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Abstract Polarization detection is often affected by complex weather conditions, leading to deviations 

in test information. This is due to the influence of scattering media such as water mist particles and gas 

molecules in the atmosphere on the propagation of polarized light waves. To address this issue, this paper 

establishes a depolarization model for the multiple scattering propagation of a 1064 nm nanosecond 

pulsed circularly polarized laser(NPCPL) in an aerosol environment based on Mie scattering theory and 

the Monte Carlo algorithm. The depolarization characteristics of polarized light in four typical near-

ground aerosol particles are calculated, and the influence of pulse width, concentration, transmission 

distance, and particle radius on forward scattering depolarization is analyzed. Based on simulation data, 

an exponential decay fitting model of polarization degree(DOP) as a function of particle concentration, 

radius, and transmission distance is further proposed. The fitting determination coefficient R² reaches 

0.952, indicating that this model can comprehensively reflect the influence mechanism of scattering 

polarization on atmospheric propagation by parameters such as particle concentration, radius, 

transmission distance, and refractive index. The results show that the DOP decreases under the influence 

of pulse width, concentration, transmission distance, and particle radius. This is because scattering occurs 

due to the interaction between photons and the propagation medium. The scattering direction directly 

determines the scattering intensity of the perpendicular and parallel components, and this difference in 

intensity leads to polarization. The research findings of this article can provide a theoretical basis for 

applications of NPCPL in lidar, laser ranging, and wireless laser communication. 
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1 Introduction 

Compared to conventional visible light and infrared detection methods, the detection technology 

based on polarized light possesses advantages such as multiple information dimensions, strong fog 

penetration, and minimal interference from background light. Nanosecond pulse lasers play a key role in 

cutting-edge fields such as lidar [1][2], laser ranging [3][4][5], and wireless laser communication 

[6][7][8][9] due to their high peak power and accurate time resolution. In particular, the combination of 

its time resolution characteristics and polarization detection provides a new technical approach for target 

identification and parameter inversion in complex scattering media. However, the scattering effect of 

atmospheric aerosols in near-Earth space will significantly interfere with the transmission characteristics 

of polarization signals, resulting in distortion of the vibration direction of light and a decrease in DOP, 

thereby reducing detection accuracy and information reliability. Especially in the low-altitude range 

[10][11][12], a large number of typical aerosol components such as water mist particles, biological 



particles, sea salt particles and mineral dust particles, due to their large dynamic changes in concentration, 

complex particle size distribution and obvious differences in optical properties, become the main factors 

of signal polarization degradation. Therefore, in-depth research into the scattering mechanisms of these 

particles and their impact on polarized light transmission is crucial for improving polarization detection 

capabilities in complex environments. 

Existing research focuses on polarization transmission modeling of single particle types 

[13][14][15], obtaining the scattering polarization influence law under ideal conditions, which has played 

a certain role in promoting the development of polarization detection technology. However, the 

polarization characteristics of lasers in the atmosphere are the result of the combined action of multiple 

particles. At present, no systematic research on polarization effects in multi-particle scenarios, and thus 

existing models fail to adequately represent the impact of multi-component aerosols in real-world near- 

ground environments. To address this issue, this paper establishes a multi-parameter scattering coupled 

polarization model based on the improved Monte Carlo method, and systematically studies the 

polarization transmission characteristics of lasers with different pulse widths in particles such as water 

mist, biological particles, sea salt, and mineral dust. The influence of pulse width, particle concentration, 

transmission distance, and particle radius on depolarization is analyzed. The research results can provide 

a theoretical basis for anti-interference design of laser communication, laser ranging, and lidar using 

NPCPL in complex environments, and promote the development of high-reliability near-ground 

polarization optics technology. 

2 Polarization transport simulation model based on Monte Carlo simulation 

To investigate the propagation characteristics of pulsed lasers in scattering media, a time-resolved 

Monte Carlo method was employed to track the trajectory of each photon and record its flight time. A 

predefined time gate was employed to select valid photons, thereby enabling accurate characterization 

of the temporal evolution of the pulsed laser in the scattering medium. Furthermore, the temporal 

characteristics of the pulsed laser were combined with the Mie multiple scattering process to further 

analyze its polarization characteristics in the time domain. 

2.1 Pulse laser emission model 

Pulsed lasers typically have a Gaussian time distribution, the mathematical expression is: 

 𝐼(𝑡) = 𝐼0𝑒𝑥𝑝⁡(−
(𝑡−𝑡0)

2

2𝜎2
) (1) 

Where 𝐼0 is the peak pulse intensity, 𝑡0 is the pulse center time, and 𝜎 is the standard deviation. 

Denote by time 𝑡1/2  be the time point while the intensity drops to half of its peak value, then 

equation (1) becomes: 

 𝐼(𝑡1/2) = 𝐼0𝑒𝑥𝑝⁡(−
(𝑡1/2)

2

2𝜎2
) (2) 

Taking the logarithm of both sides of the equation and simplifying it, we get: 

 𝑡1/2 = 𝜎√2𝑙𝑛2 (3) 

Therefore, the pulse full width at half maximum (FWHM) 𝑡𝑝 is:  

 𝑡𝑝 = 2 ∗ 𝜎√2𝑙𝑛2 ≈ 2.355𝜎 (4) 

The initial emission time 𝑡0 of each photon is generated by random sampling from a Gaussian 

distribution, and its expression is as follows: 

 𝑡0 = 𝜎 ∗ 𝜉1 (5) 

Where ξ1 is a random variable that follows a normal distribution; 



To analyze the propagation process of pulsed laser in a medium, a time window [Tmin, Tmax] is set 

as follows:  

 {
𝑇𝑚𝑖𝑛 =

𝐿

𝑐/𝑛
− 6𝜎

𝑇𝑚𝑎𝑥 =
𝐿𝑚𝑎𝑥

𝑐/𝑛
+ 6𝜎

 (6) 

To ensure that nearly all photons within the Gaussian temporal envelope are included, the simulation 

time window is extended to six standard deviations of the pulse width, allowing for an effective 

utilization of the pulse energy. Where L is the transmission distance, c is the speed of light, n is the 

refractive index of the medium, and Lmax is the maximum transmission path, expressed as:  

 𝐿𝑚𝑎𝑥 = 𝑁
1

𝐾𝑒𝑥𝑡
 (7) 

Where N is the maximum number of scatterings, and 1/Kext is the mean free path.  

When photons propagate through a medium, the time-cumulative effect follows: 

 𝑡𝑡𝑜𝑡𝑎𝑙 = 𝑡0 + ∑
𝑛𝑙

𝑐

𝑖
1  (8) 

Where l is the free path. 

The laser beam is discretized into a large number of photons, and they are emitted sequentially 

according to the emission time, spatial position, and direction information of the photons. The spatial 

position distribution of the photons at the emission time follows a Gaussian distribution, which can be 

specifically expressed as [16]:  

 {
𝑥 = 𝜔0 ∗ 𝜉1
𝑦 = 𝜔0 ∗ 𝜉1
𝑧 = 0

 (9) 

Where 𝜔0 is the beam waist radius of the laser beam. The direction vector at the moment of photon 

emission is given by the following formula:  

 {

𝑢𝑥 = 𝑠𝑖𝑛𝜃0𝑐𝑜𝑠𝛽0
𝑢𝑦 = 𝑠𝑖𝑛𝜃0𝑠𝑖𝑛𝛽0
𝑢𝑧 = 𝑐𝑜𝑠𝜃0

 (10) 

Where 𝜃0 = |
𝜃′

2
ξ1| is the zenith angle of the photon emission direction, 𝜃′ is the divergence angle of 

the laser beam; 𝛽0 = 2𝜋 ∗ ξ is the azimuth angle of the photon emission direction, and ξ is a random 

number uniformly distributed in the interval [0,1].  

2.2 Laser transmission model 

Based on Monte Carlo and Mie scattering, a transmission model of polarized light in particles is 

established. The transmission and multiple scattering process of randomly sampled photons in the 

scattering medium is shown in Figure.1. Assuming photons propagate along the z-axis, the incident light 

stokes vector 𝑆0 is [1;0;0;1], and the initial normalized energy weight of the photon is 𝜔 = 1. After the 

photon undergoes n scatterings in the scattering medium, the energy weight becomes [17]:  

 𝑤(𝑛) =
𝐾𝑠𝑐𝑎

𝐾𝑒𝑥𝑡
∗ 𝑤(𝑛 − 1) (11) 

Where ω is the albedo of the scattering medium, which is expressed as the ratio of the volume 

scattering coefficient to the volume extinction coefficient of the medium. When the photon energy weight 

is less than the minimum threshold range w < 10⁻⁴, the photon is considered terminated. 
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Figure.1. Schematic representation of multiple light scattering in aerosol media 

As shown in Figure.1, the propagation path of photons in the medium exhibits a certain degree of 

randomness, and their scattering behavior can be categorized into three types: forward scattering, side 

scattering, and back scattering. Considering the application scenarios of NPCPL, the depolarization 

characteristics of forward scattering are examined in detail. Let the initial reference plane be AOE. As 

the photon undergoes multiple scatterings, it is sequentially updated to successive reference planes such 

as BEF, CFG, and DGH. The angle between the new direction of the scattered photon and its original 

incident direction is called the scattering angle, denoted as 𝜃1,𝜃2,𝜃3,𝜃4,and 𝜃5.The rotation angle of the 

scattering plane relative to the reference plane is called the azimuth angle, denoted as 𝛽1,𝛽2,𝛽3,𝛽4, and𝛽5. 

A schematic diagram of a single scattering plane is shown in Figure. 2. 
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Figure. 2. Schematic of single scattering geometry 

As shown in Figure. 2, the photon propagates along the OA direction with an intensity of 𝐼1. After 

scattering, its propagation direction changes to OB, corresponding to a scattered light intensity of 𝐼2. 

The angle θ between the incident direction OA and the scattering direction OB is the scattering angle. 

Because the photon's propagation direction changes after passing through the scattering medium, its 

vibration plane perpendicular to the propagation direction rotates, thus producing polarization. β and γ 

represent the angles of rotation between the planes COA and COB and the scattering plane OBA, 

respectively, before and after scattering. The core steps of the Monte Carlo numerical method are shown 

in Figure.3, including photon initialization, free path sampling, selection of the scattering direction, 

photon extinction, and statistical results. 



 
Figure.3. Flowchart of the Monte Carlo simulation procedure 

2.2.1 Scattering angle and azimuth angle sampling 

When the detector is located in the forward scattering region, according to the rejection sampling 

method, the scattering angle θ and the azimuth angle β rotated to the scattering plane can be expressed 

as [18]:  

 {
𝜃 = 𝜋 • 𝜉
𝛽 = 2𝜋 • 𝜉

 (12) 

Where the scattering angle 𝜃 ∈ (0, 𝜋) , the azimuth angle 𝛽 ∈ (0,2𝜋) , and satisfy the probability 

distribution function:  

 𝑃𝜃 = 2𝜋 ∫ 𝑚11
𝜃

0
(𝜃) 𝑠𝑖𝑛 𝜃 𝑑𝜃 = 𝜉 (13) 

 𝑃𝛽 =
1

2𝜋

𝑚12(𝜃)

𝑚11(𝜃)

[𝑄0 𝑠𝑖𝑛(2𝛽)+𝑈0 (1−𝑐𝑜𝑠(2𝛽))]

2𝐼0
+

𝛽

2𝜋
= 𝜉 (14) 

Generate a random number 𝑃ξ ∈ (0,1). If 𝑃ξ > 𝑃𝜃 , regenerate the scattering angle θ until 𝑃ξ ≤ P𝜃 is 

satisfied. Similarly, 𝑃ξ ≤ P𝛽 must be satisfied to define the azimuth angle β.  

2.2.2 Calculation of photon free path and updating of scattering information 

The distance between two consecutive scattering collisions of a photon is the free path [19]: 

 𝑙 =
−𝑙𝑛⁡(𝑟𝑎𝑛𝑑)

𝐾𝑒𝑥𝑡∗𝐶
 (15) 

Where 𝐾𝑒𝑥𝑡  is the extinction coefficient; C is the concentration coefficient [20]; rand is a random 

number uniformly distributed in the interval (0,1), representing the survival probability of photons in the 

free path l. 

After the photon undergoes scattering, when 𝜃0 approaches 0° and |𝑢𝑧| > 0.9999, the expression 

for the direction cosine after scattering is[21]:  



 {

𝑢𝑥
′ = 𝑠𝑖𝑛 𝛼 𝑐𝑜𝑠 𝛽

𝑢𝑦
′ = 𝑠𝑖𝑛 𝛼 𝑠𝑖𝑛 𝛽

𝑢𝑧
′ = 𝑆𝐼𝐺𝑁(𝑢𝑧) 𝑐𝑜𝑠 𝛼

 (16) 

Where 𝑆𝐼𝐺𝑁(𝑢𝑧)  is the sign function. When 𝑢𝑧 ≥ 0 , 𝑆𝐼𝐺𝑁(𝑢𝑧) = 1 , and when 𝑢𝑧 < 0 , 

𝑆𝐼𝐺𝑁(𝑢𝑧) = −1. When |𝑢𝑧| < 0.9999, the cosine expression for the scattering direction is: 

 

{
 
 

 
 𝑢′𝑥 =

𝑠𝑖𝑛 𝛼(𝑢𝑥𝑢𝑧 𝑐𝑜𝑠 𝛽−𝑢𝑦 𝑠𝑖𝑛 𝛽)

√1−𝑢𝑧
2

+ 𝑢𝑥 𝑐𝑜𝑠 𝛼

𝑢′𝑦 =
𝑠𝑖𝑛 𝛼(𝑢𝑦𝑢𝑧 𝑐𝑜𝑠 𝛽+𝑢𝑥 𝑠𝑖𝑛 𝛽)

√1−𝑢𝑧
2

+ 𝑢𝑦 𝑐𝑜𝑠 𝛼

𝑢′𝑧 = −𝑠𝑖𝑛 𝛼 𝑐𝑜𝑠 𝛽 √1 − 𝑢𝑧
2 + 𝑢𝑧 𝑐𝑜𝑠 𝛼

 (17) 

The position of the photon after scattering is: 

 {

𝑥’ = 𝑥 + 𝑙 ∗ 𝑢′𝑥
𝑦’ = 𝑦 + 𝑙 ∗ 𝑢′𝑦
𝑧’ = 𝑧 + 𝑙 ∗ 𝑢′𝑧

 (18) 

When a photon propagates in a medium, after multiple scatterings, the relationship between the 

outgoing stokes vector S' and the incident stokes vector 𝑆0 is as follows[22]: 

 𝑆′ = [

𝐼
𝑄
𝑈
𝑉

] = 𝑅(𝛽𝑛) ∗ 𝑀(𝜃𝑛) ∗ 𝑅(−𝛾𝑛) ∗ ⋯ ∗ 𝑅(𝛽1) ∗ 𝑀(𝜃1) ∗ 𝑅(−𝛾1)𝑆0 (19) 

Where n is the number of scattering events of the photon in the medium; 𝑆0 is the incident light stokes 

vector [1;0;0;1]; S′ is the outgoing stokes vector; I is the total light intensity; Q is the intensity difference 

between the horizontal and vertical directions; U is the intensity difference between the 45° and 135° 

directions; and V is the intensity difference between the right-hand circularly polarized component and 

the left-hand circularly polarized component. R(β) is the rotation matrix between the pre-scattering plane 

and the scattering plane, R(γ) is the rotation matrix between the post-scattering plane and the scattering 

plane; and M(θ) is the interaction process matrix between the particle and the polarized light. 

2.3 Detector reception statistical model 

2.3.1 Photon reception judgment 

When a photon arrives at the detector plane exactly after the (n+1)th scattering, it is considered a 

direct arrival, which requires the simultaneous satisfaction of the following two conditions: 

1) Axial position attainment conditions 

 𝑧𝑛+1 = 𝐿 (20) 

Where L is the total transmission distance to the detector. 

2) Detector reception criteria 

 𝑥𝑛+1
2 + 𝑦𝑛+1

2 ≤ (
𝑑

2
)2 (21) 

Where d is the detector diameter parameter; x and y are the coordinates of the photon in the detector 

plane. 

When a photon has not yet reached the detector plane in the nth propagation, but has passed through 

the detector plane in the (n+1)th propagation, it is determined to have crossed and arrived. 

1) Axial position attainment conditions 

 𝑧𝑛 < 𝐿 < 𝑧𝑛+1 (22) 

2) The coordinates of the intersection point are calculated as follows: 

 {
𝑥 =

𝐿−𝑧𝑛

𝑧𝑛+1−𝑧𝑛
(𝑥𝑛+1 − 𝑥𝑛) + 𝑥𝑛

𝑦 =
𝐿−𝑧𝑛

𝑧𝑛+1−𝑧𝑛
(𝑦𝑛+1 − 𝑦𝑛) + 𝑦𝑛

 (23) 



3) Detector reception criteria 

 𝑥2 + 𝑦2 ≤ (
𝑑

2
)2 (24) 

2.3.2 Calculation of polarization degree 

Light waves interact with particles such as dust and fog in the atmosphere, resulting in Mie 

scattering. The light intensity is: 

 𝐼 =
𝜆2

8𝜋2𝑟2
𝐼0(𝑖1 + 𝑖2) (25) 

Where 𝐼0 and 𝐼 is the light intensities of the incident light and the outgoing light, respectively; 𝑖1 and 

𝑖2 is the scattering intensity functions, expressed as: 

 {
𝑖1 = |𝑆1|

2 = |∑
2𝑛+1

𝑛(𝑛+1)
[𝑎𝑛𝜋𝑛(𝑐𝑜𝑠 𝜃) + 𝑏𝑛𝜏𝑛(𝑐𝑜𝑠 𝜃)]

∞
𝑛=1 |

2

𝑖2 = |𝑆2|
2 = |∑

2𝑛+1

𝑛(𝑛+1)
[𝑎𝑛𝜏𝑛(𝑐𝑜𝑠 𝜃) + 𝑏𝑛𝜋𝑛(𝑐𝑜𝑠 𝜃)]

∞
𝑛=1 |

 (26) 

Where 𝑆1  and 𝑆2  are scattering amplitude functions composed of Bessel function and Legendre 

function; 𝑎𝑛 and 𝑏𝑛 are scattering coefficients, which are related to the complex refractive index of the 

particle and the size parameter x=2πr/λ, where λ is wavelength and r is particle radius; 𝜋𝑛 and 𝜏𝑛 are 

functions of scattering angle θ[23]. 

The intensity 𝐼⊥ of the vertically polarized component in the scattered light is expressed as: 

 𝐼⊥ =
𝜆2

8𝜋2𝑟2
𝐼0𝑖1 (27) 

The intensity 𝐼∥ of the parallel polarization component in the scattered light is expressed as:  

 𝐼∥ =
𝜆2

8𝜋2𝑟2
𝐼0𝑖2 (28) 

In order to study the multiple scattering polarization transmission characteristics of pulsed laser in 

scattering medium, the pulsed laser beam was discretized into a large number of photons, and the 

effective photons that reached the detector plane after multiple scattering and were within the time gate 

were selected, and their stokes vectors were statistically summed [24]:  

 𝑆 = [

𝐼
𝑄
𝑈
𝑉

] =

[
 
 
 
∑ 𝐼𝑖
𝑛
𝑖=0

∑ 𝑄𝑖
𝑛
𝑖=0

∑ 𝑈𝑖
𝑛
𝑖=0

∑ 𝑉𝑖
𝑛
𝑖=0 ]

 
 
 

 (29) 

The DOP is expressed as: 

 𝐷𝑜𝑝 =
√(𝑄2+𝑈2+𝑉2)

𝐼
 (30) 

3 Calculation results and analysis 

Using Monte Carlo simulations and extensive photon sampling statistics, the effects of laser 

pulse width, particle concentration, transmission distance, and particle radius on polarization were 

studied and analyzed. The incident light wavelength was set to 1064 nm, the laser divergence angle 

to 1.5 mrad, and the photon number to 106. The research subjects were four typical aerosol particles 

in near-Earth space: water mist particles, biological particles, sea salt particles, and mineral dust 

particles. The relevant optical parameters of the four typical aerosol particles are shown in Table .1.  

Table .1. Key optical parameters for typical aerosol particle types 

Aerosol Type Main Composition Typical Radius Range (μm) Complex Refractive Index 



Water mist particles H₂O 1-20 1.33+0i 

Bioparticles Bacteria/Pollen/Spores 0.5-100 1.45 +0.01i 

Sea salt particles NaCl+H₂O 0.1-10 1.5 +0.001i 

Mineral dust 

particles 
SiO₂/Al₂O₃, etc. 0.1-50 1.55 +0.02i 

3.1 Effect of pulse width on polarization degree 

Figure. 4 shows the variation of DOP with laser pulse width when circularly polarized light 

propagates in four typical aerosols with a concentration coefficient of 5, a particle radius of 2 μm, and a 

transmission distance of 500 m. 
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Figure. 4. Polarization characteristics of typical aerosol particles versus pulse width. 

As shown in Figure. 4, the DOP in the four typical aerosol particle environments did not change 

significantly with increasing pulse width. However, significant differences in DOP were observed among 

different particle types, the highest DOP was observed in the water mist particle environment, followed 

by the biological and sea salt particle environments, while the lowest DOP was observed in the mineral 

dust particle environment. Analysis revealed that the reason pulse width variation did not significantly 

alter the DOP was that, under the same power conditions, narrow pulses corresponded to higher 

instantaneous photon number densities, while wide pulses corresponded to lower photon number 

densities. Although the number of incident photons per unit time differed, the probability of photons 

scattering and colliding with particles was statistically consistent; therefore, the pulse width itself had no 

significant impact on the polarization state during transmission. Secondly, the difference in the degree 

of polarization (DOP) among different particle environments mainly depends on the magnitude of the 

real part of the refractive index. The real part of the refractive index directly affected the intensity of the 

particle-light interaction, thus determining the asymmetry of the scattering phase function, ultimately 

manifesting as the difference in polarization characteristics described by the Mueller matrix. The larger 



the real part of the refractive index, the stronger the particle's ability to change the polarization state of 

the incident light in a single scattering event. Under the conditions of fixed particle concentration, particle 

size and transmission distance, mineral dust particles has the largest real part of refractive index, thus 

exhibiting the strongest depolarization ability and resulting in the lowest macroscopic DOP. Conversely, 

water mist particles have the smallest real part of refractive index, and the change in polarization direction 

by a single scattering is weak, which allows the polarization information to be more effectively 

maintained in the process of multiple scattering, thus resulting in the highest observed DOP. 

3.2 Effect of concentration on polarization degree 

Figure. 5 shows the variation of DOP with concentration coefficient when polarized light 

propagates in four typical aerosols with a pulse width of 10 ns, a particle radius of 2 μm, and a 

transmission distance of 500 m.  
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Figure. 5. Polarization characteristics of typical aerosol particles at different concentrations:  

As shown in Figure. 5, the DOP of the four typical aerosol particles all decreases with increasing 

medium concentration. Similar to the effect of pulse width on DOP, the rate of DOP decay varies 

significantly in different particle environments. The DOP decay is slowest in the water mist particle 

environment, followed by the biological particle and sea salt particle environments, while the DOP decay 

is most rapid in the mineral dust particle environment. Analysis reveals that when photons interact with 

the medium and scatter, their scattering direction is determined by the scattering angle, which in turn 

affects the scattering phase function of the perpendicular and parallel polarization components. This 

function directly determines the scattering intensity distribution of different polarization components, 

leading to significant differences in the intensity of the two components, thus producing a polarization 

effect. As the medium concentration increases, the mean free path of photons shortens, and the number 

of scattering events within the same transmission distance increases significantly. Each scattering event 

may change the polarization state of the photon, and the cumulative effect of multiple scattering 

processes leads to a decrease in DOP. Furthermore, the real part of the particle's refractive index is a key 

factor determining the depolarization efficiency of a single scattering event. Mineral dust particles have 



the largest real part of the refractive index, resulting in the strongest interaction with light. A single 

scattering event causes the most significant change in polarization state, leading to rapid destruction of 

the initial polarization state during multiple scattering events, thus resulting in the fastest DOP decay. In 

contrast, water mist particles have the smallest real part of the refractive index, and multiple scattering 

events cause a weaker change in polarization direction. They are better able to maintain polarization 

information during multiple scattering events, hence their DOP decay is the slowest. 

3.3 Effect of transmission distance on polarization degree 

Figure. 6 shows the variation of DOP with transmission distance when polarized light propagates 

in four typical aerosols with a pulse width of 10 ns, a concentration coefficient of 5, and a particle radius 

of 2 μm. 
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Figure. 6. Polarization characteristics of typical aerosol particles as a function of transmission distance:  

As shown in Figure. 6, the DOP in all four typical aerosol particle environments exhibits a 

monotonically decreasing trend with increasing transmission distance. Among them, the depolarization 

effect is most significant in the mineral dust particle environment, with the fastest rate of DOP attenuation; 

the decrease in DOP is slowest in the water mist particle environment; the attenuation rates in the 

biological particle and sea salt particle environments fall between the two, a trend consistent with the 

influence of concentration on DOP. Analysis reveals that the increase in the photon propagation path 

directly leads to a significant increase in the probability of photons encountering scattering events, 

resulting in more depolarization. Secondly, mineral dust particles have the largest real part of refractive 

index, exhibiting the highest depolarization efficiency through multiple scattering and the most 

significant attenuation of DOP. In contrast, water mist particles have the smallest real part of refractive 

index, thus showing the slowest attenuation trend. 

3.4 Effect of particle radius on polarization degree 

Figure. 7 shows the variation of DOP with particle radius when polarized light propagates in four 

typical aerosols with a pulse width of 10 ns, a concentration coefficient of 5, and a transmission distance 

of 500 m. 
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Figure. 7. Polarization characteristics of typical aerosol particles as a function of particle radius. 

As shown in Figure. 7, the DOP in all four typical aerosol environments decreases with increasing 

particle radius, exhibiting a decay rate consistent with the effects of concentration and transmission 

distance. Specifically, the DOP decreases most slowly in the water mist environment, followed by the 

biological particle and sea salt particle environments, while the decay is most rapid in the mineral dust 

environment. Analysis reveals that the increase in particle radius leads to a significant increase in the 

size parameter x, enhancing interference and phase delay effects within the particles, thus exacerbating 

the asymmetry of the scattering phase function. This change is directly reflected in the enhancement of 

depolarization elements in the Mueller matrix, resulting in a stronger ability of a single scattering event 

to disrupt the polarization state. Secondly, under the condition of constant particle concentration, the 

increase in radius leads to an increase in the scattering cross section, resulting in an increase in the total 

scattering coefficient of the medium and a shortening of the photon mean free path, thereby significantly 

increasing the number of scattering events within the same transmission distance, leading to more 

depolarization. 

3.5 Fitting Model 

Based on simulation data, an exponential decay model of DOP with respect to particle properties 

and transmission parameters was established using the nonlinear least squares method. Fitting results 

show that this model can effectively characterize the evolution of DOP with respect to particle 

concentration, radius, transmission distance, and refractive index, with a fitting determination coefficient 

R² of 0.952. This confirms the model's ability to effectively reflect the combined effects of multiple 

parameters, providing a theoretical basis for the design and parameter optimization of related optical 

systems. 

3.5.1 Model building 

By fitting simulation data with refractive indices ranging from 1.3 to 1.6, a functional relationship 

f(n) of the extinction efficiency factor with respect to the refractive index n was constructed. Based on 



this, and combining physical mechanisms and simulation analysis, the following attenuation model for 

DOP is proposed:  

 P= 𝑃0 ∗ 𝑎 ∗ 𝑒𝑥𝑝⁡(−𝑏 ∗ 𝑓(𝑛) ∗ 𝐶 ∗ 𝑟
2 ∗ 𝐿) (31) 

Where 𝑃0  and P are the DOP of the incident and emitted light, respectively, and a and b are 

undetermined coefficients whose specific values are affected by environmental factors. The model shows 

that the DOP decreases exponentially with the product of the extinction efficiency factor f(n), particle 

concentration C, particle radius squared r², and transmission distance L. Based on the simulation 

environment conditions described in this paper, the Levenberg-Marquardt algorithm in Origin software 

was used for parameter fitting, with a convergence criterion set to 10⁻⁹. The fitting results of the model 

parameters after iterative calculations are shown in Table .2. 

Table .2. Model parameter fitting results 

Parameter Fitted Values 

a 0.968 

b 2.319×106 

R2 0.952 

3.5.2 Model Validation 

To verify the accuracy of the established polarization transmission model, the simulation data and 

fitting results were systematically compared and analyzed. Figure.8 compares the fitting curves and 

simulation results of the DOP as a function of concentration in four typical aerosols under the conditions 

of pulse width of 10 ns, transmission distance of 500 m and particle radius of 2 μm (the red box "■" in 

the figure is the simulated sampling value (SSV), and the solid line "-" is the fitted value (FV)). 
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   (c) Sea salt particles                               (d) Mineral dust particles 

Figure.8. Comparison chart of simulation curves and fitting curves for the polarization characteristics of typical aerosol particles 

at different concentrations. 

Figure.8 shows a comparison between the fitted curve of DOP as a function of particle concentration 

and the simulation results. It can be seen that with the increase of concentration, the DOP in all particle 

environments shows an exponential decreasing trend. The fitted curve is in high agreement with the 

simulation data, verifying the model's accurate description of the concentration dependence. 

Figure.9 compares the fitting curves and simulation results of DOP as a function of transmission 

distance in four typical aerosols under the conditions of pulse width of 10 ns, concentration coefficient 

of 5, and particle radius of 2 μm. 
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    (c) Sea salt particles                             (d) Mineral dust particles 



Figure.9. Comparison diagram of simulation curves and fitting curves for the polarization characteristics of typical aerosol 

particles at different transmission distances. 

Figure.9 shows the relationship between DOP and transmission distance. With increasing 

transmission distance, the DOP in all particle environments exhibits an exponential decay characteristic. 

The consistency between the fitted curve and the simulation data indicates that the model can effectively 

describe the attenuation behavior of DOP during medium transmission. 

Figure.10 compares the fitting curves and simulation results of the DOP as a function of radius in 

four typical aerosols under the conditions of pulse width of 10 ns, concentration coefficient of 5, and 

transmission distance of 500 m.  
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  (c) Sea salt particles                           (d) Mineral dust particles 

Figure.10. Comparison diagram of simulation curves and fitting curves for the polarization characteristics of typical aerosol 

particles with different radius. 

Figure.10 shows the variation of DOP with particle radius. As particle radius increases, the DOP 

exhibits an exponential decay characteristic in all particle environments. Notably, the radius appears as 

a square r² in the model, reflecting the square relationship between the extinction coefficient and the 

particle geometry. The fitting results agree well with the simulation data, demonstrating the model's 

effectiveness in representing particle size effects. 

4 Conclusion 

This paper addresses the polarization propagation problem of 1064 nm NPCPL in near-surface 

aerosol environments. Based on Mie scattering theory and the Monte Carlo method, a multiple scattering 

polarization propagation model was established to simulate the scattering characteristics of four typical 



near-surface aerosol particles—water mist, biological particles, sea salt, and mineral dust particles—

under different pulse widths, concentrations, transmission distances, and radii. The variation law of DOP 

was analyzed, and an exponential decay fitting model of DOP with particle concentration, radius, and 

transmission distance was established based on simulation data. The results show that the DOP 

attenuation rate varies significantly in different types of particle environments. The DOP attenuation is 

slowest in water mist particle environment, followed by biological particle and sea salt particle 

environment, and fastest in mineral dust particle environment. This phenomenon mainly stems from the 

difference in the real part of the particle refractive index. The larger the real part of the refractive index, 

the stronger the interaction between the particle and light, leading to a more significant depolarization 

effect in the single scattering process. Pulse width has a relatively small impact on DOP. Under the same 

power conditions, although narrow pulses correspond to higher instantaneous photon number densities, 

the probability of photons colliding with particles is statistically consistent; therefore, changes in pulse 

width do not significantly affect the polarization state. Both increased medium concentration and 

transmission distance lead to a decrease in DOP. These factors, by shortening the photon mean free path 

and increasing the number of scattering events, enhance the cumulative depolarization effect of multiple 

scattering. The particle radius has the most significant impact on DOP attenuation. This arises from the 

fact that an increase in particle radius enhances the asymmetry of the scattering phase function, thereby 

strengthening the depolarizing elements in the Mueller matrix and increasing the ability of a single 

scattering event to degrade the polarization state. Furthermore, increased radius leads to an increased 

extinction coefficient, resulting in a higher probability of scattering and thus exacerbating depolarization. 

Based on the coupled effects of these factors on DOP, this paper further proposes an exponential decay 

fitting model for DOP, achieving a goodness of fit of 0.952. This model comprehensively reflects the 

influence mechanism of parameters such as particle concentration, radius, transmission distance, and 

refractive index on the DOP of polarized light scattering transmitted in the atmosphere. 

The proposed typical multi-particle aerosol coupled scattering polarization model can further 

improve the mechanism analysis of the impact of target polarization detection and provide a theoretical 

basis for the anti-interference design of systems such as lidar and wireless communication. 
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