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Abstract
Although the smoke of burning vegetation drastically changes the skycolor visible by the naked eye, the influence of smoke on the celestial polarization pattern is only scarcely known. To collect more data, we measured the celestial polarization of sunlit and moonlit, smoky and clear skies in Hungary in 2012 by full-sky imaging polarimetry. We quantitatively investigated the patterns of the degree of linear polarization p and the angle of polarization of skylight in the red, green and blue spectral ranges. We present here the first polarization patterns and characteristics of smoky moonlit skies. We show that the smoke of burning vegetation reduced considerably the p of sunlit (pmax ( 19.2–35.3 %, paverage ( 13.0(26.3 %) and moonlit (pmax ( 16.3(19.4 %, paverage ( 12.5(17.6 %) skies relative to the corresponding clear sunlit (pmax ( 56.6–61.9 %, paverage ( 34.1(41.5 %) and clear moonlit (pmax ( 28.9(48.5 %, paverage ( 20.4(31.3 %) skies. Furthermore, the wavelength- and time-dependent angular distance between the Arago and Babinet neutral (unpolarized) points of sunlit and moonlit skies decreased and increased due to the smoke for higher (44o(47o) and lower (19o(20o) solar/lunar elevations, respectively.
OCIS codes:
010.1110 (aerosols),


010.1290 (atmospheric optics),


010.1120 (air pollution monitoring),


010.3920 (meteorology),


110.5405 (polarimetric imaging),


120.5410 (polarimetry),


290.5855 (scattering, polarization),


290.1090 (aerosol and cloud effects),


290.1310 (atmospheric scattering)
Introduction

Naturally occurring forest fires and human-initiated biomass burning are widespread, especially in the tropics. The burning vegetation is a significant source of primary aerosols that participate in cloud formation as condensation nuclei [1]. The atmospheric radiation and thus both weather and climate are also strongly influenced by smoke particles through modifying the microphysical and optical properties of clouds and reflecting sunlight [2,3]. Smoke considerably reduces the effective cloud droplet radius, and decreases the cloud reflectance due to absorption of sunlight [4]. The layers of smoke plume drift horizontally with the prevailing winds while extending over a thousand kilometers or more, which results in visibility reduction and air quality degradation both at local and regional scales [5,6].

Near the location of forest fires, several spectacular atmospheric optical phenomena appear, such as glossy aureole around the Sun and Moon, azure blue colors of Moon, or unusually pale sky in the daytime. After forest fires, smoke aerosols can also induce extraordinary colorful twilight [7], which is caused by the scattering of sunlight on aerosols [8].

Earlier studies of the atmospheric optical effects of smoke aerosols have focused on radiative forcing [9,10]. Investigations of smoke aerosols included satellite remote sensing and imagery measurements [11,12] and ground-based Sun photometry [6,13].

The effects of volcanic eruptions on sky polarization have been occasionally studied by point-source polarimetry [14-19]. Hegedüs et al. [20] have presented data on the anomalous celestial polarization caused by forest fire smoke obtained by ground-based polarization measurements. They measured the celestial polarization pattern under a smoky sky in Fairbanks, Alaska, during the forest fire season in August 2005. They quantitatively documented that celestial polarization, a sky attribute essential to the orientation of many polarization-sensitive animals, was in several aspects anomalous above Fairbanks on 17 August 2005 due to the forest fire smoke: The pattern of degree of linear polarization p of the smoky sky differed considerably from that of the corresponding clear sky. Due to the smoke, p of skylight was drastically reduced (pmax ( 14%, paverage ( 8%). Depending on wavelength and time, the Arago, Babinet and Brewster neutral points of sky polarization assumed anomalous positions. Hegedüs et al. [20] 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 anomalous sky polarization caused by forest fire smoke.


The available data on how smoke from burning vegetation influences skylight polarization is still scarce. In previous studies full-sky imaging polarimetry was carried out only in a few instances of smoky sky and only under sunlit conditions [20]. In order to gather more data and complement earlier findings, we measured the celestial polarization of sunlit and moonlit smoky and clear skies by full-sky imaging polarimetry in Hungary in 2012. We quantitatively investigated the patterns of the degree and the angle of linear polarization of skylight in the red, green and blue spectral ranges. From these patterns the wavelength- and time-dependent celestial positions of the Arago and Babinet neutral points were determined.
Materials and Methods

Using full-sky imaging polarimetry, we measured the celestial polarization patterns in Göd (47o 43' N, 19o 09' E), Hungary, on the riverside of Danube between 28 August and 1 December 2012 at time points (UT = Universal Time) given in Table 1. Measurements were performed with Sun visible above the horizon in daytime and during full or near full Moon at night, respectively, under both clear and smoky sky conditions. The smoke originated from forest fires south of Hungary, from Croatia, Bosnia-Herzegovina, Montenegro and Albania. We regularly monitored satellite images from the MODIS Near Real Time Images (http://earthdata.nasa.gov/data/nrt-data/rapid-response), and polarimetric measurements were carried out when smoke plumes were blown northward by south wind, polluted a huge part of the atmosphere above Hungary, including the measuring site, Göd (Fig. 1). Ground-based photographs were also taken about the dark smoke layers near the horizon after sunset at Mogyoród (47° 36’ N, 19° 15’ E), Hungary. In addition, we measured the polarization characteristics of a foggy sunlit sky on 3 November 2012 in order to compare the polarization patterns of foggy and smoky skies.

The skylight polarization was measured by full-sky imaging polarimetry. This technique have been described in detail by Gál et al. [21]. A 180° field of view (full sky) was ensured by a fish-eye lens (Nikon-Nikkor with F = 2.8 and focal length = 8 mm). This lens had a built-in rotating wheel mounted with three broadband (275-750 nm) neutral-density linearly polarizing filters (Polaroid HNP’B) with three different polarization axes (90°, 135° and 0° from the radius of the wheel). The detectors were the red-, green- and blue-sensitive CMOS pixels of a Nikon D3 digital camera. The sensor spectral responses and the spectral sensitivity maxima of this camera were measured by Cao et al. [22]. For a given sky, three polarization photographs (12 megapixel raw images in .NEF formate) were taken at the three different orientations of the transmission axis of the linear polarizers. The camera was set up on a tripod such that the optical axis of the fish-eye lens was vertical, pointing to the zenith. After computer evaluation of these three polarization pictures of a given sky, the patterns of the radiance I, degree of linear polarization p, and angle of polarization ( of skylight were determined as color-coded, two-dimensional, circular maps, in which the center is the zenith, the perimeter is the horizon, and the zenith angle ( is proportional to the radius from the zenith (zenith: ( = 0°, horizon: ( = 90°). These patterns were obtained in the red, green, and blue spectral ranges, in which the CMOS pixels of the camera had maximal sensitivity. The degree p and the angle ( of linear polarization were measured by our polarimeter with an accuracy of (p = (1% and (( = (1°, respectively. The degree of linear polarization p of skylight was averaged (average ± standard deviation) either for the whole sky, or for a narrow celestial band of 5o angular width at an azimuthal distance of 90o from the Sun (when the maximum of p was determined).
Results

Figure 1 shows the meteorological circumstances during our full-sky imaging polarimetric measurements. Figure 1A is a satellite image of forest fires in Croatia, Bosnia-Herzegovina, Montenegro and Albania at 9:25 h (UT) on 1 September 2012, when due to a south wind the smoke expanded northward and reached south Hungary. Figure 1B is a ground-based photograph of the dark smoke layers (wreathing near the horizon after sunset during cloudless anticyclonic meteorological conditions) taken at Mogyoród, Hungary (47° 36’ N, 19° 15’ E) on 2 September 2012 at 19:13 h (UT). According to Fig. 1C, the northward spreading smoke plume polluted a huge part of the atmosphere in Hungary on 2 September 2012 at 10:05 h (UT). At 11:50 h (UT) on 2 September 2012 the smoke plume was almost in the same position but a bit attenuated (Fig. 1D). At 9:10 h (UT) on 3 September 2012 a nearly 500 km long smoke band got through the Carpathian Mountains and arrived at Ukraine (Fig. 1E).


Figures 2-5 show color photographs and the patterns of the degree of linear polarization p, and angle of polarization ( of sunlit and moonlit, clear and smoky skies measured by full-sky imaging polarimetry in the red, green and blue parts of the spectrum in Göd (47° 70’ N, 19° 15’ E). At 12:26 h (UT) on 28 August 2012 the sunlit sky was clear with deep blue colors at 90o azimuthal distance from the Sun (Fig. 2A), indicating the lack of light-scattering aerosols in the atmosphere. The consequences of this were high degrees of linear polarization p of skylight being maximal (pmax ( 57 %, Table 1) at 90o from the Sun (shaded by dark grey tones in Fig. 2B-D). p averaged for the whole sky was about paverage ( 34 % (Table 1, Fig. 2B-D). At 22:33 h (UT) on 3 October 2012 the clear moonlit sky was deep blue (Fig. 333A) with relatively high values of paverage increasing from 20.4 % through 25.1 to 31.3 % from the red through the green to the blue spectral range, while pmax was 28.9, 38.0 and 48.5 %, respectively (Table 1, Fig. 333B-D). These polarization characteristics of p are typical for clear sunlit and moonlit skies, and serve as control patters for the corresponding smoky skies with nearly the same solar/lunar elevations (Table 1).

At 11:50 h (UT) on 2 September the sunlit sky was polluted by forest fire smoke, which resulted in whitish, pale blue skycolors (Fig. 4A) with paverage ( 16.4, 14.3, 13.0 %, and pmax = 24.6, 21.4, 19.2 % in the red, green and blue spectral ranges, respectively (Fig. 4B-D, Table 1). Hence, the consequences of multiple light scattering on smoke particles were the (i) pale skycolors, and (ii) reduced p-values of skylight relative to those of the corresponding sunlit clear sky with similar solar elevation angles: θclear = 46.2o, θsmoky = 47.5o (Fig. 2B-D, Table 1). Similar characteristics were found for the smoky sunlit sky at 15:23 h (UT) on 2 September, but in that case paverage (red: 26.3 %, green: 23.6 %, blue: 22.2 %) and pmax (red: 35.3 %, green: 32.2 %, blue: 30.8 %) were higher due to the lower sun elevation θsmoky = 19.1o (Table 1).

The smoky moonlit sky at 23:13 h (UT) on 1 September (Fig. 5A) had pale blue colors with reduced values of paverage (red: 14.4 %, green: 13.1 %, blue: 12.5 %) and pmax (red: 18.7 %, green: 17.1 %, blue: 16.3 %) (Fig. 5B-D, Table 1). Similar reduction of paverage (red: 16.3 %, green: 16.7 %, blue: 17.6 %) and pmax (red: 19.3 %, green: 19.4 %, blue: 19.4 %) were found at 23:35 h (UT) on 2 September for the smoky moonlit sky (Table 1).

In Figs. 2E-G, 3E-G, 4E-G and 5E-G the 8-shaped borderline between the regions of positive polarization (characterized by angles of polarization +45o ( ( ( +135o, shaded by green and blue) and negative polarization (characterized by (45o ( ( ( +45o, shaded by yellow and red) of skylight is clearly visible. Where the solar and antisolar meridians cross this 8-shaped isoline of (, the Babinet and Arago neutral points and the zenith are placed. The axis of mirror symmetry of this 8-shaped isoline is the solar and antisolar meridian. This 8-shaped pattern has a smaller half and a larger half pointing toward the Sun and the anti-Sun, respectively.

Table 2 contains the solar/lunar elevation angle (, the zenith angles of the Arago and Babinet neutral points, and the angular distance ( between the Arago and Babinet points measured by full-sky imaging polarimetry in the red, green and blue spectral ranges. Since the wavelength-dependent zenith angle of a neutral point depends also on the solar/lunar elevation angle, in this work we compared the polarization patterns of clear and smoky, sunlit or moonlit skies, where the solar/lunar elevations were approximately equal (Tables 1 and 2; clear versus smoky; sunlit: 46.2o vs. 47.5o, 20.5o vs. 19.1o; moonlit: 45.7o vs. 44.1o and 47.8o). According to Table 2, the wavelength-dependent angular distance ( between the Arago and Babinet neutral points of the sunlit clear sky decreased from 116.8o (red), 115.2o (green) and 113.9o (blue) to 106.1o (red), 106.4o (green) and 105.0o (blue) due to the smoke for solar elevations (clear = 46.2o and θsmoky = 47.5o, respectively. However, at lower solar elevations (θclear = 20.5o and θsmoky = 19.1o) ( increased from 124.8° (red), 124.5° (green) and 122.7° (blue) to 129.6° (red), 130.8° (green) and 130.7° (blue) in the presence of smoke aerosols.

According to Table 2, due to the smoke, the angle ( between the Arago and Babinet points of the moonlit sky decreased from 114.7o (red), 113.7o (green) and 111.3o (blue) to 107.4o (red), 107.8o (green) and 105.4o (blue) for lunar elevations (clear = 45.7o and (smoky = 44.1o, respectively. At lunar elevation θsmoky = 47.8o the Arago and Babinet neutral points of the moonlit smoky sky were at an angular distance of 111.4° (red), 108.2° (green) and 108.2° (blue) from each other.
Discussion

We showed here that the degree of linear polarization p of skylight was considerably reduced due to the smoke of forest fires both in sunlit and moonlit skies. Earlier, other researchers also have observed that p is a sensitive indicator of the existence of particulate or aerosol contents in the atmosphere [17,23-27]. These measurements of polluted air showed always a strong decrease of pmax, particularly at the longer wavelengths. According to Coulson [17,25], the reason for this is the polarization of light at the shorter wavelengths being controlled mainly by the multiple scattering in the lower atmosphere. Gál et al. [28] showed that the polarization characteristics of a moonlit clear night sky are practically identical to those of a sunlit clear day sky, if the elevation angle of the Sun and the Moon is the same. They mentioned that the different meteorological conditions (e.g. aerosol concentrations) may induce differences in the celestial polarization patterns and the positions of the neutral points between the corresponding moonlit and sunlit clear skies. According to Boesche et al. [29], the behavior of p is highly sensitive to e.g. the refractive index of aerosols, as well as to the aerosol optical thickness, whereas not all parameters of aerosols influence the polarization of skylight equally.

While under clear sky conditions pmax gradually decreases towards longer wavelengths of light, the presence of aerosols or air turbidity can reverse this spectral dependence. According to Coulson [17], in Los Angeles under polluted air conditions pmax was higher at 795 nm than at 320 nm. We also encountered the highest pmax-values under clear sky conditions in the red, while under smoky sunlit sky conditions in the blue spectral range, respectively. However, when measuring the polarization characteristics of the moonlit sky, under clear sky conditions we obtained the highest pmax in the blue, and in the presence of forest fire smoke the highest pmax occurred in the red on 1 September, but in the blue on 2 September (Table 1). These differences cannot be explained by the possible variations in the surface albedo around the observation site, because our measurements were carried out from the same place. The spectral dependence of pmax might have changed due to the changing composition and outspread of the forest fire smoke plume.


According to our measurements, the presence of aerosols also had a pronounced effect in shifting the positions of the neutral points. We found that the smoke decreased the wavelength- and time-dependent angular distance ( between the Arago and Babinet points of sunlit and moonlit skies. This alteration can also be interpreted as a sign of the high turbidity of the atmosphere [17,30]. According to Coulson [17], the extreme sensitivity of the position of the Babinet point makes it particularly useful for detecting stratospheric dust for whatever cause. Neuberger [31] also emphasized that the systematic measurements of the Arago point provide data for atmospheric turbidity.

Volcanic dust similarly affects the skylight polarization. Cornu [14], for example, reported that pmax of skylight was reduced from 75 to 4.8 % after the eruption of Krakatoa. He also found that pmax was lower in the red than in the blue part of the spectrum, contrary to that of the clear sky. According to Cornu’s observations, the Arago, Babinet and Brewster neutral points were significantly displaced, and he found four other neutral points lying outside the solar-antisolar meridian. He considered these perturbations as consequences of the superposition of a beam of negatively polarized light on the normal distribution of skylight polarization.

After the eruption of Katmai in 1912, Kimball [15], Jensen [32,33] and Dorno [34,35] observed that pmax of skylight decreased to 27 % and the position of neutral points changed. The distance between the Arago point and the anti-Sun changed from 5° to 12.5° after the eruption, and the most pronounced position change occurred for the Babinet point: negatively polarized light was added to the region of the sky near the Sun sufficient to shift the Babinet point by up to 17° farther from the Sun. The source of such negative polarization is not clear, because multiple scattering (a frequent source of negative polarization) should be stronger for the longer atmospheric pathlengths (corresponding to the Sun at the horizon) than for the shorter ones (at higher solar elevations). Negative polarization may be introduced into the atmosphere by single scattering of sunlight on absorbing submicron size particles, but normally the polarization is positive throughout the first few tens of degrees of scattering angle for a polydispersion such as would be expected in volcanic clouds [17,36].

As Coulson [17] documented, the effects of the eruption of El Chichon in 1982 on sky polarization were much more extreme than that produced by the Katmai volcanic cloud of 1912. The angular distance of the Arago point from the antisolar point, for instance, increased from 18° to more than 30° in comparison with the normal conditions. The Babinet point sometimes completely disappeared, and an anomalous neutral point occurred between the Babinet point and the Sun because of the dense turbidity of the atmosphere. As Coulson [17] emphasized, the possible reasons for the differences between the sky polarization effects of the two mentioned eruptions are that the aerosol cloud of El Chichon may have been denser than the Katmai cloud, or their altitude may have been different. In contrast, the analysis from Boesche et al. [29] showed that the altitude of aerosols have a minor or insignificant influence on pmax.

Foggy, hazy and cloudy weather conditions have similar effects on skylight polarization [29,37-39]. According to our own measurements, under a sunlit foggy sky at 07:22 (UT) on 3 November 2012, paverage of skylight was reduced drastically to about 6 % with pmax-values between 7.6 % (blue) and 11.1 % (red), and the displacement of neutral points was also detectable (Tables 1 and 2). Hegedüs et al. [38] also found that paverage decreased to 4-15 % because of the scattering of sunlight on tiny water droplets and/or ice crystals of fog.

Gál et al.[21] demonstrated that pmax of skylight and the zenith distance of the neutral points can change considerably within hours even if the sky seems to be clear throughout the day. During their measurements, the pollution of the atmosphere might have varied slightly and the differences in skylight polarization patterns could be explained by the changing air turbidity.

Finally, we mention that as long as the degree of linear polarization of skylight is not reduced drastically due to smoke, aerial dust or volcanic aerosols, polarization-sensitive animals are well able to orient on the basis of the celestial pattern of the angle of polarization [40,41].
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Tables
Table 1: Sky conditions (sunlit or moonlit, clear, smoky, or foggy), date (2012), time (UT), solar/lunar elevation angle ( (from the horizon), average (averaged for the whole sky) and maximum (averaged for a 5o narrow band at 90o from the Sun) of the degree of linear polarization p (average ± standard deviation) of skylight measured by full-sky imaging polarimetry in the red (650 nm), green (550 nm) and blue (450 nm) parts of the spectrum.
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58.7±4.1)

	
	smoky
	2 September,

11:50 (Fig. 4)
	47.5
	16.4±7.6

(max:
24.6±4.0)
	14.3±6.4

(max:
21.4±2.3)
	13.0±5.8

(max:
19.2±2.5)

	
	
	2 September,

15:23
	19.1
	26.3±10.7

(max:
35.3±3.0)
	23.6±9.6

(max:
32.2±1.8)
	22.2±9.2

(max:
30.8±2.0)

	
	foggy
	3. November
07:22
	14.8
	6.1±3.8

(max:
11.1±1.5)
	5.7±2.9

(max:
9.2±1.0)
	6.5±2.7 

(max:
7.6±1.2)

	M

O

O

N

L

I

T
	clear
	3 October,

22:33 (Fig. 3)
	45.7
	20.4±12.2

(max:
28.9±15)
	25.1±12.8

(max:
38.0±7)
	31.3±16.5

(max:
48.5±11.2)

	
	smoky
	1 September,

23:13 (Fig. 5)
	44.1
	14.4±6.6

(max:
18.7±3.4)
	13.1±5.7

(max:
17.1±1.8)
	12.5±5.7

(max:
16.3±2.7)

	
	
	2 September,

23:35
	47.8
	16.3±8.4

(max:
19.3±5.6)
	16.7±8.2

(max:
19.4±3.5)
	17.6±8.9

(max:
19.4±4.8)


Table 2: Sky conditions (sunlit or moonlit; clear, smoky or foggy), date (2012), time (UT), solar/lunar elevation angle ( (from the horizon), zenith angle of the Arago (AR) and Babinet (BA) neutral points, and the angular distance ( between the Arago and Babinet points measured by full-sky imaging polarimetry in the red (650 nm), green (550 nm) and blue (450 nm) parts of the spectrum.
	sky

conditions
	date (2012),

time(UT)
	( (o)
	zenith angle (o)
	angular distance (
from each other (o)

	
	
	
	red
	green
	blue
	red
	green
	blue

	
	
	
	AR
	BA
	AR
	BA
	AR
	BA
	
	
	

	S

U

N

L

I

T
	clear
	28 Aug.,

12:26
(Fig. 2)
	46.2
	88.0
	28.8
	87.6
	27.5
	87.2
	26.0
	116.8
	115.2
	113.9

	
	
	1 Dec., 10:35
	20.5
	75.5
	49.3
	75,4
	49.0
	74.3
	48.0
	124.8
	124.5
	122.7

	
	smoky
	2 Sept.,

11:50
(Fig. 4)
	47.5
	84.0
	22.2
	84.8
	21.8
	85.1
	20.4
	106.1
	106.4
	105.0

	
	
	2 Sept.,

15:23
	19.1
	75.5
	54.1
	76.9
	53.9
	77.4
	53.3
	129.6
	130.8
	130.7

	
	foggy
	3. Nov., 07:22
	14.8
	60.0
	49.3
	65.5
	51.5
	70.0
	56.8
	106.7
	115.5
	126.5

	M

O

O

N

L

I

T
	clear
	3 Oct.,

22:33
(Fig. 3)
	45.7
	86.2
	28.5
	85.9
	27.8
	85.4
	25.7
	114.7
	113.7
	111.3

	
	smoky
	1 Sept.,

23:13
(Fig. 5)
	44.1
	72.0
	35.5
	74.9
	33.2
	78.6
	27.0
	107.4
	107.8
	105.4

	
	
	2 Sept.,

23:35
	47.8
	78.5
	32.9
	81.1
	27.1
	84.0
	24.3
	111.4
	108.2
	108.2


Figure Legends

Figure 1: (A) Satellite image showing the locations of forest fires in the area of Croatia, Bosnia-Herzegovina, Montenegro and Albania on 1 September 2012 at 9:25 h (UT). Because of the prevailing south wind, the grey smoke layers expanded northward and reached the south part of Hungary. (B) Ground-based photograph of the dark smoke layers wreathing near the horizon after sunset next to cloudless meteorological conditions taken at Mogyoród, Hungary (47° 36’ N, 19° 15’ E) on 2 September 2012 at 19:13 h (UT) by Alexandra Farkas. (C) Satellite image showing that a northward spreading smoke plume polluted a huge part of the atmosphere in Hungary on 2 September 2012 at 10:05 h (UT). (D) The smoke plume was almost in the same position but a bit attenuated on 2 September 2012 at 11:50 h (UT). (E) Satellite image taken on 3 September 2012 at 9:10 h (UT) indicating that a circa 500 km long smoke band got through the Carpathian Mountains and arrived at Ukraine. The white outline means frontier of Hungary. Satellite images originated from the MODIS Near Real Time Images (http://earthdata.nasa.gov/data/nrt-data/rapid-response).
Figure 2: Color photograph (A) and the patterns of the degree of linear polarization p (B, C, D), and the angle of polarization ( clockwise from the local solar meridian (E, F, G) of skylight measured in the Hungarian town Göd (47° 70’ N, 19° 15’ E) on the shore of river Danube under a clear sunlit sky on 28 August 2012 at 12:26 h (UT) by full-sky imaging polarimetry in the red (650 nm), green (550 nm) and blue (450 nm) parts of the spectrum. In the (-patterns the positions of the zenith (at the centre of the circular pattern) and the Arago (in the antisolar sky region) and Babinet (in the solar sky region) neutral points are marked by white dots.

Figure 3: As Fig. 2 for a clear moonlit sky measured on 3 October 2012 at 22:33 h (UT).
Figure 4: As Fig. 2 for a smoky sunlit sky measured on 2 September at 11:50 h (UT).

Figure 5 (sky-0246-fustos-hold.jpg): As Fig. 2 for a smoky moonlit sky measured on 1 September at 23:13 h (UT).
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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