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Fig. 1 Three-dimensional sea surfaces under different wind speeds. (a) Wind speed is 5 m/s; (b) wind speed is 10 m/s; (¢) wind speed is

15 m/s; (d) partial enlarged view of three-dimensional sea surface at wind speed of 10 m/s
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Table 1 Statistical data related to sea surface inclination angle under different wind speeds

Wind speed / Minimum sea Maximum sea

Mean square value of

Average inclination angle ~ Mean square slope

(mes™") surface height /m  surface height /m sea surface height of sea surface 0 /rad of sea surface
5) —0.9128 1.0943 0.0594 0.1991 0.0535
10 —4.2164 3.8857 1.2371 0.2489 0.0861
15 —3.5993 5.3231 3.1800 0.2722 0.1041
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Abstract

Objective

wave refraction of the sea surface, which results in intensity attenuation, beam drift, and depolarization effects on the

Cross-medium atmospheric seawater communication is influenced by the absorption, scattering, and random

received light. Currently, the research on atmospheric seawater cross-medium channels mainly focuses on sea surface
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reflection and non-polarization. We aim to study the transmission of polarized light, derive the refractive model, and

analyze the Stokes vector variation of photons at the atmospheric seawater interface. Furthermore, a complete polarization
transmission model for laser cross-medium downlink channels is built to provide valuable references for the implementation

of polarized light in atmospheric seawater communication systems.

Methods To investigate the influence of rough dynamic sea levels on refracted polarized light, we first utilize the
Elfouhaily wave spectrum and its corresponding bilateral directional transfer function to generate a dynamic three-
dimensional sea surface via fast Fourier transform simulation. We then build a polarized light transmission model of laser
crossing a rough air-seawater interface using the Monte Carlo method, which incorporates the photon scattering in
atmospheric channels, refraction at the atmospheric seawater interface, and scattering in underwater channels. Finally, the
received intensity and polarization are obtained. By adopting this model, the polarization characteristics and scintillation
indices of laser propagation through atmospheric seawater channels are analyzed under different wind speeds, distances,

and light divergence angles.

Results and Discussions The establishment of a dynamic three-dimensional sea surface and its related statistical data
indicates that the increasing wind speed leads to gradually roughening sea surface and rising fluctuation range of sea surface
tilt angle. When photons pass through the sea surface, the sea surface tilt angle during refraction is also more random. In
exploring the effect of different sea surface wind speeds on underwater polarization, the polarization of received light
decreases with the rising wind speed, which is positively correlated with the sea surface roughness at different wind speeds.
As the wind speed increases, photons refract and diverge outward, resulting in an increase in scattering times and a
decrease in polarization (Fig. 5). Additionally, the received light scintillation indices under different wind speeds and beam
divergence angles are analyzed. As the wind speed increases, the scintillation index also rises, and the influence of the sea
on the light intensity fluctuation becomes greater (Fig. 8). By changing the divergence angle of the beam, if the divergence
angle gets smaller, the received photons will be refracted by a smaller area of the sea surface, thus bringing beam drifting
and an increase in the scintillation index. Conversely, if the divergence angle increases, the scintillation index decreases
(Fig. 9).

Conclusions We build a dynamic three-dimensional sea surface model influenced by wind speed and a polarization
transmission model for laser light across the air-seawater interface. By varying the wind speed, link distance, and laser
beam divergence angle, we statistically analyze the polarization degree and scintillation index of the received beam. The
results show that wind speed influences the statistical distribution of three-dimensional sea surface tilt angles and
roughness. As wind speed increases, sea surface roughness rises, resulting in a decrease in the polarization degree of
underwater photons. Meanwhile, the longer link distance leads to a lower polarization degree. The scintillation index
measures the degree of light intensity fluctuations caused by random refraction at the sea surface. The simulation results
indicate that as the wind speed increases, the scintillation index grows and the light intensity fluctuation is more strongly
influenced by the three-dimensional sea surface. When the divergence angle decreases, the received light intensity is more
strongly affected by the dynamic sea surface, increasing the scintillation index of the received light. Our research findings

can provide theoretical references for the laser communication channel model across the rough air-seawater interface.

Key words underwater wireless optical communication; Elfouhaily spectrum; cross media; polarized light; scintillation

index

0606005-8



	2　基本原理
	2.1　三维动态海面建模
	2.2　风致波浪水下偏振度仿真

	3　分析与讨论

