduces 
the changes in polarization due to the sun's movement (Waterman, 
1955) and the transient effects of local meteorological conditions 
discussed above are most important matters on which knowledge 
needs to be extended. If polarized light navigation can be demon-
strated in the field for aquatic animals, all these basic problems 
must be effectively solved. 

REFERENCES 

ATKINS, W. R. G. and H. H . PooLE 
1952. An experimental study of the scattering of light by natural waters. Proc. 

R. Soc., Lond., B 140: 321-338. 
1954. The angular scattering of blue, green and red light by sea water. Sci. 

Proc. R. Dublin Soc., 26: 313-323. 
BURT, w. V. 

1955a. Interpretation of spectrophotometer readings in Chesapeake Bay waters. 
J . Mar. Res., 14: 33--46. 

1955b. Distribution of suspended materials in Chesapeake Bay. J. mar. Res., 
14: 47-62. 

CHANDRASEKHAR, S. and D. D. ELBERT 
1954. The illumination and polarization of the sunlit sky on Rayleigh scattering. 

Trans. Amer. phi!. Soc., 44: 643-728. 
Cox, CHARLES and WALTER MUNK 

1955. Some problems in optical oceanography. J. Mar. Res., 14: 63-78. 
IVANOFF, ALEXANDRE 

1956. Degree of polarization of submarine illumination. J . opt. Soc. Amer., 
46: 362. 

JERLOV, N. G. 
1953. Particle distribution in the ocean. Rep. Swedish Deep-Sea Exped. 

1947-8, 3: 71-97. 
LEGRAND, YVES 

1939. La penetration de la lumiere dans la mer. Ann. Inst. oceanogr. Monaco, 
19: 393--436. 

LENOBLE, J. 
1956. Remarque sur la couleur de la mer. C. R. Acad. Sci. Paris, 242: 662-664. 

MATTHEWS, G. V. T. 
1955. Bird Navigation. Cambridge Univ. Press, Cambridge. 141 pp. 



1956] Waterman and Westell: Effect of Sun's Position 169 

MEDIONI, JEAN 
1956. L'orientation "astronomique" des arthropodes et des oiseaux. L'Annee 

Biol., 32: 37--67. 
SEKERA, Z., et al. 

1955. Investigation of polarization of skylight. Final Report, U. C. L. A. Dept. 
of Meteorology, for Air Force Cambridge Research Center. 66 pp. plus 
appendices. 

WATERMAN, T. H. 
1954. Polarization patterns in submarine illumination. Science, 120: 927-932. 
1955. Polarization of scattered sunlight in deep water. Deep-Sea Research, 

3 (Suppl.): 426---434. 
1957. Polarized light and plankton navigation. In: Perspectives in Marine 

Biology. Univ. of California Press, Berkeley. In press. 


