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Abstract: In nature, the wavy ocean surface is a common polarizer, which can change the polarization
state of incident light by refraction and reflection and form a new polarization pattern different
from the atmosphere. In this paper, we establish the polarized optical transmission model of wavy
ocean surface reflection and refraction and simulate polarization patterns induced by wavy ocean
surfaces. We study the polarization patterns reflected by wavy water surfaces and polarization
patterns inside and outside Snell’s window under wavy ocean surfaces. The correctness of the
simulation results is verified by qualitative and quantitative analysis. The environmental factors
affecting the corresponding polarization patterns are discussed. Through contrastive analysis, we
find that polarization patterns induced by wavy water surfaces are predictable and regular, which
has great potential for human application. This kind of polarization pattern is influenced by the sun’s
position and water surface condition. The study will promote the development of remote sensing,
target detection, and polarization navigation.
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1. Introduction

When sunlight is scattered by the atmosphere and reaches water surfaces, some light
will be reflected by wavy air-water interfaces, forming reflected polarization patterns.
The polarization pattern of water reflection contains a lot of information, which can be
used by marine organisms and even humans. However, it is difficult to measure because
it is affected by solar flares and wave reflection from water and water bottom. It has
been found that most organisms can sense polarization and use it to navigate, hunt, and
escape [1]. Some aquatic insects can detect habitats using the polarization patterns reflected
by water surfaces [2]. Thus, the study of polarization patterns of surface reflection is of
great value, especially in aquatic ecology [3]. At the same time, some light is refracted
by the wavy ocean surface, scattered by underwater particles, and finally forms the un-
derwater polarization pattern. When viewed upward from calm water, the 180° field
of view will be compressed to 97.5° due to the refraction of the ocean surface, which is
called Snell’s window [4]. Underwater polarization patterns can therefore be divided into
inside Snell’s window and outside Snell’s window [5], which have completely different
formation mechanisms and optical properties. In general, the zenith angle observed in
the window ranges from 0° to 48.75° and that outside the window ranges from 48.75°
to 90°. In Snell’s window, polarization patterns are compressed from skylights and are
therefore similar to the atmospheric polarization pattern. The polarization pattern outside
the Snell’s Window is dominated by direct sunlight and water turbidity. At present, there
have been many studies on underwater polarization patterns in Snell’s window, which is
mainly affected by atmospheric conditions [6], solar position, clouds, atmospheric dust,
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haze, observation distance, and multiple scattering [7]. However, in deeper water, the DOP
(degree of polarization) and AOP (angle of polarization) patterns inside Snell’s window
will become irregular due to the lack of light [8-10]. Furthermore, more than 70 underwater
species [11] can sense the polarized light and use it to navigate or communicate [12-15],
which shows the potential of underwater polarization patterns to be applied by humans.
In summary, polarization patterns induced by wavy ocean surfaces, such as polarization
patterns reflected by wavy water surfaces and polarization patterns inside and outside
Snell’s window under wavy water surfaces, contain a wealth of information. Therefore,
this study has important theoretical significance and application value. The establishment
of a normal polarization pattern model can promote the research of the underwater polar-
ized light transmission model, help humans understand the behavior of organisms with
polarization vision, and realize underwater polarization communication and navigation.

At present, the polarization transmission model [16-18] and polarization detection
technology [19-21] are becoming more mature. However, most research on polarization
patterns is based on the fact that that the incident light is unpolarized and the ocean
surface is flat, which is obviously inconsistent with reality. The water surface cannot
be reduced to a general deflector because of the presence of surface waves. Therefore,
compared with flat water, the polarization pattern induced by wavy water surfaces is
more complex, which is influenced by the incident light, the observed orientation, and
the water condition. For direct sunlight, we can simulate polarization patterns simply
using the Fresnel refraction principle. However, for skylights incoming from all directions,
the process of wave water reflection and refraction becomes unpredictable. In order to
accurately and effectively predict the polarization pattern induced by wavy water surfaces
and promote the application of ocean remote sensing, the optical transmission model of
polarization pattern induced by wavy water surfaces is established by using the Stokes
vector and Mueller matrix, considering atmospheric scattering, water surface effect, and
underwater scattering. The correctness of the model is verified by comparing the simulation
with the measurement. This model will promote the research of remote sensing, target
detection, and polarization navigation.

2. Methods

Figure 1 shows the formation mechanism of the polarization pattern induced by wavy
water surfaces. Before sunlight penetrates into the water, it is scattered by the atmospheric
particles first. Then, some light is reflected by the wavy water surfaces and forms the
reflection polarization pattern. Some light is refracted by the wavy water surfaces, further
scattered by the underwater particles, and finally forms the underwater polarization pattern.
Both types of light contain lots of information.
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Figure 1. The formation mechanism of the polarization pattern induced by wavy water surfaces.
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2.1. Atmospheric Scattering

The major source of the polarization pattern induced by wavy water surfaces is the
scattered skylight. To estimate if the photon exits during multiple scatterings and further
calculate scattering time and underwater depth, we first describe the atmospheric radiance
distribution [22]:

N(7, 60, 0n) = (A + Be ™7 + Ccos? 7 cos ) (1 — e PN (1 — g~Tsech) (1)

where N(v, 0\, 0n) is skylight radiance, and 6y and Oy are atmospheric zenith angles
of the sun and observation, respectively. A, B, and C are values of constants, which are
given by the model of Harrison and Coombes [22]. m is the mass of the atmosphere,
p is the regression coefficient, and 7 is the optical thickness of the atmosphere. 7 is the
scattering angle:

cos y = cos By cos O + sin Oy sin Oy cos(Pn — Pum)- 2)

¢M is the atmospheric solar azimuth angle and ¢y is the atmospheric observation azimuth
angle. We use the Rayleigh atmosphere model to simulate atmospheric
polarization patterns:

)
sin” 1y
P = Ppax———, 3
tan p — sin O cos By — cos Oy cos(Pn — P ) sin QM, )

sin(¢n — ¢m) sin Oy

P is atmospheric DOP and 1 is atmospheric AOP, respectively.
The polarization state of the light can be described by the Stokes vector

S=[I,Q U, V]T. I, Q, U, and V describe the different aspects of polarized light, re-

spectively. The calculation formula of the Stokes vector is as follows:

1
P cos 21 cos 2¢
Psin2ipcos2e |’
Psin2e

©)

The ellipsoid rate ¢ is set to 0 because the skylight is mainly linearly polarized. Thus,
the Stokes vector of incident light is:

1
P cos 2y
Psin2y |-
0

Si = N(7,0m,6N) (6)

2.2. Reflection and Refraction of Air—Water Interface

When the skylight reaches the wavy ocean surface, the polarization states will change
because of reflection and refraction, which can be described by the Mueller matrix. For
polarization patterns reflected by wavy water surfaces (Figure 2), the change of polarization
state can be represented by the reflection Mueller matrix:

tan 61 2
sin 6,

cos? 01 + cos?0, cos? 6y — cos? 6, 0 0
cos? 6, — cos?6, cos? 0 + cos? 6, 0 0 @)
0 0 —2cos 01 cos 0, 0 !

0 0 0 —2cos 61 cos b,
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where 6 = 0; — 6, and 6, = 6; + 6,. 6; is the zenith angle of incidence and 0; is the zenith
angle of refraction:

ny sinf; = np sin6,, (8)

where 117 and n; are the refraction indices of air and water, respectively.
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Figure 2. Forming process of polarization patterns reflected by wavy water surfaces.

The refraction Mueller matrix is as follows:

in(26; in (26,
Mg = Zsing (ei( +91,) //Scoizz)e,? )
cos?(0; —6,) +1 cos?(6; — 6,) — 1 0
cos?(0; — 6,) —1 cos?(6; — 6,) +1 0
0 0 2cos(6; — 6;)
0 0 0 2 cos(6; — 6y)

0
0 )
0

When the zenith angle of the incident light is 90°, the zenith angle of refracted light is

6, = arcsin (% sin Gi) = arcsin( ) = 48.75°. (10)
2

1
1.333

Therefore, the skylight polarization pattern is compressed into the underwater Snell’s
window. Correspondingly, there exist two kinds of underwater polarization patterns: one
is inside Snell’s window and the other is outside Snell’s window (Figure 3).

Considering the existence of waves on the real sea surface, we use the Cox-Munk wave
model [23] to simulate ocean waves. As shown in Figure 1, in this model, the wave surface
is regarded as a collection of several small surface elements, each of which is approximately
a plane. The light beams reflected or refracted by each small surface element strictly follow
Snell’s refraction law. Under certain water quality conditions, the slope distribution of
each face element is a function of wind speed and direction. According to the wave slope
distribution, the Stokes vector of the incident light in each sampling direction in the sky is
calculated, respectively. Then, the weighted average of the Stokes vector of the light beam
in each direction is obtained. 6; is the atmospheric zenith angle and ¢; is the atmospheric
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azimuth angle. 6, is the underwater zenith angle and ¢, is the underwater azimuth angle.
If the incident light is to be observed, it must meet the following requirements:

cos(0; — 0;) cos(p; — @r) < cos(% — arcsin(%)). (11)

2

Zenith

Air

Figure 3. Mechanism of Snell’s window formation.
Then, 6; and 6, are projected onto the XOZ and YOZ planes:

{ 1y sin(arctan(cos @; tan(6;)) + 6) = ny sin(arctan(cos ¢, tan(6;,)) + 6y )

ny sin (arctan(sin ¢; tan(6;)) + 6,) = ny sin(arctan(sin ¢, tan(6,)) + 6,) (12)
The slope of the ocean surface element is:
9
Zy = 2% = tan @
{ zx = g = tan@x ’ (13)
v=39, = y

In order to consider the influence of wind direction, we rotate the coordinate axis to
match the wind direction. The slope of the wave plane element is expressed in the new
coordinate system as:

{ zh = €OS @y - 2y + sin @y - 2y
/

. , 14
zy:—s1n<pw~zx+cosgow-zy (14

where ¢y, is the included angle of wind direction with respect to the positive direction of
the X-axis. The probability that the slope component of the wave surface element <z§c, z )

Yy
is [23]
1- %Cziﬂ (¢? N 1) — §Co3(1® = 31)+
rY 1 CZ+172 ﬂC4o(§ —6§ +3)+
P(E) = g o (-57) | dea@ 1 0r 1+ 05

2 Cos (1* — 677 + 3)
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The skewness coefficients (Cp; and Cyz) and the peakedness coefficients (C4g, Cpp, and
Co4) are given by the Cox-Munk wave model [23]. & =z /0., 1 = z’y /0y. 0. and 0, are the
root mean square values of z} and z;, respectively:

(16)

oy = V/0.003 +1.92 x 103w
0. = 1/0.000 + 3.16 x 103w ’

where w is the wind speed. Stokes vector after incident light from each sampling direction
in the sky reflected or refracted by the water surface can be expressed as:

S, = Z(p(z;,z’y) Mg - si). (17)

2.3. Underwater Scattering

We calculate the scattering Mueller matrix using Mie theory. First, we need to deter-
mine the effective radius [24] of water impurity:

[e9)

Yoff = /r3n(r)dr//r2n(r)dr. (18)
0 0

r is the particle radius. n(r) is particle size distribution [25,26]:
n(r) = Car?e 52" 4 Cpr2e 178, (19)

where 4 and -y are distribution parameters. Co and Cp are related to the concentration of
oceanic particles. Based on formula (1), we can calculate the scattering number and water
depth of polarization patterns. Then, using the Monte Carlo method, we can obtain the
underwater multiple Mie scattering Mueller matrix:

k/
Ms = [ | Ri(02) My (6)Ryc(c1), (20)
k=0

where k is scattering time and Ry (0) is the rotation matrices [27]:

1 0 0 0

0 cos20c sin2c 0
Ri(0) = 0 —sin20 cos2c 0|’ 1)

0 0 0 1

where ¢ is the rotation angle:
_ cos By — cos 8, cos B,

o801 = sin 6, sin 0, ’ (22)
cosoy — cos 0, — cos Oy cos O, (23)

sin Oy sin 6,
6, is the underwater scattering angle. It should be noted that when the depth is low, the
model of polarization patterns will only need to consider surface refraction and single
Rayleigh scattering of underwater particles [16]. Thus, the Monte Carlo method and
underwater multiple Mie scattering Mueller matrix are not needed under this circumstance.
The final Stokes vector S¢= [I', Q', U’, V' ]T is thus:

St = MsMRS;, (24)
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Then, the underwater DOP P’ and AOP ¢’ are solved and the underwater polarization

pattern is obtained.
v/ O2 2
P = vQ:r+U> I’+ u , (25)

Y= 1arctan<g:> (26)

3. Results and Discussion
3.1. Polarization Patterns Reflected by Wavy Water Surfaces

The polarization patterns reflected by water surfaces under different sun positions are
shown in Figure 4. The water surface is calm. The azimuth and zenith angles of observation
range from 0° to 360° and from 0° to 90°, respectively. The solar azimuth angle is 0° and
the solar zenith angles are 30°, 60°, and 90°, respectively. In DOP patterns, the maximum
DOP (about 100%) of the water surface reflecting skylight constitutes a characteristic ring
band, called the Brewster region. The angle at which light is reflected from this ring band
is 53°, known as the Brewster Angle. The AOP in most regions is 90°. This is because in
general, the vertical vector is stronger than the horizontal in reflection and the opposite
is true in refraction. As the solar zenith angle increases, the region with the AOP of 90°
decreases. When the solar zenith angle is 90°, a more regular “oco” pattern appears. At
the same time, there are still neutral points in the pattern, where the DOP is zero and the
AOP is distorted. The Arago and Babinet neutral points of the skylight polarization are
positioned at the left and right tips of this co-shaped region, respectively, where the positive
polarization switches to negative polarization.

6,,=30° 1, =60° L, =90°

N

'\_/'

90 ©
}.n-'
{El"
50
40 °
10

Figure 4. Simulations of DOP (a) and AOP (b) patterns reflected by water surfaces at different

Hl[l/
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20%

10%
0

sun positions.

Figure 5 shows the polarization pattern of wave surface reflection at different wind
directions at the wind speed of 5 m/s. The wind directions are 0°, 45°, and 90°, respectively.
For better analysis features, the solar zenith angle is selected as 60°. When the wind
direction changes, the pattern changes in the corresponding direction. Since the direction
of wave tilt is related to the wind direction, the change of wind direction will affect the
reflection direction of incident light through the wave surface. However, the overall trend
remains stable, proving the feasibility of using the surface reflection polarization pattern
for human utilization under various wind conditions.
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Figure 5. Simulations of DOP (a) and AOP (b) patterns reflected by water surfaces at different
wind directions.

Figure 6 shows the simulation results of the polarization pattern of wave surface
reflection at different wind speeds at a wind direction of 0°. The wind speeds are 1 m/s,
5 m/s, and 10 m/s, respectively. For better analysis features, the solar zenith angle is
selected as 60°. Higher wind speeds cause larger fluctuations in the water surface, making
it easier for skylights to be refracted by waves in multiple directions. At the same time,
the Cox-Munk wave model has a good simulation effect under moderate wind speed.
Thus, when the wind speed increases, both the DOP and AOP patterns become fuzzy and
decrease regularly. However, the general distribution trend is stable.

w=1 m/s % w=10 m/s

100%
90%
\ 80%
' 170%

60%

S50%
40%
30%
20%
10%
0

(a)

Figure 6. Simulations of DOP (a) and AOP (b) patterns reflected by water surfaces at different
wind speeds.

The simulation of the proposed model is consistent with the underwater measurement
of Oulu [28]. For better comparison, the simulation uses the same legend as the actual map.
In the experiment, a polarization imager with an observation field of 180° was used to
obtain polarization patterns reflected on the wavy water surface as shown in Figure 7. The
water is calm and 10-15 m deep. The DOP and AOP patterns of reflection were measured
from the vertical direction in visible light wavelength. In the experimental figure, the
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position of the mirrored sun is represented by a white dot, the horizon is represented by
a black circle, and the noise area in the outer circle is the overexposed part. Based on the
physical parameters of the experiment scene, we carry out the corresponding simulation
by our model. As can be seen from the figure, the distribution law and variation trend
of simulation and experimental results are consistent. The position of neutral points and
relevant features are matched, which proves that it is reasonable to use the single Rayleigh
scattering model and Fresnel refraction theory to describe polarization characteristics of
wavy ocean surface reflection.

Simulation Measurement

90°

Y 135 135

Figure 7. Simulation and measurement [28] of DOP (a) and AOP (b) patterns reflected by
water surfaces.

In order to further investigate the variation of the water surface reflection polarization
pattern with respect to the solar zenith angle, we analyzed the polarization distribution on
the calm water surface at different zenith angles on and perpendicular to the solar meridian.
Since the AOP in most regions is 90°, we mainly explored the distribution characteristics
of the DOP, as shown in Figure 8. Figure 8a is the DOP at different zenith angles on the
solar meridian and Figure 8b is the DOP at different zenith angles perpendicular to the
solar meridian. While on the solar meridian, the region with the higher DOP is between
the observed zenith angle of 40° and 60° and has less to do with the solar zenith angle.
When perpendicular to the solar meridian, the region with higher DOP is related to the
solar zenith angle. When the solar zenith angle is small, the region with higher DOP is
between the observed zenith angle of 40° and 60°. When the solar zenith angle is large, the
region with higher DOP is between the observed zenith angle of 30° and 50°.
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S AN ) - " e
80 o L * K Ae N 80 ° /o x
o AN R ae -"-j! ata  Cht l\
A ® A \ A A a . 4
. A R ¢ o/ |\ / \ / %
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Figure 8. Numerical comparison of DOP reflected by water surfaces. (a) The DOP at different
zenith angles on the solar meridian; (b) The DOP at different zenith angles perpendicular to the
solar meridian.
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In this section, we study polarization patterns of wave ocean surface reflection. The
influence of different sun’s positions, wind direction, and wind speed on wave surface
reflection polarization patterns is discussed. The consistency of simulation and measure-
ments proves the correctness of our model. The results show that polarization patterns
reflected by the wave surface can be predicted, which is mainly related to the sun’s posi-
tion, wind direction, and wind speed. The model can be used to accurately analyze the
polarization characteristics of surface-reflected light and provide the theoretical basis for
remote sensing.

3.2. Polarization Patterns inside Snell’s Window under Wavy Water Surfaces

The research on underwater polarization patterns inside Snell’s window is relatively
mature. Thus, we mainly conduct a comparative analysis between the simulation and
experiment in this section to verify the correctness of our model. The simulation of the
proposed model is compared with the measurement in the Santa Barbara Channel and
Hawaii [29] in visible light wavelength. The simulation uses the same legend as the actual
map. In the experiment, the solar zenith angles were 77° and 88°, the water depths were
6 m and 1.5 m, the water surface wind speed was 6 m/s, and the wind direction was 0°.
Figure 9 shows the quantitative analysis of underwater DOP patterns. The maximum DOP
sets in the simulation were the same as that in the experiment, which were 45% and 60%.
Other experimental conditions and equipment were consistent with those mentioned above.
By comparing the simulation and experimental data of DOP at different zenith angles in the
main plane of the sun, it can be found that the maximum DOP positions of the simulation
and experiment are consistent. Figure 10 shows the quantitative analysis of underwater
AQP patterns. In the quantitative analysis, the AOP simulation and experimental data of the
observed zenith angle of 20° and observed azimuth angle of 90° to 270° are compared. We
find that the AOP patterns are in good agreement with the measured results and the value
of AOP is about 0° when the observed azimuth is 90°. In contrast, AOP patterns are more
robust in general underwater environments and have better application potential [30,31].
Considering that the Cox-Munk wave model has a good simulation effect under moderate
wind speed, the model in this paper has a high accuracy under moderate wind speed.
Because the polarization characteristics of light are related to its propagation direction,
the wave morphology has a great influence on the polarization distribution in shallow
water. The proposed model is beneficial for the study of the optical transmission process of
atmospheric and oceanic coupled systems.

Experiment Simulation Analysis

100% 100 - ---- Measured values
Simulation values
= Error
=50 R
C1s0% &
\’ =] =
ok —
0 =50 0 50
Zenith angle/(°)
100% 100 ---- Measured values
Simulation values
Error
(b)

50
Zenith angle/(°)

Figure 9. Comparative analysis of DOP patterns under wave water inside Snell’s window when the
solar zenith angle is 77° (a) and 88° (b).
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Experiment Simulation Analysis
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90° Simulation values
Error

100 150 200 250

=0 Azimuth angle/(°)
90° ---- Measured values
N Simulation values
50 "\ — Error
v g0
- k
oo 100 150 200 250

Azimuth angle/(°)

Figure 10. Comparative analysis of AOP patterns under wave water inside Snell’s window when the
solar zenith angle is 77° (a) and 88° (b).

3.3. Polarization Patterns outside Snell’s Window under Wavy Water Surfaces

Polarization patterns outside Snell’s window under the wavy water surface under
different sun positions are shown in Figure 11. The wind direction is 0° and the wind
speed is 5 m/s. The solar zenith angles are 0°, 30°, 60°, and 90°, respectively. The observed
azimuth angles range from 0° to 360°, the observed zenith angles range from 0° to 90°,
respectively, and the solar azimuth is 0°. Underwater polarization patterns inside and
outside Snell’s window are continuous at the boundary. In this section, considering the two
have different formation mechanisms, we separate the pattern of the inside and outside of
Snell’s window and only show the polarization distribution outside Snell’s window for a
better comparative analysis of relevant laws. With the increase of the solar zenith angle, the
DOP increases as a whole and the position of the maximum DOP band changes further. In
the AOP pattern, the AOP changes numerically and morphologically. The DOP pattern is
symmetric with respect to the solar meridian and the AOP pattern is negative with respect
to the solar meridian. The underwater polarization patterns outside Snell’s window have
strong regularity, which are predictable and have rich information that can be used by
marine organisms and even human beings.

100%
80%
60%

(a)
0%

20%

0

(b)

Figure 11. Simulations of underwater DOP (a) and AOP (b) patterns outside Snell’s window.

In the experiment [29], solar zenith angles were 43°, 58°, and 61°, respectively. In
the simulation, the maximum DOP was set as equal to the measurements in visible light
wavelength: 38%, 35%, and 40%. The depths were 24 m, 11 m, and 17 m. The wind
speed was about 6-8 m/s and the wind direction was 0°. Other experimental conditions
and equipment were consistent with those mentioned above. Figure 12 is the simulation
and measurement of the underwater DOP pattern outside Snell’s window. The position
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and morphology of the maximum DOP band of the simulation are consistent with the
measurement. Figure 13 is the simulation and measurement of underwater AOP patterns
outside Snell’s window. The simulation and measurement also maintain good similarity.
The simulated polarization pattern and variation rule outside Snell’s window are consistent
with the experimental data, which proves the correctness of the theoretical model. However,
when the depth is large and the DOP is low, the consistency of simulation and measurement
decreases. The lower DOP will decrease the reliability of polarization imaging and increase
the image noise.

100%
80%
( a) 60%
40%

20%

0
100%
80%
0%
(b)
10%

20%

0

Figure 12. Simulation (a) and measurement (b) of underwater DOP patterns outside Snell’s window.

6, =43° 6,=58° 6,=61°
- -

(a)

(b) |

Figure 13. Simulation (a) and measurement (b) of underwater AOP patterns outside Snell’s window.

Figure 14a shows the comparison of specific values of DOP of each observed zenith
angle outside Snell’s window in the main solar plane when the solar zenith angle is 58°.
The results show that the trend of simulation and measured results is basically consistent.
When the DOP is larger, the polarization pattern is more stable and the consistency between
simulation and experiment is better. Figure 14b shows the comparison of specific values of
AOQORP in each observed direction between simulation and experiment [32] when the solar
zenith angle is 47°. Compared with the DOP, the consistency of the AOP simulation and
experiment is better. This is due to the robustness of AOP for a variety of conditions, which
also explains why AOP is used in current polarization navigation. The quantitative analysis
and comparison of the DOP and AOP simulations and experiments further prove the
reasonability of the propped model and the predictability of the underwater polarization
patterns outside Snell’s window.
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Figure 14. Simulation and measurement of underwater DOP and AOP outside Snell’s window.
(a) The comparison of specific values of DOP; (b) The comparison of specific values of AOP.

In this section, the polarization pattern outside Snell’s window under wavy ocean
surfaces is studied. The influence of different sun’s positions on the polarization pattern
outside Snell’s window under wavy ocean surfaces is discussed. The consistency of the
simulation and experimental data proves the correctness of the proposed model. We find
that the polarization pattern outside Snell’s window under the wavy ocean surface is
predictable and mainly related to the solar position. This model can be used to analyze
the polarization characteristics of Snell’s window under the wave water surface more
accurately. At the same time, there are still differences between the simulation and the
measured results. Poor water quality, underwater reflection, and high wind speed can also
cause model failure. When the depth is large, due to the increase in scattering times and the
complexity of the optical path, the simulation results of the model will be different from the
measured results. However, in general, this model can predict the polarization distribution
outside Snell’s window and serve underwater polarization navigation. The accuracy of the
model will be further improved by experimental calibration.

4. Conclusions

Based on the Stokes vector and Mueller matrix, the model of polarization patterns
induced by wavy water surface is established. We verify the correctness of the model by
comparing the simulation with the experiment. The results illustrate that the polarization
patterns induced by a wavy water surface are predictable under certain conditions and
contain important information, which can be used by aquatic organisms and even human
beings. This model can predict the polarization patterns induced by wavy water surfaces.
Based on the physical model and the radiation transmission theory, the simulation accuracy
is high, the speed is fast, and the polarization characteristics of the water surface can
be directly reflected. It provides a theoretical basis for remote sensing, target detection,
and polarization navigation. By analyzing the polarization pattern, we can obtain the
ocean remote sensing information better, so as to serve for water quality monitoring,
underwater particle retrieval, marine geographic exploration, and so on. For underwater
target detection, we can conduct image recovery using the optical parameters calculated
by the proposed model. Then, we can obtain clear underwater images and extend the
underwater working distance. At the same time, the research can promote the development
of polarization navigation whose precision can be improved by the calibration algorithm
based on the polarization pattern. At the same time, single Rayleigh scattering is used
to describe the polarization distribution in clear skies. Therefore, when the weather was
poor, such as cloudy and haze, the model could not predict the polarization distribution
of water reflection well. The Cox-Munk wave model only has a good simulation effect
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under moderate wind speed, so an increase in wind speed will also lead to the failure of
the model. In addition, the performance of polarization measuring equipment, measuring
methods, and water conditions and depth will also affect the consistency of the simulation
and experiment. In the future, we will improve the accuracy of the model by solving the
above problems.
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