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Abstract: There are two widely recognized global fields in nature: the gravity field and the geomag-
netic field. Universal gravitation and Earth rotation are important sources of the Earth’s gravity and
geomagnetic fields, which are well known to us. After years of long-term observation, global research,
and analysis, it was discovered that we have neglected a direct incident energy of the universe on
the Earth. Solar radiation, leading to energy exchange from the atmosphere 100 km above the land
surface, is the energy source of the Earth. Polarization is one of the four basic physical properties
of solar radiation. After the solar radiation reaches the surface of these media, it reflects, scatters or
refracts, and exhibits different degrees of polarization. The polarized solar light forms the Earth–sky
polarization vector field. The polarized light dispersion is expected to become a new method for
global analysis of the human environment. Polarization detection is the best way to accurately
explore the atmospheric effects. Local polarized skylight distribution was found in different sites
in the world; however, the global distribution of the polarized sunlight radiation has never been
explored. In this paper, we investigate the Global Skylight Polarization Field. This study aimed at
providing new insight into the laws of polarization over our Earth. We use a Rayleigh scattering
model to obtain the simulation results of the sky polarization field. Rayleigh scattering occurs when
the particle size is much smaller than the wavelength of the incident electromagnetic wave. We also
use a polarized fisheye camera to collect the sky polarization image and calculate the distribution
pattern of the DOLP (degree of linear polarization) and AOLP (azimuth of linear polarization) of the
skylight. The stability and gradual change in the degree of polarization in the zenith direction are
verified, and the distribution law and daily change law of the degree of polarization in the sky are
obtained. With the increase in the solar altitude angle, the degree of polarization will decrease. We
also observed the skylight polarization in different weather conditions. Our results demonstrate the
physical basis, characteristics, and usability of the polarization field. They show an inevitable trend
from optical remote sensing to polarization remote sensing.

Keywords: polarization; skylight field; remote sensing; characteristics; distribution pattern

1. Introduction

The atmosphere is an important environmental element for human beings, and it
is an indispensable natural resource. The Earth’s radiation balance is determined by
the combination of aerosols, clouds, atmospheric gases, and surface reflections in the
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atmosphere [1,2]. When the solar radiation passes through the atmosphere, it is scattered
by the atmospheric particles, which will cause the polarization of light. In general, the
primary scattering of atmospheric particles causes the sky polarization to produce a positive
value, while the multiple scattering causes the sky polarization to produce a negative value.
The intersection of positive and negative polarizations in the sky is the atmospheric neutral
point (Neutral Point), which is the point of zero polarization in the sky [3]. Due to the
scattering absorption of incident sunlight by air molecules and aerosol particles, the sky
has a relatively stable polarization mode at some points in the day and at a certain position,
which is the sky polarization field [4,5]. In 1809, for the first time, Arago discovered the
polarization phenomenon of skylight and found that there is a point in the sky where
the degree of polarization is zero, that is, the atmospheric neutral point. In 1870, Strutt
proposed the Rayleigh scattering theory, which scientifically explained the polarization
phenomenon of sky-scattered light and can more accurately describe the polarization state
distribution of scattered light in clear sky.

The human eye cannot directly perceive the polarization information of light, but we
can create some fast and high-precision polarization measuring instruments [6], which is
one of the hot topics for innovation. Since polarization is one of the basic properties of light,
which contains characteristic information of the object being tested, polarization detection
is a basic measurement method that cannot be ignored in the field of optical measurement.
G. Horváth et al. proved that the skylight polarization field under cloudy, foggy, and
dusty weather is similar to that in sunny weather [7,8]. Nathan J. Pust and Joseph A.
Shaw [9] proved that the degree of polarization of cloudy weather is significantly lower
than that of sunny weather due to the influence of multiple scattering, but the distribution
of polarization in azimuth is almost unchanged. A fully automatic imaging, whole-sky,
polarized-light-testing instrument is designed and manufactured. The actual distribution
of sky polarization mode in cloudy weather is simulated, and the simulation results are
consistent with the test results [7]. With the continuous development of polarization
instruments, polarization measurement is playing an increasingly important role in many
fields [10,11].

When solar radiation enters the Earth–atmosphere system, it is affected by the reflec-
tion, scattering, and transmission of atmospheric particles, underlying surface, etc., which
cause the polarization of the incoming neutral sunlight [12]. Relevant research found that
polarized light is broadly utilized. For example, creatures such as bats use visual polarized
light for accurate environmental sensing and navigation [13], voyagers use polarized light
to identify directions in the Atlantic Ocean [14], weakly polarized reflected light of the
moon can reflect vegetation traces [15], surface-polarized reflections can improve the accu-
racy of biochemical content inversion [16], and ground-based polarization observations can
obtain effective information on solar flares [17]. These cases raise fundamental questions.
Is there a skylight polarization field in nature? Can this field penetrate the atmosphere and
support surface observations? Is it possible to accurately monitor the interaction between
the atmosphere, ocean transpiration, and the surface ecosystem? Can this field be combined
with the magnetic field and the gravity field to reach a better understanding of the natural
phenomena and laws of the Earth? Solving these problems could lead people to a deeper
and wider insight into what skylight polarization can do. For example, the skylight polar-
ization field might be helpful for navigation under complicated natural conditions where
signals from global positioning satellites are missing. Moreover, applied to atmospheric
or public health-related issues, the polarization field is meaningful to the separation of
different kinds of atmospheric particles, or even the µm-size virus existing in the aerosol
particles, which polarizes light differently from other particles.

In this study, we explored the laws, characteristics, and global distribution of the skylight
polarization field map and its seasonal fluctuation, we explored the stability and continuous
diffusivity of the light intensity distributions through coupling land surface and atmosphere
polarization effects, we studied the daily periodicity of the skylight polarization field through
all-day measurements with polarization instruments, and we also compared the characteristic
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parameters of the skylight polarization field with the existing gravity field and geomagnetic
field. Furthermore, this work provides the possibility to study the three basic vector fields
under the influence of the three elements of the vast universe (universal gravitation, Earth
rotation, and solar radiation) on the Earth, as well as the scientific understanding of the
influence of the three vector fields on all the objects on the Earth.

2. Materials and Methods

The experiment was carried out at the Huairou Solar Observing Station National As-
tronomical Observatories CAS, Huairou District, Beijing, China. The observing instruments
are a Solar Observing Telescope and Nikon D200 digital camera with a fisheye lens and
an optical polarizer (Figure 1). We used the digital compass and leveling instruments to
find the north direction and adjust the tripod platform to the horizontal position. We then
installed the digital camera on the tripod, installed the fisheye lens on the digital camera,
and installed the optical polarizer on the top of the fisheye lens. By using the scale around
the polarizer, the rotation angle of the polarizer can be obtained, which can be marked
as 0 degrees, 60 degrees, and 120 degrees. For each acquisition, the polarizer was rotated
at three different degrees, respectively, and three all-sky images with different polarizing
angles at that time were obtained. Every 10 min or 30 min, we collected experimental data
of the whole sky and observed the distribution of sky-polarized light.
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Figure 1. Telescope (a) and fisheye camera (b) for polarization observation.

Rayleigh scattering and Mie scattering occur in the atmosphere under clear-sky con-
ditions, and the two are also the origin of the atmospheric polarization effects. Thus,
they become the theoretical and application basis of the skylight polarization field. The
degree of linear polarization (DOLP) is the most important parameter for characterizing
polarized light and establishing a polarization model. The DOLP of atmosphere during
Rayleigh scattering can be directly simulated by the scattering angle (the angle between the
directions of incidence for sunlight and scattering).

In measuring the atmospheric polarization, a Stokes vector, S, is usually used to
describe the polarization state of the polarized beam. The Stokes vector, S = [S1, S2, S3, S4]

T ,
can be expressed as another form, S = [I, Q, U, V]T , where I is the total intensity of light, Q
and U are linearly polarized light in two orthogonal directions, and V is circularly polarized
light. In atmospheric polarization measurement, circular polarized light, V, is usually
ignored because linear polarized light is the most common type of polarization in nature.
The Stokes vector represents the polarization state of the light, while the Mueller matrix
represents the process of the polarization device changing the Stokes vector of the incident
light. If the Stokes vector of the incident light is S and the Mueller matrix of the linear
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polarization device is T, then the Stokes vector of the outgoing light, S′ = [I′, Q′, U′, V′]T ,
can be obtained by linear transformation, S′ = T·S:

S′ =


I′

Q′

U′

V′

 =


t00 t01 t02 t03
t10 t11 t12 t13
t20 t21 t22 t23
t30 t31 t32 t33

 (1)

The Mueller matrix of the ideal optical detection system is as follows:

T =
1
2


1 cos 2α sin 2α 0

cos 2α cos2 2α cos 2α sin 2α 0
sin 2α cos 2α sin 2α sin2 2α 0

0 0 0 0

 (2)

where α is the angle between the preferred transmission plane and the reference plane of
the linear polarizer.

In the new Stokes vector, S′, the first row is used to represent the intensity of the
outgoing light passing through the optical system. If I′ is expressed as a function of α, the
intensity of the outgoing light is as follows:

I′(α) =
1
2
(I + Q cos 2α + U sin 2α) (3)

According to Formulas (2) and (3), if the light intensity values at three different α positions
are known, then the parameters of the Stokes vector, DOLP, and AOLP can be calculated.

DOLP =

√
Q2 + U2

I
(4)

AOLP =
1
2

arctan(
U
Q
) (5)

In atmosphere polarized observation, the direction of space-borne observations is
from top to bottom, whereas that of ground observations is from bottom to top. However,
the DOLP, at a fixed location, ideally does not vary with the observing direction. At a
specific moment, the solar altitude and azimuth angles are different at different positions
on the Earth. The solar altitude angle is complementary to the zenith angle. In a horizontal
coordinate system, the solar altitude angle is the angle between the solar incidence and
the normal placement of the observation point, which can be calculated. From this, the
solar altitude angles for various positions on Earth can be obtained at the same time so as
to obtain the DOLP globally at the nadir directions.

Solar radiation is non-polarized before it enters the atmosphere. In the process of
sunlight incidence on the Earth surface, through the scattering interaction with the atmo-
spheric components (gas, aerosol particles, water droplets, and ice crystals), the skylight
forms a sky polarization field with the sun as the center. The whole skylight polarization
field consists of two elements: the field axis and the force line. The point with the lowest
degree of polarization formed by the solar incidence point is the polarization neutral point,
which is defined as the axis; the point with this as the center forms a trend of diffusion to
the surrounding space (a concentric circle), which is defined as the force line. Thus, the
skylight polarization field is formed. Under the condition of a non-equilibrium atmosphere,
the force line of the skylight polarization field is distorted, which can be used to measure
the distribution of various components in the atmosphere and the properties of the un-
derlying surface. Using the Rayleigh model to represent the scattering of molecules in the
atmosphere, we can describe and simulate the state of polarized light and the distribution
characteristics of the global skylight polarization field.
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The degree of polarization of the atmosphere in Rayleigh scattering can be simulated
by the scattering angle θ (the angle between the direction of incident light and the direction
of scattered light) [18]:

P(θ) =
sin2 θ

1 + cos2 θ
(6)

When a polarization observation is carried out, the satellite observation mode is from
top to bottom, and the scattering angle θ = 180◦ − as, where as is the solar zenith angle.
When the ground observation mode is from bottom to top, the scattering angle θ = as.
For a vertical observation, the degree of the polarization is the same whether from top to
bottom or from bottom to top.

At the same time, the solar altitude angle and solar azimuth angle are different at all
points in the world. The relationship between the solar altitude angle and the zenith angle
satisfies hs + as = 90◦. In the horizontal coordinate system, the sun height angle hs means
the angle between the direct sunlight and the plane where the observation point is located:

sin hs= sinφ sinδ+ cosφ cosδ cosω (7)

where φ is the latitude of the observer’s location, ω is the hour angle, and δ is the declination angle.
The time angle ω is the angular distance from the equator of the celestial meridional

circle of the observation point to the time circle of the sun. It can be calculated as follows:

ω = (T − 12) ∗ 15◦ (8)

where T is the true solar time, and the declination δ is the angle between the Earth’s equator
and the connecting line between the sun and the Earth’s center:

δ = 23.45◦ sin(360◦ ∗ 284 + n
365

) (9)

where n is the day of year.
The true solar time can be calculated as:

T = t± 4 min ∗ (LLOC − LSI) + E (10)

where LLOC is the longitude of the place to be measured, “+” is applicable to the eastern
hemisphere, “−” is applicable to the western hemisphere, and LSI is the longitude of the
standard time zone.

The corrected time difference is:

E= 0.0172+0.4281 cos Q− 7.3515 sin Q− 3.3495 cos 2Q− 9.3619 sin 2Q (11)

where Q = 2πn
365 (rad).

Therefore, the solar altitude angle of all points in the world at the same time can be
obtained, and the degree of polarization can be obtained:

P(θ) =
sin2 θ

1 + cos2 θ
=

sin2 as

1 + cos2 as
=

cos2 hs

1 + sin2 hs
=

1− sin2 hs

1 + sin2 hs
(12)

The Rayleigh scattering occurs when the diameter of particles in the atmosphere is
much smaller than the wavelength. For visible light, the Rayleigh scattering phenomenon is
very significant. A horizontal coordinate system is established to simulate the distribution
of the DOLP for the upper half of the sky. The simulated result of the DOLP is shown in
Figure 2a for Rayleigh scattering. Mie scattering occurs when the diameter of particles
in the atmosphere is comparable to the wavelength of radiation. The simulated result of
the DOLP is shown in Figure 2b for Mie scattering. The atmospheric model we used is a
second simulation of a satellite signal in the solar spectrum-vector (6SV) [19]. The type of
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aerosol we used is ocean-type aerosol, and the AOD (Aerosol optical Depth) is 0.5. The
polarization effect of the real atmosphere is caused by the combined effects of Rayleigh
scattering, Mie scattering, and multiple scattering. Figure 2c shows the measured DOLP
under clear weather conditions. The white line is the meridian of the sun. The white solid
circle is the polarization neutral point.
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Figure 2. Local sky polarization field simulation and observation. It shows the ground-based
observation results of skylight polarization. DOLP represents the ratio of polarized light to total light
intensity, where its units are dimensionless with a maximum value of 1.0.

3. Results
3.1. Skylight Polarization in Clear Weather

The experimental site was on the top floor of the Huairou Solar Observing Station
National Astronomical Observatories CAS. The experiment was from 9:00 a.m. to 16:00 p.m.
on 13 March 2019. The sky was clear and the air quality index was excellent. The exper-
imental instruments are Nikon D200 digital camera, fisheye lens, optical polarizer, and
photography tripod. The fisheye lens we used is a sigma 8 mm F3.5 EX DG, which has
a maximum field angle of 180 degrees. The linear polarizer we used is a GSP-50. The
effective working wavelength of the linear polarizer is 400~700 nm, with an extinction ratio
greater than 1000:1. The single transmittance of parallel polarized light is more than 80%
at 650 nm. Since the lens was upward to the zenith, the top of the image corresponds to
the south direction of the geography, with the bottom of the image corresponding to the
north direction, the left corresponding to the west direction, and the right corresponding
to the east direction, which is slightly different from the ordinary map. We transformed
the RGB information of the color image into gray information, and calculated the Stokes
components I, Q, U, DOLP, and AOLP according to the formulas.

Figure 3 shows the change in sky polarization information for the whole day. We can
see the change rule of Stokes components I, Q, and U. The light intensity I is largest at
the solar spot and sharply decreases towards the surroundings. The Q component and
U component are all zero at the position of the sun, which is an isolated point, and both
components have a symmetrical axis with the minimum value. As shown in the blue
strip in the figure, with the movement of the sun, the symmetrical axis rotates against the
direction of the sun’s motion, and the minimum value of the symmetrical axis of the two
components is nearly perpendicular to each other, especially at 10:00–15:00, because Q and
U are the line-polarized light in two orthogonal directions.

Figure 4 shows the simulation results of the DOLP based on the Rayleigh scattering
model and the observation results of the DOLP and the AOLP obtained from the experiment.
When using a Rayleigh scattering model to simulate the degree of polarization distribution,
we calculate the solar altitude and azimuth at each time. A specific geometry between the
sun and the detector is formed by the relative positional relationship between each point in
the sky and the sun. It is used to calculate the polarization information of each point in the
sky. The maximum zenith angle in the Rayleigh model is 60 degrees because the field angle
of the fisheye camera is about 120 degrees. For the distribution of the degree of polarization,
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the simulation results are almost the same as the actual results, because the experimental
conditions are ideal, sunny, and the air scattering was mainly Rayleigh scattering. The
Rayleigh model can accurately represent the degree of polarization distribution on sunny
days, which proves the accuracy of the sun position calculation method and the degree
of polarization calculation method. It can be seen from the experimental results that the
degree of linear polarization in the whole sky decreases with the increase in the solar
altitude angle, and the position of the atmospheric neutral point is related to the position of
the sun. The linear degree of polarization presents an obvious circular distribution, which
is often called the halo phenomenon.
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When the solar altitude angle is low, such as at 9:00 a.m. and 16:00 p.m., the two
polarization neutral points at the sun point and anti-sun point is more obvious. The degree
of polarization of the sun’s incident direction is the smallest, which is the neutral point of
the atmosphere. The degree of polarization of the center to the surrounding area gradually
increases, and the degree of polarization perpendicular to the sun’s incident direction reaches
the maximum and then begins to decrease. This is because there is a neutral point near the
sun, and there is also a neutral point on the anti-sun side, that is, the Babinet point and Arago
point, respectively. The interaction of the two points results in a double aperture effect.

3.2. Skylight Polarization in Different Weather Conditions

Since the atmospheric particles will affect the scattering of skylight, they can affect the
distribution of polarized light in the sky. In order to compare the skylight polarization field
in different weather conditions, we used a polarized fisheye camera to take two images
on 13 March (sunny day, cloudless) and 2 April (with a small number of clouds) in 2019
(Figure 5).
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We can see that, compared with the clear sky conditions, the presence of clouds reduces
the DOLP of the skylight significantly, which is due to the depolarization effect caused
by the multiple scattering of the atmosphere due to the presence of clouds. As far as the
total light intensity is concerned, the presence of clouds has changed the distribution of the
total light intensity in the sky, and the halo centered on the sun has become blurred and
interlaced, or has even completely disappeared.

3.3. Defining the Global Skylight Polarization Field

The phenomenon of sky polarization is first found in the ground-based sky observa-
tions. Figure 6a shows the observation geometry of the ground-based sky observation,
where s represents the sun, OP represents the direction of observation in the sky, and Z
represents the zenith. By changing the directions of OP, the polarization distribution of
the whole local sky can be observed. The team has made ground observations in Finland,
Hungary, Beijing, Zhuhai, and other places in China. These local observations are highly
consistent with the model simulation. Nathan J. Pust and Joseph A. Shawhave conducted
ground observation in the United States [9], as shown in Figure 6b. The degree of polariza-
tion of the atmosphere changes with the position of the sun. Taking the observation point as
the origin, when the angle between the observation direction and the sun is 90◦, the degree
of the polarization reaches the maximum and then gradually reduces to 0◦ at the mirror
point of the incident light. Based on this, we simulated the global atmospheric polarization
distribution under the condition of the vertical upward observation of the ground (see the
detailed simulation process in the Supplementary Materials), and the results are shown in
Figure 6c. The polarization pattern map in the sky is closely related to the solar altitude
angle. The degree of polarization varies with the solar altitude angles, and the intensity
and direction of the polarized light are different. When the solar altitude angle is low, the
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polarization intensity ratio in the sky is larger; in other words, the polarization intensity
in the sky is larger in the evening or in the morning than at noon. The polarization also
varies by season: the spring equinox, summer solstice, autumn equinox, and winter solstice
generate regular changes in their distribution.

Remote Sens. 2022, 14, x FOR PEER REVIEW 11 of 21 
 

 

 
(a) 

  

(b) 

 
Vernal Equinox 

 
Summer Solstice 

 
Autumnal Equinox 

 
Winter Solstice 

(c) 

 
January 1st 

 
February 1st 

Figure 6. Cont.



Remote Sens. 2022, 14, 2193 11 of 19
Remote Sens. 2022, 14, x FOR PEER REVIEW 12 of 21 
 

 

 
March 1st 

 
April 1st 

 
May 1st 

 
June 1st 

 
July 1st 

 
August 1st 

 
September 1st 

 
October 1st 

 
November 1st 

 
December 1st 

(d) 

Figure 6. Cont.



Remote Sens. 2022, 14, 2193 12 of 19
Remote Sens. 2022, 14, x FOR PEER REVIEW 13 of 21 
 

 

  

  

  
(e) 

 

Figure 6. Theoretical simulation of the global polarization field and verification of a single-point sky 
polarization: (a) ground observation geometry; (b) actual observation results in different areas; (c) 
global polarization simulation (upper: spring, summer; lower: autumn, winter); (d) annual variation 
in the global skylight polarization field(12:00 GMT); (e) diurnal variation in the global skylight po-
larization field (summer solstice, GMT). (a) Observation geometry and (b) our results in China as 
well as those obtained by Pust and Shaw in the United States [9]. 

Figure 6d shows the annual variation in the global skylight polarization field. The 
theoretical distribution of the global skylight polarization was calculated at 12:00 GMT on 
the first day of each month. The point with the lowest degree of polarization is theoreti-
cally the subsolar point, which moves between the Tropic of Cancer and the Tropic of 
Capricorn. The cycle of long-term variation is one year. Moreover, Figure 6e shows the 
diurnal variation in the global skylight polarization field. The theoretical distribution of 
the global skylight polarization was calculated at six time points on the day of the summer 
solstice. The point with the lowest degree of polarization changes with the alternation 
between day and night during a day and with the movement of the sun’s position in the 
day hemisphere. The cycle of short-period variation is one day. 

3.4. Expandability, Stability, and Measurability 
Figure 7a is the solar spectral curve measured by the PSR-1100 spectrometer with the 

polarizer at 0 degrees, 60 degrees, and 120 degrees, respectively. From Figure 7a, it can be 
seen that the solar radiation is different at different polarizer angles. This reflects that the 
light intensity distribution is not constant on the cross section of the sunlight propagation 
direction. 

Figure 7b is the observation result of the spectral DOLP from the sun to the east at an 
interval of 5 degrees. It can be seen that the spectral DOLP gradually increases from the 
minimum value from facing the sun to 90 degrees away from the sun. Furthermore, it 

Figure 6. Theoretical simulation of the global polarization field and verification of a single-point
sky polarization: (a) ground observation geometry; (b) actual observation results in different areas;
(c) global polarization simulation (upper: spring, summer; lower: autumn, winter); (d) annual
variation in the global skylight polarization field (12:00 GMT); (e) diurnal variation in the global
skylight polarization field (summer solstice, GMT). (a) Observation geometry and (b) our results in
China as well as those obtained by Pust and Shaw in the United States [9].

Figure 6d shows the annual variation in the global skylight polarization field. The
theoretical distribution of the global skylight polarization was calculated at 12:00 GMT on
the first day of each month. The point with the lowest degree of polarization is theoretically
the subsolar point, which moves between the Tropic of Cancer and the Tropic of Capricorn.
The cycle of long-term variation is one year. Moreover, Figure 6e shows the diurnal
variation in the global skylight polarization field. The theoretical distribution of the global
skylight polarization was calculated at six time points on the day of the summer solstice.
The point with the lowest degree of polarization changes with the alternation between day
and night during a day and with the movement of the sun’s position in the day hemisphere.
The cycle of short-period variation is one day.

3.4. Expandability, Stability, and Measurability

Figure 7a is the solar spectral curve measured by the PSR-1100 spectrometer with the
polarizer at 0 degrees, 60 degrees, and 120 degrees, respectively. From Figure 7a, it can be
seen that the solar radiation is different at different polarizer angles. This reflects that the light
intensity distribution is not constant on the cross section of the sunlight propagation direction.

Figure 7b is the observation result of the spectral DOLP from the sun to the east at
an interval of 5 degrees. It can be seen that the spectral DOLP gradually increases from
the minimum value from facing the sun to 90 degrees away from the sun. Furthermore, it
increases fastest when it is between 20–80 degrees. It can also be observed that the degree
of polarization changes significantly in the range of 400–600 nm. The best wave bands for
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observation by degree of polarization are 390–455 nm in violet, 455–492 nm in blue, and
492–577 nm in green.
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4. Discussion
4.1. The Characteristics of the Neutral Region of the Field

The relationship between the neutral point altitude angle of Babinet and the solar
altitude angle is: {

hNP = 0.9hs + 18(0◦ < x < 30◦)
hNP = 0.75hs + 22.5(30◦ ≤ x < 90◦)

(13)

where hs is the solar altitude angle and hNP is the neutral-point altitude angle. The solar
altitude angle at the same location and the same day is constantly changing. Therefore, the
solar altitude angle of a place is calculated as:

sin hS = sin φ sin δ + cos φ cos δ cos ω (14)

where hs is the solar altitude angle, φ is the latitude of the observer’s location, and δ is the
declination angle that can be found in the astronomical almanac, ω is the hour angle.

In Figure 8, the white area indicates that the DOLP is large, whereas the black area
indicates that the DOLP is small. In the polarized image observed, the neutral points (right
column) are clearly visible, whether for the nearby Foshan Pavilion at Wanshou Mountain
in the Summer Palace (linear distance from the shooting point is about 3.1 km) or the
western mountain (linear distance from the shooting point is about 6–8 km). The bare soil
(or road) information on the mountain is in strong agreement with the unpolarized image.
The polarized information revealed from the images of three different bands of red, green,
and blue is also different. In the polarized image of the non-neutral point (left column), the
information of the nearby features has a good performance (as seen in the Buddha Xiangge),
but the information of the distant mountains is much weaker and is vague. However, only
an outline of the mountain appears. This means that the polarized information of distant
mountains cannot be effectively obtained when observing through non-neutral points. It
also shows that the distance between the observing point and the objects increases, the
atmospheric polarization effect increases, and the polarization information of the object
decreases. Therefore, the atmospheric effect of non-neutral point observations is stronger
than that of neutral point observations. The DOLP images observed through the axis of
the polarization field have better contrast when regarding distant objects. The amount of
information about the features on the polarization image (right column) observed through
the neutral point is much larger than that through the non-neutral point, especially for
distant objects.

Figure 9 shows the effect of different BPDF (Bidirectional Polarization Distribution
Function) models on TOA (Top of Atmosphere) polarized reflectance under different aerosol
optical depth conditions. The first column is the comparison between the simulated and
observed surface polarized reflectance. The second column is the comparison between the
modeled and the observed TOA polarized reflectance under Rayleigh conditions. The last
three columns are the comparison between the modeled and the observed TOA polarized
reflectance under different aerosol optical depths ranging from 0.1 to 0.5. The correlation
coefficient and RMSE × 100 are displayed in the upper left corner of each sub-figure.

4.2. The Earth–Skylight Polarization Field

The polarization field of Earth–skylight is the distribution of polarized light formed
by solar incident radiation, which is formed by the polarization generated by the incident
scattering of solar electromagnetic waves. In the process of atmospheric transmission,
sunlight is scattered by air molecules, dust, and aerosols in the atmosphere, which makes
the skylight produce polarization. The degree and state of polarization depend on the size,
shape, refractive index of particles, the polarization state of incident light, and the angle of
observed scattered light. If only the Rayleigh single scattering of light by particles in the air
is considered, there is a relatively stable polarization field in the sky at a certain time and
position of a day.
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The basic field of the Earth–skylight polarization field is the ideal distribution of polar-
ized light formed by solar incident radiation. Its distribution is related to the relationship
between the Sun and the Earth, the Earth’s revolution, and the Earth’s rotation. Due to the
rotation of the Earth, the basic field of the light polarization field in the Earth’s sky has a
diurnal variation with a period of one day. Since the Earth revolves around the Sun, the
basic field of the light polarization field in the Earth’s sky has an annual variation with a
period of one year.

The physical quantities describing the size and direction of polarization field are
degree of polarization and angle of polarization. The polarization field is a function of
time and space. At any point, the polarization field has size and direction, which can be
measured. In the measurement, the polarization instrument can be used to measure the
Stokes vector to calculate the degree of polarization and polarization angle. The distribution
of the light polarization field in the Earth and sky is related to zenith angle, azimuth angle,
and atmospheric optical thickness.

The sky polarization field, like the Earth’s gravity field and geomagnetic field, plays an
important role in the study of global problems. Since there is a stable skylight polarization
field in the sky, some organisms such as sand ants use the polarized light in the sky
to navigate accurately, so as to quickly find food and return to their nests. At present,
many scholars are studying the application of the polarization field to human navigation,
hoping to use the polarization field of skylight to realize the navigation of mobile objects
such as vehicles, UAVs, and ships [20,21]. Since there is a polarization neutral area in
the polarization mode map, the degree of polarization of light in the sky in this area
is very small and almost zero, which provides a new idea for remote sensing satellite
Earth observation, that is, Earth observation at the atmospheric neutral point can weaken
the influence of light polarization and greatly improve the acquisition of ground object
polarization information. The polarization field anomaly is caused by clouds, water vapor,
and atmospheric particles in the atmosphere. It can be used to detect the change of particle
concentrations and retrieve the aerosol in the atmosphere.

5. Conclusions

From the image of the polarization angle in a clear sky, it can be observed that the con-
centration point of the polarization angle is the position of the atmospheric polarization’s
neutral point. The position and shape of the polarization angle’s distribution are different
with different solar height angles. It can be found that with the change in the position of
the sun, the convergence point of the polarization angle of the whole sky revolves around
the zenith. When the solar altitude angle is high, we can only observe one convergence
point of the sky polarization angle, and we can only see one convergence point for most of
the day. Only when the solar altitude angle is low, such as the image at about 16:00 p.m.,
can we observe another convergence point.

In cloudy weather, the clouds cut off the complete polarization ring; however, the
change trend of polarization can still be seen, and the neutral point area of the atmosphere
in the sky is still obvious. On sunny days, the value of sky polarization is large, and
the circular distribution is relatively complete; in cloudy conditions, the value of sky
polarization is small, and the circular distribution is irregular.

The experimental results of the two weather conditions are in accordance with the
theoretical law, and the experimental data are available. However, clouds interfere with
the sky’s polarization pattern. In order to ensure the accuracy of navigation, the sky
polarization mode should be measured in sunny and cloudless conditions.

(1) A simulation of the global skylight polarization field distribution was achieved based
on the theory of the electromagnetic wave and atmospheric scattering model and
global multi-point verification with the sky polarization observation sequence;

(2) Through experimental research on the effects of surface polarization and ground–air
coupling polarization, it is demonstrated that the polarization field is centered on the
incidence of the sun (that is, the axis of the polarization field, which is called the neutral
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region of atmospheric polarization), and the degree of polarization increases when
it diffuses outward. This proves the coverage of the field to the whole sky and the
continuous diffusivity of the field’s axis and force lines. The instrument constructed by
polarization bionic navigation proves that the intensity of this diffusive polarization
force line is stable, objective, and can be accurately measured. Its cycle time is a single
day;

(3) At any point on the Earth, the skylight polarization field has specific value and direc-
tion, which can be measured in various forms. The physical quantities describing the
magnitude and direction of polarization field are the degree and angle of polarization.
The polarization field is a function of time and space. The polarization field is affected
by the solar altitude angle in a day. The skylight polarization field in the same place
changes over a short period (a single day) and a long period (over a year).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs14092193/s1, Video S1. Dynamic demonstration of temporal
and spatial characteristics of the Global Skylight Polarization Vector Field. The cycle of short-period
variation is one day. The cycle of long-term variation is one year.
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