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Introduction
Solar radiation entering the atmosphere of the Earth becomes partially linearly polarized due
to scattering interactions with atmospheric constituents like various gases, aerosol particles,
water droplets and ice crystals. The predominantly Rayleigh-scattered skylight possesses a
typical polarization pattern that mainly depends on the solar position, the distribution of
atmospheric components and the reflection characterestics of the underlying surface. Since
its discovery by Arago in 1809, skylight polarization has been the subject of numerous
theoretical and experimental investigations (e.g., Chandrasekhar, 1950; Neuberger, 1950;
Sekera, 1957; Holzworth and Rao, 1965; Coulson, 1988). From the viewpoint of
atmospheric optics, the characteristics of skylight polarization can be used as indicators of
atmospheric turbidity (Bellver, 1987), and according to recent studies it can also facilitate a
more reliable detection of clouds across the sky (Horváth et al., 2002c).
On the other hand, celestial polarization also bears a great biological importance,
since numerous species capable of perceiving polarization, as an independent property of
light beyond intensity and colour, are able to use it as a cue for their orientation (e.g., Frisch,
1948, 1949; Wehner, 1994; Horváth and Varjú, 2004). It was also hypothesized that Vikings
could make use of skylight polarization when navigating across the sea covered by cloudy
or foggy skies (Ramskou, 1967, 1969).
In the past ground-based measurements of celestial polarization had been performed
by means of point-source polarimeters allowing the determination of the degree and angle of
linear polarization for different wavelengths at a small spot in the sky. The observation of
spatial distribution of skylight polarization over the whole celestial hemisphere in high
resolution has become only recently available by the development of full-sky (i.e., 180o
field-of-view) imaging polarimetry (North and Duggin, 1997; Voss and Liu, 1997; Gál et al.
2001a,b; Pomozi et al., 2001). This decent and robust method ensures a fast and accurate
data collection, and thus also the temporal changes of celestial polarization patterns can be
effectively studied.
Under conditions when in the development of celestial polarization Rayleighscattering is dominant (which is termed as ’normal’ in my thesis), i.e. for clear or partly
cloudy skies, skylight polarization has been extensively studied by full-sky imaging
polarimetry (Coulson, 1988; Gál et al., 2001a,b; Pomozi et al., 2001; Horváth et al., 2002a;
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Suhai and Horváth, 2004), furthermore, also detailed theoretical calculations and computer
simulations of the atmospheric radiative transfer were made to predict the polarization
characteristics of the clear sky (Berry et al., 2004). However, when also multiple scattering
plays an important role, such as in the case of overcast, foggy and smoky skies, furthermore
when the sky is extendedly occluded by overhead vegetation (which conditions are termed
as ’extreme’ in my thesis), the detailed spatial distribution of celestial polarization has been
unknown. Only some sporadic point-source polarimetric measurements have been
performed in some of these conditions, and due to their complexity, theoretical predictions
have not been done for such cases, either.
In my Ph.D. thesis I give account for this debt of atmospheric polarimetry: I provide
comparative data on celestial polarization measured by full-sky imaging polarimetry under
normal and extreme conditions, while also investigating their implications on human and
animal orientation. In chapters 1-4 I deal with celestial polarization patterns of clear, cloudy,
overcast, foggy and smoky skies, furthermore with the polarization distribution of sunlit
overhead vegetation. Finally, in chapter 5, I investigate the polarization characteristics of an
interesting phenomenon, the so-called ”water-sky”, often occuring above Arctic open
waters. In the following paragraphs I give a comprehensive introduction for each chapter
distinctly.
Chapter 1: Could Vikings Have Navigated Under Foggy and Cloudy Conditions by
Skylight Polarization? On the Atmospheric Optical Prerequisites of Polarimetric
Viking Navigation
In sunshine the Vikings navigated on the open sea by sun-dials. According to a widespread
hypothesis, when the sun was occluded by fog or clouds the Vikings might have navigated
by the skylight polarization detected with an enigmatic birefringent crystal ("sunstone").
There are two atmospheric optical prerequisites for this alleged polarimetric Viking
navigation under foggy/cloudy skies: (1) the degree of linear polarization p of skylight
should be high enough, and (2) at a given sun position the pattern of the angle of
polarization D of the foggy/cloudy sky should be similar to that of the clear sky. Until now
these prerequisites have not been investigated. Using full-sky imaging polarimetry, we
measured the p- and D-patterns of Arctic foggy and cloudy skies when the sun was invisible.
These patterns were compared with the polarization patterns of clear Arctic skies. We
showed that although prerequisite (2) is always fulfilled under both foggy and cloudy
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conditions if the fog layer is illuminated by direct sunlight, prerequisite (1) is usually
satisfied only for cloudy skies. In sunlit fog the Vikings could have navigated by
polarization only, if p of light from the foggy sky was sufficiently high.
The content of this chapter was published as:
x

Hegedüs, R.; Åkesson, S.; Wehner, R. and Horváth, G. (2007) Could Vikings have
navigated under foggy and cloudy conditions by skylight polarization? On the
atmospheric optical prerequisites of polarimetric Viking navigation under foggy and
cloudy skies. Proceedings of the Royal Society of London A 463: 1081-1095

Chapter 2: Polarization Patterns of Overcast Skies
The distribution of polarization in the overcast sky has been practically unknown. Earlier the
polarization of light from heavily overcast skies (when the sun's disc was invisible) has been
measured only sporadically in some celestial points by point-source polarimetry. What kind
of patterns of the degree p and angle D of linear polarization of light could develop after
transmission through a thick layer of ice or water clouds? To answer this question, we
measured the p- and D-patterns of numerous totally overcast skies on the Arctic Ocean and
in Hungary by full-sky imaging polarimetry. We found that depending on the optical
thickness of the cloud layer, the pattern of D of light transmitted through the ice or water
clouds of totally overcast skies is qualitatively the same as the D-pattern of the clear sky.
Under overcast conditions the value of D is determined predominantly by scattering on
cloud particles themselves. Nevertheless, the degrees of linear polarization of light from
overcast skies were rather low (p d 16%). Our results obtained under overcast conditions
complete the findings that the D-pattern of the clear sky appears also in partly cloudy and
foggy skies.
The content of this chapter appeared in:
x

Hegedüs, R.; Åkesson, S. and Horváth, G. (2007) Polarization patterns of thick
clouds: Overcast skies have distribution of the angle of polarization similar to that of
clear skies. Journal of the Optical Society of America A 24: 2347-2356
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Chapter 3: Anomalous Celestial Polarization Caused by Forest Fire Smoke: Why Do
Some Insects Become Visually Disoriented Under Smoky Skies?
The effects of forest fire smoke on sky polarization and animal orientation are practically
unknown. Using full-sky imaging polarimetry, we measured the celestial polarization
pattern under a smoky sky in Fairbanks (Alaska) during the forest fire season in August
2005. In this study we document quantitatively that the celestial polarization, a sky attribute
that is necessary for orientation of many polarization-sensitive animal species, above
Fairbanks on 17 August 2005 was in several aspects anomalous due to the forest fire smoke:
(i) The pattern of the degree of linear polarization p of the reddish smoky sky differed
considerably from that of the corresponding clear blue sky. (ii) Due to the smoke, p of
skylight was drastically reduced (pmax d 14%, paverage d 8%). (iii) Depending on wavelength
and time, the Arago, Babinet and Brewster neutral points of sky polarization had anomalous
positions. We suggested that the disorientation of certain insects observed by Canadian
researchers under smoky skies during the forest fire season in August 2003 in British
Columbia was the consequence of the anomalous sky polarization caused by the forest fire
smoke.
The study presented in this chapter was published as:
x

Hegedüs, R.; Åkesson, S. and Horváth, G. (2007) Anomalous celestial polarization
caused by forest fire smoke: why do some insects become visually disoriented under
smoky skies. Applied Optics 46: 2717-2726

Chapter 4: Imaging Polarimetry of Forest Canopies
Intensity, colour and polarization of the light in forests combine to create complex optical
patterns. Earlier sporadic polarimetric studies in forests were limited by the narrow fields of
view of the polarimeters used in such studies. Since polarization patterns in the entire upper
hemisphere of the visual environment of forests could be important for forest-inhabiting
animals that make use of polarization patterns for orientation, we measured 180o field-ofview polarization patterns in Finnish forests. For comparison we also considered
polarization patterns of Hungarian grasslands lit by the rising sun that were previously
measured from a hot air balloon. We found that the pattern of the angle of polarization D of
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sunlit tree canopies and also of sunlit grasslands was qualitatively the same as that of the
sky. We showed that contrary to an earlier assumption, the D-pattern characteristic of the
sky, always remains visible underneath overhead vegetation, independently of the solar
elevation and the sky conditions (clear or partly cloudy with visible sun's disc), provided the
foliage is sunlit and not only when large patches of the clear sky are visible through the
vegetation. Since the mirror symmetry axis of the D-pattern of the sunlit foliage is the solarantisolar meridian, the azimuth direction of the sun, occluded by vegetation, can be assessed
in forests from this polarization pattern. Possible consequences of this robust polarization
feature of the optical environment in forests are briefly discussed with regard to
polarization-based animal navigation.
This study was published as:
x

Hegedüs, R.; Barta, A.; Bernáth, B.; Meyer-Rochow, V. B. and Horváth, G. (2007)
Imaging polarimetry of forest canopies: how the azimuth direction of the sun,
occluded by vegetation, can be assessed from the polarization pattern of the sunlit
foliage. Applied Optics 46: 6019-6032

Chapter 5: Polarization of "Water-Skies" Above Arctic Open Waters: How Polynyas
in the Ice-Cover Can be Visually Detected From a Distance
The foggy sky above a white ice-cover and a dark water surface (permanent polynya or
temporary lead) is white and dark grey, phenomena called the ”ice-sky” and the ”watersky”, respectively. Captains of icebreaker ships used to search for not directly visible open
waters remotely on the basis of the water-sky. Animals depending on open waters in the
Arctic region may also detect not directly visible waters from a distance by means of the
water-sky. Since the polarization of ice-skies and water-skies has not been studied earlier,
we measured the polarization patterns of water-skies above polynyas in the Arctic ice-cover
during the Beringia 2005 Swedish polar research expedition to the North Pole region. We
showed that there are statistically significant differences in the angle of polarization between
the water-sky and the ice-sky. This polarization phenomenon could help biological and
man-made sensors to detect open waters not directly visible from a distance. However, the
threshold of polarization-based detection would be rather low, because the degree of linear
polarization of light radiated by water- and ice-skies is not higher than 10%.
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This study was published as:
x

Hegedüs, R.; Åkesson, S. and Horváth, G. (2007) Polarization of "water-skies"
above Arctic open waters: How polynyas in the ice-cover can be visually detected
from a distance. Journal of the Optical Society of America A 24: 132-138
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Materials and Methods
The scientific results presented in the forthcoming chapters 1-5 were obtained by the same
experimental technique and with the use of similar post-processing computational
algorithms, thus we provide a unified section here with the complete description of all
methods applied throughout this work. The slight variations in these methods specific to the
various problems investigated in the next five chapters are appropriately indicated. The
referred tables and figures are not included in this section, the reader can find them within
the corresponding chapter as denoted (for example: Table 4.2 refers to the second table
within chapter 4).
The experimental data serving as basis for the investigations presented in chapters 15 are polarization patterns acquired by full-sky imaging polarimetry, which is a reliable and
accurate method for acquiring spatially detailed information about the polarization
characteristics of an extended object, the entire celestial hemisphere, for example, as it has
been systematically done for the studies presented in this thesis.
The polarization patterns of foggy, clear and partly cloudy skies in chapter 1,
furthermore of some of the totally overcast skies in chapter 2 and of polynyas in chapter 5
were registered by my supervisor, Dr. Gábor Horváth with a portable one-camera-with-onelens, sequential rotating-analyzer, 180o field-of-view imaging polarimeter between 21
August and 21 September 2005 at different places during the third part (Leg 3) of the
international Arctic polar research expedition ’Beringia 2005’ organized by the Swedish
Polar Research Secretariat. To this expedition Gábor Horváth was invited by Prof. Susanne
Åkesson (Department of Animal Ecology, University of Lund, Sweden). Onto the
mentioned polarimeter a Nikon Nikkor fisheye lens was mounted, which was lent by Prof.
Rüdiger Wehner (Institute of Zoology, University of Zurich, Switzerland). The expedition
crossed the Arctic Ocean with the Swedish icebreaker Oden departing from the Alaskan
Barrow (71o 17’ N, 156o 47’ W) and arriving in Longyearbyen (78o 12’ N, 15o 49’ W) on
the island of Spitsbergen (Svalbard, Norway).
The geographical coordinates, date and time (local summer time = UTC  8 and
UTC + 2 west and east of North Pole, respectively) of the measurements of foggy, clear and
partly cloudy skies pertaining to chapter 1 are summarized in Table 1.1. The sun was
invisible for the human observer in both the foggy and partly cloudy skies.
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As for the overcast skies investigated in chapter 2, their polarization patterns were
measured at two different geographical regions: (1) during the ’Beringia 2005’ expedition as
mentioned above, and (2) between 14 February and 17 March 2006 in the vicinity of the
Hungarian town Göd (47o 70’ N, 19o 15’ E) on the shore of the river Danube. The date,
time, geographical coordinates (latitude, longitude), weather and surface conditions
(snowing or raining, occurence of snow cover on the terrain) during the measurements are
summarized in Table 2.1. During the measurements the sun was always invisible for the
human observer due to the heavy overcast. The solar elevation angle H from the horizon was
determined from the exact time and geographical coordinates (Table 2.1) of the place of
measurements using the online solar position calculator of U. S. Naval Observatory,
Astromonical Applications Department (http://aa.usno.navy.mil). The composition (ice
crystals or water droplets) of clouds of the overcast sky was confirmed only if it was
snowing or raining during the measurements.
During the ’Beringia 2005’ expedition the icebreaker frequently followed the line of
polynyas and leads, and it stopped periodically to perform different oceanographic
samplings and measurements. The polarimetric registrations and photography (Figs. 5.1, 5.3
and 5.4) of polynyas were taken by Gábor Horváth on 11 September 2005 from the
uppermost deck (at a height of about 15 m from the sea surface) of the icebreaker Oden,
when the ship stopped at the border of two polynyas (first polynya: 89o 14.6’ N, 174o 2’ W,
01:50 local summer time = UTC  8; second polynya: 89o 15.5’ N, 172o 22.6’ W, 07:30)
and the sky was foggy, thus a striking white ice-sky and a dark grey water-sky occurred
above the water surface.
The anomalous polarization patterns of skies covered by forest fire smoke in chapter
3 (see Figs. 3.3 and 3.4, Table 3.1) were registered on 17 August 2005 at 15:01, 16:25,
18:02 and 20:20 h (local summer time = UTC  8) in Fairbanks (64o 49’ N, 147o 45’ W),
Alaska at the beginning of ’Beringia 2005’ expedition. The celestial polarization
measurements could be collected only in these four points of time and could not be repeated
later, because the expedition stayed only some hours in Fairbanks for transit. The
polarization patterns of a clear, non-anomalous sky (Fig. 3.5) was measured above the
Arctic ice cover on 25 August 2005 at 21:20 h (= UTC  8) at the site 78o 28'N and
149o 9' W.
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In chapter 4, the polarization patterns of grasslands lit by the sun 30-35 minutes after
sunrise, when the solar elevation angle above the horizon was 4.5o, were measured in calm
weather from a hot air balloon of the Hungarian Airlines Aero Club (MALÉV, Budapest) at
heights of 100-200 meters above ground. The flight took place on 25 August 2001 with a
crew consisting of Attila Bakos (pilot), András Barta, Balázs Bernáth and Gábor Horváth.
The balloon was launched prior to the local sunrise (at 05:56 = local summer time = UTC +
2) from the immediate vicinity of the Hungarian town of Pákozd (47o 13´ N, 18o 33´ E).
During the flight the atmosphere was slightly hazy but cloudless, the rising sun was not
occluded by distant clouds. The ground surface was covered by green grass. Further details
of this measurement were described elsewhere (Horváth et al., 2002a).
The polarization patterns of skies and tree canopies presented in chapter 4 were
registered by me together with my supervisor near the outskirts of the Finnish town of Oulu
(65o 0' N, 25o 26' E) between 10 and 19 August 2006. Since during the measurements the
weather was calm, the leaves of the foliage were motionless. The date, time (local summer
time = UTC + 3), solar elevation and sky conditions during the measurements are
summarized in Table 4.1. The solar elevation angle H from the horizon was again
determined from the exact time and geographical coordinates of the place of measurements
using the online solar position calculator of U. S. Naval Observatory, Astromonical
Applications Department.
The polarization patterns of various skies (chapters 1, 2, 3 and 5), futhermore of
grassland and overhead vegetation (chapter 4) were measured by full-sky imaging
polarimetry, the technique, calibration and evaluation procedure of which have been
described in detail by Gál et al. (2001b). A 180o field of view (full-sky) was ensured by a
fisheye lens (Nikon-Nikkor, F = 2.8, focal length = 8 mm) with a built-in rotating disc
mounted with three broad-band (275-750 nm) neutral density linearly polarizing filters
(Polaroid HNP'B) with three different polarization axes (0o, 45o and 90o from the radius of
the disc).
The detector was a photo emulsion (Kodak Elite Chrome ED 200 ASA colour
reversal film; the maxima and half-bandwidths of its spectral sensitivity curves were Ȝred =
650 ± 40 nm, Ȝgreen = 550 ± 40 nm, Ȝblue = 450 ± 40 nm) in a roll-film photographic camera
(Nikon F801). For a given sky three photographs were taken at the three different directions
of the transmission axis of the polarizers. The camera was set on a tripod such that the
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optical axis of the fisheye lens was vertical and pointed to the zenith (for skies in chapters 1,
2, 3 and overhead vegetation in chapter 4) or to the nadir (for grasslands in chapter 4) or it
was horizontal (chapter 5). After 24-bit (3u8 for red, green and blue) digitization (by a
Canon Arcus 1200 scanner) of the three chemically developed colour pictures for a given
sky and their computer evaluation, the patterns of the radiance (or intensity) I, degree of
linear polarization p and angle of polarization D (or E-vector alignment) of skylight were
determined as colour-coded, two-dimensional, circular maps, in which, apart from
polarization patterns of water skies in chapter 5 where the optical axis was horizontal, the
centre is the zenith/nadir, the perimeter is the horizon, and the zenith/nadir angle T is
proportional to the radius from the zenith/nadir (zenith/nadir: T = 0o, horizon: T = 90o, our
fisheye mapping had approximately equisolid angle). These patterns were obtained in the
red, green and blue spectral ranges, in which the three colour-sensitive layers of the photo
emulsion used have maximal sensitivity. The degree p and angle D of linear polarization
were measured by our polarimeter with an accuracy of 'p = r1% and 'D = r2o,
respectively. The average D-values of different sky sections in chapter 5 (Tables 5.1 and
5.2) were compared by paired t-test with the use of the computer software Statistica 6.1.
The theoretical D-patterns of clear skies in chapters 1, 3 and 4 were calculated
according to the model of Berry et al. (2004) based on the neutral points, later derived using
multiple scattering by Hannay (2004) and in chapter 4 using also the single-scattering
Rayleigh model (Coulson, 1998). The model of Berry et al. (2004) provides a very good
quantitative approximation of experimental clear sky D-patterns, particularly in respect to
the existence of neutral points. The model has three parameters to be freely set: two for the
sun position (solar zenith and azimuth angles) and the one for the angular distance
(digression) between the Arago and the Babinet neutral points. In our case the theoretical Dpatterns (Figs. 1.1J-L, Figs. 3.3B, 3.4B, 3.5B, Fig. 4.6) were computed according to the
position of the sun as it appears on the photographs (Fig. 1.1B) or estimated on the basis of
the exact time and geographical coordinates of the site of measurements when the sun was
not visible for the human observer (Figs. 1.1A and 1.1C). For theoretical D-patterns in
chapter 1 the digression between the Arago and Babinet points in the theoretical model of
Berry et al. (2004) was scanned throughout between 100o and 160o during comparison with
a measured, real-sky D-pattern and the digression for which similarity between the
theoretical and measured patterns yielded the highest value was accepted. In chapters 3 and
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4 the digression between the Arago and Babinet points was set to 140o, as it appears in a real
sky under normal conditions (Coulson, 1988). The theoretical D-patterns show how the
celestial E-vector distribution at the time of measurements were expected to appear under
clear sky conditions, without the atmospheric effect of clouds and fog (chapter 1), forest fire
smoke or smoke-induced fog (chapter 3) and without the presence of overhead vegetation
(chapter 4).
In chapter 1 the measured D-pattern of a given sky was compared from pixel to pixel
with the corresponding celestial D-pattern calculated on the basis of the model of Berry et
al. (2004) for the same sun position. The solar azimuth angle was assumed to coincide with
the symmetry axis of the D-pattern, and the solar elevation angle (from the horizon) was
calculated on the basis of the known geographical coordinates, date and time of the
measurement (Table 1.1) by the online solar position calculator of U. S. Naval Observatory,
Astromonical Applications Department. At a given celestial point the measured Dm and the
theoretical Dth were considered to be similar and dissimilar if |Dm  Dth| d 5o and |Dm  Dth| >
5o, respectively. The numbers Ns and Nd of ’similar’ and ’dissimilar’ points were counted
and divided by the total number N | 290 000 of celestial points considered in order to obtain
the following quantities: similarity s = Ns/N and dissimilarity d = Nd/N. If the number Nu of
the unevaluable celestial points (under- or over-exposed points, or points of the image of the
icebreaker Oden visible on the periphery of some circular pictures of the sky) is divided by
N, we obtain the quantity u = Nu/N. Note that s + d + u = 1, because Ns + Nd + Nu = N.
The noisiness n of a given D-pattern (Tables 1.2, 1.4, 2.2, 3.1 and 4.2), which is a
well-established quantitative indicator of the detectability of such patterns, was calculated as
follows: the D-patterns were scanned throghout with a window of 5-pixel u 5-pixel, in
which the standard variance (V2) of the angle of polarization D was calculated, and then the
average of the standard variances of all 5-pixel u 5-pixel windows was obtained. Finally,
this value was normalized to that of white noise calculated with the same method. Thus,
noisiness n of an D-pattern denotes how noisy it is compared to the white noise (n = 0%: no
noise, n = 100%: white noise).
In chapter 4, the foliage ratio f giving the percentage of vegetation in the celestial
hemisphere (Fig. 4.3B, Table 4.2), was determined by creating a two-shaded mask of the
photographs consisting of regions of sky and overhead vegetation using the selective colour
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filter of the Adobe Photoshop software. Typical colours of the vegetation (green, yellow,
brown) were transformed to black, and those of the open sky (blue, white, grey) to white.
Using this manual filtering, the value of f could be measured with an error of about ±1%.
Finally, I would like to emphasize that the imaging polarimetric registrations (i.e.,
taking the three necessary polarization pictures from each celestial scenery) during the
’Berignia 2005’ expedition (chapters 1, 2, 3 and 5) and during the experiment performed on
board of a hot air balloon on 25 August 2001 (chapter 4) were performed by my supervisor,
Gábor Horváth, while polarimetric data in Finland between 10 and 19 August 2006 (chapter
4) were registered by me and Gábor Horváth. All post-processing, computer evaluation and
visualization of the polarimetric data presented in chapters 1-5, as well as the rendering of
theoretical polarization patterns where it was necessary for comparison (chapters 1, 3 and 4)
were done by me.
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Chapter 1
Could Vikings Have Navigated Under Foggy and Cloudy
Conditions by Skylight Polarization?
On the Atmospheric Optical Prerequisites of
Polarimetric Viking Navigation

1.1 Introduction
There is archaeological evidence that the Vikings did not possess magnetic compass, and
they navigated on the open sea with the help of a sun-dial composed of a wooden disk with
a perpendicular gnomon in its center (Thirslund, 2001). In the disk some hyperbolas were
engraved, the shape of which corresponded with the curves described by the tip of the
gnomon’s shadow cast on the disk from sunrise through culmination to sunset during the
sailing season from April to August on the 61o north latitude. Along this latitude was one of
the Vikings' most frequently used ship route between Hernam (north of Bergen on the
western coast of Norway) and Hvarf (north of the southern tip of Greenland at Cape
Farewell) (Thirslund, 2001). On this route the Vikings always had to travel towards west, or
east. These directions were determined by means of the sun-dial in such a way that the disk
was rotated around the vertical gnomon until the tip of the gnomon’s shadow touched the
appropriate hyperbola, when the direction of geographical North could be read from the
disk.
Obviously, the Viking sun-dial could function only when the sun was shining.
Ramskou (1967, 1969) hypothesized that when the sun was occluded by clouds, or fog, the
Vikings might have also been able to navigate by means of the skylight polarization. They
were thought to have detected the direction of skylight polarization with the help of an
enigmatic birefringent crystal, called "sunstone". Although there is no archaeological
evidence supporting this hypothesis of polarimetric Viking navigation, it is frequently cited
(Barfod, 1967; Ramskou, 1967, 1969; LaFay, 1970; Binns, 1971; Britton, 1972; Kreithen
and Keeton, 1974; Schnall, 1975; Wehner, 1976; Walker, 1978; Nussbaum and Phillips,
1982; Können, 1985; McGrath, 1991; Schaefer, 1997; Shashar et al., 1998; Thirslund,
2001). The widespread belief is that the Vikings were able to navigate by skylight
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polarization under any weather conditions: under clear, foggy, partly cloudy or totally
overcast skies.
Roslund and Beckman (1994) emphasized the lack of evidence for the hypothesis
that Viking navigators used skylight polarization. They treated the usefulness of sky
polarization for orientation with extreme skepticism. One of their qualitative counterarguments was the assumption that solar positions or solar azimuth directions could be
estimated quite accurately by the naked eye, even if the sun is behind clouds or below the
sea horizon. Barta et al. (2005) tested quantitatively the validity of this qualitative counterargument, and their data, obtained in psychophysical laboratory experiments, did not
support the common belief that the invisible sun can be located accurately enough from the
celestial brightness and/or colour patterns under partly cloudy or twilight conditions. Thus
the mentioned counter-argument of Roslund and Beckman (1994) cannot be taken seriously
as a valid criticism of the hypothesis of polarimetric Viking navigation.
At northern latitudes sailed frequently by the Vikings the sun is often occluded by
fog or clouds, especially at low solar elevations. The question is whether the Vikings could
have navigated also under foggy or cloudy skies by celestial polarization, as Können (1985)
has hypothesized. There are two atmospheric optical prerequisites for polarimetric Viking
navigation under foggy/cloudy skies:
(1) the degree of linear polarization p of skylight should be high enough, and
(2) at a given sun position the pattern of the angle of polarization D of the foggy/cloudy
sky should be similar to that of the clear sky.
Until now these prerequisites have not been investigated. To study this problem, we
measured the patterns of the degree p and angle D of linear polarization of Arctic foggy and
cloudy skies when the sun was invisible for a human observer.

1.2 Results
Figure 1.1 shows examples for the polarization patterns of foggy, clear and partly cloudy
Arctic skies measured by full-sky imaging polarimetry in the blue (450 nm) part of the
spectrum. Comparing the p- and D-patterns of foggy (Figs. 1.1D, 1.1G, Table 1.2), clear
(Figs. 1.1E, 1.1H, Table 1.3) and cloudy (Figs. 1.1F, 1.1I, Table 1.4) skies, we can establish
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that the polarization pattern of foggy and cloudy skies is qualitatively the same as that of the
corresponding clear sky:
x

p of skylight increases with increasing angular distance from the sun and anti-sun
and reaches its maximum at 90o from the sun and anti-sun. Skylight from the Arago
and Babinet neutral points is unpolarized (p = 0%). These neutral points are placed
along the solar and antisolar meridians in the vicinity of the sun and anti-sun. p of
skylight and the position of the neutral points depend on the wavelength.

x

The sky region with +45o d D d +135o (i.e. nearly horizontal direction of
polarization, called ”positive polarization” along the solar-antisolar meridian, and
shaded by green and blue colours in Figs. 1.1G-L) is an 8-shaped area within the
celestial region with –45o d D d +45o (i.e. approximately vertical direction of
polarization, called ”negative polarization” along the solar-antisolar meridian, and
shaded by yellow and red colours in Figs. 1.1G-L). The perimeter of this 8-shaped
region is defined by the so-called ”neutral line” characterized by |D| = 45o. The long
axis of this 8-shaped area coincides with the solar and antisolar meridians. The
neutral points are positioned at the tips of this 8-shaped celestial region, where
positive polarization switches to negative polarization crossing the neutral points
along the solar and antisolar meridians. The celestial D-pattern also depends on the
wavelength.

Tables 1.2-1.4 contain the degree of linear polarization p, the noisiness n of the angle of
polarization D, and the similarity s of D to the theory of foggy, clear and partly cloudy
Arctic skies averaged over the entire sky. Depending on the cloudiness and the wavelength,
the average degrees of linear polarization pcloudy = 10-25% and noisiness ncloudy = 4-15% of
partly cloudy skies are between those of the clear (pclear = 16-34%, nclear = 3-6%) and foggy
(pfoggy = 4-15%, nfoggy = 5-45%) skies.
The direct quantitative comparison between the measured D-patterns of foggy, clear
and partly cloudy skies was not possible because of the different solar positions. Thus, the

D-pattern of a given (foggy, clear, or partly cloudy) sky measured in the red, green and blue
spectral ranges was compared with the corresponding theoretical D-pattern calculated on the
basis of the model of Berry et al. (2004) for the same sun position (Figs. 1.1J-L). This
resulted in the similarity s and dissimilarity d of D to the theory. According to Tables 1.2-
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1.4, the average similarities of the clear, partly cloudy and foggy skies are: sclear = 65.870.7%, scloudy = 49.0-61.8%, sfoggy = 41.4-50.0%. The similarity is usually highest in the blue
part of the spectrum for partly cloudy and foggy skies. The minima and maxima of s for
clear, partly cloudy and foggy skies are: 45% d sclear d 81%, 36% d scloudy d 72%, 19% d
sfoggy d 71%. This shows that if the fog is not too thick, then the celestial D-pattern can be as
similar or even more similar to the theoretical D-pattern than those of certain clear skies.
However, according to the above the following relations are true for the averages: pfoggy <
pcloudy < pclear, nclear < ncloudy < nfoggy and sfoggy < scloudy < sclear. Figure 1.2 shows the maps of
similarity of D to the theory for the foggy, clear and cloudy skies of Fig. 1.1 computed in the
red (650 nm), green (550 nm) and blue (450 nm) parts of the spectrum. The percentages s
and d of the similar and dissimilar sky regions are given in Tables 1.2-1.4.

1.3 Discussion
According to our polarimetric measurements, the degree of linear polarization p of foglight
is more or less reduced relative to the p of light from the clear sky, but the E-vector pattern
of sunlit fog remains qualitatively the same as that of the clear sky. Sunlit fog means that the
fog layer is illuminated by direct sunlight, because the sun is not occluded by clouds. In the
meteorological situations investigated by us the fog was sunlit, but it was so thick and/or
dense that the sun's disc was invisible. Our results can be explained as follows: In the singlescattering Rayleigh model the E-vector of scattered skylight is always perpendicular to the
main plane of scattering determined by the observer, the sun and the celestial point
observed. This type of Rayleigh polarization is called 'positive polarization' (Coulson,
1988). Multiple scattering results in that the E-vector of scattered light has a component
parallel to the main plane of scattering. This type is called 'negative polarization' (Coulson,
1988). Hence, multiple scattering introduces negative polarization into the atmosphere. This
depolarizes the skylight, i.e. decreases its p. The stronger the multiple scattering, the larger
the amount of negatively polarized light added to the positively polarized single-scattered
light, and thus the lower the net p of skylight. Neutral (unpolarized) points occur where the
amounts of positively and negatively polarized skylight are equal. Apart from the neutral
points, the E-vector pattern of multiple-scattered skylight remains similar to that
characteristic to the single-scattering Rayleigh atmosphere, as long as p > 0.
In sunlit fog scattering of sunlight happens on the tiny water droplets (of water fog)
or ice crystals (of ice fog). The E-vector pattern of sunlit fog is not the result of light
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scattering in the air between the observer and the fog. Note that the observer is often within
the fog layer. Neither the E-vector pattern of the clear sky above the fog is visible through
the fog layer. The E-vector pattern of the sunlit fog is the result of scattering of sunlight on
the fog particles themselves, rather than the transmission of polarized light from the clear
sky, or scattering of light below the fog layer.
The theory of polarimetric Viking navigation (Ramskou, 1967, 1969; Thirslund,
2001) is based on the following assumptions, which have not been tested experimentally
unil now:
(I) The Viking navigators possessed a certain kind of birefringent crystal (sunstone: e.g.
cordierite, tourmalin, or calcite) functioning as a linear polarization analyzer.
(II) With the use of this crystal they were able to determine the direction of polarization
of skylight at least at two celestial points A and B with high enough degree of linear
polarization p (> p* = threshold).
(III) They could set the two great circles of the sky-dome, passing through points A and
B, perpendicular to the direction of skylight polarization at A and B.
(IV) They knew that the invisible sun (occluded by fog, or clouds) is positioned at the
above-horizon cross-section of these two great circles.
(V) At a given sun position the pattern of the angle of polarization D of the foggy or
partly cloudy sky is similar to the D-pattern of the clear sky.
If all these conditions are fulfilled, then, according to the hypothesis, with a certain accuracy
the Viking navigators could determine the position of the sun occluded by clouds or fog.
Unfortunately, until now no archaeological evidence has been found that could support
assumption (I). Similarly, it is unknown whether the Viking navigators held possession of
the knowledge necessary to fulfil conditions (III) and (IV). However, on the basis of our
results presented here the validity of assumptions (II) and (V) can be quantitatively
investigated.
1.3.1 Doubtful Validity of Assumption (II) and Atmospheric Optical Prerequisite (1)
Let us consider assumption (II). Looking at the sky through a cordierite crystal (sunstone),
for example, that is rotated periodically in front of our eyes along an axis of rotation
pointing to a given celestial location, the direction of polarization of skylight can be
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determined with an error H on the basis of the periodical change of the intensity and/or
colour of light transmitted through the crystal. It is the task of future psychophysical
experiments to measure H as a function of the degree of linear polarization p of light. As
long as this error function H(p) is unknown, the most we can assume is that H(p) may be
monotonical, that is the lower the p, the weaker the intensity/colour change of light
transmitted through the sunstone, consequently the larger the error H. Obviously, if p is
lower than (unknow) threshold p*, the direction of polarization cannot be determined by this
method. Hence, under a given weather condition, the lower the average p of skylight, the
smaller the chance that the polarimetric Viking navigation can function.
We measured the polarization characteristics of Arctic foggy and cloudy skies,
because fog and clouds commonly occur at the northern latitudes ruled and sailed by the
Vikings for several hundreds of years. In Table 1.2 we can see that depending on the
wavelength, as well as on the density and thickness of the fog layer occluding the sun, the
degree of linear polarization paverage averaged over the entire foggy sky ranges from 3% to
15% with pmin = 1% and pmax = 23%. As long as the above-mentioned threshold p* is
unknown, we cannot decide whether these paverage- and pmax-values of foggy skies are high
enough for polarimetric Viking navigation.
The characteristics of the instrument used to analyse skylight polarization determine
the minimum levels of linear polarization that can be detected. On the basis of our own
experience (unpublished data) p* is about 10% if the sky is viewed through a common
linear polarizer. Thus, assuming p* | 10%, on the basis of Table 1.2 one can establish that
the condition paverage > p* | 10% is fulfilled for the foggy skies F6, F7, F9 and F10
investigated, while the condition pmax > p* | 10% is satisfied for the foggy skies F1, F5-F9
and F10. This would mean that in the majority of the studied foggy skies the polarization of
light from certain sky regions would have been strong enough to fulfil the atmospheric
optical prerequisite (1) (p > p* | 10%) of polarimetric Viking navigation mentioned in the
Introduction. However, we derived this p* | 10% limit by viewing the sky through modern
polarization filters. But what could be expected by the technical means which were
possessed by the Vikings? The quality of the polarization analyzers that Vikings are likely
to have used ("sunstones") should have been rather poor. In fact the average degree of
polarization p on foggy days was only about 8% (Table 1.2). If the limit p* were increased
to 15%, for example, Viking navigation would not be possible under the majority of foggy
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skies (Table 1.2). Consequently, in our opinion it remains doubtful whether the polarization
of foggy skies is strong enough to be detected by some kind of birefringent crystal that was
possibly available to the navigating Vikings.
According to Tables 1.2-1.4 and Fig. 1.1, the partly cloudy sky is an intermediate
between the clear sky and the foggy sky: depending on the cloudiness and the wavelength,
in the partly cloudy sky there are regions with as high p as that in the clear sky, and where
the D-pattern is the same as that of the clear sky, but in the clouded celestial regions p of
skylight is drastically reduced and the D-pattern can considerably deviate from that of the
clear sky. This means that under partly cloudy conditions both atmospheric optical
prerequisites (1) and (2) of the polarimetric Viking navigation are fulfilled in certain
(smaller or larger) celestial regions. From this it follows that condition (V) is also satisfied
for many partly cloudy skies.
Note that at a given latitude with some experience the approximate position of the
sun's disc occluded by clouds can be guessed on the basis of the time of day. Unfortunately,
it is unknown how accurately Vikings could have estimated time of day to compensate for
the apparent movement of the sun. However, if the polarization of light from foggy or
overcast skies was too weak (p < p*), nothing was left to an experienced Viking navigator
but estimating the solar position from the approximate time of day.
1.3.2 Validity of Assumption (V) and Satisfaction of Atmospheric Optical Prerequisite (2)
Then let us consider the validity of assumption (V). In this work we obtained that 65.870.7% (= sclear) and 41.4-50.0% (= sfoggy) of the measured D-pattern of the clear and the
sunlit foggy sky, respectively, corresponds with the theory. Hence, at a given sun position
the D-pattern of a sunlit foggy sky is similar to that of the clear sky. This means that in the
case of sunlit foggy skies the atmospheric optical prerequisite (2) of polarimetric Viking
navigation mentioned in the Introduction is satisfied. The three major quantitative
differences in skylight polarization between sunlit foggy (Figs. 1.1A,D,G, Table 1.2) and
clear (Figs. 1.1B,E,H, Table 1.3) skies are the following: Depending on the wavelength, as
well as on the density and thickness of the sunlit fog layer, (i) the average degrees of linear
polarization pfoggy = 4-15% of light from foggy skies are much lower than the averages pclear
= 16-34% of light from clear skies; (ii) the noisiness nfoggy = 5-45% of the D-pattern of sunlit
foggy skies is usually much larger than the noisiness nclear = 3-6% of clear skies; (iii) the D-

Chapter 1 – On the Atmospheric Optical Prerequisites of Polarimetric Viking Navigation

25

pattern of sunlit foggy skies deviates from the theory much more (dfoggy = 47.6-55.9%) than
that of the clear sky (dclear = 22.9-25.6%).
From the above (and also according to the findings presented later in chapters 2-4 of our
thesis) we can see that the D-pattern of the sky is a robust celestial feature, which in
principle Viking navigators could have harnessed, if p of skylight was high enough.

1.4 Conclusions
Summarizing our results, in sunlit fog the D-pattern of the foggy sky is similar to that of the
corresponding clear sky. Consequently, atmospheric optical prerequisite (2) of the
polarimetric Viking navigation is fulfilled under sunlit foggy conditions. This means that
condition (V) is satisfied for sunlit foggy skies. However, the degree of linear polarization p
of light from foggy skies is so low that it might not be high enough to fulfil atmospheric
optical prerequisite (1) of the polarimetric navigation. From this it follows that the
satisfaction of condition (II) is doubtful for foggy skies. Vikings could have navigated under
sunlit foggy conditions on the basis of skylight polarization only, if p was sufficiently high.
On the other hand, under partly cloudy conditions usually both prerequisites (1) and (2) of
the polarimetric navigation are fulfilled, which means the satisfaction of conditions (II) and
(V) too. Finally, we would like to emphasize that on the basis of our celestial polarization
data measured in the Arctic regions only the validity of atmospheric optical prerequisites (1)
and (2) as well as conditions (II) and (V) of the alleged polarimetric Viking navigation
could be investigated. Further research should study the validity of assumptions (I), (III) and
(IV) mentioned at the beginning of the Discussion.
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Tables
Table 1.1: Sky condition (F: sunlit fog, C: clear sky, PC: partly cloudy sky), sky number,
geographical coordinates (latitude and longitude), date, time (local summer time = UTC8,
or UTC+2) and solar elevation angle during the sky polarization measurements, the
polarization data of which are given in Tables 1.2-1.4.
sky
sky
condition number
F1
F2
F3
F4
F5
sunlit
F6
fog
F7
F8
F9
F10
F11
F12

clear
sky

partly
cloudy
sky

latitude

longitude

date (2005)

71o 36.9' N
80o 54.7' N
80o 56.5' N
86o 38.7' N
87o 39.1' N
88o 27.8' N
87o 59.2' N
86o 14.2' N
86o 14.2' N
86o 14.2' N
85o 5.9' N
85o 5.9' N

152o 6.0' W
145o 40.0' W
145o 43.8' W
174o 38.6' E
151o 15.3' E
148o 6.8' E
59o 25.1' E
49o 40.6' E
49o 40.6' E
49o 40.6' E
44o 39.7' E
44o 39.7' E

21 August
28 August
28 August
4 September
6 September
8 September
15 September
19 September
19 September
19 September
21 September
21 September

solar
elevation
o
09:00 (UTC8) 15.2
4.7o
21:50 (UTC8)
2.9o
22:50 (UTC8)
7.4o
21:45 (UTC8)
7.5o
21:33 (UTC8)
6.3o
14:12 (UTC8)
16:10 (UTC+2)
3.0o
14:45 (UTC+2)
3.3o
15:40 (UTC+2)
2.5o
16:28 (UTC+2)
1.7o
16:25 (UTC+2)
1.5o
17:25 (UTC+2)
0.4o

C1
C2
C3
C4
C5
C6
C7
C8
C9
C10

72o 24.8' N
78o 27.8' N
83o 54.2' N
88o 27.8' N
88o 27.8' N
88o 25.4' N
88o 24.9' N
89o 45.1' N
89o 45.1' N
89o 45.1' N

151o 31.0' W
149o 9.1' W
149o 12.8' W
148o 6.8' W
148o 6.8' W
145o 57.3' E
150o 31.1' E
79o 42.3' E
79o 42.3' E
79o 42.3' E

21 August
25 August
31 August
8 September
8 September
8 September
9 September
12 September
12 September
12 September

21:55 (UTC8)
21:20 (UTC8)
23:02 (UTC8)
12:25 (UTC8)
12:45 (UTC8)
20:43 (UTC8)
01:35 (UTC8)
20:50 (UTC8)
21:30 (UTC8)
22:30 (UTC8)

3.8o
6.3o
4.0o
7.0o
7.0o
6.7o
4.7o
4.2o
4.2o
4.2o

PC1
PC2
PC3
PC4
PC5
PC6
PC7
PC8
PC9
PC10

82o 30.6' N
82o 30.6' N
82o 30.6' N
83o 54.2' N
83o 54.2' N
88o 59.2' N
88o 45.7' N
87o 59.2' N
87o 59.2' N
85o 5.9' N

147o 36.3' W
147o 36.3' W
147o 36.3' W
149o 12.8' W
149o 12.8' W
77o 47.6' E
75o 9.7' E
59o 25.1' E
59o 25.1' E
44o 39.7' E

30 August
30 August
30 August
31 August
31 August
14 September
14 September
15 September
15 September
21 September

21:37 (UTC8)
22:25 (UTC8)
23:30 (UTC8)
21:14 (UTC8)
21:58 (UTC8)
15:12 (UTC+2)
21:30 (UTC+2)
14:36 (UTC+2)
15:35 (UTC+2)
15:45 (UTC+2)

5.4o
4.1o
2.7o
6.3o
5.3o
3.4o
2.2o
3.8o
3.3o
2.3o

time
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Table 1.2: Polarization characteristics of Arctic sunlit fog measured by full-sky imaging
polarimetry in the red (R, 650 nm), green (G, 550 nm) and blue (B, 450 nm) parts of the
spectrum. The degree of linear polarization p (average r standard deviation) is averaged
over the entire sky. The noisiness n of the angle of polarization D, the similarity s,
dissimilarity d and under/overexposure u of the D-pattern in comparison with the theory are
computed for the whole sky, and their definitions are given in the Materials and Methods.
The longitude, latitude, date, time and solar elavation angle during the measurements are
given in Table 1.1.

sky No.

degree of
polarization
p (%)

noisiness
n (%) of D

similarity to theory
R

G

B

s
d
u
s
d
u
s
d
u
R G B
R
G
B
(%) (%) (%) (%) (%) (%) (%) (%) (%)
7±4 7±5 7±3 27 38 19 20 72 8 23 69 8 40 52 8
F1
5±3 6±3 6±3 27 23 14 19 75 6 46 48 6 47 47 6
F2
5±3 6±3 6±2 20 21 15 35 59 6 45 49 6 54 40 6
F3
6±4 5±3 4±3 30 40 30 27 73 0 23 77 0 27 73 0
F4
8±5 7±4 5±3 31 45 26 27 73 0 24 76 0 27 73 0
F5
12±612±715±8 11 10
8
46 43 11 61 32 7 69 23 8
F6
15±714±613±6 13
8
5
62 38 0 52 48 0 47 53 0
F7
9±4 8±3 8±3 16 10
8
60 40 0 71 29 0 68 32 0
F8
10±5 8±4 8±3 21 16
8
60 40 0 68 32 0 64 36 0
F9
14±711±512±5 17 14
6
45 54 1 54 45 1 62 37 1
F10
6±4 6±3 5±2 20 22 14 46 54 0 39 61 0 48 52 0
F11
6±4 6±3 4±2 29 28 24 50 50 0 42 58 0 47 53 0
F12
average 8.6± 8± 7.8± 21.8± 22.9± 14.8± 41.4± 55.9± 2.7± 45.7± 52.0± 2.3± 50.0± 47.6± 2.4±
4.7 4.1 3.6 6.8 12.5 8.4 14.5 14.3 4.0 16.6 16.6 3.3 14.2 15.2 3.4
± SD

Table 1.3: As Table 1.2 for clear Arctic skies.

sky No.

degree of
polarization
p (%)

noisiness
n (%) of D

similarity to theory
R

G

B

s
d
u
s
d
u
s
d
u
R
G
B
R G B
(%) (%) (%) (%) (%) (%) (%) (%) (%)
29±1627±1626±14 5 5 6 62 24 14 65 26 9 65 23 12
C1
34±2525±1621±15 5 3 6 50 41 9 62 30 8 45 40 15
C2
22±1518±11 16±9 5 4 3 78 22 0 78 22 0 78 22 0
C3
33±2027±1724±15 5 3 5 62 25 13 69 21 10 63 24 13
C4
34±2227±1824±16 4 3 5 51 38 11 56 35 9 55 32 13
C5
30±1825±1521±12 6 5 6 68 17 15 74 16 10 66 18 16
C6
30±1923±1419±11 4 3 6 63 27 10 67 26 7 62 23 15
C7
26±1421±11 19±9 4 3 3 75 20 5 79 17 4 79 17 4
C8
25±1522±1319±10 4 3 3 77 18 5 81 15 4 79 17 4
C9
C10 19±1120±1217±10 4 3 3 72 24 4 76 21 3 78 19 3
average 28.2± 23.5± 20.6± 4.6± 3.5± 4.6± 65.8± 25.6± 8.6± 70.7± 22.9± 6.4± 67.0± 23.5± 9.5±
17.5 14.3 12.1 0.7 0.8 1.4 10.0 8.0 4.9 8.2 6.4 3.4 11.6 7.3 6.0
± SD
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Table 1.4: As Table 1.2 for partly cloudy Arctic skies.

sky No.

degree of
polarization
p (%)

noisiness
n (%) of D

similarity to theory
R

G

B

s
d
u
s
d
u
s
d
u
R
G
B
R G B
(%) (%) (%) (%) (%) (%) (%) (%) (%)
PC1 12±9 13±8 13±8 15 11 7 40 54 6 51 43 6 66 28 6
7 6 57 37 6 62 32 6 61 33 6
PC2 23±14 19±11 18±11 8
PC3 18±13 17±12 17±11 11 11 7 52 42 6 49 45 6 49 45 6
8 6 47 50 3 61 39 0 71 28 1
PC4 10±5 11±6 12±6 9
PC5 10±6 11±6 12±6 10 10 5 55 45 0 61 39 0 70 30 0
6 6 59 29 12 69 23 8 72 20 8
PC6 15±9 16±9 15±8 6
PC7 11±6 11±5 10±5 11 7 9 44 47 9 57 35 8 59 29 12
PC8 15±9 13±7 11±6 14 9 7 36 64 0 45 55 0 54 46 0
4 5 53 46 1 63 37 0 58 38 4
PC9 25±17 20±12 20±13 9
PC10 19±12 17±11 16±10 11 8 5 47 53 0 54 46 0 58 42 0
average 15.8± 14.8± 14.4± 10.4± 8.1± 6.3± 49.0± 46.7± 4.3± 57.2± 39.4± 3.4± 61.8± 33.9± 4.3±
10
8.7 8.4 2.7 2.2 1.3 7.5 9.6 4.2 7.4 8.7 3.7 7.7 8.5 4.1
± SD
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Figure legends
Figure 1.1: Colour photographs (A-C), and patterns of the degree of linear polarization p
(D-F) and angle of polarization D (G-I) of the sunlit foggy Arctic sky F7, clear Arctic sky
C9 and partly cloudy Arctic sky PC1 measured by full-sky imaging polarimetry in the blue
(450 nm) part of the spectrum. The polarization data of these skies are given in Tables 1.21.4. The optical axis of the fisheye lens was vertical, thus the horizon is the perimeter and
the centre of the circular patterns is the zenith. (J-L) Theoretical D-patterns of the clear sky
calculated on the basis of the model of Berry et al. (2004) for the same sun position as in the
skies F7, C9 and PC1. The positions of the Sun as well as the Arago and Babinet neutral
points are marked by dots in the D-patterns. The abbreviations in patterns J, K and L are: S
= sun, A = Arago neutral point, B = Babinet neutral point.
Figure 1.2: Maps of similarity (and dissimilarity) of the angle of polarization D to the theory
for the sunlit foggy (F7), clear (C9) and partly cloudy (PC1) skies shown in Fig. 1.1
computed in the red (650 nm), green (550 nm) and blue (450 nm) parts of the spectrum.
Celestial regions are shaded by black and white, the D-patterns of which are similar and
dissimilar in comparison with the theoretical D-patterns calculated on the basis of the model
of Berry et al. (2004) for the same sun positions. Grey shading represent unevaluable sky
regions due to under- or overexposure or the appearance of the icebreaker Oden. The
percentages s, d and u of the similar, dissimilar and unevaluable sky regions (defined in the
Materials and Methods) are given in Tables 1.2-1.4.
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Chapter 2
Polarization Patterns of Overcast Skies
2.1 Introduction
The mathematical and physical description of the state of polarization of sunlight scattered
in and transmitted through the Earth's atmosphere is a difficult problem. Thus the theoretical
calculations and computer simulations of the atmospheric radiative transfer concentrated
mainly on the polarization characteristics of the clear sky (Coulson, 1988). The polarimetric
measurements partly compensated this one-sided approach by gathering polarization data
not only from clear skies, but also from turbid ones polluted by aerosol, smoke, dust and
smog, for instance. (Coulson, 1988) These earlier measurements were performed by pointsource polarimetry, which limited the number of celestial points at which information on
skylight polarization could be collected. Due to this technical limitation and the difficulty of
theoretical and computational study of the polarization of non-clear skies, the polarimetry of
cloudy, smoky, foggy and overcast skies has been neglected.
A break-through of the mentioned technical limitation has happened by the
development of full-sky imaging polarimeters, which made it possible to take simultaneous
measurement of skylight polarization in huge numbers of celestial points (Voss and Liu,
1997; North and Duggin, 1997; Gál et al., 2001b). Due to full-sky imaging polarimetry, it
became possible to measure the polarization patterns of partly cloudy (Pomozi et al., 2001;
Suhai and Horváth, 2004), foggy (Hegedüs et al., 2007d) and smoky (Hegedüs et al., 2007a)
skies. However, until now an experimental study of the polarization patterns of overcast
skies remained a debt of atmospheric polarimetry.
The distribution of polarization in the overcast sky has been practically unknown.
(Coulson, 1988; Können, 1985; Horváth and Varjú, 2004). Although Coulson (1971)
measured the degree of linear polarization p

Q 2  U 2 / I of skylight (where I, Q and U

are the first three components of the Stokes vector) under conditions of a heavy stratus
overcast along the solar and antisolar meridians at five different solar elevations, these data
were gathered only from a few celestial points by point-source polarimetry. According to
Coulson (1971), p of light from the overcast sky is extremely low (p < 2.5%). Unfortunately,
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0.5  arctan(U / Q) of light from the

overcast sky. Using a point-source polarimeter, Brines and Gould (1982) also measured the
polarization of light from the overcast sky when the sun's disc was invisible. Since they
obtained extremely low p-values and directions of polarization diverging considerably from
the theoretical predictions, they expected that only in exceptional circumstances would the
polarization patterns produced in the atmosphere above the clouds be transmitted through
even relatively thin sections of cloud cover.
On the one hand, it could be assumed that D of light from an overcast sky changes
randomly in space and time due to the strong multiple scattering on cloud particles (water
droplets or ice crystals), the density of which changes spatio-temporally in a chaotic
manner. On the other hand, however, if the cloudlight is not unpolarized (p z 0), one could
expect that a certain (unknown) non-random pattern of the angle of polarization D of
skylight could develop after transmission through the thick cloud layer of the overcast sky.
As far as we know, 180o field-of-view p- and D-patterns of overcast skies have not been
measured previously. This information would also be important for researchers studying the
orientation of polarization-sensitive animals based on sky polarization.
In order to accomplish this task, we measured the polarization patterns of numerous
totally overcast skies on the Arctic Ocean and in Hungary by full-sky imaging polarimetry
in the red, green and blue parts of the spectrum. In this chapter our finding is presented, that
depending on the optical thickness of the cloud layer, the D-pattern of totally overcast skies
is similar to that of clear skies. Our results obtained under overcast conditions complete the
findings that the D-pattern of the clear sky occurs also in partly cloudy (Pomozi et al., 2001;
Suhai and Horváth, 2004), foggy (Hegedüs et al., 2007d, see chapter 1) and smoky (Hegedüs
et al., 2007a, see chapter 3) skies. The importance of this feature of sky polarization for the
orientation of polarization-sensitive animals is briefly discussed.

2.2 Results
The patterns of the radiance I, degree of linear polarization p and angle of polarization D
(clockwise from the local meridian) of a clear Arctic sky (number S0) were above the
extended ice/snow cover of the Arctic ocean by full-sky imaging polarimetry in the red (650
nm), green (550 nm) and blue (450 nm) parts of the spectrum (Figure 2.1). As expected, I of
the light from the clear sky (Fig. 2.1A) was highest in the blue and lowest in the red spectral
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range (Figs. 2.1B-D, Table 2.2). p of light from the clear sky was highest at 90o from the sun
and gradually decreased towards the solar and antisolar points (Figs. 2.1E-G), furthermore p
was highest in the red (pmax = 59%) and lowest in the blue (pmax = 36%) part of the spectrum
(Table 2.2). The angle of polarization D of light from the clear sky had a characteristic
pattern (Figs. 2.1H-J): the isolines with D = constant were always 8-shaped with a centre at
the zenith and an axis of mirror symmetry coinciding with the solar-antisolar meridian in
such a way that the smaller loop of the 8-figure was always in the solar half of the sky. In
Figs. 2.1H-J the different intervals of D are shaded by various colours (red, for example,
codes the intervals 40o d D d 50o and 130o d D d 140o). The I-, p- and D-patterns of
numerous other clear Arctic and Hungarian skies were also registered, and we obtained the
same optical characteristics as described above.
The I-, p- and D-patterns of a totally overcast sky (number S9) in Hungary were
measured over an extended snow surface in the red, green and blue spectral ranges (Fig.
2.2). The radiance I of light from the overcast sky (Fig. 2.2A) was highest in the blue and
lowest in the green spectral range (Figs. 2.2B-D, Table 2.2). The degree of linear
polarization p of light from the overcast sky was very low, and its pattern had approximately
a rotational symmetry with a minimum near the zenith and an approximately annular
maximum on the horizon (Figs. 2.2E-G). Depending on the wavelength, the maximum of p
ranged between 4% and 16%. These characteristics of the I- and p-patterns are also true for
all other overcast skies S1-S15 investigated (Table 2.2).
To our surprise the patterns of the angle of polarization D of the overcast sky S9
(Figs. 2.2H-J) were qualitatively the same as those of the clear sky S0 (Figs. 2.1H-J): at all
three (red, green and blue) spectral ranges the D-isolines were again 8-shaped with a centre
at the zenith and a symmetry axis along the solar-antisolar meridian. This is also true for all
other overcast skies S1-S15 studied (Fig. 2.3). Although Fig. 2.3 shows only the D-patterns
of overcast skies measured in the blue spectral range, quite similar D-patterns were obtained
also in the green and red parts of the spectrum.
Due to the strong multiple scattering of light on the cloud particles (ice crystals or
water droplets) the degree of linear polarization p of light from the overcast sky was
considerably reduced in comparison with p of light from the clear sky (Table 2.2),
furthermore the D-pattern of the overcast sky was noisier than that of the clear sky. The
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noisiness (22% d n d 43%) of the overcast skies S1-S15 was about 7 times higher than that
of the clear sky S0 (3% d n d 6%). Interestingly, the noisiness n of overcast skies was
highest in the green spectral range (Table 2.2), the reason of which is unknown. Based on
these findings we conclude that depending on the optical thickness of the ice or water clouds
(Table 2.1) and the wavelength, the D-pattern of totally overcast skies is similar to that of
the clear sky.
At low solar elevations (when the elevation angle H of the sun from the horizon is not
larger than about 25o), there are always two unpolarized (neutral) points in the clear sky: the
Babinet point above the sun and the Arago point above the anti-sun. Both neutral points are
placed along the solar and antisolar meridians at a position where the negative polarization
of skylight (characterized by angles of polarization 45o d D d +45o measured from the local
meridian) switches to positive polarization (characterized by +45o d D d +135o). The Arago
and Babinet neutral points are placed at the intersections of the solar-antisolar meridian and
the so-called neutral line. The latter is a line along which D = +45o or +135o. The solar
elevation angle H from the horizon was between 0o and 33.1o for the skies S0-S15 studied
(Table 2.1).
In Fig. 2.1H-J the neutral line of the D-patterns of the clear sky S0 runs within the
red 8-shaped region characterized by +41o d D d +50o and +131o d D d +140o, and the
positions of the Arago and Babinet points are marked by dots. According to our
measurements, the zenith angles of the Arago and Babinet points of the clear sky decreased
with decreasing wavelength (i.e. the neutral points were closer to the zenith in the blue part
of the spectrum than in the red part). The consequence of this dispersion is that the regions
of negative polarization around the sun and anti-sun in the clear sky are larger at the shorter
wavelengths than at the longer ones. In Figs. 2.2H-J the Arago and Babinet neutral points
occur again in the D-patterns of the overcast sky S9. The same is true also for all
investigated overcast skies S1-S15. Note, however, that in Fig. 2.3 the positions of the
Arago and Babinet neutral points are not displayed. The wavelength-dependency of the
position of the neutral points was weaker for the overcast skies than for the clear skies.
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2.3 Discussion
2.3.1 Atmospheric Optical Consequences

As the unpolarized sunlight enters the Earth's atmosphere, it is Rayleigh scattered by air, the
consequence of which is that it becomes partially linearly polarized. If the atmosphere is
clear (cloudless), this scattering phenomenon results in the well-known spatial distribution
of the radiance I and colour c (e.g. the ratio of radiances of skylight at two different
wavelengths) as well as the degree p and angle D of linear polarization of the sky (Fig. 2.1).
In the past these I-, c-, p- and D-patterns of the clear sky were thoroughly studied
theoretically as well as experimentally, because the understanding of these optical
characteristics of the clear blue sky was one of the most interesting and important problems
in atmospheric optics (Strutt, 1871a,b; Können, 1985; Coulson, 1988; Horváth and Varjú,
2004).
To our knowledge, Coulson (1971) and Brines and Gould (1982) were the only
researchers, who performed preliminary experimental studies of the polarization of light
from the overcast sky. Coulson (1971) measured the degree of linear polarization p of
skylight in Los Angeles under conditions of a heavy and persistent overcast of stratus clouds
at 652 nm in several points of the solar and antisolar meridians at five different solar
elevation angles H = 2.4o, 3.5o, 14.8o, 47.5o, 54.8o. He obtained that p was not higher than
2.5% at H = 2.4o, 3.5o, 14.8o, 47.5o, and the maximum of p reached only 10% at H = 54.8o,
when the stratus clouds started to break up with decreasing thickness. The radiance of
cloudlight was essentially independent of azimuth, with a gradual decrease from zenith to
horizon and the zenith being 2-3 times as bright as the horizon. These results of Coulson
(1971) are corroborated by our results obtained by full-sky imaging polarimetry and
presented here. Brines and Gould (1982) experienced that when the sky was completely
overcast (sun's disc invisible) p decreased from the horizon towards the zenith, its maximum
was only 3%, and the angle of polarization D diverged greatly from the single-scattering
Rayleigh expectations.
In this work we completed the pioneering point-source polarimetric measurements of
Coulson (1971) and Brines and Gould (1982) on the polarization of the overcast sky with the
use of full-sky imaging polarimetry. We found that not only the pattern of the radiance I
(Figs. 2.2B-D), but also that of the degree of linear polarization p (Figs. 2.2E-G) of light
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from the overcast sky has nearly a rotational symmetry. We also obtained that p increases
from the zenith toward the horizon, although its wavelength-dependent maximal values
remain low (d 4-16%). Most importantly, we found that the pattern of the angle of
polarization D of the overcast sky (Figs. 2.2H-J, 2.3) is not only mirror symmetric (with a
symmetry axis coinciding with the solar-antisolar meridian), but it is qualitatively the same
as that of the clear sky (Figs. 2.1H-J). This is a surprising result, because it was a logical
assumption that the direction of polarization of light from the overcast sky changes
randomly in space and time due to the strong multiple scattering on the particles (ice
crystals or water droplets) of thick clouds. Our measurements prove that this is not the case.
In case of a cloudless sky, Rayleigh scattering is definitely the process which explains the
direction of polarization. However, in case of a cloudy sky, the chance that a photon is
scattered by a cloud particle is much larger than it is being scattered by a Rayleigh scatterer.
Hence the direction of polarization of cloudlight is determined by scattering on cloud
particles themselves.
The rotation of the pattern of the angle of polarization D between scenes S1, S2 and
S3 in Fig. 3 is mainly due to the rotation of the icebreaker ship. All three measurements
were performed at one of the numerous ice-stations of the Beringia 2005 expedition, where
the ship stopped for a few hours on the Arctic Ocean in order that the oceanographers can
make different measurements. During this period the solar position as well as the direction
of the ship's axis changed, the latter because of a slight turning of the icebreaker's body in
water. Thus, although our polarimeter was setup at the same place on the board (see the
contour of the ship's bridge and tower at the same position in pictures S1, S2 and S3 of Fig.
3), the celestial polarization pattern has been rotated relative to the ship. Furthermore, the
slight rotation of the D-pattern between scenes S6 and S7 (where the polarimetric
measurements were done on the Arctic ice-cover at a fixed position) is due to the small
change of the solar azimuth direction.
We admit, however, that during the evaluation of our polarization measurements
sometimes an unfortunate artefact occurred: the D-pattern between two subsequent celestial
scenes slightly rotated within some minutes. This rotation could not be explained by the
small change of the solar azimuth during some minutes. As described in detail by Gál et al.
(2001b), our imaging polarimetry is based on three polarization pictures (belonging to three
different directions of the transmission axis of the built-in rotatable linear polarizer)
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recorded by a photo emulsion (roll-film). After the chemical development of this photo
emulsion, the obtained colour dias were framed and scanned, finally the resulting digitized
polarization pictures were evaluated by a computer program. During the evaluation of these
dia slides we experienced that smaller or larger rotations of the celestial D-pattern can be
induced, if one of the three polarization pictures is scanned with slightly lower or higher
radiance. Under ideal conditions all three polarization pictures should be taken with the
same aperture and time of exposure (in the field), and they should be scanned with the same
illumination and speed of the scanner (in the laboratory). However, some tiny differences in
these recording parameters are always inevitable (e.g. the mechanical shutter of the
photographic camera cannot ensure exactly the same time of exposure, and/or the scanner
cannot run with exactly the same scanning speed and/or illumination for all three
polarization pictures). The effect of this can be demonstrated in such a way as if the radiance
values of all pixels in a given polarization picture taken under ideal conditions were
multiplied by a factor f, and the values of this factor were different for the three polarization
pictures (f1 z f2 z f3). In Fig. 2.4 the effect of this is demonstrated. Figure 2.4A shows the
colour picture of a foggy sky with the visible sun's disc. If we assume that the corresponding
three polarization pictures are ideal, then f1 = f2 = f3 = 1 would be true (Fig. 2.4B). Figure
2.4C demonstrates how this D-pattern is rotated, if the value of f1 is increased from 1 to
1.15, for example.
Hence this rotation of the D-pattern between subsequent scenes within some minutes
is a pity artefact, which may occur only at extremely low degrees of linear polarization p (<
5%). Our supervisor, Gábor Horváth, with his former Ph.D. students, and also with me has
already measured the polarization patterns of plenty of different skies earlier (e.g. in
Hungary, Switzerland, Turkey, Finland and Tunisia (Gál et al., 2001b; Pomozi et al., 2001;
Suhai and Horváth, 2004; Horváth and Varjú, 2004; Hegedüs et al., 2007d), but this rotation
artefact never occurred, because the average p of skylight was always relatively high (p >>
5%), as the measured skies were in most of these cases clear or partly cloudy, and in some
cases foggy. In the Arctic and during the measurments of overcast skies in the Hungarian
town, Göd, however, the sky polarization was often so weak (p < 5%) due to the multiple
scattering of light on fog and cloud particles, that the mentioned rotation artefact could
become significant in some cases.
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Changing the values of factors f1, f2, f3, the angle of rotation of the celestial D-pattern
relative to the solar meridian can change almost arbitrarily (e.g. Fig. 2.4). Unfortunately,
this artefact cannot be eliminated, because the exact values of f1, f2, f3 are unknown. If the
direction of the solar meridian were known, the values of f1, f2, f3 could be reconstructed:
one should change these values until the mirror symmetry axis of the celestial D-pattern
coincides with the solar-antisolar meridian. From the exact point of time and geographical
coordinates of a given polarization measurement performed by us the solar position could be
calculated. However, in our case the orientation of the polarimeter relative to the magnetic,
or geographic North was unknown, because the tripod and its head as well as the housing
and body of the polarimeter was slightly ferromagnetic, thus its orientation could not have
been determined (nevertheless, the solar-antisolar meridian should coincide with the mirror
symmetry axis of a given D-pattern). Consequently, in all investigated scenes (Figs. 2.1-2.3)
the solar position in the circular full-sky patterns was unknown. Thus, the mentioned
rotation artefact cannot be compensated. In the future this artefact could be reduced with the
use of a digital camera as the detector of the imaging polarimeter. We would like to
emphasize, however, that in spite of the occurrence of this rotation artefact, our main
conclusion, that the D-pattern of overcast skies is similar to that of the clear sky, remains
valid henceforward.
Our results presented here together with the findings of Pomozi et al. (2001), Suhai
and Horváth (2004), and Hegedüs et al. (2007a,d) clearly show that the celestial distribution
of the direction of polarization is a very robust pattern being qualitatively always the same
under ‘normal’ (clear and partly cloudy) and ‘extreme’ (overcast, foggy, smoky) sky
conditions, as well. The only qualitative difference among clear, partly cloudy, foggy,
smoky and totally overcast skies is in the degree of linear polarization p: the higher the
optical thickness of the non-clear (partly cloudy, smoky, foggy, or overcast) atmosphere, the
lower the p-value.
The
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0.5  arctan(U / Q) of light from the overcast sky is that D is determined by single

scattering. Single scattering by Rayleigh scatterers and by cloud particles (water droplets or
ice crystals) produces mainly positive polarization, i.e. perpendicular to the meridian plane
of observation (Können, 1985; Coulson, 1988). The single scattering process controls the
direction of polarization, also in the case of multiple scattering, e.g. by clouds. Although the
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Stokes parameters Q and U become smaller themselves due to multiple scattering, their ratio
U/Q remains essentially the same. The degree of linear polarization p

Q2  U 2 / I ,

determined by the magnitude of Q and U is more sensitive to the type of particles, especially
their size. It could be the task of future research to combine computer simulations of
polarized light and our imaging polarimetric measurements to confirm this model. Similar
study has already been published for reflected light by Schutgens et al. (2004).
Some features of the celestial polarization patterns measured in the High Arctic and
Hungary are the consequence of the high albedo of the ice/snow that covered both the Arctic
Ocean and the ground in Hungary, where our sky polarization measurements were taken.
The albedo of snow is about 90% in the visible and near infrared parts of the spectrum, and
approaches 98% in the ultraviolet (Coulson, 1988). Coulson (1988, pp. 293-300) reviewed
the earlier measurements of skylight polarization over snow surfaces at high absolute
latitudes (77o-90o) and low solar elevations (10o-14o). Bullrich et al. (1966) measured the
sky polarization in North Greenland, while Coulson (1988) took measurements above snowcovered terrains of the Antarctic Continent.
(i)

One of the characteristics of sky polarization over extended snow surfaces is that the
maximum pmax of the degree of linear polarization p is low (30-60%) relative to that
of the normal clear sky (50-85%). This is due to the high reflectivity of the snow
surface and the nearly unpolarized character of the snow-reflected light. The snow
reflects a large amount of approximately unpolarized light into the atmosphere at all
wavelengths. When backscattered from the atmosphere towards the Earth's surface,
this snow-reflected unpolarized light reduces considerably the net p of skylight in
every spectral range.

(ii)

A further characteristic of skylight polarization over snow surfaces is that pmax
increases slightly with increasing wavelength because of the slight decrease of snow
reflectivity with increasing wavelength. Thus, at longer wavelengths less amount of
snow-reflected light dilutes the linearly polarized skylight than at shorter
wavelength.

(iii)

The third characteristic of sky polarization above snow surfaces is that the regions of
negative polarization (characterized by angles of polarization 45o d D d +45o
measured from the local meridian) near the sun and anti-sun is larger at the shorter
wavelengths than at the longer ones. This is due to the introduction of a small
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amount of positive polarization into the skylight by the reflection of the snow
surface at longer wavelengths.
We experienced that all polarization patterns measured by us under clear and overcast skies
above ice/snow-covered surfaces both in the High Arctic and Hungary bear the
characteristics listed in points (i), (ii) and (iii).
During the Beringia 2005 expedition to the North Pole region throughout the
measurements of overcast skies the solar elevation angle H was not higher than 7.3o (Table
2.1). The measured polarization patterns of Arctic overcast skies were compared with those
of overcast skies above different terrains with or without snow cover (Fig. 2.3, Tables 2.1
and 2.2). Such a comparison can be made only if the solar elevations are similar. This is the
reason why H of our observations was usually so small (see scenes S9, S11, S12, S14, S15).
Note, however, that in two cases (scenes S10 and S13) we measured the celestial D-pattern
approximately at noon, when H was nearly maximal. Thus we can conclude that the Dpattern of overcast skies is similar to that of the clear sky for both low and high solar
elevations.
2.3.2 Consequences for Compass Orientation in Polarization-Sensitive Animals

The fact that the celestial D-pattern is qualitatively the same even under overcast sky
conditions as in the case of clear sky, is of great importance for the orientation of
polarization-sensitive animals based on skylight polarization. If the degree of linear
polarization p of skylight is higher than the threshold p* of the polarization sensitivity of
animals, then their orientation can be governed by the celestial angle of polarization D, from
the pattern of which the direction of the solar meridian can be determined. Although p of
light from the overcast skies S1-S15 studied by us was not higher than 16%, the threshold of
polarization sensitivity in field crickets (Gryllus campestris) and honey bees (Apis
mellifera), for example, is p* = 5% and 10% (Horváth and Varjú, 2004). This means that
these animals could use the celestial D-pattern for navigation even under totally overcast
conditions. In the future it would be worth testing this prediction, which is atmospheric
optically supported by our results presented in this work.
Our findings suggest that despite what has previously been thought, animals using
the skylight polarization pattern for compass orientation and compass calibration should be
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able to use this cue also under totally overcast skies, if they can perceive light with low
degrees of linear polarization (d 16% in our study). Experiments with migratory thrushes in
North America show that these birds calibrate their magnetic compass on the basis of
natural twilight cues at least once per day during migration. (Cochran et al., 2004) Recently,
it has been demonstrated that Savannah sparrows Passerculus sandwichensis, also a North
American songbird known to favor twilight polarization cues before stellar and magnetic
cues at sunset (Able and Able, 1996), use the polarization pattern of the lower part of the sky
to calibrate their magnetic compass (Muheim et al., 2006). It is interesting to note that in our
measurements the highest degree of linear polarization under overcast skies was found near
the horizon, suggesting that taking notice of this part of the sky when calibrating the
magnetic compass, could be a wise strategy by the mentioned birds, and could in fact during
some circumstances be the only part of the sky where the skylight polarization information
could be assessed by them.
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Tables
Table 2.1: Date, time, geographical coordinates (latitude, longitude), solar elevation angle,

weather and surface conditions during the full-sky imaging polarimetric measurements
performed in the High Arctic (skies S0-S8) and Hungary (S9-S15) when the sky was clear
(S0) or totally overcast (S1-S15). In the Arctic the substratum was the high-albedo (white)
ice/snow cover. In Hungary in most cases the terrain was covered by high-albedo (white)
snow, but from 15 March 2006 the snow cover disappeared and thus the albedo of the dark
terrain without vegetation became low. When it was snowing or raining, the clouds of the
overcast sky were obviously composed of ice crystals or water droplets, respectively;
otherwise the composition of the clouds was unknown.

sky
date
No.

time

solar
weather and surface conditions
elevation
Arctis (ice/snow cover of the Arctic ocean)

latitude

longitude

2005 UTC-8
S0 25 Aug. 21:20 78o 27.8' N 149o 9.1' W
144o 54.7'
S1 26 Aug. 21:00 79o 27.7' N
W
144o 54.7'
S2 26 Aug. 21:35 79o 27.7' N
W
144o 54.7'
S3 26 Aug. 22:35 79o 27.7' N
W
145o 36.3'
S4 28 Aug. 20:45 80o 53.7' N
W
S5 4 Sep. 21:10 86o 38.7' N 174o 38.6' E
o
o
S6 6 Sep. 20:43 87 39.1' N 151 15.3' E
S7 6 Sep. 22:37 87o 39.1' N 151o 15.3' E

6.3o
o

6.1

4.6o
2.3o

clear, cloudless sky, snow cover
overcast, snowing o ice clouds, snow
cover
overcast, snowing o ice clouds, snow
cover
overcast, snowing o ice clouds, snow
cover

6.9o

overcast, snow cover

7.3o
5.7o

overcast, snow cover
overcast, snow cover
overcast, snowing o ice clouds, snow
cover

4.7o

172o 22.6'
overcast, snow cover
3.9o
S8 11 Sep. 05:00 89o 15.5' N
W
Hungary (Göd town)
2006 UTC+1
overcast, snow cover
0.4o
S9 14 Feb. 17:00
overcast, snowing o ice clouds, snow
29.9o
S10 16 Feb. 12:17
cover
overcast, snowing o ice clouds, snow
9.2o
S11 16 Feb. 16:03
cover
47o 42’ N 19o 9’ E
overcast, raining o water clouds, snow
6.2o
S12 17 Feb. 16:25
cover
overcast, snow cover
33.1o
S13 25 Feb. 12:14
overcast, dark terrain
11.9o
S14 15 Mar. 16:32
overcast, raining o water clouds, dark
o
15.1
S15 17 Mar. 16:15
terrain
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Table 2.2: Optical characteristics of clear (S0) and totally overcast skies (S1-S15) measured

by full-sky imaging polarimetry in the red (650 nm), green (550 nm) and blue (450 nm)
parts of the spectrum. The radiance I is normalized to the highest value Imax resulting in the
relative radiance i = I/Imax (average r standard deviation). The degree of linear polarization p
(average r standard deviation) is averaged over the entire sky. The noisiness n of the angle
of polarization D is computed for the whole sky as described in the Materials and Methods.
The date, time, latitude, longitude, weather and surface conditions during the measurements
are given in Table 2.1.
noisiness n (%) of the
degree of linear
polarization p (%) angle of polarization D
red green blue
red green blue
Arctic clear sky
46 ±17 52 ±16 74 ±13 34 ±25 25 ±16 21 ±15
5
3
6
Arctic totally overcast skies
51 ± 7 44 ± 5 62 ± 6 6 ± 4 5 ± 3 4 ± 3
32
43
30
63 ± 5 54 ± 4 82 ± 4 5 ± 3 5 ± 3 4 ± 2
28
29
24
57 ± 5 46 ± 3 66 ± 4 5 ± 4 5 ± 3 4 ± 3
33
41
30
57 ± 5 48 ± 4 72 ± 4 5 ± 4 5 ± 3 4 ± 3
31
34
27
63 ± 5 53 ± 3 66 ± 3 5 ± 3 5 ± 3 4 ± 2
28
38
29
45 ± 3 41 ± 2 59 ± 2 7 ± 4 7 ± 4 5 ± 3
36
37
23
43 ± 4 38 ± 3 55 ± 3 8 ± 5 8 ± 5 6 ± 3
30
40
22
59 ± 7 53 ± 6 82 ± 7 5 ± 3 4 ± 3 3 ± 2
27
33
31
Hungarian totally overcast skies
57 ± 9 45 ± 8 74 ± 13 5 ± 3 5 ± 3 4 ± 3
27
38
29
70 ± 8 52 ± 6 73 ± 9 5 ± 3 5 ± 3 5 ± 3
29
42
31
60 ± 9 49 ± 8 74 ± 12 5 ± 3 5 ± 3 4 ± 3
26
32
28
67 ± 5 57 ± 5 77 ± 4 4 ± 3 4 ± 3 3 ± 2
27
32
32
73 ± 10 56 ± 9 77 ± 12 5 ± 3 5 ± 3 5 ± 3
26
36
29
64 ± 8 56 ± 8 73 ± 9 3 ± 3 4 ± 3 3 ± 2
28
30
23
71 ± 15 52 ± 11 77 ± 16 5 ± 3 6 ± 4 5 ± 3
30
42
39

sky relative radiance i (%)
No.
red green blue
S0
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
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Figure Legends
Figure 2.1: Colour photograph (A), and patterns of the radiance I (B-D), degree of linear

polarization p (E-G) and angle of polarization D measured clockwise from the local
meridian (H-J) of the Arctic clear sky S0 (Table 2.1) measured by full-sky imaging
polarimetry in the red (650 nm), green (550 nm) and blue (450 nm) parts of the spectrum.
The optical data of this sky are given in Table 2.2. The optical axis of the fisheye lens was
vertical, thus the horizon is the perimeter and the centre of the circular patterns is the zenith.
On the bottom of the circular colour picture the silhouette of the Swedish icebreaker Oden
can be seen. In the colour picture the position of the sun near the horizon is marked by an
orange dot, and in the D-patterns the positions of the Arago and Babinet neutral
(unpolarized) points are marked by white dots with black perimeter.
Figure 2.2: As Fig. 1 for the totally overcast sky S9, the data of which are given in Tables

2.1 and 2.2. On the periphery of the colour picture the dark silhouette of some trees can be
seen.
Figure 2.3: Colour pictures and patterns of the angle of polarization D (measured clockwise

from the local meridian) of Arctic and Hungarian total overcast skies S1-S15, the data of
which are given in Tables 2.1 and 2.2. The D-patterns were measured by full-sky imaging
polarimetry in the blue (450 nm) part of the spectrum. Quite similar D-patterns were
obtained in both the green and red spectral ranges.
Figure 2.4: (A) Colour picture of a foggy sky with the visible sun's disc. (B) Pattern of the

angle of polarization D, if the radiance values of all pixels in all three polarization pictures
(taken with three different directions of the transmission axis of the linear polarizer) are
multiplied by factors f1 = f2 = f3 = 1. (C) The D-pattern is artificially rotated, if the value of f1
is increased from 1.00 to 1.15, for example.
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Chapter 3
Anomalous Celestial Polarization Caused by Forest Fire Smoke:
Why Do Some Insects Become Visually Disoriented
Under Smoky Skies?
3.1 Introduction
Forest fires and their environmental impacts constitute important subjects of current
research (Kaufman et al., 2002; Yefremov et al., 2004; Bréon, 2006; Kaufman and Koren,
2006). The disadvantageous effects of smoke and other combustion products of huge and
long-lasting forest fires in triggering weather fluctuations and contributing to the global
climate change cannot be excluded (Kaufman et al., 2002; Bréon, 2006; Kaufman and
Koren, 2006; Kasicsche and Stocks, 2000). Apart from causing huge damage to local
economy and biodiversity as well as health problems to humans, large scale forest fires also
release a huge amount of carbon to the atmosphere, contributing considerably to the annual
increase in atmospheric carbon dioxid (Page et al., 2002; Cochrane, 2003; Aldhous, 2004).
The most immediate consequence of forest fires is the diminution of direct solar radiation
due to the absorption by smoke, which decreases the solar energy available to plant
photosynthesis and solar power plants (Johnson and Miyanishi, 2000) The most spectacular
consequences of forest fires are some striking colour phenomena in the sky visible with the
naked eye, like the red sky during the day (Fig. 3.1), colourful rings around the sun, or
beautifully coloured sunset glows (Coulson, 1988). These atmospheric optical phenomena
induced by forest fire smoke are very similar to those caused by dust clouds produced by
volcanic eruptions (Coulson, 1980, 1983, 1988).
Although the impacts of volcanic dust clouds on the environment are relatively well
studied and documented (Neuberger, 1950; Steinhorst, 1977; Volz, 1984; Coulson, 1988),
the effects of forest fire smoke on atmospheric optical phenomena and animal orientation
are almost unknown. However, it is likely that a deviating polarization pattern caused by
forest fire smoke will have negative effects on navigation performance and motivation to
migrate in evertebrate and vertabrate fauna dependent on skylight polarization for compass
information (Wehner, 1992; Horváth and Varjú, 2004; Muheim et al., 2006). Recently,
Johnson et al. (2005) reported on the environmental impacts of Canadian forest fires in
August 2003, when in British Columbia over 1.5 million hectares of forest burned, in over
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2000 separate fires. Aerosols, consisting of suspended ash particles, concentrated in valleys
and moved east onto the Prairies. Smoke darkened the sky, and many insects reduced
straight-line flying to short distances only. Flights by grasshoppers (Orthoptera: Acrididae)
were greatly reduced. A previously uncommon, but locally occurring seed bug
(Sphragisticus nebulosus; Hemiptera: Rhyparochromidae) fledged, but delayed flight,
building up in large numbers in southern Alberta grassland. When skies cleared, mass bug
migrations invaded Medicine Hat in sufficient numbers to close stores and restaurants.
To understand the polarization characteristics of the smoky sky, we measured the
celestial polarization pattern in Fairbanks (Alaska) during several separate forest fires in the
vicinity (Fig. 3.2) by full-sky imaging polarimetry. In this chapter I document quantitatively
how the celestial polarization, a sky attribute that is necessary for orientation of many
polarization-sensitive animal species (Horváth and Varjú, 2004), changed due to the forest
fire smoke. In the Discussion it is suggested that the disorientation of insects observed by
Johnson et al. (2005) under smoky skies was the consequence of the anomalous sky
polarization caused by forest fire smoke.

3.2 Results
On 17 August 2005 the sky above Fairbanks was cloudless, but smoky and foggy (Figs. 3.1
and 3.2). The sun disc was visible from 10 to 18 hours, but during the fourth (last)
polarimetric measurement, at 20:20 h the sun was not discernible due to the thick smoke and
fog and the low solar elevation. The sky colour was whitish grey with a slight pink tint
(Figs. 3.1, 3.3A, 3.4A). The radiance I of the reddish skylight was highest in the red spectral
range, lower in the blue and lowest in the green (Table 3.1). Contrary to the anomalous pink
sky colour, the non-anomalous, clear sky above the Arctic ice was blue (Fig. 3.5A), its
radiance increased considerably with decreasing wavelength (Table 3.1).
The degree of linear polarization p of light from the smoky sky was also anomalous,
because it was very low in all three spectral ranges (Table 3.1): depending on the
wavelength and time, the average of p changed between 4% and 8%, and the standard
deviation of p ranged from 3% to 6%. In contrast, the average p of light from the clear, nonanomalous sky was between 21% and 34% (Table 3.1), and its maximum was higher than
67% in the red spectral range (Fig. 3.5C). The distribution of p in the smoky sky was also
atypical (Figs. 3.3C-E, 3.4C-E): at 90o from the sun the celestial band with highest p did not
occur in the p-patterns, and the spatial distribution of p was nearly cylindrically symmetric
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around the zenith. The p of non-anomalous, clear skies is maximal at 90o from the sun, and
it decreases gradually to zero towards the neutral points (Fig. 3.5C-E).
Under normal atmospheric conditions the Arago, Babinet and Brewster neutral
(unpolarized) points of the sky are positioned at the cross-sections of the solar and antisolar
meridians and the iso-lines with D = r45o (Können, 1985; Coulson, 1988; Horváth and
Varjú, 2004) (Figs. 3.3F-H, 3.4F-H, 3.5F-H). This iso-line between the sky region
characterized by +45o < D < +135o and the celestial area characterized by 45o < D < +45o is
called the neutral line, because it crosses the neutral points. Another anomaly of the smoky
sky was that at 15:01 h (Fig. 3.3F-H), 16:25 h and 18:02 h beside the Babinet neutral point
the Arago neutral point appeared in the sky, although for the relatively high solar elevations
at these times the Brewster neutral point should have been detectable under clear, nonanomalous sky conditions (Fig. 3.3B). Only at 20:20 h (Figs. 3.4B, 3.4F-H) was this
anomaly not observed. Under normal conditions either the Babinet and Brewster points, or
the Babinet and Arago points (Fig. 3.5B-H) are visible (Coulson, 1988; Horváth and Varjú,
2004).
A further deviation from the normal conditions was that in the smoky sky (Figs.
3.3F-H, 3.4F-H) the zenith angles of the Arago and Babinet neutral points decreased with
increasing wavelength, while in the normal sky the zenith angles of the Babinet and Arago
points increase with increasing wavelength (Fig. 3.5B-H). Furthermore, at 15:01 h (Fig.
3.3F-H) in the green part of the spectrum the Babinet point approximately coincided with
the solar position, and in the blue the Babinet point was farther from the zenith than the sun.
These features are anomalous, because under normal atmospheric conditions (Fig. 3.3B) the
zenith angle of the Babinet point is always smaller than that of the sun in all spectral ranges.
In Figure 3.3G the sun is at the border of sky regions with +45o < D < +135o and 45o < D <
+45o, while in Fig. 3.3H the sun is within the 8-shaped sky region characterized by +45o < D
< +135o, which phenomenon never occurs under normal conditions (Horváth and Varjú,
2004).
The noisiness of the patterns of the angle of polarization D (Figs. 3.3F-H, 3.4F-H) of
smoky skies was also considerably different from that characteristic to the normal clear sky
(Figs. 3.3B, 3.4B, 3.5F-H). According to Table 3.1, the noisiness n of the D-pattern of
smoky skies ranged from 20% to 48%. Contrary to these large n-values, under clear sky
conditions the noisiness n of D changed between 3% and 6% (Table 3.1).
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3.3 Discussion and Conclusions
3.3.1 Smoke-induced Anomalous Sky Polarization above Fairbanks during Forest
Fires

The two most useful parameters of skylight polarization in indicating atmospheric
conditions are the maximum pmax of the degree of linear polarization p and the positions of
the neutral points. (Neuberger, 1950; Coulson, 1988). Considering these characteristics, the
major attributes of the polarization patterns of cloudless, clear, aerosol-poor, normal skies
(Fig. 5) are the following (Können, 1985; Coulson, 1988; Horváth and Varjú, 2004):
x

In day-time the normal skylight is blue, and its colour saturation increases with
increasing angular distance J from the sun/anti-sun. Thus the blueness of the day sky
is deepest at 90o from the sun/anti-sun. Increasing aerosol concentration results in
decreasing colour saturation.

x

The degree of linear polarization p of normal skylight reaches its maximum pmax at
90o from the sun along the antisolar meridian. Aerosols usually decrease pmax due to
multiple scattering. pmax decreases with decreasing wavelength, but its typical values
remain high ranging between 60% and 85%.

x

The noisiness n of the angle of polarization D of normal skylight is low.

x

The sun and anti-sun are placed always in the sky regions characterized by 45o < D
< +45o.

x

The Babinet neutral point is placed along the solar meridian, at about 15o-25o above
the sun. The Arago neutral point occurs along the antisolar meridian, at about 15o25o above the anti-sun.

x

The zenith angles of the Arago and Babinet neutral points decrease with decreasing
wavelength.

x

The symmetry axes of the iso-lines of D (i.e. characterized by D = constant) in the
solar and antisolar halves of the sky are parallel to each other and coincide with the
solar and antisolar meridians.

The major attributes of the anomalous polarization patterns of the smoky sky in Fairbanks
on 17 August 2005 (Figs. 3.3 and 3.4) were the following:
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x

The skylight was reddish.

x

The p-pattern had approximately a rotational symmetry around the zenith, p of
skylight did not reach its maximum at 90o from the sun (Figs. 3.3C-E, 3.4C-E).

x

p of skylight was drastically reduced due to the smoke particles enhancing multiple
scattering: p was not higher than 14%, the maximum of p averaged on the full sky
was as low as 8% (Table 3.1).

x
x

The D-noisiness n of skylight polarization was anomalously high (Table 3.1).
Depending on wavelength O and time t, the sun was anomalously placed in the sky
regions with +45o < D < +135o (Fig. 3.3H).

x

Depending on O and t, the Babinet neutral point was anomalously positioned below
the sun (Fig. 3.3H).

x

Depending on t, the zenith angles of the Arago and Babinet neutral points changed

x

In three cases from the four measurements, the Arago point appeared in the sky

anomalously with O (Figs. 3.3F-H, 3.4F-H).
instead of the Brewster point.
According to Coulson (1988), the extreme sensitivity of the Babinet point to aerosols makes
it particularly useful for detecting atmospheric turbidity for whatever cause. In the smoky
sky above Fairbanks we also experienced the anomaly in the position of the Babinet point.
From the above we conclude that the polarization of the sky above Fairbanks on 17 August
2005 was in several aspects anomalous. Note that the fog itself might have also been
induced by the smoke: the smoke particles could function as centres of condensation.
Many polarization-sensitive animals (arthropods, fishes, amphibians, reptiles and
birds) use the polarization pattern of skylight for orientation (Horváth and Varjú, 2004). If
this pattern changes drastically, as described in this work, animals orienting on the basis of
sky polarization could easily go astray. An anomalous polarization pattern could also reduce
the motivation to migrate, such that the evertebrate and vertebrate fauna would avoid
migration and potentially be trapped in areas where their survival would be treatened by
direct exposure to the fire. We suggest that the disorientation of insects observed by Johnson
et al. (2005) under smoky skies might be the consequence of such anomalous sky
polarization. Considering orientation, the most disturbing effect could be that the degree of
linear polarization p of light from smoky skies is very low. If p is lower than the speciesdependent threshold p* of polarization sensitivity, the skylight polarization cannot be

Chapter 3 – Anomalous Celestial Polarization Caused by Forest Fire Smoke

57

detected. Honey bees (Apis mellifera) and field crickets (Gryllus campestrum), for example,
possess p* | 10% and 5%, respectively (Horváth and Varjú,. 2004).
Since CO2 is highly toxic, and thus repellant to insects, one could imagine that the
insects observed by Johnson et al. (2005) became disoriented not only because of the
anomalous sky polarization caused by the smoke, but also partly due to the gases released
by the forest fire. In the future it would be worth studying in detail how and why the
orientation behaviour of animals that use celestial polarization changes at times when the
sky is covered by forest fire smoke. It would also be interesting to investigate how is their
behaviour influenced by dust emissions and volcanic eruptions. Dust alone, for example fine
particles in the air after a storm, would probably have a different effect on insects, because
CO2 and other gases accompanying forest fires, would not be present.
3.3.2 Earlier Observations on Anomalous Sky Polarization due to Volcanic Dust
Clouds

It is well known that the material injected into the upper atmosphere by large volcanic
eruptions can cause many optical effects. Occasionally, the sky and/or the disc of the sun or
moon have been observed to have a green, blue, violet, yellow and red cast (Coulson, 1988).
The dust clouds produced by the four largest volcanic eruptions (Krakatoa, Katmai, Agung
and El Chichon), for example, had the following major effects upon sky polarization:
o The volcanic dust cloud produced by the eruptions of mountain Krakatoa in the

Sunda Straits between Sumatra and Java in 1883 caused a considerble reduction of
the degree of linear polarization p of skylight, which could still be observed even
about a year after the eruptions (Coulson, 1988). Cornu (1884), for example,
measured a maximum p-value of only about 5% (instead of the normal 75%) on
clear days at 90o from the sun along the antisolar meridian when the Krakatoa dust
cloud was over the observation site. He also observed that p of skylight was lower in
the red than in the blue part of the spectrum. The normal situation in the clear
atmosphere is the reverse of this. According to Cornu’s (1884) observations, the
Arago, Babinet and Brewster neutral points were significantly displaced, and he
found four other neutral points lying outside the solar-antisolar meridian: one neutral
point was found on either side of the sun at an angle of more than 20o from the sun at
about the same elevation as the sun. In the green the neutral points were indistinct
and in the blue they were moved close to the sun. The other two neutral points were

Chapter 3 – Anomalous Celestial Polarization Caused by Forest Fire Smoke

58

situated symmetrically on either side of the antisolar point and at about the same
elevation.
o In 1912 the Alaskan volcano Mount Katmai has erupted, and the skylight

polarization did not return to its normal state until 1914 (Ref. 10). Kimball (1913),
Dorno (1919) and Jensen (1928, 1942) observed that p of skylight at 90o from the sun
along the antisolar meridian decreased (by maximum 27%) and the positions of the
neutral points shifted due to the volcanic dust cloud. The Babinet point, for instance,
shifted by up to 17o farther from the sun.
o In 1963 erupted the Mount Agung volcano on the island of Bali, Indonesia. Shah

(1969) observed a considerable decrease of p of skylight at the zenith due to the dust
cloud in 1963 and 1964 at Ahmedabad, India.
o In 1982 broke out the mountain El Chichon in Mexico. Its effect on sky polarization

was thoroughly documented at the Mauna Loa Observatory (Coulson, 1983, 1988).
During the densest period of the dust cloud the Babinet neutral point was positioned
at the zenith when the sun was 3o above the horizon. After sunrise p of skylight was
low (pmax < 20%) throughout the day over the entire sky at 700 nm (red). In normal
conditions the angular distance of the Arago point from the antisolar point was about
17-18o and underwent little change with sun elevation. Due to the El Chichon dust
cloud this angle of the Arago point from the anti-sun considerably increased (by over
11o at 700 nm) in comparison with the normal conditions. The angle of the Babinet
point from the sun also very much increased (by over 50o at 700 nm). Sometimes the
Babinet point completely disappeared, and a second, anomalous neutral point
appeared between the Babinet point and the sun because of the dense turbidity of the
atmosphere. The situation had returned more or less to normal by the end of 1983.
3.3.3 Earlier Observations on Anomalous Sky Polarization due to Fog, Dust, Smoke,
Haze and Smog

Earlier, researchers observed the following anomalies of sky polarization and neutral points
induced by fog, dust, smoke, haze and smog:
x

Under unusual atmospheric conditions anomalous, additional neutral points have
been observed, and in some cases they were located outside the solar-antisolar
meridian. In fog or haze over the surfaces of lakes Soret (1888) observed
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symmetrically one neutral point on either side of the sun and the anti-sun at about
the same elevation as the sun.
x

Dust in the atmosphere usually results in a strong decrease of pmax of skylight
polarization, particularly at the longer wavelengths (Coulson, 1988). The result is
that p becomes smaller in the red than in the blue, which is the reverse of the normal
situation. In dusty atmospheres the maximum of p is generally shifted by a few
degrees from its normal position (90o from the sun).

x

Under conditions of smoke from agricultural fires prevalent in the low levels of the
atmosphere near Davis (California) Coulson (1988) observed a significant decrease
of p at 400 and 800 nm, especially at the former wavelength, for which p was much
smaller than that for the latter. The smoke particles from such low-temperature fires
are high in carbonaceous materials, and are thus highly absorbing. The absorption
minimizes multiple scattering, which itself would tend to increase p. However, the
heavy burden of aerosols in such conditions would be more influential in the
polarizational field than would Rayleigh scattering, the result being the low p-values
observed, particularly at 400 nm.

x

Haze and/or photochemical smog considerably decreases p, especially for longer
wavelenghts due to the effects of aerosols (Coulson, 1988).

Our full-sky imaging polarimetric data gathered in Fairbanks during the Alaskan forest fire
season in August 2005 complete these earlier observations and sporadic point-source
polarimetric measurements. Since the changes of skylight polarization were induced always
by atmospheric aerosols (dust or fog or haze or smog particles) in all mentioned cases, the
underlying physics, i.e. scattering of sunlight on aerosol particles, was always the same.
Furthermore, the anomalous charateristics of the measured sky polarization patterns
presented in this chapter can explain the disorientation of polarization-sensitive insects
observed by Johnson et al. (2005) during Canadian forest fire seasons. Thus, large scale
forest fires may have not only a direct negative effect on habitat availability and mortality in
animal populations, but also could influence the animals’ ability to navigate and escape
from the dangers of the fire itself. On a more regional scale we cannot exclude that forest
fires can have a negative effect on animal migration systems in which migration between
different habitats are crucial for the survival of the migrants (Alerstam et al., 2003). Gál et
al. (2001a) showed that the polarization pattern of the moonlit clear night sky is practically
the same as that of the sunlit clear sky, if the position of the moon and sun is the same. Thus
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we expect that forest fire smoke has similar effects on the sky polarization during day and
night.
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Table
Table 3.1: Rows 1-4: Optical characteristics of the anomalous reddish smoky sky above

Fairbanks (64o 49’ N, 147o 45’ W) on 17 August 2005 measured at four different times
(local summer time = UTC  8) by full-sky imaging polarimetry in the red, green and blue
parts of the spectrum and averaged over the entire sky. The radiance I is normalized to the
highest value Imax resulting in the relative radiance i = I/Imax. The definition of noisiness n of
the angle of polarization D is given in the Materials and Methods. Row 5: Optical
characteristics of the clear blue sky above the Arctic ice cover measured on 25 August 2005
at 21:20 h (= UTC  8) at the site 78o 28' N and 149o 9' W.
sky
condition
anomalous
(smoky)
anomalous
(smoky)
anomalous
(smoky)
anomalous
(smoky)
normal
(clear)

date
time
(2005) (figure)
17
August
17
August
17
August
17
August
25
August

relative
radiance i (%)
red green blue

noisiness n (%) of the
degree of linear
polarization p (%) angle of polarization D
red green blue
red green blue

15:01 h
74±11 60±8
(Fig. 3)

65±9

4±3

4±3

5±3

20

33

32

16:25 h 52±11 42±8

47±8

7±5

8±6

6±5

28

48

36

18:02 h 61±11 48±8

54±8

6±4

7±6

5±3

26

38

39

30

43

29

5

3

6

20:20 h
61±10 49±8 58±9 5±4
6±4
5±3
(Fig. 4)
21:20 h
46±17 52±16 74±13 34±25 25±16 21±15
(Fig. 5)

Chapter 3 – Anomalous Celestial Polarization Caused by Forest Fire Smoke

62

Figure Legends
Figure 3.1: Colour photograph of the reddish, smoky sky taken at the airport of Fairbanks

on 17 August 2005 at 10:20 h (local summer time = UTC  8).
Figure 3.2: (A) Locations of forest fires (red spots) in the vicinity of Fairbanks on 17

August 2005 at 15:00 h (local summer time = UTC  8) displayed on the geographical map
of

interior

Alaska.

Data

from

the

MODIS

Active

Fire

Detection

(http://activefiremaps.fs.fed.us). Yellow: previously (since 1 January 2005) burned areas.
Orange: actively burning areas (last 24 hours). Red: actively burning areas (last 12 hours).
(B, C) Satellite photographs of a forest fire in the vicinity of Fairbanks on 17 August 2005 at
15:00 h (Google – Imagery ©2005 Digital Globe (http://maps.google.com)
Figure 3.3: Colour photograph (A), and patterns of the degree of linear polarization p (C-E)

and angle of polarization D (F-H) of the reddish smoky sky above Fairbanks (64o 49’ N,
147o 45’ W) measured by full-sky imaging polarimetry in the red (C, F), green (D, G) and
blue (E, H) parts of the spectrum on 17 August 2005 at 15:01 h (local summer time = UTC
 8). (B) Theoretical D-pattern of the clear sky calculated on the basis of the multiplescattering model of Berry et al. (2004) for the same sun position as in photograph A. In
patterns C-H the estimated positions of the Arago and Babinet neutral points are shown by
’ar’ and ’ba’, respectively. The optical axis of the fisheye lens was vertical, thus the horizon
and zenith is the perimeter and the centre of the circular patterns, respectively. The position
of the sun is represented by a white dot. The underexposed trees near the horizon are marked
by a checkered pattern.
Figure 3.4: As Fig. 3.3 for 20:20 h (= UTC  8). The position of the invisible sun occluded

by the thick smoke layer near the horizon is represented by a white dot. The solar position
was obtained from the online solar position calculator of U. S. Naval Observatory,
Astromonical Applications Department (http://aa.usno.navy.mil) on the basis of the exact
time and geographical coordinates of the site of measurements.
Figure 3.5: As Fig. 3.3 for a clear blue sky above the Arctic ice cover measured on 25

August 2005 at 21:20 h (= UTC  8) at the site 78o 28' N and 149o 9' W. The position of the
sun visible by the naked eye is represented by a yellow dot. The overexposed sky region
around the sun and the underexposed contour of the icebreaker Oden are marked by a
checkered pattern.
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Chapter 4
Imaging Polarimetry of Forest Canopies
4.1 Introduction
Polarimetric remote sensing has numerous applications in the field of agriculture (Kong,
1990) and many of the methods used exploit information of polarized light reflected from
vegetation (Coulson, 1988). The polarization signature of vegetated surfaces can be used to
distinguish different types of crops and to indicate developmental states and possible stress
factors (e.g. water deficiency, disease, excessive salinity) that could affect production
(Coulson, 1988). Earlier, polarization characteristics of plant surfaces were measured only
by point-source polarimetry (Kong, 1950; Brines and Gould, 1982; Vanderbilt and Grant,
1985; Vanderbilt et al., 1985a,b; Grant et al., 1987a,b; Grant et al., 1993), but then imaging
polarimetry became available to investigate reflection-polarization characteristics of plant
surfaces (Shashar et al., 1998; Horváth et al., 2002b). Compared with the polarimetric
remote sensing of vegetation from above, i.e. from aircrafts or satellites, the polarimetric
study of forest foliage from beneath the tree canopy has been rather a neglected subject of
research.
The optical environment in forests presents complex spatial distributions of light
intensity and colour (Endler, 1993) and the polarized light field is equally complex. In one
set of preliminary measurements, Brines and Gould (1982) pointed their polarimeter at a
shaded tree and found that the direction of polarization in the ultraviolet (UV) spectral range
was less than 5o from the value predicted by the single-scattering Rayleigh model, while in
the green and red parts of the spectrum the errors were 97o, and 92o, respectively. Based on
this observation, they hypothesized that under certain circumstances biologically significant
Rayleigh polarization patterns may exist against overhead vegetation at UV wavelengths.
Using videopolarimetry, Shashar et al. (1998) studied the linear polarization of light in a
Venezuelan tropical rain forest. They found that the celestial polarization pattern remains
visible underneath the forest canopy, provided patches of clear sky are visible through the
overhead vegetation. They characterized some distinct light environments in the forest, each
having a typical linearly polarized light field. They concluded that polarization-based animal
navigation would be limited to spaces exposed to several extended portions of the clear sky,
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and that other forms of orientation throughout the forest would include remote sensing of
surface features, object detection, and camouflage violations.
Apart from the pioneering studies by Brines and Gould (1982) and Shashar et al.
(1998), polarization characteristics of the light environment of forests and forest edges have
not been investigated. Since Brines and Gould (1982) measured the polarization of light
reflected by, or passing through leaves only at a single point of a tree, and the field of view
of the videopolarimeter of Shashar et al. (1998) was relatively small (some tens of degrees
both horizontally and vertically), the polarization patterns of the entire upper hemisphere of
the visual environment in forests could not have been investigated. However, the complete
pattern may be important for certain forest animals using polarization-based means of
orientation. Thus, using full-sky imaging polarimetry, we measured the 180o field-of-view
polarization patterns of the overhead foliage in a variety of forest types in Finland.
Previously, the polarization patterns of Hungarian grasslands lit by the rising sun were also
measured from a hot air balloon, which are included in this study. In this chapter I document
that the pattern of the angle of polarization of the upwelling light from sunlit grasslands and
that of the downwelling light from sunlit tree canopies are qualitatively the same as that of
the sky, independently of the solar elevation and the sky conditions. Possible consequences
of this finding on polarization-based animal navigation in forests are briefly discussed.

4.2 Results
Figure 4.1 shows the colour photograph and the p- and D-patterns of a clear (cloudless, blue)
sky (scene S43, Tables 4.1 and 4.2) measured in the red, green and blue parts of the
spectrum. p of light from the clear sky was highest at approximately 90o from the sun and
gradually decreased towards the solar and antisolar points (Figs. 4.1B-D). At a given point
of the clear sky, p was highest in the red and lowest in the blue spectral range (Table 4.2).
The D of light from the clear sky had a typical pattern (Figs. 4.1E-G): the isolines with D =
constant were always 8-shaped with a cross-point at the zenith and an axis of mirror
symmetry coinciding with the solar-antisolar meridian in such a way that the smaller loop of
the 8-shaped pattern occurred consistently in the solar half of the sky. (We would like to
emphasize that the crossing of the D-isolines at the zenith is purely a geometrical artifact
and the consequence of the definition of D, rather than a true polarization singularity). In
Figs. 4.1E-G the different intervals of D are shaded by various colours (orange, for example,
codes the intervals 20o d D d 30o and 140o d D d 150o). In Figs. 4.1E-G the typical 8-shaped
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pattern of the area of each particular colour is clearly seen. We measured the p- and Dpatterns of some other clear skies (scenes S4, S6, S8, S9, S36, S40; Tables 4.1 and 4.2), and
obtained always the same optical characteristics. Depending on the wavelength, solar
elevation and atmospheric turbidity, the maximum of p of light from the clear sky was 25%
clear
d pmax
d 65%, and the noisiness n of D of the clear sky was 2% d nclear d 7% (Table 4.2,

Fig. 4.1). If the sky was partly cloudy (scenes S14, S15, S19, S21, S23, S26) or overcast
cloudy
d 27%; 12% d
(scenes S29, S31), pmax of cloudlight decreased considerably (16% d pmax
overcast
pmax
d 13%), but the D-pattern remained qualitatively the same (apart from scene S31

with a very heavy overcast) as that of the clear sky. Depending on the degree of cloudiness
and the wavelength, the noisiness n of D of partly-cloudy and overcast skies was 5% d ncloudy
d 21% and 14% d novercast d 35% (Table 4.2). Hence, as the cloudiness increased, p of
skylight decreased, the noisiness n of D increased, but the D-pattern remained qualitatively
the same. These findings are corroborated by the earlier results of Hegedüs et al. (2007a,b,d)
presented in chapters 1-3 of our thesis.
Figure 4.2 features the colour photograph and the p- and D-patterns of grassland lit
by the rising sun (scene S0, Tables 4.1 and 4.2), measured at an altitude of 100 meters from
a hot-air balloon in the red, green and blue spectral ranges. pmax of light reflected from the
blue
green
green grass was highest in the blue ( pmax
= 15%) and lowest in the green ( pmax
= 10%).

Depending on the wavelength, the noisiness n of D of the grass-reflected light ranged from
11% to 16%, which represents values that are much larger than those of the clear sky (2% d
nclear d 7%). Remarkably, the D-pattern of the sunlit grassland was qualitatively the same as

that of the clear sky: the D-pattern was characterized by the typical 8-shaped pattern, the
mirror symmetry axis of which was the solar-antisolar meridian (Figs. 4.2E-G). We
measured the polarization characteristics of some other sunlit grasslands from the hot air
balloon and obtained similar results to those shown in Fig. 4.2 and Table 4.2.
Figure 4.3 shows the colour photograph and the p- and D-patterns of the overhead
vegetation in a forest composed of birch trees lit by the setting sun (scene S22, Tables 4.1
and 4.2) measured in the red, green and blue parts of the spectrum. Figure 4.4 displays the

D-patterns of numerous different skies and tree canopies (scenes S1-S42, Tables 4.1 and 4.2)
measured in the blue spectral range. Quite similar D-patterns were obtained in the green and
red spectral ranges (not presented here). The foliage ratio f ranged from 60.8% to 89.2%
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(Table 4.2). Depending on the wavelength, the sky conditions and f, the maximum of p of
foliage
d 43% (Table 4.2), values that are smaller
light from the forest canopy was 21% d pmax
clear
d 65%). On the other hand, the noisiness n of the
than those of the clear sky (25% d pmax

D-pattern of skies with overhead vegetation was 19% d nfoliage d 51%; values being 7.2-9.5
times larger than those of the clear sky (2% d nclear d 7%), but only 1.4-1.5 times larger than
the n-values of overcast skies (14% d novercast d 35%).
Most remarkably, if the foliage was sunlit (scenes S1-S3, S5, S7, S10-S13, S16-S18,
S20, S22, S24, S25, S28, S33-S35, S37-S39, S41, S42 in Fig. 4.4), the D-pattern of the
overhead vegetation was qualitatively always the same as that of the clear sky: the Disolines had the typical 8-shaped pattern with a mirror symmetry axis along the solarantisolar meridian, independently of the solar elevation and the sky conditions (clear or
partly cloudy with visible sun's disc). However, beyond the increased noisiness n of tree
canopies, there is another qualitative difference between the D-patterns of the sunlit
overhead vegetation and the clear sky: under the same sky conditions the 8-shaped Disolines of tree canopies are slightly expanded compared to the corresponding D-isolines of
clear skies, so that the (Arago, Babinet or Brewster) neutral points can disappear (Fig. 4.4).
Figure 4.6 shows an example of this phenomenon: here the D-patterns of the clear sky of
scene S7 and the tree canopy of scene S8 measured under the same sky conditions (Table
4.1) in the blue spectral range are compared with the theoretical patterns calculated on the
basis of the single-scattering Rayleigh model and the model of Berry et al. (2004). We can
see that the D-pattern of the overhead vegetation resembles more the Rayleigh pattern than
the real (measured) one or the pattern calculated according to Berry et al. (2004).
Finally, we observed that if the overhead vegetation was not sunlit, because the sun
was below the horizon (not shown here), or was occluded by clouds (scenes S27, S30, S32
in Fig. 4.4), then the D-pattern of the foliage was extremely distorted so that there was no
trace of mirror symmetry and the noisiness of D was rather large (37% d nfoliage d 43%).

4.3 Discussion and Conclusions
In forests the large-scale spatiotemporal distribution of the intensity, colour and polarization
of the ambient light is complex. Different areas receive light directly from the sun and/or the
sky and/or indirectly via the leaves. On the basis of the intensity and colour of the light
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field, Endler (1993) categorized four major light environments in forests when the sun is not
blocked by clouds: "forest shade", "woodland shade", "small gaps" and "large gaps",
characterized by yellow-green, blue-grey, reddish, and white ambient light spectra,
respectively. A fifth light environment is associated with low solar elevation angles near
dawn and dusk, which is purplish. Shashar et al. (1998) characterized qualitatively the
polarization features of these light fields. Using videopolarimetry, Shashar et al. (1998) and
Horváth et al. (2002b) measured the polarization patterns of some plant leaves. They
showed that these polarization patterns are complex, and strongly depend on the surface
characteristics of the leaf, the orientation of the leaf blade and the illumination conditions.
Considering the small-scale optical environment in forests, the surface of leaves (as
every dielectric boundary does) reflects, scatters and transmits the incident light (Woolley,
1971). Polarized light reflected by a leaf contains information on both surface-roughness
and orientation of the leaf blade (Vanderbilt and Grant, 1985; Vanderbilt et al., 1985a,b;
Grant et al., 1987a,b, 1993). The reflection-polarization characteristics of a leaf depend on
the leaf’s surface features (Grant et al., 1993). Leaf reflectance is intermediate between that
of a perfectly diffuse Lambert reflector (reflecting the incident light uniformly into all
directions) and a perfectly specular Fresnel reflector (being a smooth interface between two
different dielectric media, the polarizing ability of which is described by Fresnel's law of
reflection), which suggests that it is the sum of diffuse and specular components (Grant,
1987). The diffuse component is unpolarized, varies little with changing angles, and its
spectrum is characteristic to the (usually green) leaf tissue. The specular component is
partially linearly polarized, is reflected from the outermost leaf surface (cuticle), spreads
about the specular direction and has a spectrum that is practically the same as that of the
incident light (Grant et al., 1993).
The roughness of the leaf surface determines the angular spread of the specularly
reflected polarized light. Visibly shiny leaves tend to have higher specular reflectance than
matte ones, although leaves which have no shiny appearance can still specularly reflect
light. Leaves with sparsely distributed hairs can specularly reflect more light than glabrous
(hair-free) leaves and some highly pubescent (hairy) leaves may be strong specular
reflectors (Grant et al., 1993). Small particles and features on the leaf surface scatter light
away from the specular direction. The polarized reflectance equals the specular reflectance
when the angles of incidence and reflectance both equal Brewster’s angle, approximately
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55o from the normal vector of the wax-coated leaf surface (Rvachev and Guminetskii,
1966).
Let us consider the physical reasons for our finding that the D-pattern of the sunlit
foliage is qualitatively the same as that of the clear sky (Figs. 4.2, 4.3, 4.4), i.e. the direction
of polarization of light from the sunlit overhead vegetation is approximately perpendicular
to the plane determined by the observer, the sun and the leaf observed. Figure 4.5 shows
schematically the nine components (T-SU, T-SK, T-LE, S-SU, S-SK, S-LE, D-SU, D-SK
and D-LE) of the light from the foliage and its polarization characteristics. A particular leaf
of the foliage is illuminated by sunlight (SU), and/or skylight (SK), and/or light from the
neighbouring leaves (i.e. leaflight, LE). SU is unpolarized (p = 0), while SK and LE are
partially linearly polarized (p > 0) due to scattering-polarization and reflection-polarization
of sunlight in the atmosphere and at the leaf blades, respectively (Coulson, 1988; Grant et
al., 1993; Horváth et al., 2002b; Können, 1985). The leaflight has two main components:

light transmitted through the leaves (Fig. 4.5A) and light reflected by the leaves (Fig. 4.5B).
The former possesses three further components: the sunlight (T-SU), skylight (T-SK) and
leaflight (T-LE) transmitted through the leaves. T-SU, T-SK and T-LE are practically
unpolarized (p | 0) because of the diffuse scattering and multiple reflection of light (SU,
SK, LE) within the leaf tissue (Coulson, 1988; Grant et al., 1993; Horváth et al., 2002b;
Können, 1985) (Fig. 4.5A).
Light can be reflected from a leaf either diffusely by the leaf’s tissue and its rough
outer surface (due to hairs or wax), or specularly from smooth leaf cuticle (Coulson, 1988;
Grant et al., 1993; Horváth et al., 2002b) (Fig. 4.5B). If the incident light (SU, SK, LE)
penetrates into the leaf tissue, it can either be diffusely reflected into all directions after
multiple scattering on and reflection from the plant cells (D-SU, D-SK, D-LE), or be
transmitted diffusely through the leaf (T-SU, T-SK, T-LE). The diffusely reflected
components D-SU, D-SK and D-LE are practically unpolarized (p | 0) (Grant et al., 1993;
Horváth et al., 2002b). The specularly-reflected components S-SU, S-SK and S-LE are
partially linearly polarized tissue (Coulson, 1988; Grant et al., 1993; Horváth et al., 2002b;
Können, 1985). According to Fresnel's laws of reflection (Azzam and Bashara, 1992) the
direction of polarization of specularly reflected light is perpendicular to the plane of
reflection determined by the incident light, reflected light and the local normal vector of the
reflecting surface. Thus, the direction of polarization of S-SU is perpendicular to the plane
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containing the observer, the sun and the observed point of a sunlit leaf. The direction of
polarization of the other two specularly reflected components S-SK and S-LE are usually
tilted to this plane, because the direction of the incident skylight (SK) and leaflight (LE) is
generally different from that of the sunlight (SU).
From what has been explained above, it follows that among the nine components of
leaflight only the sunlight reflected specularly from the smooth cuticle of leaves (S-SU) can
result in directions of polarization perpendicular to the plane of reflection passing through
the observer, the sun and the observed sunlit leaf of the foliage. This S-SU component is the
reason for the white gloss of shiny (smooth) sunlit leaves. This highly polarized, cuticlereflected gloss often overwhelms the unpolarized green light reflected diffusely from the
leaf tissue. According to Können (1985) in the foliage there can be many leaves oriented in
many different directions, but the gloss of the foliage as a whole is tangentially polarized
with respect to the sun, i.e., perpendicular to the plane of reflection.
The above model also explains why under the same sky conditions the 8-shaped Disolines of tree canopies expand relative to those of the clear sky, so that the neutral points
may disappear: since the S-SU component, per definition, practically corresponds to the
single scattering of light, the D-pattern of sunlit overhead vegetation resembles the Rayleigh
pattern. The D-pattern of the clear sky more or less deviates from the Rayleigh pattern due
to multiple scattering of light in the air (Fig. 4.6).
Thus we conclude that if the vegetation is sunlit, then the D-pattern of the foliage is
qualitatively the same (scenes S1-S3, S5, S7, S10-S13, S16-S18, S20, S22, S24, S25, S28,
S33-S35, S37-S39, S41, S42 in Fig. 4.4) as that of the clear sky (Fig. 4.1, and scenes S4, S6,
S8, S9, S15, S36, S40 in Fig. 4.4). The main reason for this phenomenon is the polarization
effect of the S-SU component of leaflight. Consequently, the illumination of the foliage by
direct sunlight plays an important role, while solar elevation and sky conditions (clear or
partly cloudy with visible sun's disc) are irrelevant. The deviations of the D-pattern of the
sunlit vegetation from that of the clear sky are the consequences of the polarization
characteristics of the other eight components T-SU, T-SK, T-LE, S-SK, S-LE, D-SU, D-SK
and D-LE of the leaflight. The larger the contribution of these eight components to the net
leaflight, the greater these deviations. If the sun is occluded by clouds, the foliage is not
sunlit, thus the S-SU component does not exist and consequently the D-pattern of the foliage
(scenes S27, S30, S32 in Fig. 4.4) differs considerably from that of the clear sky (Fig. 4.1,
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and scenes S4, S6, S8, S9, S15, S36, S40 in Fig. 4.4). Physically it is obvious that the same
holds true for moonlit scenes at night, when the main source of light is sunlight reflected by
the moon, if the latter is not occluded by clouds.
Although our polarimetric measurements happened in calm weather, in wind the
leaves are constantly in motion. Due to the wind-generated oscillation of the leaf blades,
both p and D of leaflight more or less fluctuate. Under this situation the time-averaged pand D-values of light from the vegetation possess similar characteristics as shown in Figs.
4.2-4, 4.6 and Table 4.2 measured in calmness.
Earlier it has been shown that the D-pattern of the sky during full moon at night (Gál
et al., 2001a) and during the day under smoky (Hegedüs et al., 2007a), foggy (Hegedüs et
al., 2007d) and partly cloudy (Brines and Gould, 1982; Hegedüs et al., 2007d; Pomozi et al.,

2001; Suhai and Horváth, 2004) as well as total overcast conditions (Hegedüs et al., 2007b)
is qualitatively the same as that of the clear, sunlit sky (see our findings presented in
chapters 1-3). Thus, our full-sky imaging polarimetric results presented here supplement
these earlier findings, demonstrating that the distribution of the angle of polarization is a
very stable pattern in the optical environment encompassing both sunlit and moonlit skies
and including furthermore sunlit grassland and overhead vegetation.
According to Shashar et al. (1998), the polarization of the sky can be determined in
rain forests even from beneath the tree canopy and can be used by animals living on the
ground or in the lower parts of the forest, as long as they have a clear view of a large portion
of the sky. However, we have shown in this work that the D-pattern of sunlit tree canopies is
qualitatively the same as that of the clear sky. We conclude that as a consequence of the
sky-specific D-pattern underneath sunlit tree canopies, polarization-based navigation in
forests is not limited to spaces exposed to several extended portions of the clear sky.
Barta and Horváth (2004) were able to show that if the space under the foliage is
partly sunlit, p of downwelling light from the overhead vegetation is maximal in the UV,
because in this spectral range the unpolarized UV-deficient green leaflight dilutes least the
polarized light scattered in the air beneath the foliage. Therefore, in day-time the detection
of polarization of downwelling light under tree canopies is most advantageous in the UV,
because in this spectral range the risk that p is lower than the threshold p* of polarization
sensitivity in animals is smallest. On the other hand, in Hegedüs et al. (2006) we explained
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why longer wavelengths are advantageous for the perception of polarization of downwelling
light from overhead vegetation illuminated by the setting sun. Using three atmospheric
optical models, we computed the p and the polarized intensity (= pI, where I is the total
intensity) of downwelling leaflight, the quantum catch (number of photons absorbed by a
photoreceptor), and quantum catch difference between polarization detectors with
orthogonally-arranged microvilli under foliage illuminated by the setting sun as functions of
the wavelength and the solar zenith angle. We showed that using green-sensitive
polarization detectors for polarization-based orientation under tree canopies at low solar
elevations is an optimal compromise between simultaneous maximization of the quantum
catch and the quantum catch difference. This explains why dusk-active European
cockchafers, Melolontha melolontha detect polarization of downwelling light in the green
part of the spectrum. Cockchafers are active at sunset and fly predominantly under the
foliage lit by the setting sun during their swarming, feeding, and mating periods. In the
retina of M. melolontha the polarization of downwelling light (skylight or light from the
foliage) is detected by photoreceptors in upward-pointing ommatidia with maximal
sensitivity at 520 nm in the green part of the spectrum. According to Hegedüs et al. (2006),
polarization vision in M. melolontha underneath green foliage during sunset is tuned to the
high polarized intensity of downwelling light in the green.
Since the mirror symmetry axis of the D-pattern of the sunlit overhead vegetation is
always the solar-antisolar meridian, the azimuth direction of the sun occluded by foliage in
forests can be assessed from this polarization pattern. (Note that only the solar azimuth, i.e.
the direction of the solar meridian can be determined, rather than the solar position,
possessing two components: the azimuth and the elevation.) For instance, tropical honey
bees, living and dancing on exposed limbs in tropical forests, are frequently confronted with
the problem of orientation underneath sunlit overhead vegetation (Wilson, 1971). According
to Brines and Gould (1982), such bees flying or dancing under a canopy of vegetation might
well be able to see perfectly good patterns of polarized UV light against the leaves
overhead. In this study we presented polarimetric evidence in favour of this hypothesis for
the visible part of the spectrum, based on our finding that the D-pattern of the sunlit foliage
in forests is qualitatively the same as that of the clear sky. A further important argument is
that during the day the detection of polarization of downwelling leaflight is most
advantageous in the ultraviolet (Barta and Horváth, 2004), and many day-active insects,
such as honey bees (Apis mellifera), bumblebees (Bombus hortorum), desert ants
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(Cataglyphis bicolor, C. setipes), flies (Calliphora erythrocephala, Musca domestica),
scarab beetles (Lethrus apterus, L. inermis, Pachysoma striatum), for instance, perceive the
polarization of skylight in the ultraviolet (Horváth and Varjú, 2004).
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Tables
Table 4.1. Date, time, solar elevation angle H, sky and canopy conditions during our

polarimetric measurements performed in Hungary (scene S0) and Finland (scenes S1-S43).
scene
number

date

S0

25 August
2001

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25
S26
S27
S28
S29
S30
S31
S32
S33
S34
S35
S36
S37
S38
S39
S40
S41
S42
S43

time

H

sky and canopy conditions

Hungarian town Pákozd (47o 13´ N, 18o 33´ E)

10 August
2006

11 August
2006

12 August
2006

13 August
2006
14 August
2006

15 August 2006

17 August 2006

18 August
2006

19 August
2006

06:30 (UTC+2)

H = 4.5o

sunrise, sunlit grassland, clear sky

Finnish town Oulu (65o 0' N, 25o 26' E)
20:00 (UTC+3) H = 10.3o
sunset, sunlit birch trees, cloudy sky
sunset, sunlit birch & pine trees, clear sky
20:05
H = 9.8o
o
20:10
sunset, sunlit poplar trees, cloudy sky
H = 9.3
20:18
sunset, clear sky
H = 8.5o
21:25
sunset, sunlit poplar trees, cloudy sky
H = 2.3o
o
21:30
sunset, clear sky
H = 1.9
19:45
sunset, sunlit poplar trees, cloudy sky
H = 11.5o
o
sunset, clear sky
19:50
H = 11.0
sunset, clear sky
20:58
H = 4.4o
21:05
sunset, sunlit poplar trees, cloudy sky
H = 3.7o
21:15
sunset, sunlit birch trees, cloudy sky
H = 2.9o
sunset, sunlit pine trees, cloudy sky
19:55
H = 10.2o
o
sunset, sunlit pine trees, cloudy sky
20:00
H = 9.7
o
20:05
sunset, cloudy sky
H = 9.2
21:00
sunset, cloudy sky
H = 3.9o
21:05
sunset, sunlit pine trees, cloudy sky
H = 3.5o
o
sunset, sunlit pine trees, cloudy sky
21:05
H = 3.5
20:50
sunset, sunlit birch trees, cloudy sky
H = 4.6o
o
sunset, cloudy sky
20:55
H = 4.1
21:18
sunset, sunlit birch trees, cloudy sky
H = 2.1o
sunset, cloudy sky
21:24
H = 1.6o
21:12
sunset, sunlit birch trees, cloudy sky
H = 2.3o
o
sunset, cloudy sky
21:20
H = 1.6
sunset, sunlit pine trees, cloudy sky
20:13
H = 7.5o
20:18
sunset, sunlit pine trees, cloudy sky
H = 7.0o
20:24
sunset, cloudy sky
H = 6.4o
20:41
H = 4.8o sunset, poplar trees, cloudy sky, occluded sun
o
sunset, sunlit birch trees, cloudy sky
20:48
H = 4.1
sunset, overcast sky
20:53
H = 3.7o
12:00
H = 36.5o noon, pine trees, overcast sky, occluded sun
12:10
noon, overcast sky
H = 37.0o
12:16
H = 37.2o noon, poplar trees, overcast sky, occluded sun
o
12:15
noon, sunlit poplar trees, cloudy sky
H = 36.8
12:31
noon, sunlit pine trees, cloudy sky
H = 37.3o
o
noon, sunlit birch trees, cloudy sky
12:49
H = 37.8
12:54
noon, clear sky
H = 37.9o
12:58
noon, sunlit pine trees, cloudy sky
H = 37.9o
o
noon, sunlit pine trees, cloudy sky
13:19
H = 38.1
14:51
afternoon, sunlit birch trees, cloudy sky
H = 35.6o
o
15:02
afternoon, clear sky
H = 35.0
15:55
afternoon, sunlit pine trees, cloudy sky
H = 31.6o
19:45
sunset, sunlit birch trees, cloudy sky
H = 9.1o
sunset, clear sky
20:00
H = 7.6o
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Table 4.2. Optical characteristics of the Hungarian (S0) and Finnish (S1-S43) scenes

measured in the red (R, 650 nm), green (G, 550 nm) and blue (B, 450 nm) parts of the
spectrum and averaged over the entire hemispherical field of view. The definition of
noisiness n of D is given in the Materials and Methods. The foliage ratio f gives the
percentage of the overhead vegetation of the full celestial hemisphere (not applicable in
scenes with open skies). The date, time, latitude, longitude, solar elevation and sky
conditions of scenes S0-S43 are given in Table 4.1.
Scene
number

Figure
number

S0
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25
S26
S27
S28
S29
S30
S31
S32
S33
S34
S35
S36
S37
S38
S39
S40
S41
S42
S43

Fig. 2
Fig. 4/S1
Fig. 4/S2
Fig. 4/S3
Fig. 4/S4
Fig. 4/S5
Fig. 4/S6
Fig. 4/S7
Fig. 4/S8
Fig. 4/S9
Fig. 4/S10
Fig. 4/S11
Fig. 4/S12
Fig. 4/S13
Fig. 4/S14
Fig. 4/S15
Fig. 4/S16
Fig. 4/S17
Fig. 4/S18
Fig. 4/S19
Fig. 4/S20
Fig. 4/S21
Figs. 3, 4/S22
Fig. 4/S23
Fig. 4/S24
Fig. 4/S25
Fig. 4/S26
Fig. 4/S27
Fig. 4/S28
Fig. 4/S29
Fig. 4/S30
Fig. 4/S31
Fig. 4/S32
Fig. 4/S33
Fig. 4/S34
Fig. 4/S35
Fig. 4/S36
Fig. 4/S37
Fig. 4/S38
Fig. 4/S39
Fig. 4/S40
Fig. 4/S41
Fig. 4/S42
Fig. 1

degree of linear
polarization p (%)
R
G
B
9±6
6±4
7±4
19 ± 14
19 ± 15
20 ± 16
21 ± 15
19 ± 14
19 ± 15
19 ± 13
19 ± 13
19 ± 14
28 ± 20
23 ± 17
20 ± 15
15 ± 11
17 ± 13
20 ± 15
23 ± 13
21 ± 12
15 ± 10
17 ± 11
17 ± 12
20 ± 15
26 ± 18
22 ± 16
20 ± 15
29 ± 21
27 ± 20
26 ± 19
20 ± 15
21 ± 16
24 ± 19
12 ± 9
15 ± 11
16 ± 13
16 ± 13
16 ± 13
17 ± 15
16 ± 12
18 ± 13
18 ± 14
11 ± 10
11 ± 9
10 ± 9
27 ± 19
25 ± 17
24 ± 16
17 ± 12
19 ± 13
20 ± 14
22 ± 16
23 ± 16
24 ± 17
11 ± 11
13 ± 13
15 ± 14
10 ± 8
12 ± 8
12 ± 8
16 ± 12
18 ± 14
20 ± 15
14 ± 9
15 ± 10
16 ± 10
21 ± 14
21 ± 14
23 ± 16
16 ± 10
17 ± 10
16 ± 10
12 ± 10
14 ± 12
13 ± 11
15 ± 12
16 ± 13
16 ± 13
9±8
10 ± 7
10 ± 6
17 ± 14
19 ± 15
19 ± 15
15 ± 11
16 ± 12
17 ± 13
7±5
7±6
7±6
12 ± 11
12 ± 12
13 ± 13
6±6
6±6
5±7
18 ± 15
18 ± 16
19 ± 16
21 ± 16
20 ± 16
20 ± 17
15 ± 11
15 ± 12
16 ± 13
19 ± 12
19 ± 12
22 ± 14
23 ± 19
20 ± 14
18 ± 13
19 ± 14
20 ± 15
22 ± 16
24 ± 16
22 ± 15
21 ± 16
17 ± 12
16 ± 11
21 ± 14
29 ± 23
23 ± 15
20 ± 13
22 ± 14
21 ± 12
21 ± 12
18 ± 12
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8
8
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7
7
7
45
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6
5
5
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45
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13
7
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35
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35
46
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44
35
38
37
7
6
5
45
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26
25
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7
5
4
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27
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29
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3
2
3

foliage
ratio f (%)

66.7 %
68.6 %
60.8 %

72.6 %

75.4 %


75.4 %
67.7 %
66.7 %
74.9 %


63.8 %
72.5 %
65.2 %

79.2 %

84.8 %

62.7 %
73.2 %

79.9 %
77.5 %

64.5 %

79.5 %
75.6 %
86.5 %
82.1 %

89.2 %
68.3 %
82.2 %

68.7 %
70.2 %
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Figure Legends
Figure 4.1: Colour photograph (A), and patterns of the degree of linear polarization p (B-D)

and the angle of polarization D from the local meridian (E-G) of a clear sky (scene S43,
Tables 4.1 and 4.2), measured by 180o field-of-view imaging polarimetry in the red, green
and blue parts of the spectrum. The optical axis of the fisheye lens was vertical, thus the
horizon is the perimeter and the centre of the circular patterns is the zenith. At the perimeter
of the circular colour picture the dark silhouette of trees can be seen. The sun near the
horizon was occluded by a small black disc placed on a thin wire, which is seen radially in
the circular patterns.
Figure 4.2: As Fig. 4.1 for scene S0 with grassland lit by the rising sun. The measurements

were performed from a hot air balloon at an altitude of 100 m. The optical axis of the
fisheye lens pointed towards the nadir, which is the centre of the circular patterns.
Figure 4.3: As Fig. 4.1 for scene S22 with the overhead vegetation of a forest composed of

birch trees lit by the setting sun. In pattern B black shows the tree foliage and white
indicates the sky.
Figure 4.4: Colour pictures and D-patterns of Finnish skies and tree canopies (scenes S1-

S42, Tables 4.1 and 4.2), measured in the blue part of the spectrum. Quite similar D-patterns
were obtained in the green and red spectral ranges.
Figure 4.5: Schematic representation of the polarization characteristics of the different

components (SU, S-SK, S-LE, D-SU, D-SK, D-LE, T-SU, T-SK, T-LE) of light transmitted
(A) and reflected (B) by a leaf in the foliage. Circles and ellipses with double-headed arrows
represent unpolarized and partially linearly polarized light, respectively. SU: sunlight
(unpolarized); SK: skylight (partially linearly polarized); LE: leaflight (partially linearly
polarized); S-SU, S-SK and S-LE: specularly reflected sunlight, skylight and leaflight
(partially linearly polarized); D-SU, D-SK and D-LE: diffusely reflected sunlight, skylight
and leaflight (unpolarized); T-SU, T-SK and T-LE: transmitted sunlight, skylight and
leaflight (unpolarized).
Figure 4.6: Left and middle columns: Colour pictures and the D-patterns of a clear sky

(scene S7) and the tree canopy (scene S8), measured in the blue (450 nm) part of the
spectrum under the same sky conditions (Table 4.1). Right column: Theoretical D-patterns
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calculated on the basis of the single-scattering Rayleigh-model (for S7) and the model of
Berry et al. (2004) (for S8), respectively. For the sake of easier comparisons, the circular
pictures and patterns were rotated so that the solar-antisolar meridian became vertical in
both cases.
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Chapter 5
Polarization of “Water-Skies” Above Arctic Open Waters:
How Polynyas in the Ice-Cover Can be Visually
Detected From a Distance

5.1 Introduction
In the ice-cover of the Arctic Ocean there are long or short, wide or narrow, permanent or
temporary open water surfaces, especially in the summer. These open waters are called
polynya (when permanent, long and wide) or leads (when temporary, short and narrow) and
are of great importance to animal life in the Arctic (Stirling, 1980; Stirling and Cleator,
1981; Stirling, 1997) and Antarctic (Ancel et al., 1992) regions. Captains of icebreaker ships
prefer to follow the line of such polynyas and leads, because then the ship can move easier
and faster (as explained by Tomas Arnell, the captain of the Swedish icebreaker Oden,
during a personal conversation with my supervisor, Gábor Horváth). The open water
surfaces can be visually detected on the basis of their low albedo (reflectivity): polynyas and
leads occur as dark grey or black stripes in the high-albedo (white) ice field (Fig. 5.1A).
Above the up-streaming warmer water of polynyas rising vapour occurs frequently (Fig.
5.1B). If the sky is foggy, the sky above dark water surfaces is always dark grey (Fig. 5.1CE). This phenomenon is called the ”water-sky”. On the other hand, the foggy sky above
high-albedo ice/snow surfaces is always white (Fig. 5.1A-E), which is called the ”ice-sky”.
Hence, at the ice-water border of polynyas and leads there is a difference in radiance
between the ice-sky and the water-sky (Fig. 5.1C,D). Thus, polynyas and leads can be
remotely detected by means of this celestial radiance difference, or of the dark grey band
(Fig. 5.1E,F) of the water-sky, even if the water surface is not visible because of the
curvature of the Earth’s surface. Figure 5.2 shows schematically the geometry of a remote
(Fig. 5.2A) and a near (Fig. 5.2B) view of a water-sky above a polynya seen from an
icebreaker. The captains of icebreakers in the Arctic Ocean used to search for open waters in
such a way (Tilzer, 1994). The pilots of helicopters of icebreakers also use this information
during ice reconnaissance flights above the Arctic ice-cover (according to Sven Stenvall,
helicopter pilot, who explained it in during a conversation with Gábor Horváth).
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Polar bears and several seabird species in the Arctic region are strongly dependent
on the existence of open waters (leads and polynyas), because their prey (mainly seals for
polar bears; fish and invertebrates for birds) originate from the seawater (McRoy and
Goering, 1976; Brown and Nettleship, 1981; Hirche et al., 1991; Stirling et al., 1993; Born
et al., 1997; Stirling, 1997). Animals inhabiting the Arctic ice landscape could possibly

detect open waters from a distance on the basis of the dark grey water-sky, like captains of
icebreakers. This hypothesis has not been tested behaviourally until now. On the other hand,
certain Arctic birds may also be sensitive to polarized light, like several other bird species
using sky polarization for orientation (Horváth and Varjú, 2004).
Until now the polarization of light from ice- and water-skies has not been studied.
To fill this gap, we measured the polarization patterns of water-skies above polynyas in the
Arctic ice-cover during the Beringia 2005 Swedish polar research expedition to the Arctic
Ocean. I this chapter I present some typical celestial polarization patterns occurring above
the Arctic ice broken by polynyas. It is shown that there are statistically significant
differences in the angle of polarization between the water-sky and the ice-sky radiating light
with low degrees of linear polarization.

5.2 Results
As an example, results from polarimetric measurements are shown in Fig. 5.3 including a
colour photograph of the view being analysed and the patterns of the degree of linear
polarization d and the angle of polarization D of the sky above the Arctic ice with a polynya
stretching nearly parallel to the horizon measured by 180o field-of-view imaging
polarimetry in the blue (450 nm) part of the spectrum. Since the polarization patterns
measured in the red (650 nm) and green (550 nm) parts of the spectrum were very similar to
those in the blue, we do not present them here. Due to the very high (approximately 90%)
albedo of snowy ice, the white ice surface is nearly as bright as the white ice-sky above the
ice-cover (Fig. 5.3A, Table 5.1). Above the low-albedo (dark) water surface of the polynya
the foggy sky is grey, which is called the ”water-sky”. The brightness (radiance) of the
water-sky is smallest at its lower part and gradually increases upwards up to that of the icesky. Thus, on top of the fisheye picture (towards the zenith) there is no sharp border
between the ice-sky and the water-sky. On the other hand, the water-sky does not begin
immediately above the water surface: there is a bright horizontal celestial band between the
water and the water-sky. The border between this celestial ”bright band” and the lowermost
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part of the water-sky is sharp (Fig. 5.3A), and there is a moderate radiance difference
between the bright band and the water-sky: depending on the wavelength, the differences in
the relative radiances i between them are ibright band – iwater-sky = 6-9% (Table 5.1).
According to Fig. 5.3B and Table 5.1, the average degree of linear polarization d of
light from the ice-sky (4-6%) is as low as that of the ice-reflected light (4-5%) and the light
from the water-sky (4-5%), while the water surface of the polynya reflects light with the
highest d (20-25%). Thus, the water-sky cannot be discerned from the ice-sky in the dpattern in Fig. 5.3B.
In Fig. 5.3C and Table 5.1, we can see that there are statistically significant
differences (paired t-test: p < 0.001) in the angle of polarization D between the water-sky
and the ice-sky above and the celestial bright band below: depending on the wavelength, the

D-values of light from the water-sky are 61-63o r 14-15o (shaded by green and blue colours
in Fig. 5.3C), while the D-values of light from the ice-sky above the water-sky and from the
celestial bright band below the water-sky are 17-22o r 11-14o and 30-34o r 18-20o,
respectively (shaded by red and yellow colours in Fig. 5.3C). Analyzing the D–patterns
measured in the red, green and blue parts of the spectrum (in Fig. 5.3C the D–pattern is
shown only in the blue), we can establish that the area of the celestial region with nearly
vertical directions of polarization (with angle of polarization –45o < D < + 45o shaded by red
and yellow in Fig. 5.3C) is the larger, the shorter the wavelength, furthermore, the sky light
and the light reflected from the smooth horizontal ice surface are nearly horizontally
polarized (with angle of polarization +45o < D < +135o shaded by green and blue in Fig.
5.3C) at the left and right side of the 180o field-of-view scene.
As another example, the optical characteristics of another scene with a water-sky are
shown in Fig. 5.4. Here the left half of the 180o field of view of the camera is filled by the
ice-cover and the ice-sky above it, while the right half by the dark water surface of a
polynya and by the grey water-sky which gradually transforms upwards into the bright icesky. In this case again there is a celestial bright band below the grey water-sky (Fig. 5.4A),
the average d of light from the water-sky (5-6%) is as low as that of its surroundings (Fig.
5.4B, Table 5.2), and the celestial region with nearly vertical directions of polarization
increases with decreasing wavelength (in Fig. 5.4C again the D–pattern is shown only in the
blue). According to Fig. 5.4C and Table 5.2, the differences in D between the celestial bright
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band (D = 43-54o r 19-24o), the water-sky (D = 63-69o r 16-19o) and the ice-sky (D = 34-38o
r 20-21o) are again statistically significant (paired t-test: p < 0.001), but they are smaller
than those in Fig. 5.3. Figure 5.2A illustrates how the water-skies visible in Figs. 5.3 and 5.4
were generated and seen from the icebreaker Oden. Quite similar results were obtained for
four other Arctic skies (with water-sky) above polynyas.

5.3 Discussion
Polynyas rise where the warm seawater of constant currents of the Arctic Ocean streams up.
From the water surface of polynyas water vapour rises (Fig. 5.1B) and after the
condensation of the vapour a cloud of water fog takes its origin. In Fig. 5.1F two darker
spots of the rising and partially condensed water vapour are visible. The light from the
bright ice-sky can reach a remote observer either above, or below the fog cloud above a
polynya. The horizontal celestial bright band below the grey water-sky is due to the bright
ice-sky light reaching the observer through the more or less transparent rising vapour below
the fog cloud (Figs. 5.2A, 5.3 and 5.4). Thus, the light from this bright band has
approximately the same radiance and polarization as the original ice-sky light. The radiance
I of light from the bright band is as high as that from the surrounding ice-sky (Figs. 5.3A

and 5.4A). In Figs. 5.3B and 5.4B the degree of linear polarization d of the bright band is as
low as that of the ice-sky, while in Figs. 5.3C the light from the bright band is nearly
vertically polarized (-45o < D < +45o shaded by red and yellow) like the backgrounding icesky light. Similarly, in Figs. 5.4C the light from the bright band is nearly horizontally
polarized (+45o < D < +135o shaded by green and blue) as the backgrounding ice-sky light.
When the lowermost part of the water-sky is seen below the horizon, there is no
celestial bright band below the water-sky. This is the situation in Figs. 5.1B and 5.1C, where
the icebreaker was positioned in the fog cloud above a polynya (Fig. 5.2B). In Fig. 5.1A
there is no water surface next to the horizon, thus neither water-sky, nor bright band are
visible. The bright band can be clearly seen in Figs. 5.1D-F, 5.3 and 5.4, where the situation
was the same as shown in Fig. 5.2A.
From Figs. 5.1 and 5.2 it is apparent that both perception of radiance and
polarization differences between water-skies and ice-skies depend on the observer's height
above ground. Thus it depends also on whether the observer is on the ice or in the water: a
polar bear rearing up on its hind legs might stand 3 m tall, the observer on the icebreaker
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Oden was 15 m high up and an Arctic bird might be flying 150 m above the Arctic Ocean.
However, since the mentioned radiance and polarization differences could be important only
from remote distances (several tens of kilometres) in the detection of not directly visible
water surfaces, the relatively small (from a few to hundred metres) height of the observer is
irrelevant.
The fog cloud above a polynya considerably attenuates (absorbs and scatters) the
light from the background ice-sky. On the other hand, due to the very low albedo (5-10%) of
the Arctic water surface, only a small amount of light is reflected upwards from the polynya
towards the fog cloud, consequently, only a small amount of polynya-reflected light can be
scattered by the fog towards the observer. These are the reasons for the small radiance of
light coming from the grey water-sky, i.e. from the fog cloud above a polynya. This small
radiance of water-skies is demonstrated in Figs. 5.1, 5.3A and 5.4A. The polarization
characteristics of water-skies are determined predominantly by the polarization of light
reflected from the water surface, such that the polynya-reflected light is always horizontally
polarized with a degree of linear polarization depending on the angle of reflection. This
horizontally polarized polynya-reflected light is reflected/scattered from the fog cloud
towards the observer, resulting in the nearly horizontal polarization (+45o < D < +135o) of
light from the water-sky (Figs. 5.3C and 5.4C).
On the basis of the above analysis it follows that if there is a celestial bright band
below the water-sky, there is a maximal difference in the direction of polarization between
the ice-sky and the water-sky if the latter occurs in front of nearly vertically polarized icesky regions. This difference becomes smaller the more the angle of polarization of ice-sky
light deviates from the vertical, and the difference diminishes if the background of the
water-sky is a nearly horizontally polarized celestial area.
A not directly visible polynya can be detected from a distance by means of the
water-sky visible above it. The water-sky itself can be recognized either on the basis of the
smaller radiance and/or the more or less difference in the angle of polarization relative to the
ice-sky. Arctic birds (if sensitive to polarization) could detect water-skies by means of
polarization only if the threshold of their polarization sensitivity would be as low as about
10%, because the degree of linear polarization of water-skies is not higher than 10% (Tables
5.2 and 5.3). We admit, however, that it is currently unknown whether any Arctic bird
species is polarization sensitive.
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Tables
Table 5.1: Number of pixels and optical characteristics (average r standard deviation) of

light from different sections of the Arctic sky shown in Fig. 5.3. The angle of polarization D
(o) is measured from the vertical. The relative radiance is i = I/Imax, where I is the measured
radiance and Imax is the maximum radiance in the picture. ’whole sky’ and ’ice’ mean the
entire upper half and lower part of the picture, respectively. The regions of ’water-sky’, ’icesky’ and ’bright band’ are shown in Fig. 5.3A by rectangles. All D-values are statistically
significantly different (t-test for two independent samples: p < 0.001) from those of the
water-sky (bold). The statistical t-values are given in brackets.

image
section

number
of pixels

whole sky

117500

relative radiance
i (%)
red

green

58r5 52r4

blue

degree of linear
polarization d
(%)
red green blue

80r6 5r3 5r3

4r2

ice

23500

52r4 48r3

72r5 5r3 5r3

4r3

water-sky

2700

56r2 49r2

74r4 4r2 5r2

4r2

ice-sky

45900

61r3 55r2

84r2 6r2 5r3

4r2

bright band

1530

62r2 55r2

83r3 4r3 5r4

4r3

angle of
polarization D (o)
red
green
blue
41r24
41r24
34r23
(t=47.4) (t=43.1) (t=63.0)
53r23
52r22
49r24
(t=22.1) (t=20.8) (t=27.6)
63r15
61r14
62r14
22r14
22r14
17r11
(t=74.1) (t=140.7) (t=203.1)
34r20
31r18
30r19
(t=87.5) (t=60.2) (t=62.5)

Table 5.2: As Table 5.1 for Fig. 5.4. All D-values are again statistically significantly

different (t-test for two independent samples: p < 0.001) from those of the water-sky (bold).
The statistical t-values are given in brackets.
image
section

number
of pixels

whole
sky

119200

ice

21900

water-sky

3850

ice-sky

74700

bright
band

70

relative radiance
degree of linear
i (%)
polarization d (%)
red green blue red green blue
62r8 51r6 67r8 5r3 5r3 5r3
65r5 53r4

68r4

4r3

4r3

4r3

47r5 38r3
66r6 54r4

49r4
71r5

6r4
6r4

6r4
5r3

5r3
5r3

49r3 38r3

51r3

4r2

5r3

4r2

angle of
polarization D (o)
red
green
blue
43r23
43r23 39r23
(t=69.6) (t=53.4) (t=72.1)
64r20
59r22 58r23
(t=14.7) (t=10.6) (t=20.4)
69r16
63r19 66r19
38r21
38r21 34r20
(t=90.3) (t=72.4) (t=97.1)
54r19
43r24 48r20
(t=7.8)
(t=8.7) (t=7.9)

Chapter 5 – Polarization of “Water-skies” Above Arctic Open Waters

97

Figure Legends
Figure 5.1: (A) A typical low-albedo (dark) open water surface (polynya) in the

high-albedo (white) Arctic ice-cover. The helicopter was stationed on board of the Swedish
icebreaker Oden and was used for ice reconnaissance flights. (B) Rising vapour above the
up-streaming warmer water of a polynya. (C, D) Typical white ”ice-skies” and grey ”waterskies” above the Arctic ice broken with polynyas. (E) Above a long straight distant polynya
visible near the horizon a long water-sky occurs. (F) An elongated horizontal water-sky
above a long straight polynya which is not visible because of the curvature of the Earth’s
surface. The two darker spots between the water-sky and the horizon are water vapour
clouds rising from two warmer spots of the polynya’s water surface. Not directly visible
remote open waters can be detected from a distance on the basis of the smaller radiance of
light from water-skies visible above them.
Figure 5.2: Remote (A) and near (B) views of a water-sky above a polynya seen

from an icebreaker. Light from the water-sky and the ice-sky is represented by black- and
white-headed arrows, respectively. The strong scattering and absorption of ice-sky light in
the fog cloud above the water surface is symbolized by broken lines.
Figure 5.3: (A) 180o field-of-view colour photograph of the sky above the Arctic ice

with a polynya stretching nearly parallel to the horizon in the middle part of the picture on
11 September 2005 at 01:50 (local summer time = UTC  8) at the geographical coordinates
89o 14.6’ N and 174o 2’ W. (B, C) Patterns of the degree of linear polarization d and the
angle of polarization D of the sky measured by 180o field-of-view imaging polarimetry in
the blue (450 nm) part of the spectrum. These patterns are very similar to those measured in
the green (550 nm) and red (650 nm) parts of the spectrum. The optical axis of the fisheye
lens was horizontal, thus the horizon is the horizontal diameter of the circular picture, the
upper and lower parts of which show the sky and the ice-cover with a polynya, respectively.
Only a fraction of the ice surface is shown. The rectangles in picture A show the celestial
regions, for which the values in Table 5.1 were calculated.
Figure 5.4: As Fig. 5.3, but in this example (89o 15.5’ N, 172o 22.6’ W, 07:30 =

UTC  8) the statistically significant differences in the angle of polarization D between the
ice-sky and the water-sky are smaller. The rectangles in picture A show the celestial regions,
for which the values in Table 5.2 were calculated.
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Final Conclusions
In my Ph.D. thesis I performed a comparative atmospheric optical study of celestial
polarization patterns measured by full-sky imaging polarimetry under normal and extreme
conditions. Based on the presented findings some evident conclusions can be drawn on the
celestial polarization characteristics, which also definitely concern the orientation of
polarization-sensitive animals, whose compass is governed by skylight polarization, and
potentially of Vikings who might as well had made use of skylight polarization during their
sails on the open sea.
The obtained main results are summarized in Fig. FC.1, where the photographs as well as
the patterns of the degree and angle of linear polarization of the celestial hemisphere are
shown under all sky conditions investigated in my thesis.
The most strikeful finding is that for partly cloudy, total overcast, foggy and smoky skies,
furthermore for a celestial hemisphere with sunlit overhead vegetation, the D-pattern is
qualitatively always the same as that of the clear sky: the D-isolines resemble always a
typical figure-eight pattern, whose mirror axis coincides with the solar-antisolar meridian.
Having investigated the celestial polarization extensively under such various conditions, we
can establish the fact that the D-pattern is a very robust celestial feature. Although there
arise some slight distorsions and increased noisiness in the D-pattern under extreme sky
conditions compared to that of the clear sky (chapters 1-4), furthermore the neutral points
can be unusually displaced from their normal positions in smoky skies and sunlit tree
canopies (chapters 3 and 4), the D-pattern always retains its characteristic figure-eight shape
and near-to-axial symmetry, where the direction of its mirror axis is determined by the solar
azimuth. The major reason for this robustness is that, single-(Rayleigh)-scattering is what
primarily determines the celestial distribution of the angle of polarization, even under such
extreme conditions as overcast, foggy and smoky skies, or sunlit foliage. On the other hand,
multiple scattering is the major cause of deviations and neutral point displacements in the Dpattern compared to that of the clear sky.
In contrast, according to Fig. FC.1 it is also obvious that depending on the celestial
conditions, the patterns of the degree of linear polarization p can deviate significantly from
the typical pattern determined by Rayleigh-scattering in clear skies. The most apparent
general change is that p is strongly reduced in those celestial regions, where the sky is
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covered by clouds, fog, smoke or overhead vegetation. From this it follows that in cases
where no patches of the blue sky are visible, the average p is considerably decreased. The
strong reduction in p is again the result of multiple scattering on cloud, fog and smoke
particles, and under tree canopies also of the contribution of unpolarized light transmitted
through the depolarizing foliage.
The atmopsheric optical findings presented in my Ph.D. thesis suggest that celestial
polarization can be used as a reliable and robust cue for compass orientation and compass
calibration by polarization-sensitive animals and human navigators using polarizers in an
appropriate way even under extreme sky conditions when little or no visual information is
available about the position of the sun. The prerequisite of this is that such animals be able
to perceive light with low degrees of linear polarization p, and humans be able to determine
the direction of polarization at least at two distinct points of the sky using a polarizer when p
is low.
We admit that our conclusions are not decisive from the biological point of view, since in
our studies only the atmospheric optical aspects and prerequisites of polarization-based
human and animal orientation under normal and extreme conditions are deeply elaborated.
Currently only very few data are available on the threshold of polarization sensitivity p* in
animals possessing polarization vision (in field crickets, Gryllus campestris, and honey
bees, Apis mellifera, for example, p* = 5% and 10%, respectively) and also in the case of
humans using a polarizer (p* is about 10%, if the polarizer is a modern linearly polarizing
filter). Therefore we suggest further behavioural, electrophysiological (in the case of
polarization-sensitive animals) and psychophysical (in the case of humans) studies to
investigate whether the robustness of the celestial D-pattern under extreme conditions, when
usually p is rather low, can be indeed used by animals and humans as compass information.
The polarization of skylight can generally convey highly useful additional information
beyond its intensity and colour (chapters 1-4) which prove even indispensable for the
orientation of certain animals and could have been useful for that of Viking navigators, as
well. However, as it has been discussed in chapter 3, the drastic drop of the degree of
celestial polarization due to forest fire smoke can cause indeed the disorientation of such
animals. This phenomenon also warns us that a change in the optical environment of
polarization-sensitive species, caused by human activity for example, which also involves
the alteration of crucial polarization information for them, may lead to severe consequences
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on the life of these animals (see Horváth and Varjú, 2004 and a recent study of effects of
polarized light pollution: Malik et al., 2008).
Finally, we would like to note that there are also certain tasks such as detecting open waters
above polynyas and leads from a distance, which can be possibly accomplished by means of
perceiving the polarization of ”water-skies” and ”ice-skies” (chapter 5), yet, the polarization
of skylight not necessarily presents an indispensable cue for such task. A ”water-sky” can be
well distinguished visually from the other parts of the sky without needing any additional
information.
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Figure FC.1
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Summary
In my Ph.D. thesis I investigated celestial polarization patterns under normal and extreme
conditions by full-sky imaging polarimetry and their particular implications on human and
animal orientation. Previously only the polarization patterns of clear and partly cloudy skies
were measured by imaging polarimetry, and little or no information has been available about
the spatial distribution of celestial polarization in overcast, foggy and smoky skies,
furthermore underneath overhead vegetation. Therefore the aim of my thesis was to give
account for this debt of atmospheric polarimetry and provide relevant data on skylight
polarization under such extreme conditions, when multiple scattering plays an important
role.
In chapter 1 of my thesis I dealt with the atmospheric optical prerequisites of the alleged
polarimetric Viking navigation under foggy and cloudy sky conditions. In this study
skylight polarization of foggy and cloudy skies measured in the Arctic region were
compared with those of clear skies. I found that the patterns of the angle of polarization D of
foggy and cloudy skies were very similar, while the average degrees of linear polarization p
were considerably reduced compared to those of clear skies. I concluded that in principle
Vikings could have navigated by means of skylight polarization, if p was high enough under
foggy and cloudy conditions.
In chapter 2 I investigated the polarization patterns of totally overcast skies that were
measured in the high Arctis and Hungary. I showed that although the p of light from
overcast skies was rather low, their D-patterns were quite similar to those of clear skies.
In chapter 3 I presented a study on the effects of forest fire smoke on skylight polarization
and their possible consequences on the orientation of polarization-sensitive animals. I
established that sky polarization is anomalous in several aspects due to the forest fire smoke.
I suggested that the disorientation of certain insects observed by other researchers under
smoky skies during the forest fire season could be partly caused by the drastic decrease of p
of skylight.
In chapter 4 I reported on the celestial polarization measured by imaging polarimetry under
forest canopies. I found that the D-pattern of sunlit tree canopies was qualitatively the same
as that of the sky, even in those patches of the celestial hemisphere where dense foliage
could be seen. I concluded that this can be important for those polarization-sensitive animals
which live in forests and use celestial polarization as compass information.
In chapter 5 I investigated the polarization characteristics of ”water-skies” developing above
Arctic open waters (polynyas) and that how these polynyas can be detected visually from a
distance. I showed that there are statistically significant differences in the direction of
polarization between the water-sky and the other parts of the sky (ice-sky) surrounding it,
which may help biological and man-made sensors to detect far-laying open waters when
they are not directly visible.
Based on the findings of my thesis, I have drawn the main conclusion that the celestial
pattern of the direction of polarization is very robust, being qualitatively always the same
under all investigated meteorological conditions. This can be greatly important for
polarization-sensitive animals, whose compass orientation and compass calibration rely on
celestial polarization, since its atmospheric optical prerequisites are granted when little or no
visual information on the position of the sun is available.

Összefoglalás
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Összefoglalás
Doktori értekezésemben az égbolt polarizációját vizsgáltam normál és szélsĘséges körülmények
között 180o látószögĦ képalkotó polarimetriával, és számot adtam annak az emberi, illetve állati
tájékozódással kapcsolatos vonatkozásairól. Korábban csak tiszta és részben felhĘs égboltok
polariziációs mintázatait mérték képalkotó polariméterrel, miáltal eddig csak kevés vagy
semmilyen információ nem állt rendelkezésre az égbolt-polarizáció térbeli eloszlásáról teljesen
borult, ködös, füstös, valamint erdĘlombok által takart egek esetén. Ezért azt a célt tĦztem ki,
hogy mérési adatokat gyĦjtsek az égbolt polarizációjáról ilyen extrém meteorológiai
körülmények között, mikor annak meghatározásában a többszörös fényszórás fontos szerepet
játszik.
Értekezésem 1. fejezetében a hipotetikus polarimetrikus viking-navigáció légköroptikai
feltételeivel foglalkoztam. Ködös és felhĘs egek polarizációs mintázatait hasonlítottam össze a
tiszta égboltéval. Megállapítottam, hogy a ködös és felhĘs egek polarizáció-irány mintázatai
nagyon hasonlóak a tiszta égboltéhoz, míg átlagos polarizációfokuk jelentĘsen lecsökken az
utóbbiéhoz viszonyítva. EredményeimbĘl arra következtettem, hogy a vikingek ködös és felhĘs
idĘben elvben használhatták az égbolt polarizációját tájékozodásukhoz, amennyiben annak
polarizációfoka elegendĘen magas volt.
A 2. fejezetben a teljesen borult ég polarizációs mintázatait vizsgáltam, melyeket az Északisarkon és Magyarországon mértünk. Megmutattam, hogy habár az égboltfény polarizációfoka
ilyen körülmények között meglehetĘsen alacsony, a tiszta égboltéhoz nagyon hasonló
polarizációirány mintázat alakul ki.
A 3. fejezetben az erdĘtüzek füstjének az égbolt polarizációjára gyakorolt hatását, és annak a
polarizáció-érzékeny állatok tájékozódását érintĘ lehetséges következményeit tanulmányoztam.
Megállapítottam, hogy ilyen körülmények között az égbolt-polarizáció több vonatkozásban is
rendellenes az erdĘtĦzbĘl származó füst miatt. Eredményeim magyarázatul szolgálhatnak más
kutatók azon megfigyelésére, hogy az erdĘtüzek idényében a füstös égbolt alatt számos rovarfaj
elvesztette tájékozódási képességét, amit részben az égboltfény polarizációfokának drasztikus
lecsökkenése idézhetett elĘ.
A 4. fejezetben erdei lombozat alatt képalkotó polariméterrel mért polarizációs mintázatok
vizsgálatával foglalkoztam. Megállapítottam, hogy a Nap által megvilágított falombok
polarizációirány mintázata minĘségileg megegyezik az égboltéval, még a látótartomány azon
részein is, ahol sĦrĦ lombozat volt látható. EredményeimbĘl arra következtettem, hogy mindez
fontos lehet azon polarizáció-érzékeny erdei állatok számára, melyek az égbolt polarizációját
használják tájékozódásukhoz.
Az 5. fejezetben az északi-sarkvidéki nyílt vizek (polinyják) fölött kialakuló ”víz-ég”
polarizációs sajátságait vizsgáltam, valamint, hogy e nyílt vizek távolból miképp érzékelhetĘk
vizuálisan. Megmutattam, hogy statisztikusan szignifikáns különbség van a víz-ég és az égbolt
azt körülvevĘ egyéb részeinek (jég-égnek) a polarizációiránya között, mely jelenség segíthet az
élĘlényeknek és az ember által készített szenzoroknak a közvetlenül nem látható, messzi nyílt
vizek érzékelésében.
Doktori értekezésem eredményei alapján azt az alapvetĘ következtetést vontam le, hogy az
égboltfény polarizácó-irány mintázata nagyon robusztus, stabil, mely minĘségileg ugyanolyan
minden vizsgált meteorológiai körülmény között. Ez nagyon fontos lehet azon polarizációérzékeny állatok számára, melyek tájékozódása és belsĘ iránytĦjének kalibrációja az égboltfény
polarizációján alapul, hiszen ennek légköroptikai feltételei adottak akkor is, amikor kevés vagy
semmilyen vizuális információ nem áll rendelkezésre a Nap helyzetérĘl.

