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Abstract

Atmospheric laser beam propagation is typically perturbed by the dual influences of
aerosol particle systems and atmospheric turbulence. This joint perturbation induces
intensity fluctuations in the transmitted optical field, which significantly degrades the
performance of laser-based systems. This study integrates and improves upon existing
simulation algorithms, establishing a coupled model that combines the Monte Carlo method
and multi-phase screens. The model accurately characterizes optical field evolution and
reveals that the impacts of scattering and turbulence on the scintillation index (SI) are
not simply additive: turbulence perturbation enhances intensity fluctuations, leading to
an increase in SI; however, as the energy proportion of scattered light rises, its statistical
stationarity begins to dominate the optical field characteristics, stabilizing SI. Based on
radiative transfer and Mie scattering theories, an analytical formula for single-scattering
SI is derived, enabling direct calculation from fundamental parameters. Furthermore, a
composite SI expression is established using the scattered-to-transmitted light intensity
ratio. To address model deviations along the dimensions of visibility and turbulence
strength, a sinusoidal compensation model and a logarithmic compensation model are
proposed, respectively. Validation results verify the complementary and competitive
mechanisms of scattering and turbulence in modulating intensity fluctuations. This research
provides efficient theoretical tools and practical references for simulating and optimizing
laser transmission in complex atmospheric environments.

Keywords: laser transmission; particle scattering–turbulence coupling; scintillation index

1. Introduction
Lasers, as ideal information carriers, exhibit remarkable potential in optical communi-

cation, remote sensing, and lidar systems, thanks to their large bandwidth, electromagnetic
interference immunity, and high transmission rates [1–3]. However, laser beam propaga-
tion through complex media is subject to joint perturbations from particle scattering and
turbulence, leading to severe-intensity fluctuations, phase distortions, and energy attenua-
tion that degrade transmission link stability and reliability [4–6]. Establishing an accurate
simulation model for laser transmission under combined particle-turbulence effects, as
well as clarifying the underlying influence mechanisms, is therefore critical for optimizing
system design and enhancing performance in complex environments.
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Light transport in discrete particle systems is a classic research topic, with the Monte
Carlo (MC) method being the most widely used approach. By simulating stochastic
photon–medium interaction processes, it effectively characterizes the randomness of light
propagation [7–9]. The scalar MC algorithm, initially proposed for light transport in layered
tissues [10], was later upgraded to vector methods to quantify polarization evolution after
multiple scattering events [11]. In atmospheric scattering research, scalar methods have
been applied to investigate laser attenuation, backscattering, and transmittance in fog and
aerosols [12,13], while vector methods have enabled studies on polarized light transport,
including size-dependent transmission or reflection of sea fog particles and polarization
maintenance in foggy environments [14,15]. Phase screen theory is now extensively used
in electromagnetic wave propagation research, covering laser and microwave transmis-
sion [16–18]. Early studies laid the groundwork for turbulent phase screen applications by
analyzing the scintillation index of received intensity under different apertures [19]. Subse-
quent work focused on method optimization and scenario expansion: novel interpolation
methods were proposed to improve dynamic simulation continuity [20], aperture effects
on partially coherent beam SI were explored [21], and phase screen simulation efficiency,
accuracy, and noise suppression were enhanced via high-frequency filtering, wavelet analy-
sis, and refined low-frequency sampling [22–24]. Additionally, phase screen methods have
been extended to high-power laser propagation and multi-aperture reception scenarios,
enabling integrated simulation frameworks accounting for multiple physical effects [25,26].

Nevertheless, the MC method cannot accurately simulate turbulence-induced random
phase fluctuations, whereas the phase screen method fails to capture dynamic energy ratio
variations between scattered and transmitted light. This necessitates the development of
a hybrid model incorporating both mechanisms, and several studies have attempted to
combine the MC and phase screen methods for coupled scattering–turbulence propaga-
tion [27–31]. Qiao [27] reconstructed phase screen angular spectra via MC-calculated scat-
tering angular spectra and adjusted screen spacing for computational balance; Zhang [28]
integrated turbulence, absorption and scattering into a unified MC framework based on the
generalized Snell’s law for underwater channel analysis; Yang [29] proposed an exponential
outer-scale correction model for oceanic turbulence power spectra; Wen [30] combined MC
with multi-phase screens to analyze communication performance considering absorption,
scattering, and turbulence; Pei [31] optimized phase screen distribution to account for
cumulative turbulence effects in multi-screen photon propagation. Despite these advances,
existing hybrid models suffer from two critical and common limitations in methodology
and research content. Methodologically, these models either ignore coherent optical field
interference and superposition [27], neglect phase correlation of photons modulated by
different screens [30], or are restricted to forward scattering scenarios unsuitable for large-
angle scattering interference analysis [28]. In terms of research content, most studies only
output first-order transmission characteristics such as transmittance and energy attenua-
tion, excluding second-order statistical quantities like the scintillation index (SI) [28,30]; a
few studies that mention SI lack considerations of interference effects, leading to limited
result accuracy [27]. Notably, receiving aperture size, which exerts a critical influence on SI
by determining the statistical characteristics of aperture-averaged intensity fluctuations, is
rarely addressed in existing hybrid model studies.

SI directly reflects optical field fluctuation severity and serves as a key metric for
evaluating transmission stability in complex media [27,29]. Similarly to single-mechanism
research, most existing SI analyses focus on scenarios with a single perturbation fac-
tor [32,33], while targeted research on composite SI (under combined scattering–turbulence
effects) is essential yet scarce for practical atmospheric environments [22,34]. Direct deriva-
tion of composite SI from fundamental physical parameters would significantly improve
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research efficiency, but current work remains limited to simulation-based verification, lack-
ing analytical quantification methods for composite SI that enable rapid prediction from
basic physical parameters. As a core physical quantity describing the energy distribution
between scattered and transmitted fields [35,36], the scattered-to-transmitted light intensity
ratio determines the composite field interference strength and thus governs composite SI
evolution, yet its systematic coupling relationship with composite SI has not been revealed
in existing studies.

To address these critical gaps, this paper constructs an atmospheric laser transmission
model integrating the MC method and multi-phase screens, with distinct novelties in
methodology and content. Methodologically, the model abides by wave optics principles,
with the laser field propagating as a complex optical field throughout—entering/exiting
the phase screen module in field form, extracting photon coordinates/energy from field
intensity distribution for MC scattering, and realizing coherent superposition of scattered
spherical wave fields and phase-modulated transmitted fields after each segment, accu-
rately characterizing light field interference coupling. In terms of content, the model takes
SI and spatial correlation as core indices, systematically revealing the dynamic competition
and nonlinear coupling mechanism between scattering and turbulence in atmospheric en-
vironments; it also derives an analytical formula for single-scattering SI from fundamental
parameters based on radiative transfer and Mie scattering theories, and it establishes a
composite SI expression via the scattered-to-transmitted light intensity ratio, enabling rapid
and accurate composite SI calculation.

2. Optical Field Characteristics and Key Features Under Combined
Scattering–Turbulence Perturbation
2.1. Simulation Methods for Combined Perturbations and Evolution Characteristics of
the Optical Field

In practical atmospheric environments, various discrete scattering particle systems
such as smoke, aerosols, water mist, and dust are widely present. Although these particles
differ in composition, size, and spatial distribution, they all adhere to the fundamental
physical principles governing the interaction between particles and electromagnetic waves.
The model constructed in this study is applicable to various discrete scattering particle
systems. In this paper, water mist is employed as the medium for investigating particle
effects, utilizing a simple droplet particle model that does not account for multimodal
particle size distributions or non-spherical characteristics. Mist particles are assumed to
be homogeneous in composition and are thus treated as a monodisperse system; their
scattering properties are taken as the superposition of scattering effects from particles with
different sizes.

To simulate the beam propagation process under the combined effects of particle
scattering and turbulence perturbations, this paper adopts a numerical modeling method
that alternately combines the Monte Carlo method and the phase screen method to construct
a composite transmission simulation model. When employing the Monte Carlo method,
the coordinates and energy of incident photons are first sampled according to the intensity
distribution across the beam cross-section, using the rejection method to randomly select
coordinate and energy values. Subsequently, based on Mie scattering theory, the direction
of motion and energy are randomly altered to simulate photon-particle collisions, while
simultaneously recording the scattering positions, energy attenuation, and final exit states.
Through multiple sampling and result averaging, the optical field distribution and SI are
obtained. Starting from the second segment interval, incident information sampling is
performed only for the remaining scattered photons. As phase screens do not change
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photon coordinates, the spatial positions and energy states of scattered photons at each
incidence are consistent with those after transmission through the previous phase screen.

Based on the Huygens–Fresnel principle, the multi-phase screen method is adopted to
simulate the phase modulation of the light beam by turbulence. The transmission path is
divided into M segments, and the light field on the receiving plane is obtained by evolving
the complex amplitude segment by segment. The inverse spectrum method is adopted
to generate random phase screens, whose core principle lies in filtering the Gaussian
random process based on the refractive index power spectrum of atmospheric turbulence.
In this paper, the Von Karman spectrum is selected to characterize the spatial distribution
characteristics of atmospheric turbulence, with its expression given as follows [22]:

Φn(κ) =
0.033C2

n

(κ2 + κ2
0)

11/6 exp(−κ2/κ2
m) (1)

where κ = (κx, κy, κz) is plane wave vector, κm = 2π/l0, κ0 = 2π/L0. In this paper, the
light beam propagates along a horizontal path, and C2

n is a constant. Meanwhile, the effects
of the inner and outer scales of turbulence on the simulation results are not investigated,
and their values are kept constant throughout the process.

The filtering function G(κ) is jointly determined by the Von Karman spectrum and

the atmospheric coherence length r0 = 0.185

[
λ2/

z+∆z∫
z

C2
n(ξ)dξ

]3/5

, where z is propagation

distance, λ is wavelength, and its form is expressed as follows:

G(κ) = {0.49 r−5/3
0 (κ2 + κ2

0)
−11/6

exp
[
−κ2/κ2

m

]}1/2
(2)

The discrete-form phase screen is obtained by performing the two-dimensional inverse
Fourier transform on the filtered Gaussian random process:

S(m∆x, n∆y) = C
N−1

∑
m′=0

N−1

∑
n′=0

a(m′, n′)G(m′∆κx, n′∆κy) exp
(

i2πmm′

N
+

i2πnn′

N

)
(3)

where G(κx, κy) = G(
√

κ2
x + κ2

y), a(m′, n′) is complex Gaussian random variable with unit
variance, C is scale factor, and N is resolution. The square receiving plane is divided into a
uniform square grid, where N denotes the number of grid cells.

In the model shown in Figure 1, all phase screens are arranged at equal intervals, with
their centers aligned along a straight line. The entire transmission path is divided into
multiple segments, each of which is simulated sequentially using the combined ‘phase
screen method + Monte Carlo method’. The composite simulation model strictly follows the
wave optics principle, and the laser beam propagates in the form of a complex optical field
throughout the whole process. The specific coupling mechanism between the multi-phase
screen turbulence model and MC scattering model in each propagation segment is as fol-
lows: The complex optical field first enters the multi-phase screen module in field form, and
the phase screen modulates the wavefront of the input optical field according to the atmo-
spheric turbulence refractive index distribution, outputting the phase-modulated complex
optical field. Then, the field enters the MC scattering module: the MC method first samples
and extracts the incident photon coordinates and initial energy according to the intensity
distribution of the input complex optical field, and it simulates the random collision and
scattering process between photons and aerosol particles based on Mie scattering theory
and radiative transfer theory, while recording the scattering position, energy attenuation
and final exit state of each photon in real time. After the MC scattering simulation, the
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scattered light field (regarded as spherical wave field emitted from scattered particles, with
phase and amplitude determined by propagation distance) and the un-scattered transmit-
ted light field are coherently superposed to form the output complex optical field of the
current propagation segment. This output optical field then serves as the input optical field
of the next propagation segment until the complex optical field propagates to the receiving
plane. When the laser field is subjected to these dual disturbances, both its amplitude
and phase are simultaneously affected by the random redistribution of energy caused
by scattering and the random wavefront distortions induced by turbulence, leading to
significant fluctuations. As a core parameter characterizing the intensity of these light
fluctuations, SI holds significant engineering application value. Based on this, the present
study selects SI as the core quantitative metric, which is expressed as follows [37,38]:

SI =
〈

I2〉
⟨I⟩2 − 1 (4)

where
〈

I2〉 and ⟨I⟩ are both local spatial averages of the light intensity. A small square
region is selected at the center of the received optical field to calculate the average light
intensity, SI, and the intensity ratio between scattered and transmitted light within this
area. The side length of the sampling region is set to one-tenth of the beam waist radius,
approximately 0.5 mm. Based on the estimation using the Gaussian intensity distribution
formula, the intensity attenuation caused by the beam’s radial distribution within this
region is less than 3%. Therefore, fluctuations in the incident light intensity are considered
negligible, effectively eliminating the interference of the beam’s inherent intensity gradient
on the local fluctuation characteristics.

Figure 1. Schematic diagram of the composite simulation algorithm for laser propagation under
combined scattering and turbulence effects.

To verify the self-consistency and physical rationality of the proposed coupled
MC–multi-phase screen model, limiting case analysis is carried out in this study. When the
visibility approaches infinity (scattering effect is negligible), the model is reduced to the
classic multi-phase screen turbulence model, and the calculated SI is consistent with the
classic turbulence scintillation results; when the Rytov variance is 0 (turbulence effect is neg-
ligible), the model is simplified to the pure MC scattering model, and the simulation results
of transmittance and SI match the theoretical predictions of Mie scattering and radiative
transfer theory. The limiting case analysis confirms the physical soundness of the coupled
model, laying a solid foundation for the reliability of the subsequent simulation results.

Based on the fog classification standard of the China Meteorological Administration,
the visibility values set in this study cover typical conditions such as light fog, dense fog,
and thick fog, with visibility V corresponding to 200 m, 500 m, and 1000 m, respectively.
The turbulence intensity includes three typical regimes: weak turbulence, moderate turbu-
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lence, and strong turbulence, with Rytov variances σ2
I = 0.1, 1, 10, respectively [39]. The

number of phase screens is determined under the condition that the propagation between
successive screens remains in the weak-fluctuation regime M > (10σ2

I )
6/11 [40]; the screen

spacing must also satisfy the Fresnel-scale requirement ∆z < 2L∆x/λ [41]. When the total
propagation distance is extended, additional phase screen modules can be simply added
while keeping the screen spacing unchanged. Consequently, the inter-screen spacing is set
to 80 m, and a total of 12 phase screens are employed, resulting in a total propagation length
of 960 m. In this paper, without special annotation in figures, parameters are selected as
Table 1. All the above simulation specifications are essential for this study: they ensure the
numerical accuracy and statistical stability of the coupled MC–multi-phase screen model,
conform to actual atmospheric propagation characteristics, and enable a focused analysis
of the core dynamic coupling mechanism between particle scattering and atmospheric
turbulence without redundant parameter interference.

Table 1. Parameter selection.

Beam Parameters Symbols Value

wavelength λ 1064 nm

propagation distance L 960 m

phase screen number M 12

Gaussian beam waist
radius ω0 5 mm

phase screen resolution N × N 1024 × 1024

side length of phase screen
and receiving surface D 0.3 m

sample number n 2.5 × 105

inner scale l0 1 cm

outer scale L0 10 cm

According to the process shown in Figure 2, Figure 3 illustrates the evolution of optical
field intensity distribution with propagation distance under different conditions. Under
the condition of weak scattering and strong turbulence, the optical field exhibits notice-
able random scintillation characteristics as distance increases, with significant intensity
fluctuations at the center of the spot. Under the condition of strong scattering and weak
turbulence, the optical field demonstrates uniform energy attenuation and blurring, where
turbulence-induced scintillation is suppressed by scattering effects, resulting in a smoother
spot profile. Under the condition of comparable scattering and turbulence, the optical field
simultaneously exhibits both energy attenuation from scattering and fluctuation modula-
tion from turbulence, presenting a unique distribution pattern characterized by coupled
attenuation and fluctuation behavior.

Composite SIs are shown in Figure 4. In Figure 4a, the growth rate of the curve
initially increases and then decreases, with lower visibility leading to a more pronounced
change in the growth rate. In Figure 4b, under strong turbulence, SI first rises and then
falls with increasing propagation distance, which originates from the dynamic competition
mechanism between turbulence and scattering. The physical essence of the non-monotonic
evolution of composite SIs lies in the dynamic transformation of the dominant factor of
optical field intensity fluctuations during propagation: In the early propagation stage,
the energy of the transmitted light field is dominant, and the random phase distortion
caused by atmospheric turbulence leads to the disordered superposition of the optical field
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wavefront, which intensifies the local constructive and destructive interference of the light
field and thus significantly increases the SI. With the increase in propagation distance, the
continuous scattering of aerosol particles depletes the energy of the transmitted light, and
the scattered light field with statistical stationarity gradually becomes the main component
of the composite light field. The scattered photons follow the Poisson distribution in spatial
intensity distribution, and the variance of the intensity fluctuation is equal to the mean
value, which makes the SI tend to be stable and converge to 1. In addition, the mutual mod-
ulation between scattering and turbulence further amplifies this evolution characteristic:
turbulence distorts the photon propagation path, which changes the scattering probability
of particles and the energy distribution of scattered light; scattering reduces the energy of
the transmitted light field, which weakens the modulation effect of turbulence on the main
light field, forming a bidirectional coupling regulation of the scintillation behavior.

Figure 2. Flowchart of the composite simulation process for coupled model.

Visibility and turbulence intensity regulate the composite SI evolution by changing
the energy balance between scattered and transmitted light and the degree of optical field
wavefront distortion, respectively. For different visibility conditions, lower visibility means
higher aerosol particle number density and stronger scattering effect, which accelerates the
energy attenuation of the transmitted light field and makes the scattered light field become
dominant in a shorter propagation distance. Thus, the SI peak appears earlier and the peak
value is smaller. Higher visibility weakens the scattering effect, the transmitted light field
maintains the energy advantage for a longer time, and the turbulence perturbation can be
fully developed, leading to a higher SI peak and a later occurrence position. For different
turbulence intensity conditions, stronger turbulence leads to more severe random phase
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distortion of the optical field, which significantly enhances the interference fluctuation of the
transmitted light field in the early propagation stage and thus increases the SI peak value;
at the same time, strong turbulence accelerates the energy dissipation of the transmitted
light field through path deflection, making the scattered light field dominant in advance, so
the SI peak appears earlier. The synergistic regulation of the two factors forms the diverse
evolution characteristics of composite SI under different atmospheric conditions.

Figure 3. Spatial intensity distribution of Gaussian laser beams under different atmospheric
scattering–turbulence combinations and propagation distances (160 m, 320 m, 480 m for rows;
strong turbulence–high visibility, weak turbulence–high visibility, strong turbulence–low visibility,
weak turbulence–low visibility for columns).

Figure 4. Variation in composite scintillation index (SI) with propagation distance under combined
scattering–turbulence effects. (a) Varying with visibility; (b) varying with turbulence strength.

By continuously moving the position of the square sampling region on the receiving
plane, the variation curve of spatial correlation is obtained, as shown in Figure 5. All
curves exhibit a two-stage characteristic: an initial sharp decline followed by a relatively
moderate decrease. The first stage of sharp decline is primarily dominated by short-range
intense turbulence disturbances, where the rapid wavefront distortion caused by turbulence
leads to a swift breakdown of coherence within small spatial scales. The more gradual
decline in the second stage reflects the long-range statistical effects of scattering, as the
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random distribution of scattered photons exhibits a smoother influence over larger spatial
scales. The final stabilized values of some curves are greater than zero, and this value
gradually decreases as visibility decreases or turbulence intensity increases, due to the
residual coherence in the optical field that is never entirely destroyed. Overall, lower
visibility or higher turbulence intensity leads to a faster decay in the spatial correlation
of the optical field. High particle concentrations along the propagation path increase the
probability of photon-particle collisions, altering the direction of a large number of photons.
The random motion of scattered photons breaks the intensity correlation of the originally
spatially coherent optical field at different spatial positions. Turbulence causes an irregular
spatial distribution of atmospheric refractive index, imposing random phase distortions on
the optical field and thereby disrupting its spatial coherence.

Figure 5. Variation in optical field spatial correlation with propagation distance under combined
scattering–turbulence effects. (a) Varying with visibility; (b) varying with turbulence strength.

2.2. Light Intensity Ratio and Its Relationship with SI

The two simulation methods influence the amplitude, phase, and energy distribution
of scattered and transmitted light through different mechanisms. Therefore, the relative
variation between the scattered and transmitted components of a Gaussian beam during
propagation is a key factor leading to changes in the beam’s transmission characteristics
under perturbations. This relative variation between scattered and transmitted light can be
characterized by their intensity ratio, which is defined as

r =
Is

It
(5)

where Is is the scattered light intensity and It is the transmitted light intensity. The transmit-
tance at different distances under varying visibility conditions is shown in Figure 6. The
variation curve of r is presented in Figure 7.

Figure 6. Variation in laser transmittance with propagation distance under different visibility conditions.
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Figure 7. Variation in scattered-to-transmitted light intensity ratio with propagation distance un-
der combined scattering–turbulence effects. (a) Varying with visibility; (b) varying with turbu-
lence strength.

From Figure 6, it can be observed that as the transmission distance increases, the
transmittance under all visibility conditions shows a continuous declining trend. Especially
when the transmission distance approaches 960 m, the transmittance has dropped to
an extremely low level, indicating that the energy proportion of the transmitted light is
negligible at this point. The attenuation is essentially determined by the scattering optical
thickness τ, and its relationship with visibility is given by τ = 3.912/V. Simulation results
reveal that the transmittance under combined perturbations deviates from the theoretical
value for pure scattering. This discrepancy arises from the modulation of photon paths by
turbulent phase perturbations: some photons that initially deviate from the detection region
are redirected and recollected due to turbulence-induced deflection, while some focused
photons are scattered out of the detection field by turbulence. This visually demonstrates
the coupling effect between scattering and turbulence.

From Figure 7, it can be seen that both visibility and turbulence intensity significantly
regulate the light intensity ratio. Under low visibility, r increases logarithmically; under
high visibility, the scattering effect of particles is weak, and r grows slowly. Compared
with Figure 6, when the transmittance is extremely low, the energy of the transmitted light
approaches zero. The relative proportion of scattered light energy causes r to become
extremely large due to the sharp decrease in transmitted light energy. At this point, r
can no longer effectively reflect the relationship between the scattered and transmitted
optical fields, and its reference significance is limited. The differences in the variation in r
under different visibility conditions stem from the high particle density under low visibility,
where scattering consumes the energy of transmitted light more intensely, leading to an
exponential increase in the relative proportion of scattered light intensity. Under high
visibility, particles are sparse, the energy consumption effect of scattering is weak, and the
energy advantage of transmitted light is maintained over a longer period. The greater the
turbulence intensity, the stronger its effect on the phase distortion and energy dissipation
of transmitted light, indirectly accelerating the energy conversion from transmitted light to
scattered light, thereby making the relative proportion of scattered light intensity increase
more significantly.

To investigate how r affects the variation in the composite SI, we start from the
definition of SI and derive a calculation formula that includes r. Based on the uncorrelated
superposition of the scattered and transmitted fields, the composite SI can be expressed as

SI =
var(Is) + var(It)

(µs + µt)
2 (6)

where µs = ⟨Is⟩ and µt = ⟨It⟩ are the local spatial average intensities of the scattered and
transmitted light, respectively.
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For the scattered light SIs = var(Is)/µs and for the transmitted light SIt = var(It)/µt.
Substituting these into the above equation yields

SI =
µ2

s × SIs + µ2
t × SIt

(µs + µt)
2 (7)

Substituting r into Equation (7), we finally obtain the method to calculate the composite
SI using only information from the scattered and transmitted fields:

SI =
r2 × SIs + SIt

(r + 1)2 (8)

Comparing the results calculated by Equation (7) with those presented in Figure 4
yields the difference between the two methods, as illustrated in Figure 8.

Figure 8. Differentials between results calculated by Equation (7) and composite SI of all 9 combina-
tions of visibility (200 m/500 m/1000 m) and Rytov variance (0.1/1/10). (a) Varying with visibility;
(b) varying with turbulence strength.

From Figure 8a, it can be observed that the maximum/minimum values, extreme
points, and periods of each differential curve are different, showing a clear periodic fluctua-
tion characteristic that aligns with the shape of a sinusoidal function. The curve characteris-
tics are related to visibility: the extreme points shift backward as visibility increases, the
period increases with visibility, and the amplitude is around 0.5. Therefore, a sinusoidal
compensation term is constructed, with visibility and propagation distance as variables.
It is observed that the half-period is V/100 + 2. Allowing for a certain error margin, each
curve has a phase shift, calculated to be 8V/1000. Thus, the final constructed compensation
term is

Jiav = 0.5 × sin
[

π

2v
(

l
100

− 0.8v)
]

(9)

From Figure 8b, it can be seen that the differential curves exhibit a concentrated trend,
showing a monotonic change similar to a logarithmic function. Therefore, a logarithmic
compensation term is constructed as

Jiac = 0.1 × log2(
l

100
) (10)

To fully characterize the deviation characteristics, we supplement the simulation
analysis of all 9 combinations of visibility and Rytov variance. From the full set of deviation
data, we summarize two typical and stable trends: the deviation curves along the visibility
dimension maintain regular sinusoidal fluctuations under V ≥ 500 m, while the deviation
curves along the turbulence intensity dimension present stable monotonic logarithmic
variation under all visibility conditions. However, the deviation data under V = 200 m
lose the above regular characteristics and show severe irregular fluctuations, and direct
numerical simulation of the coupled MC-multi-phase screen model is still required to
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obtain reliable composite SI results. The deep physical mechanisms underlying the specific
sinusoidal and logarithmic deviation trends summarized from the data remain to be further
investigated—this is due to the complex nonlinear coupling between aerosol multiple
scattering, turbulence phase modulation, and coherent optical field interference in the
atmospheric channel, which involves the joint action of multiple microscopic physical
processes that need more refined modeling to explore.

The compensation terms are added to SI calculated from the intensity ratio of scattered
to transmitted light, yielding the coupled SI, as shown in Figure 9.

SItotal = SI + Jia (11)

Figure 9. Comparison of composite SI between compensated analytical results from Equation (11) and
direct simulation results under combined scattering–turbulence effects. (a) Varying with visibility;
(b) varying with turbulence strength.

As can be seen from the figure, the coupled results are in close agreement with the
composite simulation results. During the simulation process, inevitable light intensity
variations within a finite region introduce additional SI. The difference along the visibility
dimension exhibits periodic fluctuations, consistent with a sinusoidal function shape, due
to the periodic nature of phase interference between scattered and transmitted light. The
difference along the turbulence intensity dimension shows a monotonic variation, aligning
with a logarithmic function shape, owing to the cumulative effects of energy dissipation
caused by turbulence and the associated quantization errors.

3. Coupling Relationship of Single-Perturbation SIs
3.1. Derivation of Formulas for Calculating SIs from Basic Parameters

Direct composite simulation of the optical field or the use of Monte Carlo methods typ-
ically involves cumbersome procedures, complex parameter settings, and time-consuming
computations. To rapidly assess the variation patterns of light beams under combined
effects, this paper derives a formula for calculating SIs based on fundamental parameters
in the presence of particle scattering alone. It further seeks to establish the relationship
through which this result couples with SI obtained using the phase screen method for
turbulence-only scenarios to yield the composite SI. Since simulating beam propagation
through turbulence using the phase screen method requires very short computation times,
SI can be quickly obtained directly via the phase screen approach when only turbulence
is present.

Multiple scattering causes the intensity fluctuations to follow a log-normal distribution,
meaning the natural logarithm of the intensity obeys a normal distribution. The variance
of this log-normal distribution, σ2

ln I , is the core quantity related to SI. The relationship
between SIscar-only and σ2

ln I is

SIscar−only =
√

exp(σ2
ln I)− 1 (12)
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The log-variance [30] is contributed by the fluctuations of both the collimated and
diffuse light. It is necessary to derive the log-variance for each component separately
and then calculate the total log-variance, while considering the statistical properties of
incoherent superposition. For the transmitted light component, whose intensity follows a
Poisson distribution due to the randomness of photon propagation and scattering [42], the
log-variance satisfies

σ2
ln It = exp(ρσtz) (13)

where ρ is the particle number density, σt is the total particle cross-section.
The scattered light component is composed of the superposition of a large number

of multiply-scattered photons. The log-variance of its intensity fluctuation is positively
correlated with the average number of scattering events [30,42]. According to the diffusion
approximation of radiative transfer theory [42], the log-variance of the scattered light can
be expressed as

σ2
ln Is = α × [1 − exp(ρσtz)] (14)

where α is the multiple scattering log-variance coefficient, related to the asymmetry factor
g calculated from Mie scattering theory:

α ∝
1

1 − ⟨g⟩ (15)

where ⟨g⟩ is the scattering cross-section weighted average of the asymmetry factor for
particles of different sizes

⟨g⟩ =

N
∑

i=1
gi·σsca,i·Nr(i)·dr

N
∑

i=1
σsca,i·Nr(i)·dr

(16)

where σsca is the particle scattering cross-section, Nr is the particle size distribution function,
and dr is the size step.

The total log-variance is the intensity-weighted sum of their respective log-variances:

σ2
ln I =

⟨Is⟩
⟨I⟩ σ2

ln Is
+

⟨It⟩
⟨I⟩ σ2

ln It
(17)

For a scenario involving only particle scattering, the total intensity at the receiver plane
is formed by the incoherent superposition of the collimated light It and the scattered light
Is. According to the first-order multiple scattering approximation of radiative transfer [42],
the transmitted light intensity follows exponential attenuation:

⟨It⟩ = I0 × exp(−ρσtz) (18)

where I0 is the incident intensity, z is propagation distance. Substituting ⟨I⟩ = ⟨Is⟩+ ⟨It⟩ = I0

and simplifying yields
σ2

ln I = 1 + α × [1 − exp(ρσtz)]
2 (19)

Substituting the total log-variance into the relationship between SI and the log-
variance gives

SIscar−only =

√
exp(1 + α × [1 − exp(ρσtz)]

2 − 1) (20)

3.2. Verification of Single-Factor Perturbation Simulation and Coupling Relationship

Substituting the fundamental parameters into Equation (20), the variation in SI under
scattering alone is calculated and compared with the results obtained from running the
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Monte Carlo method independently, as shown in Figure 10. Since processes such as coor-
dinate and energy sampling, as well as the setting of motion direction and step length in
the Monte Carlo method, involve stochastic operations, the following averaging strategy is
adopted in this paper to reduce simulation errors: each simulation is configured with an in-
cident photon count of 2.5 × 105, and the results are averaged over three independent runs.

Figure 10. Comparison of single-scattering SI between analytical results from Equation (20) and
independent MC simulation results at different visibility.

Error bars for all data points are calculated from the standard deviation of the corre-
sponding statistical results. Overall, the fluctuation amplitude is small, with a maximum
relative error of less than 15%, indicating that the Monte Carlo simulation sample size of
250,000 photons adopted in this study is sufficient to effectively suppress statistical noise
and ensure the stability and reliability of the results. The SI curve calculated based on
Equation (20) is smooth and regular, whereas the simulation results obtained using the
Monte Carlo method exhibit minor fluctuations due to detailed differences in the optical
field under random scattering and turbulence perturbations. Nevertheless, the two show
good agreement in terms of growth trend, peak location, and final stable value, demon-
strating that the proposed fundamental parameter calculation method has good reliability
under conditions of moderate turbulence intensity. However, despite the good consistency
between the fundamental parameter calculation method and simulation results in weak
turbulence scenarios, limitations still exist under severe conditions.

Comparing SI obtained from separately running Monte Carlo and phase screen sim-
ulations for single perturbations with the composite SI in Figure 4, it is found that the
two cannot be simply coupled to yield the composite SI. We directly examined the relation-
ship among the three curves and discovered the following relationship:

SI = (SIscar−only + SIturb−only)− SIscar−only × SIturb−only (21)

Substituting the simulated SI into Equation (21) yields the results shown in Figure 11. It
can be observed from the figure that the coupled results match those in Figure 4, indicating
that the method of coupling after independent simulations can effectively reproduce the
scintillation characteristics of the beam under combined effects.

For a more intuitive analysis, Equation (21) is transformed into

SI = SIscar−only × (1 − SIturb−only) + SIturb−only (22)

The successful establishment of this coupling formula demonstrates that the composite
SI is not a simple linear superposition of the two effects, but rather a nonlinear coupling
through a form involving the factor (1 − SI). This mathematically quantifies the competitive
relationship between the two effects, where the weakening of one leads to the strengthening
of the other. The coupling formula can reflect both the synergistic reinforcement of the
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two mechanisms and their dynamic seesaw relationship. The scintillation contribution from
the scattering mechanism is proportionally weakened by the action of the phase screen
mechanism, and conversely, the scintillation contribution from the phase screen mechanism
is partially offset by the presence of the scattering mechanism. Analyzing the physical
process, the phase perturbation from turbulence alters the interference conditions of the
scattered light, thereby suppressing the scintillation effect of scattering. Meanwhile, as the
propagation distance increases, the rising proportion of scattered light intensity reduces
the energy of the transmitted light, consequently diminishing the target for turbulence
perturbation and leading to a weakened scintillation contribution from turbulence. Under
extremely low visibility and extremely weak turbulence, the formula simplifies to the
scattering-dominated SI; under extremely high visibility and extremely strong turbulence,
it simplifies to the turbulence-dominated SI. By quantifying this nonlinear relationship,
a numerical match with the direct composite field results is achieved, validating the
conclusion that the combined effect of particle scattering and turbulence perturbation
is not a simple linear superposition.

Figure 11. Comparison of composite SI between coupling analytical results from Equation (21)
and direct simulation results under combined scattering–turbulence effects. (a) Vary with visibility.
(b) Vary with turbulence strength.

4. Conclusions
This paper systematically investigates the propagation characteristics of Gaussian

beams under the combined effects of particle scattering and atmospheric turbulence.
Through theoretical derivations and numerical simulations, the physical mechanisms gov-
erning intensity fluctuations in the composite optical field are revealed, and the coupling
relationships among key parameters are established.

A numerical simulation model of the composite optical field based on the phase
screen method and the Monte Carlo method was established, and the variation in SI
with propagation distance under different visibility and turbulence intensity conditions
was obtained. The results show that SI exhibits a characteristic pattern of first increasing
and then decreasing, which fundamentally stems from the dynamic interplay between
turbulence perturbation and particle scattering during propagation. In the initial stage of
propagation, strong perturbations by turbulence intensify the light intensity fluctuations,
driving SI upward. As the propagation distance increases, the energy proportion of
scattered light gradually rises, causing SI to eventually stabilize. Under high-visibility
conditions, the attenuation of transmitted light is slower, allowing turbulence effects to fully
develop, resulting in a significantly higher peak SI compared to low-visibility scenarios.
For a fixed visibility, stronger turbulence leads to a higher peak SI and an earlier occurrence
of this peak.

Based on the definition of SI, this paper derives a theoretical formula for directly
calculating the composite SI using the intensity ratio of scattered to transmitted light. To
address the systematic deviation between the results computed by this formula and those
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from direct composite optical field simulations, a compensation mechanism is introduced
based on the physical characteristics of the deviation curves. The validated, compensated
model can accurately simulate the composite field SI using only information from the
scattered and transmitted fields.

A clear analytical calculation pathway for SI under single-scattering effects has been
established. Based on radiative transfer theory and Mie scattering theory, a direct map-
ping from microscopic particle parameters and macroscopic medium parameters to SI is
achieved, leading to the derivation of a closed-form expression that quantifies the nonlinear
relationship between scattering intensity and SI. The study reveals that the composite SI
is not a simple superposition of the results from the two individual effects, indicating the
existence of competition and coupling mechanisms between scattering and turbulence,
which jointly influence scintillation behavior.

By establishing numerical simulation methods, identifying coupling relationships, and
analyzing physical mechanisms, this study provides an effective reference for simulating
and predicting laser propagation characteristics in complex atmospheric environments. In
future works, we will explore the deep physical mechanisms of the observed deviation
trends and establish a rigorous physical correction framework to replace the empirical
compensation terms. It is essential to break through the current model’s limitations under
extreme atmospheric conditions, realize accurate prediction of laser transmission character-
istics in all actual atmospheric scenarios, and further provide more reliable theoretical and
technical support for the engineering application of laser communication, remote sensing
and lidar systems in complex atmospheric environments.
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