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ABSTRACT ARTICLE HISTORY
Polarization is the intrinsic property of electromagnetic wave and Received 26 March 2019
has not been fully investigated in remote sensing field. The incident Accepted 12 October 2019
solar radiation is polarized by the components in the atmosphere

and shows stable patterns. Therefore, the sky polarization could be

served as an important information source for navigation. However,

how different factors affecting the variations of sky polarization

pattern is still a complex question, making it difficult to apply sky

polarization pattern in navigation. Aerosol is one of the major

sources for this uncertainty. Current studies mainly neglect aerosol

or just consider aerosol optical depth (AOD), without considering

microphysical properties of aerosol. In this study, we perform the

influences of both aerosol mode and AOD on the trends of sky

polarization pattern. The results indicate that scattering aerosol

mode and absorbing aerosol mode have different effects on sky

polarization pattern. Over ocean surface, scattering aerosol tends to

decrease the magnitude of sky polarization pattern, while absorb-

ing aerosol tends to increase that. Over land surface, both aerosol

modes tend to decrease the magnitude of sky polarization, and

scattering aerosol mode is more effectively. The discoveries in our

study suggest that to utilize sky polarization pattern information, it

is necessary to get detailed aerosol information especially the

aerosol mode information.

1. Introduction

Solar lights reflected by both earth surface (ocean and land) and atmospheric compo-
nents (molecules and aerosol particles) are partially polarized (Sun and Lukashin 2013).
Along with intensity, frequency, and phase, polarization is one of the four major char-
acteristics of electromagnetic waves (Ottaviani, Chowdhary, and Cairns 2019). On the
earth, many components are considered to be natural polarizers, such as aerosol, atmo-
spheric molecules, cloud, man-made targets, etc (Sun et al. 2015a; Sun, Videen, and
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Mishchenko 2014). These natural polarizers have different scales of polarization effects.
Due to the abundant information polarization provided, it has been applied in various
application fields: bionic navigation (Guan et al. 2019), advanced optical material produc-
tion (Song et al. 2019), and medical applications (Stasinopoulos and Stasinopoulos 2006).
Over the past four decades, polarimetric reflective signals have been used in various
remote sensing scenarios such as aerosol monitoring (Cheng et al. 2012; Knobelspiesse
2011), cloud property retrieval (Knobelspiesse et al. 2011b), surface characterizing
(Waquet et al. 2009; Litvinov et al. 2010), or even navigation (Hamaoui 2017; Ma et al.
2015). However, as human eyes are not sensitive to polarization and the limitation of
detectors, the applications of polarimetric signals in remote sensing field is still much less
compared with intensity applications (Sun et al. 2018).

To effectively utilize polarimetric reflective signals, a series of air- and space-borne
polarized remote sensing sensors have been developed, such as POLarization and
Directionality of the Earth’ s Reflectances (POLDER) developed by Centre National
d’Etudes Spatiales of France (Fan et al. 2008; Sun et al. 2015b), Directional Polarimetric
Camera (DPC) developed by China (Li et al. 2018), Research Scanning Polarimeter (RSP) as
the prototype of Aerosol Polarimetry Sensor (Knobelspiesse et al. 2011a), Ground-based
Multi-angle SpectroPolarimetric Imager (Ground MSPI) (Diner et al. 2012). However,
compared with massive remote sensing sensors utilizing light intensity (Bilal, Nichol,
and Wang 2017; Lee and Kim 2010; Lee, Zhanging, and Kim 2007; Diner et al. 2005), the
number of polarimetric remote sensing sensors is still few.

With these polarimetric remote sensing sensors and vector radiative transfer models,
a lot of researches have been done (Xu and Wang 2015; Li et al. 2009). Major applications
of polarized remote sensing sensors are aerosol retrieval, mainly for simultaneous retrie-
vals of aerosol optical depth (AOD) and microphysical properties (Wang et al. 2019; Remer
et al. 2019; Gao et al. 2019) due to the far more information provided by polarization than
intensity only. Some studies focused on the multi-angular properties of cloud to get the
optical and microphysical properties of different cloud (Sinclair et al. 2019; Shang et al.
2019; Chen et al. 2019). Through the surface level measurements and modelling, the
polarized properties of water surface, or different land surfaces were also investigated
(Zhai et al. 2017; Xu et al. 2016; Hou et al. 2018; Sun et al. 2019).

Beside these applications, the sky polarization pattern is one unique application
direction of polarimetric remote sensing (Eshelman, Tauc, and Shaw 2019), and is
a useful tool in recognizing atmosphere state (Hasekamp, Litvinov, and Butz 2011),
navigation application (Chahl and Mizutani 2012), etc. According to Rayleigh scattering
theory, a concentric pattern of degree of polarization (DOP) exists in the sky determined
by the position of sun. Based on this mechanism, some kinds of creatures could utilize sky
polarization pattern to navigate (Chahl and Mizutani 2012; Dacke et al. 2003). Inspired by
these smart creatures, scientists have developed more applications of sky polarization
pattern. Pomozi, Horvath, and Wehner (2001) revealed that under clear sky conditions,
there are also a certain distribution of sky polarization, which could be utilized by insects.
Tang et al. (2016) developed a new full-sky polarization imaging sensor, which could get
relatively high accuracy of angle of polarization (AOP) under harsh condition. Zhang et al.
(2015) found a new way to simulate the sky polarization signal obtained by compound
eyes of Cataglyphis and validated it through navigation experiments. However, it should
be noted that these applications mainly based on Rayleigh scattering theories, with few
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considerations of aerosol-loading conditions. For example, to explore the sky polarization
pattern, its robust properties are very crucial for bionic application. Zhou et al. (2013)
investigated the wave water surface’s contribution to the sky polarization pattern, sug-
gesting that the wave's contribution must be considered when simulating sky polariza-
tion over ocean. However, in this study only Rayleigh sky condition is considered, the
aerosol’s influence is neglected. Recognizing the influence of aerosol, Zhao et al. (2018)
used AOD to represent pollution conditions, discovering that the sky polarization pattern
is not robust, but the distribution pattern of AOP is relatively robust, which coincides with
the results demonstrated in Hegedus et al. (2007). Hegedus, Akesson, and Horvath (2007)
on the other hand, discovered that direction of polarization is very robust under different
sky conditions by full-sky imaging polarimetry. In actual world, both aerosol loading and
aerosol microphysical properties (size distribution, refractive index, etc.) will affect sky
polarizations, which has not received widespread attention. Therefore, whether different
aerosol loading with different aerosol microphysical properties combinations will result
different sky polarization pattern changes is still unclear, limiting the applications of sky
polarization in such scenarios as bionic navigation.

In this study, the sky polarization pattern variations induced by the changes of aerosol
particles have been deeply investigated. Firstly, the vector radiative transfer model and
aerosol model are both introduced to illustrate how to calculate the effects of different
aerosol particles. Secondly, the single scattering properties of different aerosol particles
are calculated to simulate the differences of aerosol particles. Finally, the overall effects of
different aerosol particles on sky polarization pattern are discussed to investigate how
aerosol changes the sky polarization pattern. Our research is important for applications in
polarimetric remote sensing and bionic navigation with sky polarization pattern.

2. Methods
2.1. Theoretical background of polarimetric remote sensing

Light scattered by particles could be fully described by the four Stokes parameters (/, Q, U,
and V) as shown in Eq. (1). Under most circumstances, component V could be neglected
and degree of linear polarization (DOLP) is the proportion of Q and U in .

I =EEf +EE;
Q=EE —EE
U= EE +EE M
V=i(EE —EE)
DOLP = Y&+

[

Where /s the intensity of light, Q is the radiance component perpendicular (positive) and
parallel (negative) to reference plane. U is the intensity component 45°and 135°to the
reference plane. Q and U components are called linear polarization components, while
V component is called circular component and usually neglected in remote sensing.
Subscript | and r represent light vibration parallel and perpendicular to scattering plane.
i=+/—1,E (E) and E/(E?) represent a pair of complex conjugate of light intensity parallel
(perpendicular) to scattering plane. Therefore, in most researches, DOLP is used to
represent DOP in remote sensing categories.
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In remote sensing, intensity varies when environment changes, such as illumination
conditions. Therefore, reflectance, which is the intrinsic characteristic of surface, is used
widely. Similarly, polarized reflectance is also defined as the polarized reflected radiance
to total reflected radiance in Eq. (2):

R=_n

Ecos(6s) P

{R _ @ (2)
P Ecos(6s)

Where R, and R, are reflectance and polarized reflectance, respectively. Ecos(8;) is the
total irradiance on to the surface. Ry, here, similar to DOLP, only considers linear polariza-
tion components.

2.2. Aerosol model and radiative transfer model

Light scattering by atmospheric particles (aerosol and molecules) could be described as
Eq. (3):

Iy Iy Fii. F, O 0 lo
Q| _ Q| _|Fan F2 0 0 |]|Qo
o | “FO o [T 0 0 Fs Ful|l|U ®
Vy Vy 0 0 Fiz Fuuf| Vo

Where F(0©) is the phase function of particles. Subscript 0 represents incident light and
subscript v represents outgoing light. Iy, Qq, Up and V; are incident light’s Stokes compo-
nents; Iy, Qy, U, and V, are scattering light's Stokes components. For radiative transfer
calculation in atmosphere, Fi, = F>q, F34 = —F43. Moreover, the circular polarization
components are neglected in remote sensing applications, thus Fs4, F43 and Fy4 are all
neglected. For molecule scattering, the phase function could be perfectly described by
Rayleigh scattering theories. Despite that, it is non-realistic to only consider Rayleigh
conditions because of aerosol particles. Aerosol particles are small particles dispersed in
atmosphere with their sizes ranging from 0.01 to 100 um. Due to the complex sources
(natural and anthropogenic) and different sizes, aerosol particles’ scattering properties
could not be determined easily. That is to say that obtaining an accurate and assured
phase function of aerosol is impossible.

Microphysical properties of aerosol (aerosol mode) are the major determinants of
aerosol particles’ scattering property: such as size distribution functions (lognormal dis-
tribution, bi-lognormal distribution, etc., mainly factors characterizing large or small
aerosol particles), refractive index (mainly factor determining absorbing characteristics
of aerosol), shape factor (spherical and non-spherical), etc. A lot of methods have been
developed to calculate scattering properties of aerosol such MIE code (Hu et al. 2019),
Discrete-dipole-approximation method (Laczik 1996), Finite-difference time domain
method (Li, Pan, and Zhang 2012), TMatrix method (Farafonov and Ustimov 2015),
geometric-optics-integral-equation method (Yang et al. 2007), etc. MIE codes could only
process spherical particles whose sizes are comparable with incident light's wavelength,
leaving large errors in processing non-spherical large aerosol particles (mainly dust
aerosols). To overcome these problems, a TMatrix combined with geometric-optics-
integral-equation technique code was utilized to calculate scattering properties with
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Table 1. Microphysical characteristics (at 550 nm band) of the aerosol modes used for this study.

Mode Size Absorbing characteristic r(um) o n, n;

Mode 1 Coarse mode Scattering 0.5000 2.99 1.53 0.008
Mode 2 Coarse mode Absorbing 0.5000 2.99 1.53 0.440
Mode 3 Fine mode Scattering 0.0118 2.00 1.69 0.008
Mode 4 Fine mode Absorbing 0.0118 2.00 1.69 0.440

different sizes, shapes and absorbing characteristics (Dubovik et al. 2011, 2006) in this
study. The complex phase functions including intensity phase functions and polarized
phase functions are all calculated. And these properties could be calculated through the
database which could be complied by Fortran codes (Dubovik et al. 2011). The micro-
physical parameters of aerosol particles utilized in this study are demonstrated in Table 1.
The microphysical parameters of coarse and fine modes refer to the algorithms of MODIS
aerosol retrievals (Remer et al. 2005; Vermote et al. 1997). Four types of aerosol modes are
included in this study representing coarse mode scattering (dust), coarse mode absorbing
(polluted dust), fine mode scattering (small scattering particles), and fine mode absorbing
(soot particles). Through TMatrix combined with geometric-optics-integral-equation tech-
nique code, the scattering properties including phase function and single scattering
albedo are calculated to input to a vector radiative transfer code developed by Dubovik
and King (2000) to retrieve aerosol properties of Aerosol Robotic Network (AERONET). It
could provide both intensity and linear polarization reflective signals for plane parallel
atmosphere conditions. The molecule scattering is already coupled into the radiative
transfer code, while the scattering properties of aerosols need to be input into with
specific format. In this study, the profile of aerosol vertical distribution is assumed to be
exponential distribution with scale height of 2km while the molecule vertical distribution
is also assumed to be exponential distribution.

2.3. Surface reflection

Surface reflection, including intensity reflectance and polarized reflectance, is another
important factor affecting polarized signal obtained by space-borne sensors. As sky
polarization pattern is mainly obtained through downward polarized signals, the reflected
signal may contribute less considering the large contributions from direct and diffuse
solar light. In this study, we consider two kinds of underlying surfaces: ocean and
vegetated land surface as sensitivity study.

For ocean surface, reflectance of ocean surface could be described as the sum of three
independent components as Eq. (4):

Pos = Pwc T (1 - W)pgl + (1 - pwc) X Psw (4)

Where p, is the reflectance of ocean surface, p,,. is the reflectance due to whitecaps of
ocean, pgy is the specular reflectance of ocean surface, py, is the volume scattering of
ocean body. W is the relatively area covered with whitecaps and could be determined by
wind speed and wind directions. For these three parts of reflectance, it is assumed the py,
is the major cause of polarized reflectance of ocean surface. For wave ocean surface, the
distribution of facets (small specular ocean surface) is considered to derive the polarized
reflectance of ocean surface as suggested in Cox and Munk (1954) and Zhou et al. (2013).
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For land surface, Rahman-Pinty-Verstraete (RPV) model was adopted to simulate the
surface bidirectional reflectance with three parameters as Eq. (5):

cosk—19.cosk—'6,
0 1—k
(cos6s + cosby)

ps=p F(9)[1 +R(G)] )

Where p; is the reflectance from a view direction,8; and 6, are solar zenith angle and view
zenith angle, respectively. p, is the arbitrary parameter characterizing the reflectance of
the surface cover, k is the structural parameter, R(G)is the parameter to describe hotspot
effect. F(g) and R(G)could be described as Eq. (6):

1-0?
[1+0%-20(m—g)]'"”

F(g) =

cosg = cosB;cos6, + sinfssinb,cos(¢, — ¢,)

1-p
RO =716
G= [tanzeS + tan’6, — 2tanfstanf,cos(p, — ¢V)]0'5 (6)

Where © is the asymmetry factor, ¢, and ¢, are solar azimuth angle and view azimuth
angle, respectively. As this study mainly focuses on downward sky light, the contribution
of surface reflectance’s re-backscattering may be very few. Therefore, we only considered
a simple dense vegetation case, which is widely used in aerosol retrieval. As suggested in
Sun et al. (2017), the RPV model of vegetation surface could be parameterized as Table 2:

For polarized reflectance of vegetation surface, the Maignan model with only one free
parameter was adopted as shown in Eq. (7). The Magnan model was validated as simple,
high accuracy compared with other models and surface measurements(Yang, Zhao, and
Chen 2017).

_ Cx exp(—tan6;) x exp(—NDVI) x Fy(y,N)
4k + )

(Nm—u>2_<Nm—uﬁz
N pe + N + pe

Y; = cosB;, u, = cosb,

Ro

1
Fp(Y, N) = 5

sinG; = N sin6;, 6, = (m—y)/2
cosy = — cos s cos B, — sin 6, sin 6, cos . (7)
Table 2. RPV model parameters of vegetation surface.

Wavelength Po g k
550 nm 0.052 0.2232 1.1094
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Where C is the free parameter, F,(y, N) is the Fresnel equation; N is the refractive index of
surface, usually defined as 1.5 for land surface and 1.33 for water; 6; and 6; are angles of
specular reflection and refraction; y is the scattering angle; y; and p, are the cosine of solar
zenith angle and view zenith angle. ¢ is the relative azimuth angle between solar azimuth
angle and view azimuth angle.

In the vector radiative transfer model adopted in this study, the ocean surface and
ocean polarized reflectance could be directly computed within the code by setting wind
speed and refractive index. For land surface, reflectance could be obtained inside the
code by defining the three parameters in RPV model, while for polarized reflectance,
a new subroutine is written to overwrite the original Nadal-Bréon model provided by the
original code considering the accuracy of these models (Maignan et al. 2009). In this study,
a vegetation underlying surface is assumed with coefficient ‘C’ to be set as 3.885 accord-
ing to previous model comparisons(Yang, Zhao, and Chen 2017).

3. Results and discussion
3.1. Single scattering properties of different aerosol models

The single scattering properties of different aerosol modes (mainly considering the size,
absorbing properties) may be very different. Firstly, the absorbing characteristics’ effects
on the single scattering properties are analysed. The phase function parameters (Fy1, F12,
F23, and F33) in 550 nm band are demonstrated as shown in Figure 1. For both coarse
mode and fine mode aerosol mode, 10 different absorbing levels are demonstrated by
assigning these aerosol modes with different imaginary part values in refractive index. It
could be found that the absorbing characteristics have significant influences on the single
scattering properties of aerosol. For Fy;, the absorbing characteristics mainly affect the
backscattering directions (scattering angle larger than 90°). For F;; and F,,, the major
phase function parameters characterizing polarization properties of scattering light, it
could be found that the absorbing aerosol mode has larger values than scattering aerosol
mode, suggesting that absorbing characteristics will have large influence on the polariza-
tion characteristics of scattering light. For Fs3, the differences between scattering and
absorbing aerosol modes are also obvious.

Figure 2 phase function parameters of coarse mode and fine mode aerosols in 550 nm
band with different absorbing characteristics as shown in Table 1. (a) F11; (b)F12; (C)F22; (d)Fss.

3.2. Sky polarization pattern upon ocean surface

The polarization states of a skylight could be useful in navigation of a lot of insects as well
as human beings by analyzing the sky polarization pattern in the sky. It is assumed that
there is a relatively robust sky polarization pattern mainly determined by the position of
sun and influenced by Rayleigh scattering and aerosol disturbances. Most current
research mainly considered Rayleigh scattering conditions (Zhou et al. 2013), or different
AOD(Zhao et al. 2018). However, it should be noted that both molecules and aerosol
particles could strongly polarize incident light in different directions, which may enhance
or weaken the overall polarization of outgoing light. As a result, it is not suitable to obtain
sky polarization pattern considering merely Rayleigh scattering while neglecting aerosol
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Figure 1. Phase function parameters of coarse mode aerosols in 550 nm band with different absorbing
characteristics (Rl is the imaginary part of refractive index of aerosol; the larger Rl is, the more
absorbing the aerosol). (a) Fi1; (b)F12; (O)F2; (d)Fss.

effects, especially aerosol mode information. With the phase functions of four different
aerosol modes: coarse scattering, coarse absorbing, fine scattering, and fine absorbing,
the sky polarization patterns of different aerosol loadings and different aerosol modes are
presented here. In this section, the ocean surface conditions are presented.

Figure 3 demonstrates the sky polarization pattern variations when AOD increase from 0
to 0.5 with different aerosol modes. In Figure 3, we only simulated atmosphere conditions
with only one aerosol components. Overall, under different aerosol loading conditions, the
sky polarization is similar: the direction of solar incidence has the least DOP nearly reaching
0, suggesting that the direct solar light is nearly neutral; centring the solar position, DOP
gradually increases outward with the largest DOP occurring around the specular direction.
These results suggest that Rayleigh scattering has determined the basic pattern of sky
polarization, while variations of aerosol loading may change the magnitude of this pattern.
When coarse scattering aerosol loading increases, the magnitude of sky polarization has
decreased sharply from a maximum DOP of 0.7 to 0.5. For coarse absorbing aerosol
conditions, when AOD increases, the sky polarization does not decrease but has slightly
increase, which is different from coarse scattering aerosol conditions. This result is very
interesting as it reveals that the sky polarization is not sensitive to this kind of aerosol
(coarse absorbing). For fine scattering and fine absorbing aerosol conditions, the cases are
somehow different. When fine scattering aerosol loading increases, sky polarization pattern
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Figure 2. Demonstrates the influences of aerosol sizes and absorbing characteristics in 550 nm band.
The parameters of four different aerosol modes are illustrated in Table 1. For Fy;, the differences of size
parameters (median radius and standard deviation) dominate. There are huge differences between
coarse mode and fine mode aerosols. While for F,, Fy,and Fs3, the absorbing characteristics and size
parameters both contribute to the differences. These results all suggested that, the aerosol mode may
play an important role in the polarized scattering characteristics of atmosphere.

decreases from a maximum DOP of 0.7 to 0.4. While fine absorbing aerosol loading
increases, the sky polarization pattern increases more obvious than that of coarse absorbing
aerosol conditions.

The results revealed by Figure 3 suggest that aerosol mode has significant influence on
the magnitude of sky polarization but will not change the basic pattern. Even when the
AOD is same, different aerosol modes will result in different sky polarization pattern
strength. In actual aerosol retrieval, it is impossible that only one aerosol mode exists.
Most researches have assumed that one coarse mode and one fine mode in aerosol exist.
Therefore, whether the combination of different will offset the sky polarization pattern?
Four kinds of combinations are demonstrated in this study as shown in Figure 4: coarse
scattering + fine scattering, coarse scattering + fine absorbing, coarse absorbing + fine
scattering, and coarse absorbing + fine absorbing.

As shown in Figure 4, when both coarse scattering and fine scattering aerosol exist, the
sky polarization pattern trends to decrease when total AOD increases. When coarse
scattering and fine absorbing aerosols combined, the coarse scattering aerosol tends to
decrease DOP while fine absorbing aerosol tends to increase the DOP. The overall effect of



10 W. CHEN ET AL.

AOD=0.1 AOD=0.3 AOD=0.5
120 % g0 120 % 6o 120 % 60
150 4 30 150 30 150 30 0.8
180 . 0 =——fp>180 o= 180 o Coarse scattering
210 330 210 330 210 330 0.7
0 4y 300 240 .0 300 240 0 300

0 20 60 0.6

24(
120 % 6o 120 % g0 1
150 30 150 30 150 30
180 0 - 180 | O 180 o Coarse absorbing
- ' 105
129 g0 / 210 330 210 330 210 330
150 30
240 270 300 240 270 300 240 270 300
180 0
20 104
330\ 120 20 60
150
0 300
180
210
24(
12(
150
180

7

0 40 300

210 = 1 1
e .ao 150 .30 150 .30 Fine scattering
0 =180 0P 180 0 103
330 210 330 210 330 =
270 300 240 .0 300 2

270 0.2
0 9 6o 120 % g0 120 % 60
30 150 30 150 30
. 0 =P 180 | 0= 180 . o Fine absorbing 0
210 330 210 330 210 330
240 .0 300 240 .0 300 260 0 300 0.0
Rayleigh condition With aerosol conditions

Figure 3. Sky polarization pattern over ocean surface with different aerosol loading when only one
aerosol component exists (the solar zenith is 40°, solar azimuth is 0°, the first row is the case of coarse
scattering aerosol condition, the second row is coarse absorbing aerosol condition, the third row is
fine scattering aerosol condition, and the forth row is the fine absorbing condition. The columns
represent different AOD conditions. The colour bar represents DOP which is unit free.).

this combination is a slightly decrease of sky polarization pattern magnitude. Similar
trends could also be observed for the combination of coarse absorbing and fine scattering
aerosols, whose decreasing trend is slower. The combination of two absorbing aerosol will
slightly increase the sky polarization pattern magnitude. Additionally, it could be found
that scattering aerosol tends to decrease the sky polarization pattern magnitude while
absorbing aerosol tends to increase the sky polarization pattern. Fine scattering aerosol is
more effective in decreasing sky polarization, while coarse absorbing aerosol is more
effective in increasing sky polarization.

3.3. Sky polarization pattern upon land surface

Ocean surface is relatively simple as the ocean surface’s reflectance is relatively low at
visible and near-infrared bands, making it contribute little to the sky polarization
pattern. However, the heterogeneity and non-lambert properties of land surface make
the contribution of land surface non-negligible. With RPV model and Maignan model,
the BRDF and BPDF properties of land surface (vegetation surface in this study) are
calculated. The sky polarization patterns under different aerosol loadings and aerosol
models same as Section 3.2 are presented as shown in Figures 5 and 6. Figure 5
demonstrates the sky polarization pattern variations over land surface with one aerosol
mode same as Figure 3. Firstly, the basic pattern of sky polarization is similar. The lowest
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Figure 4. Sky polarization pattern over ocean surface with different aerosol loading when only two
component exist (the solar zenith is 40°, solar azimuth is 0°, the first row is the case of coarse
scattering + fine scattering aerosol condition, the second row is coarse scattering + fine absorbing
aerosol condition, the third row is coarse absorbing + fine scattering aerosol condition, and the forth
row is coarse absorbing + fine absorbing aerosol condition. The columns represent different AOD
conditions. The colour bar represents DOP which is unit free.).

DOP occurs around the solar incident direction. Secondly, the magnitudes of sky
polarization pattern over land are systematically larger (10-20%) than those over
ocean surface. For Rayleigh sky, the largest DOP over land could be higher than 0.8
compared with only 0.7 over ocean. For scattering aerosol conditions (coarse mode and
fine mode), the increase of AOD will greatly decrease the magnitude of sky polarization
pattern, which is also similar to those cases over ocean surface. While for absorbing
aerosol conditions, the cases are different from those over ocean surface. The increase
absorbing AOD also makes the sky polarization pattern decrease, but with a much lower
speed than scattering AOD does.

Figure 6 demonstrates the sky polarization pattern variations over land surface with
aerosol combinations same as Figure 4. The combination of coarse scattering and fine
scattering aerosol also makes the sky polarization decrease greatly from a maximum
value of over 0.8 to 0.5. When one absorbing aerosol is included, the decrease trend is
much slower. Furthermore, the two absorbing aerosol combination only makes the sky
polarization decrease a little. These results suggest that, over land surface, the coupling
between atmosphere and land surface is complicated. The sky polarization is determined
by not only Rayleigh scattering of atmospheric molecules, aerosol particles, but also
surface contribution, making the variation trends of sky polarization complicated and
unpredictable whether any information mentioned above is lacking. However, although
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Figure 5. Sky polarization pattern over land surface with different aerosol loading when only one
aerosol component exists (the solar zenith is 40°, solar azimuth is 0, the first row is the case of coarse
scattering aerosol condition, the second row is coarse absorbing aerosol condition, the third row is
fine scattering aerosol condition, and the forth row is the fine absorbing condition. The columns
represent different AOD conditions. The colour bar represents DOP which is unit free.).

the variation trends are sophisticated, the morphology of sky polarization pattern is
relatively stable, centring the solar position and increasing outward.

3.4. Implications and limitations and future work

All previous researches have mentioned that the sky polarization pattern is influenced by
atmosphere conditions. However, most researches have no specific or only limited
description of atmospheric conditions. AOD, aerosol models, surface reflectance, as well
as cloud conditions are all possible influence factors. Only considering AOD conditions is
really not sufficient to evaluate the sky polarization pattern variation trends. Our
researches here, by combining AOD, aerosol mode information, and underlying surface
conditions, find that the sky polarization pattern variation trends are the results of
complex interactions of these factors. It is not realistic to predict the sky polarization
pattern strength whether lacking any information mentioned above. Therefore, when
applying sky polarization, it should be cautious when aerosol mode information is lacking.
Despite that, the basic pattern (shape) of sky polarization is relatively robust.

There are several limitations to this study. Firstly, only four lognormal distribution
aerosol modes are selected in this study. These aerosol modes are not enough to describe
the real atmospheric conditions. Secondly, we only perform the results in 550 nm band.
The scattering and polarization states at other bands, such blue band (440 nm) and
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Figure 6. Sky polarization pattern over land surface with different aerosol loading when only two
component exist (the solar zenith is 400, solar azimuth is 0°, the first row is the case of coarse
scattering + fine scattering aerosol condition, the second row is coarse scattering + fine absorbing
aerosol condition, the third row is coarse absorbing + fine scattering aerosol condition, and the forth
row is coarse absorbing + fine absorbing aerosol condition. The columns represent different AOD
conditions. The colour bar represents DOP which is unit free.).

infrared band (860 nm) may be different due to different strength of atmospheric
scattering and absorbing, although the results may be similar. Thirdly, the land surface
reflectance contribution is obtained through empirical BRDF model, which may be
different from the complex land surface conditions. Finally, the cloud condition is not
considered in this study due to the limitation of current vector radiative transfer model.

In the future, to further investigate aerosol’s influence on sky polarization pattern,
more aerosol mode information will be considered by reference the aerosol retrieval
algorithm of MODIS (Li et al. 2007), MISR (Diner et al. 2005), POLDER (Hasekamp, Litvinov,
and Butz 2011) to validate our results. Furthermore, different BRDF and BPDF will be
evaluated to make our result robust and convincing. Finally, more characteristic bands will
be considered to explore which band will get the more robust sky polarization pattern.

4. Conclusions

Sky polarization pattern is caused by the interaction between incident solar light and
atmospheric components (aerosol and molecules). Both aerosol particles and molecules
could polarize the incident neutral light. A lot of researches focusing on the application of
sky polarization pattern mainly assume a Rayleigh sky which is not accurate enough to
describe the real sky situations, restricting the further application of sky polarization
pattern. As both aerosol particles and molecules contribute to the generation of sky
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polarization, the simulation and application of sky polarization pattern should consider
aerosol situations. However, current research, which take aerosol into account only
consider AOD information, neglecting the intrinsic microphysical properties of aerosol
(size distribution, refractive index, etc.).

In this study, both AOD and aerosol mode information are considered in the generation
of sky polarization pattern. Our researches reveal that the basic pattern of sky polarization
is generated through Rayleigh scattering, and the increase of different aerosol loading will
not change the basic pattern but change the magnitude. Additionally, different aerosol
modes’ effects on sky polarization pattern over different underlying surfaces are different.
Over ocean surface, where the reflectance is relatively low, scattering aerosol tends to
weaken sky polarization pattern, while absorbing aerosol tends to slightly strengthen it.
Furthermore, coarse mode scattering aerosol is more effective in weaken sky polarization
pattern than fine mode scattering aerosol. Over land surface, where the reflectance is
relatively high, both scattering and absorbing aerosols tend to weaken the sky polarization
pattern. The scattering aerosol is more effective than absorbing aerosol.

The results in our study suggest that aerosol’s influences on sky polarization pattern
are sophisticated. The increase of AOD does not absolutely mean a decrease of sky
polarization. Under some polluted situation with strong absorbing aerosol loading, the
sky polarization will keep stable or even increase. Therefore, to utilize sky polarization
pattern for bionic application such as navigation, it should be cautious to be aware of the
effects of both AOD and aerosol modes.
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