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Relations between skylight scattering angle and degree of
polarization under different sky conditions
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The relations between scattering angle (SA) and the degree of polarization (DOP) of skylights are studied.
Measurements under different sky conditions demonstrate that all relation curves between SA and DOP
can be described as parabolas. DOP reaches its peak when SA is 90° and the sizes of scattering particles
are much smaller than the wavelengths of skylight. The peak value of DOP moves by a small drift when
the size of the particle increases. We propose and analyze a polarization dependence model for SA and
DOP. Results from simulation are in good agreement with experimental results.
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Light emitted by the sun is not polarized. When it enters
the atmosphere, light is scattered by atmospheric con-
stituents (gases like No and Os, etc.) and solid and liquid
particles (aerosols, water, and ice crystals)[l’z]. Scattered
light is polarized and a polarization pattern of the sky-
light is thus formed. Observations and measurements
of polarization patterns are important in the research
on polarization navigation®¥, atmospheric scattering
radiation(®6! distributions and kinds of atmospheric
particle, etc.[6-8]

Polarization patterns mainly depend on the posi-
tion and distribution of various components in the
atmospherel®).  Polarization patterns of the clear sky
have been studied thoroughly, but research on overcast
skies remains inadequate. Brines et al. showed that
polarization patterns were stable and predictable for
clear skies but very hazy under overcast conditions!!?!
Hegediis et al. found that celestial distributions of po-
larization had very robust patterns and always obtained
the same values under all possible sky conditions'!. Liu
et al. presented patterns of polarization that were depen-
dent on wavelength, surface albedo, etc., which were in
agreement with the plane-parallel Rayleigh atmospheric
model('?].  Generally, polarization of skylight is gener-
ated by scattering, and thus, polarization patterns are
dependent on scattering angles (SAs). In this letter, we
study the relations between SA and polarization patterns
theoretically and experimentally. A new polarization de-
pendence model for SA and degree of polarization (DOP)
is then proposed and analyzed.

We used a four-channel, high-precision polarizing ra-
diometer to measure relative intensity of polarization,
DOP, and orientation of polarization plane of the sky.
Spectral response range was from 400 to 540 nm. The
measured point of the sky was 30° to the zenith. Real-
time solar elevation was obtained from astronomical
data. Real-time SA was obtained from the latitude
and longitude of the measurement system and the solar
elevation!'3]. DOP and SA values under all sky condi-
tions were measured from 10:00 AM to 1:00 PM for over
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four months.

Figure 1 shows a typical curve between DOP and
SA under clear sky conditions. When SA is 90°, DOP
reaches its peak value at 0.491. The relation curve be-
tween DOP and SA is fitted to a clear parabola.

A typical curve in the sky covered by some thin clouds
is shown in Fig. 2. The curve is also fitted to a clear
parabola, although DOP values fluctuate slightly. The
parabola is different compared with that of the clear sky.
The peak value of DOP is 0.357 and it is smaller than the
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Fig. 1. Relation curve between DOP and SA under clear sky
conditions.
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Fig. 2. Relation curve between DOP and SA in sky covered
by some thin clouds.
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Fig. 3. Relation curve between DOP and SA in sky covered
by heavy clouds.

value under clear sky conditions. The peak has drifted
to the left; it reaches SA at about 88°.

Figure 3 shows a typical curve between DOP and SA
in sky covered by heavy clouds. Although the fluctuation
of DOP values is more severe, the curve is also fitted to a
parabola. DOP values are much smaller than the values
under clear sky conditions. Its peak value is 0.167, which
is only one-third of the value of the clear sky. The peak
of DOP drifts more to the left relative to the position
when SA is 87°.

Polarization patterns are not stable and the values
of patterns change under different sky conditions (Figs.
1-3). Results are not in agreement with previous
reports'9=121. A polarization dependence model between
SA and DOP is then proposed to analyze the observa-
tions.

Generally speaking, DOP is defined as

pP= |51(9)|z - |52(9)|z’
s1(0)]” + [s2(6)]

where 6 is SA, s1(0) and s3(0) are complex amplitude
functions. According to the Mie theory, s1(6) and so(6)
can be defined as

(1)

S1 (9) = Z 77,2(’:/1 ::: 1) (ﬂ-nan + Tnbn); (2)
2(0) = 3 s (i + ) 3)

where a, and b, are Mie scattering functions described
as

Un (), (ma) — may, (z) P (ma)
@)y, (mx) — m¢), (x)¢(mz)

(4)

Ap =

Ty

mpn ()¢, (max) — oy, (2)¢n (M)
m¢ ()¢, (ma) = ¢, (x)ihn(ma)

where ¥, (x) and (,(x) are Riccati-Bessel functions.
These are defined as

1/)n($) = \/ﬂ—x/Q'JrH»%(x)a (6)

Cn(@) = Vmx/2- H, 1 (2), (7)

Fig. 4. Simulation results based on the polarization depen-
dence model between SA and DOP when 0 < 1 < 0.1.

Fig. 5. Simulation results based on the polarization depen-
dence model between SA and DOP when 0 < 1 < 0.5.

where J, 1 () is the half-order Bessel function of the
first kind and H, 1 (x) is the half-order Hankel func-

tion of the second one. Additionally, 7, and 7, are the
derivatives of associated Legendre function, defined as

_ dP,(cosf)
= d(cos ) ®)
dP,(ll)(Cos 0)
Tn = a8 (9)
2nr
- 1
o= (10)

where r is the radius of the scattering particle and A is
the wavelength of the incident light(2:14:15],

Figure 4 shows the relations among DOP, SA, and {
when the size of a scattering particle is much smaller than
the wavelength of the skylight (0 < £ < 0.1). All curves
are fitted to the parabolas. The values of DOP reach
their peaks when the scattering angle is 90°. When the
range of { increases from 0 to 0.5, the curves change, as
shown in Fig. 5. When the size of the particles increases,
the peak values of DOP decrease and the position of the
peaks drifts to the left. SA with smaller values could
make the DOP values reach their maxima.

A polarization dependence model between SA and
DOP was then used to explain the experiments. Under
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clear sky conditions, sunlight is mainly scattered by at-
mospheric molecules and particles. Their sizes are much
smaller than the wavelengths of skylight. DOP values
reached their maxima when SA was 90°. The curves
were described as parabolas (Figs. 1 and 4). When the
sky was covered by thin clouds, the number of particles
(e.g., aerosols and cloud droplets) increased, and their
sizes were similar to the wavelength of the skylight. The
maximum values of DOP decreased and drifted to the
position of the smaller SA (Figs. 2 and 5). When the
sky was covered with heavy clouds, the number of parti-
cles was lager and their sizes increased. Additionally, the
maximum values of DOP decreased and drifted to the
left (Figs. 3 and 5).

In conclusion, We have studied and measured experi-
mentally DOP and SA relations under different sky con-
ditions. Regardless of the conditions, the curves have
always been parabolic. When the sky is clear, sizes of
scattered particles are much smaller than the wavelengths
of the skylight. DOP has reached its maximum when SA
is 90°. In cloudy days when the scattering particles are
large, the maximum DOP decreases and the SA value
(i.e., where DOP reaches its peak) shifts to the left and
to less than 90°. With heavier clouds, the maximum
DOP decreases and the drift of SA value increases. We
have proposed and analyzed the theoretical polarization
dependence model for SA and DOP. Simulation results
based on the model match experimental results.
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