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Summary

Partially linearly polarized light is abundant in the distance from the target, resulting in a 50% reduction of
oceans. The natural light field is partially polarized partial polarization at a distance of 1.25-3n, depending
throughout the photic range, and some objects and on water quality. Based on these measurements, we
animals produce a polarization pattern of their own. predict that polarization sensitivity will be most useful for
Many polarization-sensitive  marine animals take short-range (in the order of meters) visual tasks in water
advantage of the polarization information, using it for and less so for detecting objects, signals, or structures
tasks ranging from navigation and finding food to from far away. Navigation and body orientation based on
communication. In such tasks, the distance to which the celestial polarization pattern are predicted to be
the polarization information propagates is of great limited to shallow waters as well, while navigation based
importance. Using newly designed polarization sensors, we on the solar position is possible through a deeper range.
measured the changes in linear polarization underwater as
a function of distance from a standard target. In the
relatively clear waters surrounding coral reefs, partial Key words: partial linear polarization, polarization sensitivity,
(%) polarization decreased exponentially as a function of navigation, vision, communication.

Introduction

Of the three fundamental properties of light [intensity (or the The distribution of polarized light underwater is
rate of photon arrival), wavelength or spectrum (ofterpredominantly affected by the position of the sun (or the moon)
interpreted as hue or color) and polarization], polarization ign the sky, the optical properties of the water, the depth of
the least known to the general public. This is because humangwing and reflections from surfaces, such as the sea floor or
are mostly insensitive to the polarization characteristics of lighthe surface of the water (Waterman, 1955, 1988; Waterman
(although we use them in sunglasses, computer screens, digiald Westell, 1956; Tyler, 1963; Timofeeva, 1969, 1970;
displays, etc.). However, many animals, terrestrial and marin&lovales-Flamarigque and Hawryshyn, 1997; Cronin and
are sensitive to the polarization of light and make use of thiShashar, 2001). Measurements performed at depths oh5-6
polarization sensitivity for a variety of tasks. In a simplifiedby Waterman (1954) revealed that underwater there are two
way, polarization can be described as the distribution of thdistinct polarization patterns, one inside Snell’'s window and
planes of vibration (the orientation of polarization) of theone outside it. Generally, the polarization pattern inside Snell’s
electrical (or magnetic) fields of the electromagnetic waves/indow down to depths of a few meters is assumed to be
within a light beam. Partially linearly polarized light can bedetermined by the same factors as those influencing the sky
conceived as a mixture of fully linearly polarized light, with polarization. Therefore, sun position, amount of overcast,
the plane of vibration of its electric vecter\ector) at a given amount of atmospheric dust, the distance of the point observed
orientation (angle), called thevector orientation, combined from the zenith, multiple scattering, and depolarization due to
with fully depolarized light, having randome-vector anisotropy of air molecules will all influence the polarization
orientations. The fraction of the fully polarized component igattern within Snell’s window (Waterman, 1981, 1988).
the partial polarization, often represented as a percentage (%Horvath and Varju (1995) modeled the underwater
polarization). Thus, linear polarization has three descriptorgolarization pattern within Snell’s window as it correlates to
intensity, partial polarization and orientation of polarization. the celestial polarization pattern, taking into account
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refraction and repolarization of skylight at the air—waterdifferent depths, because spectral signals will change
interface. However, due to the focusing and defocusing dadccording to the varying penetration of different wavelengths
sunlight by surface waves (Schenck, 1957; Snyder and Derdarough water, while polarization will maintain high signal
1970; Stramska and Dickey, 1998; Maximov, 2000) andaonstancy. We wished to learn how polarization signals vary
changes in polarization as the light propagates in watewhen seen from different distances in water or, more generally,
certain distortions may well occur. Indeed, Cronin anchow natural waters affect the propagation of patterns of
Shashar (2001), measuring polarization at a depth af @6  polarized light.
a coral reef, found only small differences between the
polarization patterns within Snell’'s window and outside it.
Underwater, factors such as turbidity, bottom reflection Materials and methods
(Ivanoff and Waterman, 1958) and proximity to the shore line To examine how polarization changes as a function of
(Schwind, 1999) may diminish the percent polarization. Indistance in water, a polarization target was created. This
shallow waters, the percent polarization first decreases withlX1 m target consisted of two linear polarizing filters
depth (lvanoff and Waterman, 1958) and then reaches (®olaroid HN38S; sealed with heat and glue at the edges to
depth-independent value (Timofeeva, 1974). Assumingemain stable underwater even under pressure) set at
primarily Raleigh scattering, Waterman and Westell (1956prthogonal orientations (vertical and horizontal, each
proposed a model for the effect of the sun’s position on thequipped with a depolarizing filter at its back), a spectrally
e-vector orientation outside Snell's window (see alsoflat, highly reflective depolarizer (made of several layers of
illustration in Hawryshyn, 1992). However, with increasingwax paper, which appeared white to the eye) and a sheet of
depth, the pattern aé-vector orientation simplifies rapidly, plastic painted flat black. The target was set Or5-dbove
tending to become horizontal everywhere (Waterman, 195%he sea floor at different locations in the waters surrounding
Tyler, 1963; Timofeeva, 1969). It also diverges from thelizard Island (LI; partially turbid waters; depth 5-48
predictions of Waterman and Westell's model (Watermarvisibility ~8 m) and in Dynamite Passage on the Great Barrier
and Westell, 1956) suggesting an effect on polarization dReef (GBR; clear oceanic water; depth 8a8visibility up
other, non-Raleigh, modes of scattering and of post-scatteririg 40m), Australia, representing waters of two very different
processes. Within this complex partially polarized lightlevels of turbidity. Measurements were taken during
field, animals use polarization sensitivity for a wide range oSeptember 2003 (southern hemisphere winter) between
tasks. 10:3Ch and 15:00h local time, with the sun towards
Polarization imaging, combined with intensity imaging,the north (sun bearings 51-295° through the north; sun
can increase the detection range of objects in a scatteripgsition based on US Naval Observatory calculations;
medium, including those that reflect polarized light (Briggshttp://aa.usno.navy.mil/data/docs/AltAz.html) at altitudes of
and Hatcett, 1965; Lythgoe and Hemming, 1967; Lythgoe44—67° (zenith is 90°). Skies were partly cloudy to different
1971; Rowe et al., 1995; Tyo et al., 1996; Chang et alextents, but the sun and the surrounding region of sky were
2003), transparent objects (Shashar et al., 1995) and noalways exposed.
polarizing objects (Cariou et al., 2003; Chang et al., 2003; The target was videotaped over a range of distances
Schechner and Karpel, 2004). Fish and squid exploit thi€.5-10m near LI and 0.5-18 at GBR) with a custom-built
phenomenon, using polarization vision to improve the ranganderwater imaging polarimeter. This imaging polarimeter,
of detection of transparent prey (Novales-Flamarique anglaced 80—10@m above the sandy bottom (and thus centered
Browman, 2001; Shashar et al., 1998). Animals such asn the target) was based on a Sony VX1000E digital video
shrimps, the freshwater branchiopbaéphniaand possibly camera that used a Polaroid HN38S filter set in front of it,
fish also use the underwater polarized light field forotating automatically to 0°, 45° and 90° from horizontal
navigation or for escaping towards or away from shordwhere 0° represents the filter being set horizontally).
(Goddard and Forward, 1991; Ritz, 1991; Hawryshyn, 1992Exposure of the camera was set manually, thus maintaining
Schwind, 1999). constant settings throughout each measurement series, and
Some animals produce polarization patterns of reflectetheasurements were performed near the middle of the
light that do not contain intensity patterns (in other words, thegamera’s exposure range (Chiao et al., 2000). The camera and
cannot be seen using imaging devices responding to intensfijter were placed inside an underwater housing equipped
alone), which are apparently used for communicationwith a flat viewing port. Color video images from the three
Examples of such animals include stomatopod crustaceafiter settings (i.e. 0°, 45° and 90°) were replayed and
(Marshall et al., 1999) and cephalopods (Shashar et al., 199@pptured by computer, reduced into 8-bit gray-scale images
Polarization signaling has been suggested to serve asaad analyzed according to the equations of Wolff and
concealed means of communication used by polarizatiorAndreou (1995) to provide the percent (partial) polarization,
sensitive animals that are preyed upon by polarizationerientation of polarization and intensity, throughout the
insensitive predators (Shashar et al., 1996). Cronin et dmage, on a single pixel basis (FIg. The details of these
(2003a,b) postulated that polarization signals would bealculations are provided elsewhere (Wolff and Andreou,
especially useful for animals needing to transfer information at995) but, in short, ifo, l45 andlgo represent the intensity
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Fig.1. The experimental polarization
target as viewed underwater from a
distance of 2n through a linearly
polarizing filter placed at horizontal (H;
0°), 45° and vertical (V; 90°) orientations.
The target consisted of two upper panels
made of horizontal and vertical polarizing
filters (orientation of the transmitteg-
vector indicated by arrows) and two lower
panels made of a white depolarized
standard and a flat-black standard.

values recorded when the polarizing filter was at 0°, 45° anflleasurements were performed at ®.5ntervals from 0.%n

90°, respectively, then:

Orientation of polarization =
0.5xarctan[(o + lgo— 245)/(I90— 10)]x90°

and

Partial polarization =
[(lo—190)2 + (245 —10—190)4%¥(lo + l90) .

to 4m away from the target. Based on these measurements
(eight measurements with three repetitions at each location),
the rates of polarization decrease were calculated throughout

(1) the 400-700vm spectral range. Due to depth limitations
(resulting from the length of the fiber optics), measurements
were performed only in shallow waters (4n6deep), on two

@) different days, near Horseshoe Reef, LI. On one of these

occasions, a second set of measurements was obtained under

For each measurement, an area of no less thanpl&€l6 was  nearly identical conditions using the video polarimeter and the
averaged to produce the appropriate reading. Six measuremdnpart target shown in Fig.

series (each including measurements from the different Data were processed and analyzed using Microsoft Excel
sections of the target shown in Fig.were obtained, three near 2000® and Statistica 6®software.

LI and three in the clear waters of the GBR.

To measure the rate of decay of polarizatio
different wavelengths, we used a custom-built r
spectral polarimeter (Fi@). This polarimeter us
three  60Qum-diameter, 1@n-long, UV-Vis
transmitting fiber optics attached to a three-che
ADC1000-USB  spectrometer (Ocean Opt
Duendin, FL, USA). The polarimeter allows
reading the spectra of the light arriving from the tl
fibers nearly simultaneously. The spectrometer
set for an integration time of 150s, and 30 spect
were averaged in each measurement. Dark
correction was performed prior to any calculatiot
restrictor providing an acceptance angle of 5°
water) was attached to each fiber, in series w
linearly polarizing filter (Polaroid HNP’B) set at ¢
of three orientations: 0°, 45° or 90°. The heads o
three fibers, including restrictors and filters, were
in an underwater housing such that they were spe
aligned in parallel. Custom software controlled 1
acquisition and polarization analysis over
wavelength range of 400—70@n.

This sensor was placed underwater in front o
center of a 6850cm linear sheet polarizer (Polar
HN38S; water sealed and equipped with
depolarizing filter at its back) producing verti
polarization. Since the fiber optic heads wermem
apart, with a 5° acceptance angle per fiber, all '
fibers examined the target up to a distance of &.

Fig. 2. The rapid spectral polarimeter used in this research. The sensor is based
on three aligned fiber optics viewing an acceptance angle of 5° in water, each
equipped with a linear polarizing filter set at a different orientation, encased in
an underwater housing (right), and connected to a multi-channel Ocean Optics
spectrometer and a portable computer for online control of the spectrometer and
data acquisition (left).
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10 light that is scattered between the target and the sensor
oo\, A and that reaches the sensor). Naturally, the latter process
a also affects the measurements taken from the polarizing
80; A sections, but it can be removed using vectorial
704 \2 e Horizontal-veiling subtraction. Unfortunately, due to the very low readings
A Vertical-veiling measured from the black section, we could not reliably
501 \ X oHorizontal calculate the polarization characteristics of light coming
501 2 y=100g0-460& a\Vertical from it and hence used only values obtained from the
100 Mg g r?=0.8874 #\Veiling white section.
8 The partial (percent) polarization of light arriving from
301 S o the polarization filters of the target decreased with
S 20 V2:_100€O'5191< e o distance (Fig3), while that coming from the direction
g Ll =0.9099 S s g B of the depolarized section increased (Spearman’s
= s ME I . * P— . correlation testP>0.8 in all cases, 0.97 for FigA, 0.81
-% 00 T " 5 0 for Fig.3B). Eventually, all measurements reached, or
3 200 were close to (statistically |nd|_st|n_gwshable from), thg
I level of the background polarization. The decrease in
E 90+ B partial polarization could, in all cases, be described using
80- an exponential functionr$>0.88 in all casesN=12;
composed of two measurement sets, one taken from the
701 ® Horizontal-veiling vertical and the other from the horizontal polarizing
60- A Vertical-veiling panels of the target, at each of six measurement series
y=100g0-24% oHorizontal ) ; : :
50- 220993 aVertical performgd, each series taken at a dlffer_ent time, place or
404 o oy . o Veiling line of site) following the general equati®a=Pole 2%,
wherePg represents the original partial polarization (in
30 y=90e0.25% our case postulated to be 100%, except for 90% in one
201 20 9g7 case; i.e. that of the polarizers in the tardetyepresents
10- the partial polarization at a distancezghere, in meters)
rea? ® from the target, andcp represents the polarization

extinction coefficient per meter.

The partial polarizations of the horizontally
and vertically polarizing targets (after vectorially
Fig.3. Results of individual partial polarization measurement setssubtracting the polarization added by the scattering of
(duplicate measurements) of a standard target {fitaken at different ~ downwelling light as measured from the depolarizing
distances at (A) Horseshoe Reef, Lizard Islandni-éeep) on 8 September  target) were very similar at each target distance, and so
2003 and (B) Cod Hole, Great Barrier Reef (v deep; In above asandy  \ere their polarization extinction coefficients (F&).
bottom) on 12 September 2003. Hor_izontal polarization d@a)appe_ars cp values were calculated for each of the 12
to be lower than that of vertical polarizatia)( However, after vectorially o o5, rement sets taken from the vertical and horizontal
subtracting the partial pola_rl_zatlon arising from downwelllng light [as polarizing panels (after correction for polarization in the
measured from the depolarizing section of the tar®g}, ¢he horizontal . . L .
polarization decay@®; horizontal-veiling) becomes similar to that of the veiling |IIum|n_at|on) and use_d for furt_her_ analyse.
vertical polarization & vertical-veiling), and they both fit an exponential Valués of horizontal or vertical polarization were not
decay (broken and continuous lines, respectively). Backgroungsignificantly different (for partly turbid waters:
po|arization was ~9% in both cases. Cp horizontal = 0.5410.0&]_1; Cp vertical =

0.54+0.03m1; mean #s.0.; Student’¢-test,P>0.5) and
hence were grouped togethes, values for sandy
bottom areas with medium visibility of approximately
Results 8m, such as those surrounding LI, were 0.54+9n04
Using the video polarimeter, we obtained four sets ofN=6), while in the very clear waters of the GBR, with
polarization measurements (each including percent andsibility estimated at 40n, cp values were lower, averaging
orientation of polarization) at each target range and point iA.24+0.05m1 (N=6).
time, corresponding to the four sections of the target. Light Regarding the polarization orientation, near the targets the
arriving from the direction of polarizing sections demonstrate®bservede-vector angles were those of the filters themselves
the changes occurring to a polarization signal as it travels ifi.e. horizontal or vertical), while the orientation of the limited
water, while light coming from the direction of the depolarizedpolarization that arose from veiling illumination (as measured
sections (black-and-white panels) provided information as tm front of the depolarizing standard) was predominantly near
the induced polarization caused by veiling light (downwellingthe horizontal (e.g. near 160°; F#). As the partial (percent)

0 2.5 5 7.5 10 12.5 15

Distance(m)
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Fig.4. Results of individual orientation of polarization 60 -
measurement sets (duplicate measurements) of a standard A ©Horizontal
. . . 4Vertical
target (Figl) taken as in Fig3. 0/180° represents *Veiling
horizontal orientation, and 90° represents vertical 307
orientation. For convenience, the scale starts and ends at .
60°. Measurements reveal that the vertical panel was not o/1801 ¢ 8 g s s
perfectly oriented to the desired (90°) position in relation . g ® o
to the sensor. Veiling light measuremens) (at short * s ¥ 2 :
distances from the target with low partial polarization (see 1501 « . b -
Fig. 3) should not be considered as reliable. Further away &
from the target, the light coming from the vertically 1201 “
polarizing panel £) and the horizontally polarizing panel s
(O) converge onto the veiling lightesvector orientation. 3
Background polarization’s-vector orientation was 161°in £ 901 A A 4
A and 164° in B. 5 a 228
£ 60 - y
) 0 2 4 6 8 10
polarization of the light coming from the tar 5 ¢ i
became lower with distance, and the effect of & B Ugrrt'izc‘;?tal
veiling illumination became higher, the orientatiol § 301 * ;Veiling
polarization of all parts of the target converged « @ ei® .
that of the veiling light (Figd) and therefore al ; g o *
onto that of the background light. 0/1804 ©geBcols 8 8 é
cp varied with wavelength (Fig), with highes . 5 . . %
. *
values in the shorter (blue) range and the lo 1504 .o .
values in the wavelength range between ~51C . *
~580nm. 120° ‘ . &
Modeling polarization pattern propagation %
The results we obtained in this study encourag o “hanB oty & - N
to formulate a general model for the formatior g “
polarized light fields in water. Such a model ca 60 ' ' r r r r
useful for explaining (and predicting) the pattern 0 25 5 75 10 125 15
polarization seen in natural waters. Here, we pr Distance (m)

the model for horizontal lines of sight; with so

effort, it can be, in principle, generalized to any direction oHere, ¢ represents the beam attenuation coefficient (Jerlov,
view outside of Snell's window, with appropriate corrections1976). Simultaneously, the polarization of the light is reduced
for the changing intensities of light at different depths along thaelong the path by scattering, according to the polarization
line of sight and the changing scattering angles (between tlagtenuation coefficientp, and the remaining polarized light

generally downwelling light and the line of sight). continues to be attenuated according to the beam attenuation
Consider the scattering of light perpendicular to a horizontatoefficientc. Thus:
line of sight. If the water is homogeneous, at sufficient depth Iz = | o[PSE S22 = | [Pee ¢ + 97 @)

one can assume illumination to be equivalent at each position

along a given line of sight. This assumption is generally trugvhere Ip; represents the intensity of the polarized light
at depths below the influence of localized effects caused by theaching the viewer from a particular scattering plane at
focusing or defocusing of downwelling light by wavesdistancez Therefore, the overall partial polarizatioRy,
(Schenck, 1957; McFarland and Loew, 1983; Stramska andewed along the line of sight from an observer to a point at
Dickey, 1998; Maximov, 2000) or by reflections from objectsdistancez is simply the integral of the polarized light arriving
or the substrate. In such constant conditions of illuminatiorfrom all intervening scattering planes divided by the integral
the amount of light scattered in each infinitesimally thinof all light; sincelo appears in both terms it cancels out (the
distance plane is identical, and some constant fraddgrof  partial polarization is therefore independent of intensity, as
this light is polarized. Let us designate the intensity of thexpected):

scattered light at each point ks Then, the amount of light
that is polarized i$oXPs. As the light travels from the point
of scattering to the viewer, a distance designateg) thy beam
of light is attenuated by water by the standard equation:

P, = P{of? (€¢ * 912 dg)lof? 2 ) ©)

whereP; is the partial polarization observed at a range iof
a certain horizontal line of view or direction, aRdis (as
lz=lol& 2. (3)  above) the partial polarization of the light that is scattered at
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Fig.5. Partial polarization extinction coefficientsp) per meter at
different wavelengths (mean ¢p.) calculated from measurements
taken at distances of 0.5a4 at 0.5m intervals, of a vertically &
polarizing filter set 8@m above a sandy bottom, near Horseshoe 05l
Reef, Lizard Island, on two different days [8 September 2003 ™
(squares) and 10 September 2003 (circles)]. The mgeaaross the
400-700nm range was 0.47+0.06 for 8 September and 0.55+0.07 for
10 September. The measurements on 8 September were taken at the
same time and location as Fi8&, 4A. The ‘gray-scalet, (i.e. that
measured using the video system, combining the R, G and B images) 400 450 500 550 600 650 700
corresponding to this measurement was 0.49 @Ag. Wavelength (nm)

each point along the line of viewy is the polarization scattering (where it is lowest in forward scattering and highest
extinction coefficient, as described in the results, @aisdthe  at side scattering) and with the scattering properties of the
beam (intensity) attenuation coefficient in the water (Jerlovinedium (Timofeeva, 1970). Here, we examine only the
1976).Ps, or the partial polarization induced at the point ofhorizontal line of view and hence are interested only in the side
scattering of downwelling light, varies with the angle ofscattering (scattering to a direction perpendicular to the
direction of the incoming light). lvanoff and
Waterman (1958) report that the maxirRavaries
from 45 to 77% in seawater but it can reach a level
of 80% in pure water and up to 88% in certain
turbid solutions. Solving the integrals:

Pz = [Py(1 +cplo)][1 — e C* PI)/(1 — e°2) . (6)
At infinity, we therefore obtain:
P = Pg/(1 +cplc) , @)

where P» is the partial polarization of the
background light in water assuming there is no
obstacle in the line of sight. In practicality, a clear
optical path in the order of the visibility range is
sufficient for obtaining such values (see also
Timofeeva, 1974).

This model allows us to predict the partial
polarization in the water along horizontal lines of
sight P=), where there are no surface effects (e.g.
Schenck, 1957) nor reflection from the bottom (i.e.
in midwater), and to relate it to the inherent optical
properties of the beam attenuation coefficiant (
the polarization induced by side scatteririgy) (
and the polarization attenuation coefficier)(

Polarization (as % d®s)

Fig. 6. Analysis of theP~ (% polarization) seen in the
horizontal direction in clear midwater. (A) Partial
polarization (as the percentage R the polarization
induced by side scattering) as a function opf(the
polarization attenuation coefficient, measured in this
work) and c (the beam attenuation coefficient).
(B) Predicted partial (%) polarization, based on
equation? (see text). This analysis plots % polarization
as a function otp/c and Ps. In nature,Ps ranges from
very low values to ~85%, depending on water quality and
the nature of the suspended scattering particles.

% Polarization




Polarization changes in seawat&625

(Fig. 6A). The percent of partial polarization is favored byequationP,=PoléZ%. The propagation of partial polarization
increases irc and by decreases @g and is therefore primarily depends heavily on the scattering of the medium in which it
dependent on the ratig/c; see Fig6B. According to Jerlov travels. In the partly turbid waters near LI, which could be
(1976), beam attenuation in coastal waters, in the spectrebnsidered as representing moderately clear coastal waters, the
range from 440 to 700m, varies from ~0.1 to ~1@ 1. As  decay was fairly rapid in nature, with nearly half of the partial
noted abovePs ranges from ~50% to ~80% (lvanoff and polarization being lost with each 1.8b traveled through
Waterman, 1958). In the present study, we measiyresi~0.3  water. This decay was lower in the clear oceanic waters of the
to 0.5m~1in fairly clear coastal waters. SinBg ¢, andcare  GBR; yet even here, 50% polarization loss occurred at only
all influenced by water clarity and the type of material3m or, to put it differently, only 10% of the original
suspended in water, they are closely interrelated. However, opelarization was left after 4.1 and & respectively, in these
should note that while andc, are inherent optical properties two types of water. There was no difference in the extinction
of the water,Ps is influenced by the illumination conditions of partial polarization of the different orientations, with proper
(such as the orientation of the sun) and should be consideradcounting for the effects caused by the addition of low levels
as an apparent optical property of the water. of partly polarized veiling light. In our work, the downwelling
light was nearly horizontally polarized, deviating no more than
20° from the horizontal plane, but different lines of sight would
Discussion have different orientations of polarization depending primarily
Several processes affect a polarization light signal (the termn the sun’s position and visibility within Snell’s window and
‘signal’ is intended as a distinct unit containing information ancbn the water depth (Waterman and Westell, 1956; Waterman,
is not necessarily related to communication) as it propagates 1988; Hawryshyn, 1992; Cronin and Shashar, 2001). It should
water. The intensity of the light is reduced due to absorptiobe noted that since these measurements were made near the
and scattering. The partial polarization is reduced due tbottom, where sediment is continuously resuspended by
forward scattering (for discussion of forward and side scatteringurrents and diver activity, they are probably somewhat greater
and their interaction with polarization, see Hechet, 1998)in value than might be found higher up in the water column.
Veiling light, caused by in-path side scattering of downwelling Based on these results, it is reasonable to predict that
light, is introduced between the target and the observer ammblarization patterns (including the celestial polarization
makes it harder to detect the original signal (Lythgoe, 1979pattern) will not propagate very far in water. Novales-
At large distances, the veiling light is identical to the ambienElamarique and Hawryshyn (1997) found that, even in shallow
background light in the water. This veiling light is partly waters, the polarization of the light within Snell’'s window is
polarized at orientations often close to, though not necessarilgwer than in air and that it further decreases with depth.
exactly, horizontal; so while the first two processes affect alTherefore, underwater navigation based on the celestial
orientations of polarization of the signal equally, veiling lightpolarization pattern will be limited, at least near the coast, to
has an inherent polarization orientation and hence may changkallow water. However, as the polarization orientation of the
the orientation of polarization of the light reaching an observebackground illumination (produced in the water itself) is
All of these processes are wavelength dependent and vary willependent on the position of the sun (Waterman and Westell,
time of day, the clarity of the water, the types of materiald956; Waterman, 1988; Cronin and Shashar, 2001), animals
dissolved or suspended in it, and the sizes and shapes &y be able to use their polarization sensitivity for orientation
scatterers in the water. in deeper waters. Other visual tasks, such as object detection
Scattering creates two interacting effects on polarizatiomnd communication, are likely to be much less depth dependent,
propagation. On the one hand, forward scattering graduallys the underwater light field is likely to be partially polarized
depolarizes the original signal. On the other hand, sidéhroughout the photic zone (Waterman, 1955; Tyler, 1963).
scattering introduces polarization due to the strong In several cases, a biologically important polarization
directionality (usually near overhead) of the downwelling lightcontrast arises from an object being less polarized than the
(Fig. 3). Although both processes tend to reduce the origindlackground. Such cases may be reflections off fish (Shashar et
signal, the interactions between them, together with thal., 2000) or light passing through transparent objects such
polarization of the background illumination, determine theas planktonic organisms (Shashar et al., 1998; Novales-
polarization contrast level available to a polarization-sensitiv&lamarique and Browman, 2001). In these cases, the
animal. depolarization of the original signal due to forward scattering
The magnitude of the effects that these processes have will not reduce the polarization contrast between the target and
the original signal depends on the optical path length betweehe background; instead, light from the direction of the object
the target and the observer. However, assuming w@ill become increasingly polarized by the veiling polarization.
homogeneous medium, they are not dependent either on tiibe differences between the rates of such increase in
direction or on the section of the path that is examined. Hencpolarization vs polarization loss due to scattering will
the mathematical description of these effects is expected to determine whether such a depolarized target could be detected
exponential in nature (Lythgoe, 1971). Our measurements @t a larger or shorter range than a polarized one. Hence, a
partial polarization decay indeed follow the exponentialpolarization pattern produced by transparent depolarizing
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objects is expected to behave differently from that of polarizindield, in the order of 5% out of an approximately 10-30%
objects. The factors governing the propagation of such average partial polarization, with the minimal partial
depolarized signal and especially the effects of the brightneg®larization occurring at 450-5%0n. Cronin and Shashar
of the depolarizing object need further examination. (2001) reported similar findings and interpreted these as
The change in partial polarization of light coming from ademonstrating that the ambient (background) polarization is
small object will be identical to that of the polarization comingnearly constant across the visual spectrum. In cephalopods and
from a large target. Hence, even in waters of relatively higlstomatopods, polarization vision is based on photoreceptors
values ofcp, polarization vision could be used for detecting orwith maximal sensitivity around 50@m. Hence, the
examining small objects or patterns at distances of relevanp®larization sensitivity of these animals (species of which
for the viewing animals (for example, small fish detectingnhabit the waters we examined) is well suited for detecting
planktonic prey at distances of centimeters; Novalespolarization patterns, either for signaling or for target
Flamarique and Browman, 2001). detection, functioning within the spectral range in which
The mathematical model presented here enables us to betpelarization patterns propagate fairly well, while background
understand the factors governing the partial polarization of thend veiling polarization are relatively low.
background illumination in open waters within the optical zone Polarization vision, and especially polarization signaling,
of the sea, distant from bottom effects and from heterogeneityas the potential to provide polarization-sensitive organisms
in illumination at the surface on the ocean. The model focusegith information that is concealed from polarization-
on the processes affecting the polarization following the initialnsensitive animals. The stability of polarization signals with
scattering event. Hence, it is independent of the mode afepth offers a potential advantage for polarization sensitivity
scattering in the water (Raleigis Mie). One outcome of the over color vision, but our results also indicate that these signals
model and especially of equati@n as well as of work by are most effective at short range (i.e. no more than a few
Timofeeva (1974), is that in an optically homogeneous watemeters). The conditions in which polarization signals are used,
column with a well-defined light source in a constant positiorthe information they contain and the visual adaptations
(such as the conditions occurring in the lower part of the photiequired for making use of this information require further
zone, where the patch of brightest light is close to overheadvestigation.
throughout the entire day; see Jerlov, 1976), the partial Our model allows one to predict the partial polarization of
polarization of the background will not vary with depth. background illumination in the horizontal plane. This
Reports by Ivanoff and Waterman (1958) and by Tyler (1963)nformation is important since it sets the stage for polarization
tend to support this outcome, although information aboutontrast functions such as prey detection. It is somewhat
changes in the solar position between measurements is ragunterintuitive to find that the percentage of background
provided. The model predicts that background polarizatiompolarization is positively correlated with(Fig. 6A), primarily
(P=) depends on the ratio betweepn and c (Fig.6B).  because greater levels of beam attenuation diminish the effect
Timofeeva (1970) found th& is related to a parameter she of polarization decrease by scattering of polarized light
designated ag (also referred to as; Timofeeva, 1974), arriving from greater distances.
defined as the ratio between the scattering attenuation The amount of light that is partially polarized by side
coefficient and the total (asymptotic) light attenuationscattering IPs) depends on the amount and type of scattering
coefficient. Hence,T ranges from 0 to 1. Oucp and occurring in the water. It is therefore affected by the
Timofeeva’se both depend on the scattering properties of the&oncentration, size, shape and heterogeneity of the scatterers
media, although the two are not equivaleptis an empirical  in the water. Changes in the downwelling light distribution due
value anck is a theoretical one. It is reasonable to expect thab wave action may also change Our model is limited to the
Cpis strongly affected by scattering, and thgrandT may well  horizontal line of sight and assumes a homogenous medium
be closely related. Understanding underwater polarization arahd constant illumination conditions. Further measurements
its theoretical basis still requires a thorough understanding @nd calculations are required to verify actual values of the
how light is scattered, polarized and attenuated in naturakitical parameters in nature (i@, c andPs), to extend this
waters. model to the whole visual sphere, and to incorporate into it
Ps, T, cp andc are wavelength dependent. Not surprisingly,temporal and spatial variation in the illumination field.
the decrease in partial polarization with distance was therefore Summarizing, we found that polarization patterns propagate
found to vary with wavelength (Fi§), most likely due to to relatively short distances in seawater. Therefore, the visual
wavelength-dependent scattering and absorption of light in thasks that make use of such patterns or their details are range-
water. Hence, it is highly possible that in different water typedjmited as well. Polarization signals will not be seen by distant
such as green or brown coastal waters (Jerlov types 3 or @hservers, be they conspecifics or predators. Similarly,
Jerlov, 1976), different wavelengths will best transmit anavigation, detection of prey and object recognition will be
polarization signal. Our results show that, in the types of watetanited to the distances or depths at which the polarization
we examined, polarization decay is lowest in the 5104880 patterns can be seen. This range limitation may be less
range. Ivanoff and Waterman (1958) reported little partialmportant to small animals or animals with low visual acuity,
polarization variation with wavelength in the ambient lightbut in large predators we suggest that polarization sensitivity
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