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Sea spray particles are a type of non-uniform, non-spherical, non-isotropic, and complex medium, and the study of the transmission characteristics of polarized light in a real sea spray environment can provide reference values in many fields, such as polarization imaging, marine target detection, and LiDAR, which can make up for the vacancy of polarized light transmission in a complex sea spray environment. In this paper, a real sea fog test is carried out in the Qingdao Sea area of China in the horizontal/oblique direction, and a platform for generating and detecting polarized light with multiple tilt angles is constructed by using the active test method, which realizes the test scheme for the characteristics of energy change and polarization state change in the linearly polarized light and circularly polarized light at different visibility levels in sea fog environments. The results show that it is more difficult to deflect the circularly polarized light than linearly polarized light at the same sea spray visibility level. With the increase in the tilt angle, a decrease in the polarization is observed. The polarization of the near-infrared light is always larger than that of the visible light, which indicates that the circularly polarized light has better polarization preservation than the linearly polarized light and the polarization preservation of the near-infrared light is better than that of the visible light.
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1 INTRODUCTION
Sea fog is one of the main factors affecting the characteristics of multidimensional information transmission, which can cause ships to lose their direction and affect their operations and may also cause optical detection and communication systems to malfunction, making it impossible to detect targets such as enemy airplanes and ships, which has a serious impact on human maritime operations and satellite remote sensing. Polarized light can be a new type of information carrier and hence received considerable attention in laser technology. Polarization information can provide more information than intensity information, expanding the amount of information and providing an effective way to study the polarization characteristics of targets. Therefore, it is of great significance to study the polarization transmission characteristics in sea fog, which can provide important research information for satellite remote sensing, ship navigation, and target detection in the sea fog environment.
Previous studies have typically utilized haze and water spray scattering environments for simulations and experiments [1–6]. K. Chamaillard et al. investigated the effect of the shape of dry sea salt particles on the detection of particulate light scattering. Scattering and backscattering coefficients were measured using an integral turbidimeter. The discrete dipole approximation was modeled assuming the sea salt aerosol to be cubic. Modeled scattering and backscattering coefficients increased for non-spherical particles compared to spherical particles with diameters greater than approximately 1 mm [7]. Polarized light propagation was simulated through four MODTRAN fog models (moderate and heavy radiative and moderate and heavy advective fogs) and four actual measured fog particle distributions through Monte Carlo simulations. Circularly polarized light transmits better than linearly polarized light in several real-world and model fog environments over a wide wavelength range from the visible to the infrared. Results of polydispersed particle distributions in real fog environments and measured fog environments are given, comparing the polarization persistence of linear and circular polarization [8]. A study on total and polarized radiation at the ocean surface based on hyperspectral polarimetric imaging was conducted. Multi-angle polarimetry was applied to the acquisition of water parameters, and the effects of wind speed and AOT (aerosol optical thickness) on the multi-angle DOLP (degree of linear polarization) distribution were evaluated. The results show that the polarimetry-based on-water measurements can reduce the uncertainty of radiation measurements over the water surface mainly caused by the mischaracterization of the wind/surface roughness relationship [9]. A random sampling-fit phase function simulation model applicable to ellipsoidal particles was constructed based on the Monte Carlo method for sampling the scattering angle. It was shown that when the concentration of the medium environment increased, the polarized light in different states showed obvious depolarization, but the circularly polarized light had better polarization-preserving properties than the linearly polarized light, and the polarized light with larger wavelengths also showed more stable optical properties [10].
Currently, there are fewer studies in this direction, and most of them focus on data simulation and semi-physical platform simulation. In this work, we set up a horizontal/oblique visible to near-infrared (NIR) polarized light transmission test platform for the non-uniform, non-spherical, and non-isotropic complex medium of sea spray particles and completed the horizontal/oblique visible to near-infrared (NIR) polarized light transmission test by using the real sea spray environment in Tangdao Bay, Qingdao, China, and investigated the non-uniform, non-spherical, and non-isotropic polarized light transmission characteristics of the complex medium. In this work, the lack of experimental data on polarized light of different wavelengths in the real sea fog environment is compensated.
2 BACKGROUND
2.1 Physical properties of sea spray
Atmospheric particles reflect, refract, and absorb light, which causes light to change its polarization and energy during transmission [11–14]. Polarization information is independent of amplitude and phase, so it has better penetration. During the transmission of light, the polarized light collides with the sea spray particles in the environment, causing scattering and other effects, which will cause change in the information carried by the light when transmitted in the sea spray [15].
Sea spray particles have an attenuation effect, assuming that the light intensity of the monochromatic light is [image: image]; in the transmission process, through the coordinates of the position of x and the thickness of the medium for [image: image], the intensity of the light changes, and the amount of change is [image: image]. According to Lambert–Beer’s law, the formula states that [image: image], [image: image], and [image: image] of the product have a proportionality relationship, where we set the scale factor as [image: image], and the formula is
[image: image]
If a flat layer with the medium thickness L is encountered in the transmission process, integration of the aforementioned equation yields
[image: image]
From the aforementioned equation, the flat medium transmittance [image: image] is defined as the ratio of the transmitted light intensity to the incident light intensity, which is expressed as
[image: image]
where [image: image] is the attenuation coefficient per unit path of the flat medium.
The attenuation coefficient of light after it passes through the medium is disturbed by a number of factors. It usually includes the scattering and absorption by the combined effect of 
[image: image]
where [image: image] and [image: image] are the scattering and absorption coefficients of the particles on the unit path and [image: image] and [image: image] are the scattering and absorption coefficients of the particles on the unit path, respectively, that scatter and absorb light.
Sea spray particles have a scattering effect. The physical process of light scattering in the scattering medium can be generally considered: light in the process of irradiating particles in the sea spray, the particles by the energy of light, at the same time, produced outward oscillation of electromagnetic waves. The electromagnetic wave spreads in all directions, forming a light that radiates in all directions, which also forms scattered light. Scattered light varies in each direction due to interference from the shape of the particles, their own characteristics, and other factors.
According to Figure 1, the scatterer is located at point O. The incident light propagates along the positive direction of the Z-axis, and after interacting with the scatterer, the scattered light is observed in the OD direction in the YOZ plane, at which point the angle with the positive direction of the Z-axis is called the scattering angle [image: image], and the YOZ plane is called the scattering plane.
[image: Figure 1]FIGURE 1 | Schematic of optical scattering. (A) Single scattering; (B) multiple scattering.
2.2 Polarized light characterization
The Stokes vector method is used for characterizing the polarization of light beams and is applicable to unpolarized, partially polarized, and polarized beams [16–18]. Stokes vectors [image: image] are usually represented by the four Stokes parameters, [image: image], [image: image], [image: image], and [image: image], which are not true vectors because they are not transformed or rotated as vectors. In addition to [image: image], [image: image], [image: image], and [image: image], in remote sensing and astronomy, Stokes parameters are labeled as [image: image], [image: image], [image: image], and [image: image]. The four Stokes parameters, [image: image], [image: image], [image: image], and [image: image], can be defined in terms of six polarization components of linearly polarized light at 0°, 45°, 90°, and 135° and left-rotating and right-rotating circularly polarized light:
[image: image]
where [image: image] represents the intensity values of different polarization components and [image: image] is the corresponding polarization component.
The polarizability is a covariate characterizing the randomness of the polarization state of the Stokes parameter and is defined as
[image: image]
When [image: image], the beam is fully polarized, and conversely, when [image: image], the beam is an unpolarized natural light. For fully polarized light, the four Stokes parameters satisfy the following relationship:
[image: image]
When [image: image], the beam is partially polarized, and the partially polarized light has a randomly varying polarization state but has a tendency to move toward a specific polarization state.
3 TEST PLATFORM CONSTRUCTION
The sea fog environment external field polarized light active transmission test was carried out to analyze the energy change, polarization state change, and other characteristics of the test program in linearly polarized light and circularly polarized light at different visibility levels in sea fog environments. The laser light from the transmitter passes through the attenuator, polarizer, and 1/4 wave plate in order to enter the real sea fog environment. The receiving end consists of a filter, a beam splitter prism, an optical power meter, and a polarization meter. The polarization meter is used to calibrate the accuracy of the polarization calculated using the optical power meter method. The polarized light transmission characteristics in the horizontal direction were achieved by placing the transmitting end in a hotel on the one side of the bay and the receiving end in the balcony of the hotel on the other side, as shown in Figure 2. The test site is shown in Figure 3. The tilt angle of the transmitting system and receiving system is adjusted using a three-dimensional rotary table, thus realizing the polarized light transmission characteristic study in the oblique range direction.
[image: Figure 2]FIGURE 2 | Picture of field test equipment. (A) Equipment composed of a laser, an attenuator, a quarter wave plate, and a polarizer at the transmitting end; (B) the schematic diagram of the (C) transmission medium shows that the receiving end includes a polarization state-measuring instrument and an optical power meter.
[image: Figure 3]FIGURE 3 | Map of field test trial locations. The transmitting end is set up at the Sheraton Hotel in Qingdao, China, and the receiving end is set up at the Wyndham Hotel in Qingdao, China, with a distance of 2.84 km between the two ends.
The tested laser wavelengths are 450 nm, 532 nm, 671 nm, 808 nm, and 1,064 nm. The polarizer modulation method is used to adjust the linearly and circularly polarized light at 0°, 45°, 90°, and 135° by rotating the combination of the polarizer and the wave plate, and the change in the polarization characteristics is recorded through the sea spray at different visibility levels. The accuracy of the test is improved by averaging multiple measurements and measuring environmental parameters in real time. The temperature during the experiment was 27°C, the humidity was 91%, and the wind speed was 3.8 m/s.
4 RESULTS AND ANALYSIS
4.1 Effect of different polarization states on polarizability at the same visibility level
In this paper, in order to study the variation in polarization with wavelength in different polarization states at the same visibility level, lasers in the wavelength bands of 450, 532, 671, 808, and 1,064 nm are selected to carry out the real-time sea spray test in the Qingdao Sea, China, in the horizontal direction and subsequently plot the variation curves of polarization in different polarization states at the same visibility level.
As shown in Figure 4, the polarization of the emitted polarized light decreases as the visibility of the sea fog decreases, i.e., the concentration of the sea fog increases. The polarization curves of the four linearly polarized lights have the same trend, and the polarization curves of the two circularly polarized lights are identical, which indicates that in the sea fog environment, the starting angle of the linearly polarized light and the change in the rotational direction of the circularly polarized light have almost no effect on the polarization. However, there are some differences in the attenuation degree and trend of linearly polarized light and circularly polarized light. Under the same conditions, the linearly polarized light has more obvious receding polarization, the circularly polarized light shows better polarization preservation characteristics, and the larger the concentration of the sea fog is, the stronger the polarization preservation ability of the circularly polarized light is [16]. Therefore, the ability to penetrate the sea fog can be improved by incident circularly polarized light to enhance the transmission effect of polarized information.
[image: Figure 4]FIGURE 4 | Plot of polarization versus different polarization states at the same visibility level: (A) visibility at 8 km; (B) visibility at 10 km. LPL, linearly polarized light; LCPL, left circularly polarized light; RCPL, right circularly polarized light.
4.2 Effect of different wavelengths on polarization at the same visibility level
In this paper, in order to study the variation in polarization with wavelength in different polarization states at the same visibility level, lasers at wavelengths 450, 532, 671, 808, and 1,064 nm are selected to carry out the real-time sea fog test in the Qingdao Sea area of China in the horizontal direction and subsequently plot the variation curves of polarization at different wavelengths at the same visibility level.
As shown in Figure 5, due to the complexity of the real sea spray environment, which contains not only salt spray particles and water spray particles but also many other particles, light is affected by a greater degree of scattering [19, 20]. This results in a maximum of 30% variation in wavelength and 36% variation in polarization states. When visibility is high, the influence of wavelength and polarization states is relatively small. As visibility decreases, the rate of polarization reduction is higher for linearly polarized light than for circularly polarized light. Among them, the 0° linearly polarized light is the most unstable and has the largest degree of receding polarization, while the circularly polarized light maintains a higher polarization all the time. The polarization of linearly polarized light increases rapidly when the wavelength increases from 450 nm to 532 nm. The polarization of circularly polarized light increases rapidly when the wavelength increases from 532 nm to 450 nm. When the wavelength increases from 532 nm to 1,064 nm, the polarization of the linearly polarized light increases gradually, and the circularly polarized light maintains relatively stable polarization-preserving characteristics. Among them, the polarization of the polarized light in the infrared band is 23.65% higher than that of the polarized light in the visible band, which means that in the near-infrared band, the laser light with a longer wavelength can carry more polarization information and maintain a better polarization.
[image: Figure 5]FIGURE 5 | Plot of polarization versus different wavelengths at the same visibility level: (A) visibility at 8 km; (B) visibility at 10 km. LPL, linearly polarized light; LCPL, left circularly polarized light; RCPL, right circularly polarized light.
4.3 Effect of different tilt angles on polarization at the same visibility level
In this paper, in order to study the variation in polarization with wavelength at different tilt angles in the same polarization state, lasers with wavelengths of 450, 532, 671, 808, and 1,064 nm are selected to carry out the real-time sea spray test in the Qingdao Sea, China, in the directions of 0°, 45°, and 75°, and then the polarization curves of different tilt angles are plotted at the same visibility level.
As shown in Figure 6, when the tilt angle is 0°, 45°, and 75°, the polarization of the linearly polarized light decreases with the increase in the tilt angle. This is due to the fact that when the tilt angle increases, the transmission medium of the polarized light changes. The size of the sea spray particles increases at the end of the transmission process, and the non-spherical effect of the transmission medium becomes more significant, which results in the enhancement of forward scattering to the polarized light and a decrease in the polarization of the linearly polarized light [21]. The polarization of the linearly polarized light decreases, and the circularly polarized light has better polarization preservation than the linearly polarized light. Furthermore, when the wavelength is 450 nm, the polarization of linearly and circularly polarized light decreases the most, and the polarization of linearly and circularly polarized light decreases with the increase in the wavelength, which further indicates that the laser light with longer wavelength can carry more polarization information and maintain better polarization.
[image: Figure 6]FIGURE 6 | Plot of polarization versus different tilt angles at the same visibility level: (A) visibility at 8 km; (B) visibility at 10 km. LPL, linearly polarized light; CPL, circularly polarized light.
5 CONCLUSION
In this paper, the real-time sea fog test was carried out in the Qingdao Sea area of China in the horizontal/inclined direction by the active test method, and the test results show that when the polarized light is incident at the same visibility level and in the same polarization state in the sea fog environment, the longer wavelength corresponds to the higher degree of polarization, which has a stronger ability to penetrate into the medium. The circularly polarized light has a better ability to maintain polarization than the linearly polarized light. The polarization degree decreases with the increase in the tilt angle, which is due to the fact that the non-spherical effect of the transmission medium is more significant at the end of the transmission process as the size of the sea spray particles increases. The scattering effect of the non-spherical particles of the transmission medium is enhanced, and the circularly polarized light has better polarization-preserving properties than the linearly polarized light. In this paper, because the real outdoor sea spray environment variables are not controllable, there is less need to increase visibility data, which is also the focus of our next work.
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