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Abstract: When vortex electromagnetic waves propagate through a turbulent atmosphere, the ampli-
tude and phase of the electromagnetic waves are disturbed, creating the scintillation effect. According
to the scintillation index of vortex waves, a new method of retrieving the turbulent refraction structure
parameter was proposed using a genetic algorithm, and the feasibility of this method was verified
by simulated experiments. The numerical results showed that the inversed value obtained by the
genetic algorithm was close to the real parameter when the turbulent inner scale and outer scale were
fixed. However, there was a gap between the inversed value and the real parameter when only the
turbulent outer scale was fixed. These results suggest that vortex wave data can be used for turbulent
refraction structure parameter inversion, and they provide new research directions for atmospheric
remote sensing.
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1. Introduction

Atmospheric turbulence is an irregular atmospheric motion composed of many atmo-
spheric vortices of different sizes [1]. The turbulence enhances the vertical and horizontal
exchange of momentum, heat, water vapor, and pollutants in the atmosphere [2]. In aero-
nautical meteorology, atmospheric turbulence has a significant impact on aircraft. It is well
known that aircraft bumpiness caused by turbulence affects passengers’ flight experiences
and increases aircraft fatigue damage [3,4]. Furthermore, flight attitude changes can make
an aircraft difficult to control, leading to serious flight accidents [5,6]. Therefore, it is
necessary to study atmospheric turbulence and its detection.

At present, the ultrasonic anemometer, the radiosonde, wind profile radar, lidar, and
other instruments are commonly used to detect turbulence structure [7–9]. The ultrasonic
anemometer has the advantages of providing a fast response, stable performance, simple
maintenance, and high credibility; however, it can only obtain turbulence information for
a single point, and it cannot obtain the vertical atmospheric profile [10]. A radiosonde
can detect the whole atmospheric profile and calculate turbulence structure, although its
spatio-temporal resolution is too sparse to be applied to actual early warnings [11]. The
detecting principle of wind profile radar is based on the Doppler effect, and its sample space
and stratification height are fixed [2,12]. It can probe horizontal and vertical wind velocity,
signal-to-noise ratios, and the refraction structure constant C2

n at different heights to provide
rich data for studying atmospheric turbulence. Moreover, it has other advantages, such
as high spatial and temporal resolution, high precision, and high operational reliability.
However, it can only be used to detect clear-air turbulence.

When light is transmitted in the atmosphere, its related characteristics also show
irregular changes due to random variation in the atmospheric refraction structure, which
leads to a series of turbulence effects. Therefore, an optical transmission method was
developed to invert the atmospheric turbulence profile through the relationship between
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the optical turbulent effect and the atmospheric refraction structure parameters. Opti-
cal transmission methods include SCIDAR (scintillation detection and range), SLODAR
(slope detection and ranging), MASS (multi-aperture scintillation sensor), S-DIMM+ (solar
differential Image motion monitor plus), and RTS lidar (residual turbulent scintillation
lidar), as well as the first continuous vertical turbulence monitor, 24hSHIMM. In the 1970s,
Vernin and Roddier proposed SCIDAR, a method for measuring atmospheric turbulence
using starlight scintillation that was based on Tatarskii’s research on the light intensity
scintillation model proposed by the Kolmogorov theory [13]. SCIDDAR retrieves a tur-
bulence profile using the covariance of two stars’ light intensity fluctuations, as observed
by a large aperture telescope. Therefore, this method requires two stars in the observed
angle, and it can be difficult to find an appropriate telescope location [14]. Inspired by
SCIDAR, in 2000, Wilson proposed SLODAR to retrieve atmospheric turbulence profiles
by measuring the wavefront slopes of binary stars and calculating their cross-correlations
and autocorrelations [15]. Compared with SCIDAR, SLODAR is low-cost, but it cannot
accurately measure near-surface turbulence intensity. MASS is a non-mainstream method
based on light intensity scintillation, and it retrieves turbulence profiles by detecting the
spatial scintillation characteristics of a single star [16]. However, its spatial resolution and
accuracy are low, and so it needs to be combined with DIMM. In 2010, Scharmer and Van
Werkhoven proposed the S-DIMM+ method for daytime detection, which was developed
from the DIMM method, although it could not measure wind speed and required large
aperture telescopes [17]. In 2020, Kovadlo et al. used wavefront sensor data to determine
the altitudes of atmospheric turbulent layers within a boundary layer, and this method’s
results were in agreement with typical altitudes [18]. RTS lidar uses backscattered light in-
tensity fluctuations to retrieve turbulence parameters. However, its probing height can only
be below 2 km, and its accuracy is affected by laser stability [19]. The 24hSHIMM method
for continuously monitoring atmospheric optical turbulence is affected by sky background
noise [20]. Although there are many detection methods derived from optical transmission
theory, each has its own advantages and disadvantages. Therefore, the development of
new detection methods has continued to be of interest.

In recent years, with the development of communication technology, a new wire-
less communication technology with orbital angular momentum, has been explored and
applied [21,22]. In 2007, inspired by the study of vortex beams with orbital angular momen-
tum (OAM), Thide et al., from the Swedish Institute of Space Physics, proposed the concept
of an electromagnetic wave vortex (EM vortex) by combining the theories and technologies
related to vortex beams [23]. The EM vortex was proposed to improve the capacity and
efficiency of a communication system. In 2011, the St. George’s Island Lighthouse and
the terrace of the Governor’s Palace in the Venice witnessed the world’s first 2.414 GHz
EM vortex communication experiment [24]. The 442 m distance achieved may become
an important milestone in wireless communication. Tsinghua University also tested a
27.5 km OAM communication in 2016, and these successful cases have brought hope to the
communication sector [25]. However, vortex waves are prone to atmospheric turbulence
during their propagation, resulting in a variety of disturbed effects, including scintillation,
phase fluctuation, and spiral spectrum dispersion [26]. These disturbed effects can reflect
the turbulence energy distribution and provide inspiration for the development of a new
turbulence detection methods. Therefore, in this paper, we imitated the optical transmis-
sion method to retrieve the refraction structure parameter C2

n, reflecting the turbulence
strength. Because vortex waves are generated simply and continuously and their band
ranges vary, its application scenarios in meteorological detection are diverse. It is hoped
that the research in this paper can provide some ideas for vortex waves to be applied
in meteorological detection, such as for atmospheric duct inversion, cloud-based height
determination, etc.

The remainder of this paper is organized as follows. Section 2 introduces the simulated
model, including the vortex waves and turbulence spectrum. Then, the genetic algorithm
and objective function for inversion are introduced. Section 3 presents the inversion results
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of the refraction structure parameter from the vortex waves. Finally, the conclusions of this
work are summarized in Section 4.

2. Simulations and Inversion Methods
2.1. Vortex Waves Simulation

According to the basic theory of electrodynamics, an electromagnetic field carries
not only linear momentum but also angular momentum. Angular momentum can be
further divided into intrinsic and extrinsic rotations related to polarization. The external
rotation of a particle is called the orbital angular momentum, and this parameter is related
to the wave front. Therefore, the basic principle of simulating a vortex wave is that the
ordinary electromagnetic wave superimposes a phase rotation factor eisθ related to the
spatial phase angle θ. Since the Laguerre–Gaussian vortex wave is the most classical and
easy to realize [27], the cylindrical coordinate system expression of the Laguerre–Gaussian
wave with an OAM state transmitting along the z-axis is written as:

ϕ(r,φ, z) = E0
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)
is the Gouy phase-shift representing the

additional phase-shift generated during the propagation of the Gaussian waves. Here, the
topological charge s can be any integer. When the topological charge s ≥ 1 is used, the
center intensity of a vortex wave is zero, and the intensity has a hollow distribution.

Figure 1 shows the distribution of the intensities and the angle phases of vortex waves
at their source and as transmitted for a distance in free space. A vacuum also causes energy
dispersion and phase-changes in the vortex waves.

Figure 1. The vortex waves propagate in a vacuum. (a,b) The intensity and phase of an electromagnetic
wave before propagation. (c,d) The intensity and phase of an electromagnetic wave in free space.
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2.2. Phase-Screen Simulating Turbulence

Atmospheric turbulence is the phenomenon of random changes in atmospheric density
resulting in a random refractive index. The refraction structure parameter C2

n and the
turbulence dissipation rate ε are commonly used in the study of turbulence characteristics.
Here, C2

n was used to describe the inhomogeneity of atmospheric refractivity. Therefore,
it was able to reflect the turbulence strength, and it was also affected by the background
temperature and water vapor. ε represented the intensity of the dissipative process in
which the turbulence pulsation energy was converted into heat energy, and it was able to
directly indicate the turbulence intensity.

In order to simplify the transmission process of electromagnetic waves in turbulence,
a common method is to simulate turbulence with a random phase-screen. At present, the
main spectrums of a random phase-screen commonly used in theory and experiments
are the Kolmogorov spectrum, Von Karman spectrum, Tatarskii spectrum, and Hill spec-
trum [28]. In this paper, the Kolmogorov spectrum was used for the numerical simulation,
and the expression was as follows:

ϕn
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where k2
x and k2

y are wave numbers in the frequency spectra corresponding to the x-axis
and y-axis, C2

n is the refraction structure parameter whose values represent the turbulence
intensity with the unit m−2/3, L0 is the outer scale and l0 is the inner scale of atmospheric
turbulence with the unit m, and kl = 3.3/l0.

The simulation of the vortex waves propagating in the random phase-screen was
as follows:

I. We fixed the phase-screen size Lx × Ly required for the simulation experiment and
then divided the phase-screen size into Nx × Ny.

II. We obtained the phase spectrum according to the refractivity fluctuation spectrum,
which was calculated as follows:

ϕ
(
kx, ky

)
= 2π

(
k2

x + k2
y

)
∆zϕ

(
kx, ky

)
. (3)

III. Then, the variance in the phase-screen spectrum was obtained as follows:

σ2(kx, ky
)
=

(
2π

N∆x

)2
ϕ
(
kx, ky

)
, (4)

where ∆z denotes the distance between two phase-screens along the z-axis and ∆x is the
grid distance.

IV. The random phase-screen was obtained by fast Fourier transform as follows:

ϕ(x, y) = FFT
[
Cσ
(
kx, ky

)]
, (5)

where FFT represents the fast Fourier transform operator and the parameter C is a complex
random matrix where the mean value is 0 and the variance is 1. Its discrete form is:

ϕ(j∆x, l∆y) =
Nx
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m=0
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n=0
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√
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)
· exp

(
2πi
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+ ln
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)) . (6)

In the above process, ∆z is the distance between two phase-screens along the z-axis
and ∆x and ∆y are grid intervals in the x and y directions, respectively, where ∆x = ∆y.
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Further, Nx and Ny are the number of grids in two directions, respectively, Lx = Nx∆x and
Ly = Ny∆y are the lengths in the x and y directions of the phase plate, where kx = m∆kx
and ky = n∆ky, and ∆kx = 2π/Lx and ∆ky = 2π/Ly are the frequency intervals in the x
direction and the y direction. Lastly, A and B are Gaussian random numbers whose real
and imaginary parts have a mean of 0 and a variance of 1.

If the power spectrum is used to simulate turbulence, the low-frequency components
will be lost. Therefore, in order to increase the authenticity of the power spectrum, super-
imposed low-frequency subharmonics were adopted. On the basis of resampling Fourier
low-frequency subharmonics, interpolation and merging were carried out. The discrete
expression for generating sub-harmonics is:

ϕsh(j∆x, l∆y) =
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∑
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1
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1
∑
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(A + iB)

√
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√
2πk2∆zϕn

(
m∆kx, n∆ky

)
· exp

(
2πi
(

jm
3p Nx

+ ln
3p Ny

)) , (7)

where p is the subharmonic series and the frequency intervals of the subharmonic are
∆kxp = ∆kx/3p and ∆kyp = ∆ky/3p. The phase after subharmonic compensation can
be obtained by adding formula (7) to formula (6). The phase produced by this method
contained more low-frequency information so as to improve the statistical characteristics of
the phase simulation on a large scale.

When the vortex waves u0(r, θ, z) are transmitted in the atmospheric turbulence
modeled by the phase screen method, the transmission process is divided into two parts [29].
In the first part, the vortex waves are directly affected by the atmospheric turbulence to
produce an additional phase, which can be expressed in the cylindrical coordinate system
as follows:

u(r, θ, z) = u0(r, θ, z) exp[iϕ(r, θ, z)], (8)

where ϕ(r, θ, z) denotes the additional phase caused by the turbulence and u(r, θ, z) repre-
sents the vortex wave fields passing through the phase-screen. In addition to the turbulent
effects, there is also a variational wavefront phase when the vortex waves travel in vacuum.
Therefore, in the second part, the vortex waves fields u(r, θ, z) become u(r, θ, z′) before the
vortex wave propagates through the vacuum to the next phase-screen, and here, z′ denotes
the position of the next phase-screen [30]. Therefore, the vortex waves passing through the
vacuum can be simulated as follows:

Step 1. The Fourier transform can be applied to the vortex wave fields u(r, θ, z) to
obtain the frequency domain ψ(K, z).

Step 2. The vacuum phase factor exp
[
−i K2(z′−z)

2

]
can be added, as follows:

ψ
(
K, z′

)
= ψ(K, z) exp

[
−i

K2(z′ − z)
2

]
. (9)

Step 3. The spatial field u(r, θ, z′) can be obtained by the inverse Fourier transform.
The vortex waves propagate through a phase screen and a vacuum whose distance

is ∆z. According to the parameter settings of the phase screen method, the vortex waves
propagate with new additional phases continuously until they reach the receiver.

2.3. Scintillation Index

When the vortex waves are transmitted in random media such as atmospheric turbu-
lence, the fluctuations in the electromagnetic intensity are called scintillations [31]. The
scintillation index (SI) is often used to describe the strength of this phenomenon. The SI is
generally defined as:

SI =
〈

I2〉− 〈I〉2
〈I〉2

=

〈
I2〉
〈I〉2

− 1, (10)
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where I denotes the instantaneous strength of the receiving surface and 〈∗〉 represents the
system average. Here, the electromagnetic field obtained by numerical simulation is a
discrete field, and the average of the intensity can be approximated by

〈I〉 ∼=
1
N

N

∑
j=1

Ij(ρ, z). (11)

Some past studies have shown that the scintillation index and the refraction structure
parameter C2

n have a numerical relationship [32], such as that seen in weak turbulence
conditions, as follows:

SI ≈ ak7/6L11/6C2
n, (12)

where a is a constant that can be measured according to the field measurement and
k = 2π/λ, where λ is the wavelength of the electromagnetic wave. L represents the detec-
tion range and C2

n is the refraction structure parameter to be retrieved. It can be seen from
Equation (10) that there is an approximate nonlinear relationship between the SI and C2

n,
which indicates that C2

n can be derived from the SI of the vortex waves.

2.4. Genetic Algorithm

In order to correlate the change in the scintillation index during turbulence with the
refraction structure parameter C2

n, the corresponding mapping model was established
using a genetic algorithm. A genetic algorithm (GA) is a type of algorithm that simulates
the evolutionary process of natural selection [33]. It performs a multi-direction search
by maintaining a population of potential solutions, and it supports the formation and
exchange of this information in the population. A GA is a classic optimization algorithm,
and they were first proposed in the 1970s. With its hidden parallelism and self-learning
habit, a GA is suitable for dealing with large and changing data problems. Figure 2 shows
the flow chart of a GA.

Figure 2. The flow chart of GA implementation.

In a GA, all solution sets are called populations, and each individual in a population
is called a chromosome. A chromosome is made up of multiple genes, each of which
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corresponds to a variable. The fitness value of a chromosome can be calculated from the ob-
jective function. Since the inversion problem is a minimum problem for each chromosome,
the smaller the fitness value, the closer the variable is to the true value. In each iteration, the
chromosome can be updated by crossover and mutation operations. In practical problems,
the parameters of the group need to be set.

According to the literature [30], the value of C2
n ranges from 10−12 to 10−14 m−2/3. In

general, the assigned value of C2
n close to the ground can be 10−13 m−2/3. Therefore, the

initial value of C2
n was randomly generated from 10−12 to 10−14 m−2/3. The population

size was set to 100, and the chromosome length was set to the number of variables to
be calculated. Then, the individual fitness was set to 10−4. Before the global search, the
refraction structure parameter was digitally encoded, and the crossover and mutation
probabilities were set to 0.2. Binary coding was used for crossover evolution, and the
optimal solution was decided by roulette wheel selection.

It was necessary to use a GA to optimize the objective function

∆J = min(
∣∣∣〈I〉obs − 〈I〉Inv

∣∣∣2), which represents the fitness value of a chromosome, when
retrieving the refraction structure parameters. The specific implementation steps were
as follows:

(1) Initialization: one-hundred solution sets were randomly generated in the range of
10−12 to 10−14 m−2/3 as the first generation population.

(2) Fitness evaluation: after initialization, the fitness function value of each chromosome
in the current population was calculated according to the fitness function.

(3) Crossover and mutation evolution: binary conversion was performed on each gene,
followed by crossover and mutation with a probability of 0.2, followed by conversion
to decimal values.

(4) Iteration: If the fitness values of all chromosomes were greater than the minimum
value in the previous iteration, the chromosome with the smallest fitness value was
replaced by the ones in the previous iteration so that the algorithm converged. The
iteration was repeated until the maximum number of iterations was reached.

3. Results
3.1. Simulation of Vortex Waves Propagating in a Turbulent Flow

In order to simulate the turbulence spectrum, the refraction structure parameter C2
n

was set to 4.5 × 10−13 m−2/3 according to the literature [34]. The turbulent inner scale
was set as l0 = 1 mm, and the turbulent outer scale was set as L0 = 20 m. Then, the
wavelength of the vortex waves was set as λ = 10−3 m, the topological charge was set
as s = 4, the radial value was set as p = 0, the waist radius was set as w0 = 0.03 m, and
the transmission distance was set as z = 100 m, and these values were set in the forward
modeling process. The transmission spacing was set to ∆z = 10 m, and the phase-screen
size was set to L = 5 m. Through the Kolmogorov spectrum simulation, the phase-screen
could be generated as shown in Figure 3. In order to provide the real turbulence spectrum,
low-frequency compensation was added to the high-frequency part.

After the action of the above phase-screen, as Figure 4 shows, the energy and the
phase of the vortex waves appeared to be disturbed, which had a large impact on the
communication system. However, it was beneficial for turbulence detection. Considering
that the beam shapes of both the scalar and vectorial vortex beams appeared to break down
after 700 m and no characteristic of a vortex could be observed, we set the transmission
distance as z = 100 m, in accordance with the literature [35,36]. In the following experiment,
we used this perturbation information to invert the corresponding refraction structure
parameters of C2

n.
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Figure 3. The high- and low-frequency phase-screen was generated by the Kolmogorov spectrum.
(a) High-frequency compensation, (b) low-frequency compensation, and (c) synthetic phase-screen.

Figure 4. The vortex waves propagating in the atmospheric turbulence, where C2
n is 4.5 × 10−13 m−2/3.

(a,b) The intensity and the phase of the electromagnetic wave before propagation. (c,d) The intensity and
the phase of the electromagnetic wave in the turbulence.
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3.2. Retrieving the Structural Parameters

First, considering that the inner scale l0 and the outer scale L0 are known as l0 = 1 mm
and L0 = 10 m, respectively, it was assumed that the real structure parameters were
C2

n = 4.5× 10−13 m−2/3.
Since the number of parameters to be retrieved in our paper was one, the number

of genes was set as one, and the other parameters were set according to the previous
genetic algorithm definition. Through iterative optimization, the optimal individual in the
inversion process and the final optimal value obtained by the algorithm could be obtained.
Figure 5 shows the convergence process of the inversion parameters and the distribution
of the optimal values in the iterative process. It can be seen that the final optimal value,
C2

n = 7.96× 10−13m−2/3, could be obtained after approximately 10 iterations, which was
relatively closer to the true value. Therefore, it could be inferred that the GA was able
to retrieve the turbulent refraction parameters with few iterations. However, whether
the changes in the parameters of the GA had a positive effect on the improvement in the
inversion results requires further research and discussion.

Figure 5. The convergence process of the inversion parameters and the distribution of the average
fitness and the best fitness in the iterative process. The blue line represents the average fitness in the
iteration and the red line represents the best fitness of the population.

Further, we compared the distribution of the vortex wave intensity and the angle
value obtained from the real and inversion parameters (C2

n). It can intuitively be seen
in Figure 6 that there was little difference between the electromagnetic field intensity
and the angle distribution for the two refraction parameters. After the subtraction of the
electromagnetic field after turbulence, it was found that the retrieved intensity was similar.
As shown in Figure 6, the maximum and minimum intensities were relatively small, while
the radian values of the angle differences ranged from −π to π. Therefore, there was a
certain difference in the angle distribution. In brief, this showed that the method proposed
in this paper provided a new idea for the inversion of turbulent refraction parameters (C2

n).
Then, due to the change in the inner scale l0 affecting the inversion of the parameter C2

n,
it was assumed that the true l0 = 5 mm and C2

n = 2.7× 10−13 m−2/3, and the outer scale was
assumed to be L0 = 10 m while the inner scale was unknown. The GA was further used for
inversion in this case. Figure 7 shows the convergence process of the inversion parameters
and the optimal value distribution in the iterative process. Here, the average fitness was
plotted in a y-log scale. The combination of the inner scale l0 and the turbulence parameters
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for C2
n converged and found better individuals after approximately seven iterations, where

l0 = 2.205 mm and C2
n = 9.4304× 10−13m−2/3. Similarly, by comparing the differences in the

electromagnetic field intensity and the angle distribution, Figure 8 shows that there were
large differences in the intensities and angle distributions of the vortex electromagnetic
fields that were retrieved, which means that the addition of the inner scale parameter made
the inversion problem more complex, and the uncertainty increased. Therefore, through
the analysis of the above inversion process, we deduced that the scintillation index could
be used to invert the turbulent refraction structure parameters. However, the number and
setting of the inversion parameters had a large influence on the final results, which may
also be a direction for future research.

Figure 6. The difference between the electromagnetic field intensity and the angle distribution for the
two refraction parameters. (a) Intensity difference and (b) angle distribution difference.

Figure 7. The convergence process of the inversion parameters and the distribution of the average
fitness and the best fitness in the iterative process. The line in (a) represents the average fitness in a
y-log scale and the line in (b) represents the best fitness of the population.



Remote Sens. 2023, 15, 3140 11 of 13

Figure 8. The difference in the electromagnetic field intensities and angle distributions between the
two refraction parameters. (a) Intensity difference and (b) angle distribution difference.

4. Conclusions

Although there are many methods for detecting atmospheric turbulence, most continue
to have some problems, such as large detection errors or inconvenience. Thus, developing
new detection methods is still of notable interest in turbulence research. Therefore, accord-
ing to the characteristics of vortex wave transmission in turbulence, this study proposed a
new method for retrieving the turbulence structure parameters from vortex wave data and
preliminarily discussed the inversion results by means of numerical simulations. The above
experiments showed the following: (1) When considering the known inner and outer scales
of turbulence, the refraction structure parameters retrieved from the vortex wave data were
close to the simulated real values, and there were some tolerable errors. However, the
differences in the distributions of the vortex wave’s angle obtained from the real value
and the retrieved value were obvious. (2) When the outer scale was known and the inner
scale was unknown, the intensities and angle distributions retrieved were quite different,
which meant that the unknowability of the inner scale made the inversion problem more
complicated, and the uncertainty of the inversion results increased. In general, the method
proposed in this paper can roughly achieve the inversion of turbulent structure parameters.

However, the new method also has some shortcomings. Firstly, in the process of the
multiphase simulation, the selection of the grid interval ∆x, the phase-screen interval ∆z,
and the grid number N had large effects on whether the phase-screen could correctly reflect
the change characteristics of the turbulence [37]. Therefore, the rationality of the parameter
setting requires further discussion. Secondly, the vortex wave’s own parameters, such as
the wavelength λ, waist radius w0, topological charge s, and inner and outer scale size, also
affected the vortex wave transmission characteristics, and so the setting of these parameters
also requires further study. Finally, the application of the new method to actual detection
data may also be a future research focus.
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