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Abstract: A clear air turbulence (CAT) detection method using a 532 nm visible light airborne
laser radar (LiDAR) system is proposed to address the urgent challenge in the aviation safety field.
This method is based on the indirect detection technique of atmospheric molecular density for
CAT and utilizes the strong aerosol scattering absorption characteristics of the iodine molecular 1109
absorption line to eliminate the interference of aerosol scattering and extinction on the weak molecular
backscattering signal caused by CAT. This enables CAT detection under conditions where traditional
ultraviolet LiDAR systems fail to function properly due to aerosol presence. The influence of axial
wind speed and atmospheric temperature variations on the molecular backscattering spectrum in
the aircraft flight path is studied, and a formula for vertical wind speed inversion in the CAT field
is derived. The 532 nm airborne LiDAR CAT detection theoretical model and system architecture
are presented. Through simulation analysis, the CAT detection range of the visible light LiDAR
system is evaluated under different aircraft cruising altitudes and turbulence intensities. The results
indicate that, with the proposed LiDAR system, the aerosol scattering influence can be effectively
suppressed, and CAT can be detected up to 7 km for light-to-moderate turbulence and 10 km for
moderate turbulence ahead of the aircraft when traditional ultraviolet LiDAR systems fail as the
backscattering coefficient ratio between aerosol and molecule reaches the 10−1 condition. Based on
this finding, a suggestion is made to construct a dual-wavelength (ultraviolet-visible) LiDAR system
for CAT detection, aiming to solve the full coverage problem of CAT detection under various aerosol
conditions. This study has a reference value for promoting the early resolution of CAT detection in
the aviation field.

Keywords: clear air turbulence; atmospheric scattering; laser detection; laser detection

1. Introduction

Clear-air turbulence (CAT) generally refers to turbulence occurring at altitudes above
6 km and is unrelated to convective clouds [1], it does not include turbulence associated
with convectively unstable boundaries and deep convection but does not exclude the
presence of turbulence in non-convective clouds (often referring to roll clouds). Among
atmospheric turbulence accidents, 40% are designated as caused by CAT [2]. It is a major
cause of non-fatal aviation accidents, resulting in injuries to passengers and damage to
aircraft structures; according to the Federal Aviation Administration (FAA), in the United
States, an average of 58 passengers are injured each year, costing commercial airlines
more than USD 100 million [3–5]. With the increases in global climate change and air
traffic, the frequency of CAT occurrences will continue to rise, posing a significant threat to
aviation safety [2,5]. In the aviation field, the remote detection of CAT atmospheric motion
severity is necessary to provide sufficient time for onboard personnel to take protective
measures [6]. However, CAT occurs in clear skies at high altitudes without significant
microparticles (such as rain, snow, fog, or cloud condensation nuclei), making it extremely
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difficult and nearly impossible to forecast using traditional methods such as weather
forecasting, wind profilers, microwave radiometry, THz remote sensing, meteorological
satellites, and weather radars [6,7]. Coherent Doppler LiDAR (CDL) technology and
incoherent Rayleigh LiDAR technology are currently the most promising methods for
active CAT detection [6,8]. In the late 1960s, with strong support from the FAA in the
United States, the National Aeronautics and Space Administration (NASA) conducted
flight tests on CDL systems based on different lasers, such as ruby and carbon dioxide
lasers [9–11]. The results showed that CDL systems had a measurement accuracy of
fewer than 1 m/s for the axial wind speed at the intermediate and low altitudes, but
they were unable to achieve turbulence alerts at cruising altitudes (30–40 kft). Direct-
detection Doppler wind LiDAR (DD-DWL) systems can determine the axial wind speed
from molecular backscattering spectra, which can be used as an alternative to CDL systems
when aerosols are absent. However, the dominant factor causing clear-air turbulence is
the vertical wind speed, and there is sometimes no direct correlation between the axial
and horizontal wind speeds within CAT areas [6], rendering the DD-DWL systems unable
to accurately detect CAT. After many years of research, the Demonstration of LiDAR-
based CAT Detection (DELICAT) project, consisting of 12 renowned European companies
(including Thales and Airbus), proposed a CAT detection method based on atmospheric
molecular density fluctuations and developed a high-power ultraviolet LiDAR system.
Flight test results in 2013 showed that, under low aerosol conditions, the system could
detect light-to-moderate CAT and moderate CAT up to 5 km and 10 km ahead of the
aircraft, respectively [8]. This method has become a promising approach for remote CAT
detection, but to ensure that there is enough CAT prewarning time, the detection distance
of CAT should be at least 15 km [8], and its challenge lies in the separation of the Rayleigh
scattering signal and the aerosol backscattering signal [5,6]. Studies have found that, even
with ultraviolet light, aerosol backscattering can overwhelm the molecular backscattering
signal changes caused by CAT, failing the detection system [8]. Through the tireless efforts
of researchers, various methods, such as interferometers, and atomic and molecular filters,
have been developed to remove aerosol scattering signals [12–20]. Fiocco et al. attempted to
separate aerosol scattering signals from molecular Rayleigh scattering signals using Fabry–
Perot interferometers [12]. C. Y. She et al. achieved atmospheric temperature detection
using barium atomic filters and later conducted atmospheric parameter measurements
using barium atomic and iodine molecular absorption filters [13]. Hair et al. measured
tropospheric temperature at 532 nm using two iodine molecular absorption filters [14].
Studies showed that interferometer filters have a relatively lower suppression performance
for aerosol scattering signals, typically in the range of 10−1–10−3. In contrast, atomic and
molecular resonance filters exhibit stronger suppression capabilities for aerosol scattering
signals, reaching levels of 10−5–10−6, which makes it the most ideal molecular absorption
spectrum discriminator currently available. These filters have been successfully applied in
spaceborne LiDAR systems, and research on these filter simulation models plays a pivotal
role in the design and optimization of high-spectral-resolution LiDAR (HSRL) systems,
which are anticipated to continue evolving and improving in the future, in conjunction
with the characteristics of the study targets.

This paper proposes an airborne 532 nm LiDAR CAT detection method with strong
aerosol interference suppression performance, which uses the existing iodine molecular
absorption filters with a strong aerosol suppression performance and considers the influ-
ence of turbulence on atmospheric scattering spectra. The detection theory and system
architecture are presented. Combined with simulation, the feasibility of 532 nm LiDAR
for CAT detection under aerosol interference conditions is evaluated and verified, which
provides a theoretical basis for airborne visible light LiDAR CAT detection technology.
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2. Theories and Methods
2.1. Principle of CAT Detection

CAT is generated as a result of the saturation and breaking of gravity waves (GWs).
This intricate gravity wave field is associated with terrain, convective activity induced by
thunderstorms, and atmospheric layer shear instability. Vertical wind speed, which is the
main velocity component causing aircraft bumps in the CAT region, is 10 times stronger
than the aircraft acceleration response caused by axial/horizontal wind speeds [6] and is a
key factor of LiDAR CAT detection, but it cannot be obtained using Doppler anemometry.
Thus, to facilitate CAT detection by LiDAR, when the Richardson exponent Ri takes its
critical value of 0.25, based on the definition of the atmospheric Brunt–Väisälä angular
frequency N, Feneyrou et al. demonstrated the link between the atmospheric temperature
fluctuation ∆T, the density fluctuation ∆ρ, and the vertical velocity variation w [6,21]:

∆ρ(x)
ρ

= −∆T(x)
T

=
N
g

w(x) (1)

where g is the gravity acceleration; and T and ρ are atmospheric temperature and density,
respectively. In the Brunt–Väisälä angular frequency N = [(g/θ)/(∆θ/∆z)], θ is the potential
temperature and ∆z is the vertical displacement of a fluid particle linked with the density
and temperature fluctuations. In the case of GWs and turbulence, the vertical kinetic energy
1/(2w2) is approximately equal to the potential energy 1/(2N2∆z2). Hence, it is possible to
identify ∆z = w/N. The typical value of N is 0.01 rad/s in the troposphere and 0.02 rad/s
in the stratosphere, resulting in an oscillation of about 5–10 min. Therefore, in the tens
of seconds, the atmospheric density fluctuation can be considered to be “frozen”, which
provides the time for long-range CAT detection.

As can be seen from Equation (1), the relative density fluctuation |∆ρ/ρ| is related
to wind speed w and frequency N. The larger the w and N are, the more obvious the
atmospheric density fluctuation ∆ρ/ρ is, and the more favorable the conditions are for
turbulence detection. According to the LiDAR equation, the atmospheric backscattering
intensity is proportional to the atmospheric density. Hence, the w in the CAT region
obtained using the atmospheric backscatter signal intensity Sπ(x) detected at a distance x
ahead of the aircraft by LiDAR is:

w(x) =
g
N

∆ρ

ρ
=

g
N

∆βπ

βπ
≈ g

N

[
1− Sπ,0(x)

Sπ(x)

]
(2)

where βπ is the molecular Rayleigh backscattering coefficient; ∆βπ is the change in Rayleigh
backscattering coefficient caused by density fluctuation ∆ρ. Sπ,0(x) is the average number
of scattered echo photons at a distance of x.

In the CAT region, vertical wind speeds usually have an irregular distribution. Based
on the relevant meteorological theories and a large amount of measurement data, for the
medium-scale and large-scale turbulence, not the small-scale turbulence, Von Kármán
derived a more accurate velocity spectral function for turbulent fields with high-frequency
components. The turbulent wind speed distribution can be simulated using the Von Kármán
velocity spectral function. This spectral function satisfies both Kolmogorov’s condition and
the actual turbulence situation [21–23]. According to the definition, turbulence is assumed
to be frozen, and the vertical velocity spectrum is:

Φgg(ω) = Hw(ω) · conj[Hw(ω)]

= σ2
w Lw
πV

1+ 8
3 (aLw

ω
V )

2[
1+(aLw

ω
V )

2] 11
6

(3)

Hw(ω) =

√
σ2

wLw

πV
1 + 2.7478jLw

ω
V − 0.3398

(
Lw

ω
V
)2

1 + 2.9958jLw
ω
V − 1.9754

(
Lw

ω
V
)2 − 0.1539j

(
Lw

ω
V
)3 (4)



Photonics 2023, 10, 1185 4 of 15

where conj stands for conjugate; Hw(ω) is the shaping filter for turbulent velocity simulation;
a = 1.339; ω is the angular frequency; σw is the root-mean-square (RMS) of the vertical
wind speed, which determines the turbulence intensity; V is the aircraft speed; Lw is the
turbulence out-scaling, which in the field of aeronautics and aerodynamics is constant for
altitudes greater than 2000 ft. For the Von Kármán spectral function, from the military
references, the recommended Lw = 2500 ft, and for a typical transonic, the value of Lw/V is
3 s [21].

The vorticity dissipation rate (EDR) is a key parameter related to flight safety and
meteorological conditions, which is used to describe the degree of atmospheric turbulence
during flight. The International Civil Aviation Organization (ICAO) supports the EDR
used to accurately classify the turbulence intensity levels. The correspondence between the
turbulence intensity levels and the EDR in CAT perceived by the flight crew [8] is shown in
Table 1.

Table 1. Correspondence between CAT intensity levels and EDR.

EDR/m2/3·s−1 Levels

<0.1 None
0.1–0.4 Light
0.4–0.7 Moderate

>0.7 Severe

The relationship between vertical wind speed RMS σw and the EDR is [24]:

EDR =

(
0.78

1
Lw2/3 · σ

2
w

) 1
2

(5)

Using Equation (6) and the relationships between the EDR and the CAT intensity levels
listed in Table 1, the σw corresponding to different CAT intensities can be obtained. After
calculation, for moderate CAT detection, the LiDAR has to detect relative atmospheric den-
sity fluctuations |∆ρ/ρ| or relative molecular backscattering signal fluctuations |∆β/βπ|
of 4.2 × 10−3–1.48 × 10−2, which implies that, if the aerosol backscattering light intensity
is stronger than the molecular backscattering light intensity fluctuation at the above level,
it will have an impact on the correctness of the system detection results. Therefore, during
CAT detection, it is necessary to reduce the aerosol backscattering signal intensity below
the above molecular backscattering intensity fluctuation level.

2.2. Visible Airborne LiDAR CAT Detection Principle

In the atmosphere, molecules and aerosol particles have different random motion
speeds, and the Rayleigh scattering spectra will undergo Doppler broadening when the
laser encounters them, which results in the spectral widths being much wider than the
emission laser spectral widths; in contrast, the Mie scattering spectral widths change
insignificantly, and keep the same narrow spectral width with the emission laser.

Based on differences in the above backscattering spectral width and using a properly
designed narrow-band spectral filter, the homogeneous and stable molecular backscattering
signals can be separated from the non-homogeneous aerosol backscattering signals. It was
found that the iodine molecular 1109 absorption line [14] has good trapezoidal symmetry
and bottom flatness, and the absorption peak is stably located in the vicinity of 532 nm,
which can reduce the Doppler shift effect (caused by axial wind speed) on the transmitted
light intensity of the iodine molecular absorption filter (IMAF), and is good for the vertical
wind speed detection accuracy in the CAT. Moreover, according to the atmospheric Rayleigh
scattering principle, the long-wavelength laser is more sensitive to turbulence intensity and
other parameter changes, and for a reasonably designed system, the laser wavelength near
532 nm considers the scattering and transmitting ability, which is conducive to the CAT
detection distance improvement. Therefore, a 532 nm pulsed Nd: YAG laser and an IMAF
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are selected to suppress the Mie scattering signal of the aerosol and realize the detection of
the weak signal of the moderate CAT.

The iodine molecular 1109 absorption line, with its strong absorption, wide absorption
range, its peak, and width, can be designed by adjusting the operating temperature,
pressure, and length. According to the simulation model given in the literature [18],
the IMAF principle is shown in Figure 1. From Figure 1a, when the IMAF length is
15 cm, the iodine finger temperature is 65 ◦C, the pressure is 2 Torr, and the absorption
line width is about 2 GHz; meanwhile, the maximum transmittance is of approximately
0.8, and the minimum transmittance is about 1 × 10−5. The CAT detection principle
based on the IMAF is shown in Figure 1b. Due to the iodine molecule’s strong aerosol
backscattering absorption property at 532 nm, without axial wind speed interference,
when the atmospheric backscattered signal generated by the 532 nm pulsed laser passes
through the IMAF, the aerosol backscattering signal located near the center frequency is
suppressed, and the detector receives part of the Rayleigh backscattered signal. Thus,
it is necessary to place the Rayleigh–Mie scattering spectral in the middle of the iodine
molecule 1109 absorption line, to strongly suppress the aerosol scattering signal and obtain
the turbulence-related Rayleigh backscattered light intensity changes.
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Figure 1. Schematic diagram of IMAF. (a) Iodine molecule 1109 absorption line and atmospheric
backscattering spectral. (b) Suppression principle of aerosol backscattered light by the IMAF.

The transmittance of the molecular and aerosol backscattered lights passing through
the IMAF, respectively, can be expressed as:

FM(T, υ) =
∫

RM(T, υ, ν)t1109(ν)dν (6)

FA(υ) =
∫

RA(υ, ν)t1109(ν)dν (7)

where FM is the molecular backscattered lights passing through the IMAF; FA is the aerosol
backscattered lights passing through the IMAF; t1109 is the IMAF transfer function; T is the
atmospheric temperature; RM and RA are the molecular backscattering spectra and aerosol
backscattering spectra, respectively; υ is the axial wind speed; and ν is the center frequency
of the emitted laser.

The atmospheric Rayleigh–Mie backscattering spectrum in Figure 1a underscores the
Doppler shifting and broadening being affected by the axial wind speed and atmospheric
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temperature. The transmittances RM and RA, respectively, are related to the temperature
and axial wind speed as [25]:

RM(T, υ, ν) =

√
Mλ2

8πkBT
exp

[
−

Mλ2(ν− 2υ
λ

)2

8kBT

]
(8)

RA(υ, ν) =

√
4 ln 2
π∆ν

exp

[
−

4 ln 2
(
ν− 2υ

λ

)2

∆ν2

]
(9)

where kB is the Boltzmann constant; M is the average mass of atmospheric molecules; ∆ν is
the spectral width of the emitted laser; λ is the laser wavelength; and 2υ/λ is the Doppler
shift induced by the axial wind speed.

Due to the non-complete symmetry of the IMAF transfer curve, the transmittances
FM and FA will be affected by the atmospheric axial wind speed and temperature, which
have an impact on the vertical wind speed inversion results. Hence, the atmospheric
temperature and axial wind speed effects on the transmittances FM and FA need to be
evaluated. According to Equations (6)–(9), the transmittance FM for molecular backscattered
light under the different temperatures and axial wind speeds is shown in Figure 2. It can
be seen that the transmittance FM is approximately 0.25; both the temperature and axial
wind speed will affect the FM, and the larger the temperature and axial wind speed are,
the larger the FM is; in contrast, the transmittance FM is more affected by temperature, and
increases in a manner that is directly proportional to the temperature increase.
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Figure 2. Changes in transmittance FM(T,υ) of iodine molecules under different atmospheric temper-
atures and axial wind speeds.

Polynomial fitting to the transmittance change induced by temperature and axial wind
speed changes in Figure 2, the transmittance FM of the IMAF versus the temperature T and
axial wind speed υ which can be approximated as:

FM(T, υ) ≈ (a1 · |υ|+ a2) · T2 + (a3 · |υ|+ a4) · T + (a5 · |υ|+ a6) (10)

where a1~a6 are the curve fitting coefficients, a1 ≈ 3.0698 × 10−10, a2 ≈ −1.5970 × 10−6,
a3 ≈ −2.7266 × 10−7, a4 ≈ 0.0015, a5 ≈ 7.6198 × 10−5, and a6 ≈ −0.0271. Using the above
equations, the backscattered light intensity changes caused by the IMAF absorbance can be
corrected when the temperature T and axial wind speed υ are known. Correction for the
change in scattered light intensity caused by the change in filter transmittance.

The changes in the effects of atmospheric temperature and axial wind speed on
the transmittance ratio FA/FM of IMAF are shown in Figure 3. The FA/FM, up to 10−5

orders of magnitude at lower levels, is much smaller than the relative atmospheric density
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fluctuation |∆ρ/ρ| level (10−3–10−2) caused by moderate CAT. And, FA/FM decreases
with the increases in both temperature and axial wind speed. These phenomena indicate
that the aerosol backscattering intensity output from the IMAF is negligible, and enlarging
the temperature and axial wind speed may be beneficial to the extraction of Rayleigh
scattering signals by IMAF.
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In the process of an airplane flying along a specific route with speed V, assuming its
flight attitude and speed are unchanged, the frequency of the onboard LiDAR detecting
the atmosphere in front of the airplane on the flight route is PRF. Between two adjacent
laser shots, the distance of the airplane’s advance is V/PRF. In this detection mode, a large
number of pulse-echo signals are needed for cumulative averaging to obtain a good signal-
to-noise ratio. Therefore, there needs to be an integrated distance L for the cumulative
averaging of the scattered echo signals, and the actual detection distance R is the distance
after the end of the integration distance L. If Ns laser pulses are emitted by the LiDAR
within the integration distance, the sum of the Ns atmospheric backscattered signals output
from the IMAF at a distance x is:

Sπ(x) = Sπ,A(x) · FA(υ(x)) + Sπ,M · FM(T(x), υ(x)) + B

=
Ns
∑

i=1

ηχP0λAT1T2∆τ

2h(x−iV/PRF)2 [βa(x) · FA(υ(x)) + βm(x) · FM(T(x), υ(x))]

× exp

{
−2

x−iV/PRF∫
0

[αa(r) + αm(r)]dr

}
+ B

(11)

where Sπ,A(x) and Sπ,M(x) are the intensity of the aerosol and molecular backscattered
light received by the LiDAR at a distance x ahead of the aircraft, respectively; i is the
number of laser shots; η is the detector quantum efficiency; χ is the filling factor; P0 is
the laser power; A is the effective receiving area of the receiving telescope; T1 and T2
are the transmissions of the emission and the collection, respectively; ∆τ is the signal
acquisition time; h is the Planck’s constant; B is the photon noise (including sunlight
participation, dark current, and thermal noise, etc.), which obeys the characteristics of
the Poisson distribution in atmospheric LiDAR detection; βa and βm are the aerosol and
molecular backscattering coefficients, respectively; and αa and αm are the aerosol and
molecular extinction coefficients, respectively. αa/βa is the aerosol extinction scattering
ratio, which is related to the laser wavelength and the scale of the aerosol, etc., and when
λ = 532 nm, αa/βa = 50 Sr; αm/βm is the air molecules’ extinction scattering ratio, which
has a value of 8π/3.
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According to the Rayleigh scattering theory, the average molecular backscattering
coefficient βm,0 can be calculated by the detected air pressure and temperature data on the
airplane route. The average Rayleigh scattered echo photon number Sπ,0(x) is:

Sπ,0(x) =
Ns

∑
i=1

ηχP0λAT1T2∆τ

2h(x− iV/PRF)2 βm,0 × exp

−2
x−iV/PRF∫

0

[
αa(r) +

8π

3
βm,0

]
dr

 (12)

Using Equation (2) and neglecting the influence of axial wind speed on atmospheric
backscattered light intensity, Equation (11) can be expressed as:

Sπ(x) ≈
Ns
∑

i=1

ηχP0λAT1T2∆τ

2h(x−iVa/PRF)2 [βm + ∆βm(x)] · FM(T0 + ∆T(x), 0)

× exp

{
−2

x−iV/PRF∫
0

[αa(r) + αm(r)]dr

}
+ B

≈
Ns
∑

i=1

ηχP0 AT1T2∆τ

2h(x−iV/PRF)2 βm exp

{
−2

x−iV/PRF∫
0

[αa(r) + αm(r)]dr

}
×
[
1 + N w(x)

g

]
×
{

a2T2
0

[
1− N w(x)

g

]2
+ a4T0

[
1− N w(x)

g

]
+ a6

}
+ B

(13)

Neglecting the higher-order power terms of |N·w(x)/g| in Equation (13), when the
mean atmospheric temperature T0 and the molecular Rayleigh backscattered echo photon
number Sπ ,0(x) are known, at the cruising altitude, the vertical wind speed w distribution
in the CAT field obtained by Equation (13) is:

w(x) ≈ g
N
×

Sπ(x)
Sπ,0(x) − a2T0

2 − a4T0 − a6

a6 − a2T02 (14)

By processing the distance information in Equation (14) and subtracting the distance x
from the integral distance L, the vertical wind speed distribution with the detection distance
R can be obtained.

3. System Design

Based on the above theories, the 532 nm airborne LiDAR CAT detection system
architecture is designed, as shown in Figure 4. Channel 1 is used to detect the total intensity
of atmospheric aerosol and molecular backscattering signals, and channel 2 is used to
suppress aerosol backscattering signals. To improve the CAT detection performance, an
avalanche photodiode (APD) is chosen as the detector in the system, which has a high
quantum conversion efficiency in the visible wavelength band.

To reduce the flight speed interference on the CAT detection results, the optical and
acoustic transducer frequency shifter is used in the system to compensate for the frequency
change of the scattering spectrum center caused by the aircraft speed and stabilize it at
the center of the IMAF absorption line. During the aircraft flight, the LiDAR-emitted
laser encounters atmospheric aerosols and molecules and undergoes Mie scattering and
Rayleigh scattering, respectively. The atmospheric backscattered signal arrives at the
detection system and is proportionally divided into two parts: one part is directly received
by the APD1 and the other part first passes through a narrow-band filter to reduce the
interference of the background sunlight, then sent to the IMAF to remove the Mie scattering
signal of the aerosols, and then received by the APD2. Then, the number of scattered echo
photons detected by all channels is sent to the computer for signal storage and processing.
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When the molecular backscattered light intensities detected by the APD of channels 1
and 2 are equal, the distribution of the aerosol backscattering coefficients βa for the flight
path can be obtained using the ratio of the final output scattered light intensities of channels
1 and 2. Assuming that the average transmittance of the IMAF is FM(T0,0) and the total
light intensity input to channels 1 and 2 is Sall, the scattered light intensities S1 and S2 input
to channels 1 and 2 are denoted as:

S1 =
FM(T0, 0)

1 + FM(T0, 0)
Sall (15)

S2 =
1

1 + FM(T0, 0)
Sall (16)

By substituting βa and the mean molecular backscattering coefficient βm,0 into Equa-
tion (11), the mean Rayleigh scattered return photon number Sπ ,0(x) is obtained by cal-
culation. In turn, the vertical wind speed w(x) distribution in the CAT region is obtained
from the inversion of Equation (13). Finally, the turbulence intensity is obtained from
Equation (4).

The design and implementation of this system using molecular and atomic absorption
filters are relatively complex, requiring the precise adjustment of filters, control system
parameters, and the handling of multi-channel spectral data. It demands high requirements
for system integration and operational techniques to facilitate this approach into practical
applications. In the future, based on the above detection technology mechanism and
system architecture, using the existing iodine molecular filter, high-power 532 nm pulse
laser, narrow-spectrum sun filter, and reasonably designed turbulence generator, it will be
possible to design higher-performance airborne LiDAR CAT detection systems and carry
out CAT experiment verification in the laboratory.

4. Simulation and Results Analysis

Building upon the previously elucidated CAT detection model and system architecture,
and considering the intricate atmospheric conditions of the CAT, we incorporated extant
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simulation models and relevant theoretical underpinnings to construct a comprehensive
simulation model, which is convenient for meticulous validation through a computer.
Within this model, we amalgamated elements from the atmospheric density fluctuation-
based CAT detection model [21], the iodine molecular absorption spectral line model,
models for atmospheric aerosol and molecular backscattering spectral distribution, as
well as the Doppler and broadening effects of atmospheric wind speed and temperature
variations on backscattering spectra, which were all integrated within the LiDAR equations.

The simulation flow of the 532 nm airborne LiDAR CAT detection system is shown
in Figure 5. First, set the CAT intensity level and scale, and calculate the corresponding
RMS σw of the vertical wind speeds according to Table 1 and Equation (5). Based on the
Monte Carlo method, the Gaussian white noise with zero mean and unit variance is passed
through the shaping filter Hw(ω) obtained from the velocity spectral function Φgg(ω), and
the initial vertical and axial wind speed is generated so that it is consistent with turbulence
characteristics. The correlation function f 1(R) calculated from the actual vertical wind speed
is compared with the theoretical correlation function f 0(R) to modify the vertical wind
speed amplitude. When f 1(R) and f 0(R) match, the vertical wind field distribution matching
the target intensity is obtained, where f 0(R) is the Fourier transform of Φgg(ω) [21–23]. Then,
set the mean atmospheric temperature T, pressure P, and Brundt–Väisälä frequency N at
the flight altitude, and obtain the atmospheric density and temperature variations related
to the vertical wind speed using Equation (1) to establish a CAT model. Subsequently,
set the parameters of the IMAF, LiDAR, and sun filter, according to the airborne LiDAR
CAT detection principles and photon noise characteristics, simulate the LiDAR-detected
atmospheric backscattered echo signals, and feed the scattered echo signals into the IMAF
to filter out the aerosol backscattered signals. Then, using Equation (14), invert the vertical
wind speed distribution in the CAT field from the molecular backscattered signal intensity
output from the IMAF, and then compare the results of the vertical wind speed inversion
w1 with the initial vertical wind speed w0 to verify the detection model correctness. Finally,
compute and analyze the correlation between the vertical wind speed inversion results
and the initial vertical wind speed, and take the detection distance corresponding to a
correlation coefficient of 0.5 as the maximum detection distance.

In the simulation, assume that the airplane attitude does not change during the leveling
phase and that the CAT is an isotropic turbulence. The backscattering coefficients and
extinction coefficients of the atmospheric aerosols and molecules at different altitudes can
be calculated according to the literature [26]. For the 532 nm laser, the aerosol backscattering
coefficient can be set to vary randomly between 0 and 0.75 times the molecular Rayleigh
backscattering coefficient according to the literature [8]. The parameters of the 532 nm
airborne LiDAR system used in the simulation model are shown in Table 2.

In LiDAR detection mode, with the increase in the integration distance, the detection
distance gradually increases to a certain level and does not increase anymore. The Brundt–
Väisälä period of a stable atmosphere is usually 300 s [21], which is much longer than
the 40 s flight time; thus, a 10 km integration distance is used to guarantee a sufficient
signal accumulation time. To better detect more hazardous low-frequency turbulence for
airplanes, a theoretically used distance resolution is 100 m. In the theoretical study of
CAT detection, to quantify the effect of different parameters on the CAT detection distance,
Feneyrou et al. proposed the criterion of the correlation coefficient 0.5 [21], which defines
the maximum detection distance R as the detection distance corresponding to a correlation
coefficient of 0.5 between the vertical wind speed detection result w1 and the initial vertical
wind speed w0 (obtained by the von Kármán velocity spectrum).
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Table 2. Parameters of clear air turbulence detection system.

Parameter Value

CAT level Moderate
Aircraft speed 250 m · s−1

Integration distance 10 km
Distance resolution 100 m

Brunt–Väisälä frequency 0.01 rad · s−1

Laser pulse energy 230 mJ
Pulse length 8 ns

Repetition rate 100 Hz
Telescope diameter 140 mm

Field of view 0.53 mrad
Sun filter bandwidth (FWHM) 0.5 nm
Detector quantum efficiency 0.75

Overall optical efficiency 0.36
Solar background level 300 W ·m−2 · sr−1 · µm−1

An example of the detection capability for a 355 nm airborne LiDAR system (with
a laser energy of 85 mJ and a detector quantum efficiency of 0.3) and a 532 nm airborne
LiDAR system is given below. The maximum cruise altitude is set to H = 12.6 km, the
Brunt–Väisälä frequency is set to N = 0.01 rad s−1, and the CAT intensity level is light to
moderate (EDR = 0.4 m2/3 s−1). The comparison results between the vertical wind speed
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inversion result w1 versus the initial vertical wind speed w0 for the 532 nm airborne LiDAR
and the 355 nm airborne LiDAR are shown in Figure 6. From Figure 6a, the 355 nm airborne
LiDAR system will be influenced by random aerosol backscattering signals, the obtained
vertical wind speed inversion result w1 is larger than the initial vertical wind speed w0, and
it is almost impossible to recognize and extract the CAT intensity distribution information;
whereas, from Figure 6b, the 532 nm airborne LiDAR system, in the range of the distance
R < 7 km, obtains the vertical wind speed inversion result w1, which is consistent with
the initial vertical wind speed w0. The 532 nm airborne LiDAR system has the effective
suppression ability for strong aerosol backscattering interference, which can identify the
vertical wind speed distribution in the turbulent region and realize CAT detection.
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Then, calculate the correlations to the w1 and w0 in Figure 7, and the vertical wind
speeds’ correlation coefficients’ distribution comparison of 355 nm and 532 nm airborne
LiDAR systems with a distance of R is obtained, as shown in Figure 7. For the 355 nm
LiDAR system, the correlation coefficient between w1 and w0 is less than 0.5; hence, the
detection distance R is 0. For the 532 nm LiDAR system, the correlation coefficient between
the calculated w1 and w0 decreases with the increase in the distance, and the corresponding
detection distance R at 0.5 is about 7 km.
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Each set of parameters undergo 150 independent repetitions. After statistical averag-
ing, for different CAT intensities and atmospheric Brunt–Väisälä frequency N conditions,
the variation in the detection range R of the airborne 532 nm LiDAR system with an alti-
tude of H is obtained, as shown in Figure 8. The detection range R is enlarged with the
increase in CAT intensity and frequency N. In the cruising altitude from 6 km to 12.6 km,
R decreases with the increase in H, and the maximum cruising altitude H = 12.6 km cor-
responds to the minimum R. When H = 12.6 km and N = 0.01 rad/s, it can be seen from
Figure 8a that, for EDR = 0.4 m2/3/s (light-to-moderate CAT), EDR = 0.7 m2/3/s (mod-
erate CAT), and EDR = 1.0 m2/3 s−1 (severe CAT), the R of the LiDAR system is 7.5 km,
10.1 km, and 12.8 km, respectively. Under a larger frequency N = 0.02 rad s−1, it is shown
in Figure 8b that the R of the LiDAR system is 7.5 km, 10.1 km, and 12.8 km, respectively,
for EDR = 0.4 m2/3 s−1, EDR = 0.7 m2/3 s−1, and EDR = 1.0 m2/3 s−1, R is 11.7 km, 16.0 km,
and 19.2 km, respectively.
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It can be seen that, without considering the influence of the aircraft altitude and other
changes in the LiDAR detection system, the 532 nm airborne LiDAR system proposed in
this paper can effectively suppress the atmospheric aerosol backscattering signal, reduce
the interference of the axial wind speed, and at an aircraft cruising altitude of 6–12.6 km,
it can theoretically detect light-to-moderate CAT and moderate CAT at 7.5–12.6 km and
10.1–16.8 km in front of the aircraft, respectively.

5. Conclusions

This paper proposed a 532 nm airborne LiDAR CAT detection method, which incor-
porates the design and use of IMAF, facilitates the LiDAR suppression and detection of
the aerosol backscattering intensity on the aircraft flight path, and solves the technical
problem of CAT detection that cannot be realized by the traditional 355 nm airborne LiDAR
under aerosol interference conditions. The simulation results show that the CAT can also be
detected at a maximum cruising altitude of 12.6 km with 7 km of light-to-moderate intensity
and 10 km of moderate intensity CAT in theory, which has some theoretical significance
for the visible airborne LiDAR system design for remote CAT detection. However, the
low energy utilization of the backscattered light from the IMAF also largely limits the
CAT detection range under aerosol-sparse conditions. Based on this theoretical model,
the structure and parameters of the detection system can be optimized, and a 355 nm and
532 nm dual-wavelength LiDAR system can be constructed by taking advantage of the
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relatively small backscattering of the 355 nm laser, so that the distribution of aerosols on the
flight paths can be monitored in real-time, and switching between the dual-wavelengths is
performed according to the different aerosol conditions, realizing the full coverage prob-
lem of CAT detection under various aerosol conditions in the future. The system will
improve the remote detection capability of CAT and promote the early solution of CAT
detection problems.
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