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12 Reflection-Polarization Patterns of the Flat
Water Surface Measured by Imaging Polarimetry

12.1 Reflection-Polarization Patterns of Freshwater
Habitats Measured by Video Polarimetry
Horváth and Varjú (1997) measured the reflection-polarization patterns of two
typical freshwater habitats under clear skies by video polarimetry in the red, green
and blue ranges of the spectrum. They have shown that the polarization patterns of
small water bodies are very variable depending on the illumination conditions.
Under clear skies and in the visible range of the spectrum, flat water surfaces
reflecting light from the sky are most strongly polarized in the blue. Under an
overcast sky radiating diffuse white light, small freshwater habitats are
characterized by a high horizontal polarization at or near the Brewster angle in all
spectral ranges except those in which the contribution of subsurface reflection is
large. In a given spectral range and at a given angle of view, the direction of
polarization is horizontal if the surface reflection and vertical if the subsurface
reflection dominates (Fig. 12.1). The greater this dominance, the higher the net
degree of linear polarization p, the theoretical maximum of which is 100% at the
Brewster angle for the horizontal E-vector component and approximately 30% at
grazing viewing angles for the vertical E-vector component.
Figures 12.2-12.5 illustrate the reflection-polarization patterns of two small
ponds of different types recorded from an angle of view of 50o with respect to the
vertical on a sunny day under a clear sky. In Fig. 12.2 the patterns of a dark pond
with clear water and a dense growth of aquatic plants are presented. In the red the
water reflects only a small amount of light, unlike the plants in and around it. In
the green the amount of surface-reflected light is slightly higher, and in the blue it
dominates and the pond appears quite bright, because the incident light from the
sky is predominantly blue. In the red and green the water surface is less polarizing
than in the blue. This is especially true at and near the Brewster angle (53o from
the vertical), where a dark patch appears in the centre of Fig. 12.2C3. The maps in
column D indicate that the surface of the pond reflects horizontally polarized light.
The histograms in Fig. 12.3 show the distribution of the angle  and degree p
of linear polarization in the red, green and blue computed for the central region of
the dark pond in Fig. 12.2. In the blue the most frequent p-values are concentrated
around 60%, while in the red and green these values are approximately 40%. In all
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three spectral regions, the most frequent -values are between 90o and 100o from
the vertical; that is, the reflected E-vectors are concentrated about the horizontal.
However, in the blue the reflected E-vectors are more narrowly distributed around
the main peak than in the red and green.
In Fig. 12.4 the polarization patterns of a bright pond are shown. From the
right-hand side of the water surface blue skylight was reflected, which was
occluded on the left side by a bush. The water was clear and transparent, and its
yellowish-green bottom reflected a relatively high proportion of light. In the red
and especially in the green, the shadowed bottom of the pond is brighter than in
the blue. In the red and green the whole pond appears only slightly polarizing.
Only in the blue and only in the skylight-reflecting region of the surface is the
reflected light highly polarized.
The E-vector of light emanating from the water is more or less vertical in the
shadowed area and horizontal where skylight is reflected from the water surface.
This is illustrated quantitatively in Fig. 12.5. In the blue the histogram of p has
two peaks: one at 10% and the other at 38%. The former peak is the contribution
of the shadowed left-hand side of the pond, and the latter peak originates from the
right-hand side, which is reflecting blue skylight. In the green these two peaks
virtually coincide between 8% and 12% (Fig. 12.5B3), and in the red there is a
single peak at 10% (Fig. 12.5A3), because the difference in p between the leftand right-hand sides of the pond gradually disappears at longer wavelengths. Here
again, in the red and green the E-vector directions of reflected light are more
widely distributed around the main peak than in the blue.

12.2 Reflection-Polarization Pattern of the Flat Water
Surface Measured by 180o Field-of-View Imaging
Polarimetry
Using 180o field-of-view imaging polarimetry, Gál et al. (2001b) measured the
reflection-polarization pattern of the flat water surface under a clear sky at sunset.
Owing to this technique, they could experimentally test and prove the validity of
the theoretical predictions of Schwind and Horváth (1993) and Horváth (1995a).
Figures 12.6A and 12.6B show the spatial distribution of the degree of linear
polarization p and angle of polarization  of single-scattered Rayleigh skylight
calculated for sunset. Figures 12.6C and 12.6D show the p- and -pattern of the
sunset sky in Fig. 12.6E measured by 180o field-of-view imaging polarimetry at
550 nm. Figures 12.7B,C,D represent the theoretical patterns of p,  and
reflectivity R of the flat water surface calculated for the single-scattered Rayleigh
skylight (Figs. 12.6A,B) with the use of the Fresnel formulae. Figures 12.7E,F,G
show the same reflection-polarization patterns of the flat water surface computed
for the measured skylight (Figs. 12.6C-E) with the use of the Fresnel formulae.
The reflection-polarization patterns in Figs. 12.7E-G are semi-empirical, because
the incident light was the measured polarized skylight, while the optical
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parameters of reflected skylight were calculated theoretically on the basis of the
Fresnel formulae.
Figures 12.7H,I,J show the patterns of p,  and R of the flat water surface
measured by 180o field-of-view imaging polarimetry at 550 nm. Figure 12.7A
illustrates the mirror image of the sky reflected from the flat water surface. The
triangular region on the right hand side of these pictures is the railing at the end of
the jetty from which the recording was taken. Although the mirror image of the
railing screens out the mirror image of the sky in the vicinity of the setting sun,
this does not matter because of the axial symmetry of the reflection-polarization
pattern at sunset. The (red/black) narrow annular region in Figs. 12.7H-J were
overexposed due to the large amount of light reflected from the water surface near
the horizon, the reflectivity of which approximates 100% if the angle of reflection
measured from the vertical nears 90o. The reflection-polarization patterns in the
red (650 nm) and blue (450 nm) were practically the same as those in the green
(550 nm) in Figs. 12.7B-J.
Comparing the theoretical, semi-empirical and measured reflection-polarization
patterns of the flat water surface in Figs. 12.7B-D, 12.7E-G and 12.7H-J,
respectively, a remarkable resemblance can be established between them. The
reason for this close similarity is that the strong repolarization ability of the water
surface overwhelms the slight differences between the polarization of the singlescattered Rayleigh skylight and the real skylight (see Fig. 12.6). Apart from the
overexposed regions and the mirror image of the railing of the jetty, the reason for
the small, irrelevant differences between the measured (Figs. 12.7H-J) and
predicted (Figs. 12.7E-G) reflection-polarization patterns are that the water
surface was slightly undulating, and some light was scattered inside the water,
then returned (this re-emitted radiation from the water was not taken into
consideration in the prediction).
Analysing the fine details of the reflection-polarization patterns in Fig. 12.7 we
can establish the following: The maximum (approximately 100%) p of reflected
skylight is located in a characteristic annular band, called the Brewster zone, from
which the light is reflected with an angle of reflection of 53o, called the Brewster
angle (Figs. 12.7B,E,H). When the sun is on the horizon the Brewster zone with a
strong horizontal polarization is maximally extended towards and away from the
sun and becomes narrowest perpendicular to this direction.
At sunset or sunrise the light reflected from the flat water surface is mainly
horizontally polarized. The angle of polarization is 45o    135o with respect to
the vertical, both in the direction of the sun and opposite to it. Apart from the
horizontally polarized Brewster zone it is mainly vertically polarized, i.e. 0o   <
45o or 135o    180o at right angles to the mirror solar meridian (Figs.
12.7C,F,I) just like the blue sky itself (Figs. 12.6B,D). At twilight the mainly
vertically polarized region of the water surface is 8-shaped within the Brewster
zone and takes an extended bow-shape outside the Brewster zone.
At twilight under a clear sky there are several neutral points on the water
surface (Figs. 12.7B,E,H). Inside the Brewster zone (Bz) there exist two neutral
points (a, b) positioned at about 45o from the nadir at right angles to the mirror
solar meridian. There are two additional neutral points (c, d) outside the Brewster
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zone perpendicularly to the mirror solar meridian, and two further neutral points,
the position of which coincides with the mirror sun (e) and the mirror antisun (f).
The neutral points c, d and e, f are not clearly visible in Figs. 12.7B,E. These
neutral points are the regions of the water surface where the horizontal
polarization of reflected skylight switches to vertical.
The reflectivity pattern of the flat water surface has a quasi-cylindrical
symmetry for R > 7%, i.e. for directions of observation larger than 65o from the
vertical. The contour lines of equal R are elongated perpendicularly to the mirror
solar meridian. The two central patches in Figs. 12.7D,G,J show those regions of
the water surface where R < 2%. These two dark patches can be seen on the water
surface at 90o from the sun when it is near the horizon. The surface is clearly more
transparent at these patches. The occurrence of these patches is the result of the
fact that R of the water surface is lower for vertically polarized incident light than
for horizontally polarized light.
The reflection-polarization patterns visible over the flat water surface under a
clear sky at sunset or sunrise have characteristic gradients of R, p and . These
different gradients are associated with the same regions of the water surface:
where the gradient of R is high, so too are the gradients of p and . This can be
seen, for example, in the case of the characteristic 8-shaped pattern inside the
Brewster zone in Figs. 12.7C,F,I. The tips of this 8-shaped pattern coincide with
the two neutral points (a, b) of the p-pattern (Figs. 12.7B,E,H) and with the centre
of the two dark patches of the R-pattern (Figs. 12.7D,G,J).
The fact that the measured polarization pattern agreed so closely with that
predicted by Schwind and Horváth (1993) and Horváth (1995a) indicates that the
simple single-scattering Rayleigh theory and Fresnel theory can accurately
describe the reflection of polarized skylight at a flat air-water interface.
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Fig. 12.1. Polarization of unpolarized incident light returned from a body of water. The
returned light has two components: (i) the partially horizontally polarized light reflected
from the water surface and (ii) the partially vertically polarized refracted light coming from
the water.
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Fig. 12.2. A: Photograph of a small dark pond with clear water and a dense growth of
aquatic plants under a clear sky on a sunny day. B-D: Maps of the radiance I, degree of
linear polarization p and angle of polarization  (from the vertical) of the pond measured in
the red (650 nm), green (550 nm) and blue (450 nm). (After Fig. 3 of Horváth and Varjú,
1997, p. 1158).
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Fig. 12.3. The radiance map, histograms of the distribution of the angle of polarization 
and the degree of linear polarization p in the red (650 nm), green (550 nm) and blue (450
nm) calculated for the central region of the dark pond in Fig. 12.2A. (After Fig. 4 of
Horváth and Varjú, 1997, 1159).
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Fig. 12.4. As Fig. 12.2 for another pond, the right side of which was illuminated by
skylight, while its left-hand side was in the shadow of a bush. From the right-hand side of
the water surface blue skylight was reflected. The water was clear and transparent, and the
yellowish-green bottom of the pond reflected a relatively large amount of light. (After Fig.
5 of Horváth and Varjú, 1997, p. 1160).
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Fig. 12.5. As Fig. 12.3 for the pond in Fig. 12.4A. (After Fig. 6 of Horváth and Varjú,
1997, p. 1161).
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Fig. 12.6. A, B: Spatial distribution of the degree p and angle  of linear polarization of
skylight calculated on the basis of the single-scattering Rayleigh theory for sunset. C, D:
Patterns of p and  of skylight measured by 180o field-of-view imaging polarimetry at 550
nm at sunset. E: Photograph of the sunset sky during the measurement of patterns C and D.
 is measured from the local meridian. The position of the setting sun is represented by a
dot and the horizon is the perimeter of the circular patterns. (After Fig. 2 of Gál et al.
2001b, p. 108).
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Fig. 12.7. A: Photograph of the mirror image of the sky reflected from the flat water surface
at sunset. B, C, D: Theoretical patterns of the degree of linear polarization p, the angle of
polarization  and the reflectivity R of the flat water surface calculated for single-scattered
Rayleigh skylight (Figs. 12.6A,B) with the use of the Fresnel formulae. a, b, c, d, e, f:
neutral points on the water surface. Bz: Brewster zone. E, F, G: Reflection-polarization
patterns of the flat water surface calculated for the measured real skylight pattern (at 550
nm; Figs. 12.6C,D,E) with the use of the Fresnel formulae. H, I, J: Reflection-polarization
patterns of the flat water surface measured by 180o field-of-view imaging polarimetry at
550 nm. The coding of the reflectivity values R is the following: The two central 8-shaped
black patches in patterns D, G and J represent R  2%. The concentric oval and annular,
alternately black and white narrow zones around these patches represent R = 3, 4,..., 9, 10%
towards the periphery. The outermost annular red or black zone represents R > 10%.  of
light reflected from the water surface is measured from the vertical. The position of the
mirror image of the sun is represented by a dot and the horizon is the perimeter of the
circular patterns. (After Fig. 3 of Gál et al. 2001b, p. 109).

