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1. Introduction

Typhoons, a category of tropical cyclones, account for over a
third of all tropical cyclone occurrences in the Northern
Hemisphere!'. From 2000 to 2009, the Northwest Pacific expe-
rienced 239 typhoons, while 79 occurred in the South China
Sea!®!. In recent years, typhoons have frequently made landfall
in East Asia, causing significant property damage and loss of life
in coastal regions”!. China ranks among the countries most
adversely affected by typhoons in the Western Pacific, experi-
encing an average of 9.3 typhoon landfalls annually®”.
Therefore, it is crucial for disaster mitigation to accurately
obtain wind speed and direction during a typhoon.

Coherent Doppler lidar (CDL) efficiently detects atmospheric
wind profiles from the earth’s surface up to the boundary layer,
offering advantages such as high temporal-spatial resolution,
superior precision, and robust interference resistance!®®!. The
CDL receives backscattered signals from aerosols. The lidar
receiver system mixes the signal with the local oscillation
(LO) light to obtain the Doppler velocity spectrum caused by
the wind field""®!. Radial wind field information at different azi-
muth angles can be obtained by employing a scanner. Finally,
the three-dimensional (3D) wind field is calculated by the

retrieval algorithm!""!,
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A method of spectrum estimation based on the genetic simulated annealing (GSA) algorithm is proposed, which is applied to
retrieve the three-dimensional wind field of typhoon Nangka observed by our research group. Compared to the genetic
algorithm (GA), the GSA algorithm not only extends the detection range and guarantees the accuracy of retrieval results
but also demonstrates a faster retrieval speed. Experimental results indicate that both the GA and GSA algorithms can
enhance the detection range by 35% more than the least squares method. However, the convergence speed of the GSA
algorithm is 17 times faster than that of the GA, which is more beneficial for real-time data processing.
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Depending on the algorithm’s processing target, 3D wind
field retrieval algorithms can be broadly categorized into two
types: those based on radial wind speed such as the least square
method (LSM)!"?'*! and those based on spectrum estima-
tion"?), The retrieval algorithms based on radial wind speed
require radial wind speed information, resulting in the retrieval
accuracy of the algorithm being heavily dependent on the mea-
surement accuracy of radial wind speed. These algorithms
perform poorly when the carried-to-noise ratio (CNR) is low.
However, spectrum estimation methods do not require radial
wind speed information. Instead, they leverage the correlations
among Doppler velocity spectra in different azimuths, enabling
the retrieval of 3D wind field from weak signals. In 2019, the
French Aerospace Lab (ONERA) developed an airborne CDL
system named LIVE, which employed spectral estimation for
retrieval'®!. Tt retrieved wind vector information effectively.
In 2020, Yuan et al. proposed a retrieval method of spectrum
estimation based on the genetic algorithm (GA) to retrieve
the 3D wind field, which was applied in the multi-azimuth, sta-
tionary, staring CDL developed by the Shanghai Institute of
Optics and Fine Mechanics (SIOM)!"”). This method demon-
strated superior global optimization capabilities and produced
more accurate retrieval results. In 2023, Zhao et al. used a
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spectrum estimation method based on the GA to realize the 3D method. Therefore, the wind vector V can only be estimated
wind field retrieval of airborne flight data in the ground coordi- by the optimization algorithm.
nate system after the attitude correction and height matching of
the retrieval data'®!. However, the low computational efficiency
of the genetic algorithm remains a challenge for real-time data ~ 2.2. Spectrum estimation method based on the GSA
processing. algorithm

To improve the speed of the algorithm, we propose a retrieval
method of spectrum estimation based on the genetic simulated
annealing (GSA) algorithm to retrieve coherent Doppler lidar
3D wind field. Compared to the GA, the GSA algorithm can
not only improve the detection distance but also accelerate the
retrieval speed. To validate the retrieval capabilities of GSA algo-
rithm, it is applied to the 3D wind field retrieval of typhoon
Nangka data acquired by our research group in Qionghai
City, Hainan Province, China, on October 12, 2020.

Despite the GA’s ability to search for global optimization with-
out additional information and using probability rules to search,
its convergence speed is slow'*"*?). To address this issue, we pro-
pose the GSA algorithm to seek optimal solutions. The GSA
algorithm not only retains the advantages of GA but also accel-
erates the convergence speed. Specifically, the GSA algorithm
merges the global search ability of GA with the local refinement
of simulated annealing (SA), enhancing the efficiency and qual-
ity of solutions in complex optimization problems. The detailed
procedures of the GSA algorithm are as follows.

2. 3D Wind Field Retrieval Algorithm and CDL System

(i) Define the solution set range V,,, (including V,, V,,

2.1. Wind field retrieval based on the spectrum estimation and V) for wind vectors and the total number of azi-

muths N,.

method (if) Establish the initial population using binary encoding,
Unlike 3D wind field retrieval methods reliant on radial wind wherein the wind vector is converted into a gene
speed, the spectrum estimation method for wind field retrieval sequence of 25-bit binary, with V., V,, and V occupy-
can directly extract 3D wind field information from spectral ing 9, 9, and 7 bits, respectively. The horizontal and ver-
data. It allows comprehensive use of spectrum information even tical wind speed ranges are [—25, 25] m/s and [—5, 5] m/
when the correct radial wind speed cannot be retrieved from a s, respectively, so the corresponding solution’s set preci-
single azimuth. Besides, spectrum estimation aggregates signals sions are 0.098 m/s and 0.078 m/s, respectively. Use
across various azimuths and averages noise signals, resulting in Eq. (2) as the evaluation function. Modify the selection
high retrieval accuracy in low CNR areas. operation by sorting individuals based on the evaluation

According to lidar principles!”’, the relationship between the function in ascending order, and then divide them into
Doppler frequency shift and the wind speed vector can be three segments: front, middle, and rear. Perform selec-
expressed as follows: tion for each group with probabilities of 0.6, 0.8, and

1, respectively. To maintain a stable population size,
high-quality individuals from the rear group are used
to replace those eliminated from the population. Then
determine the crossover probability P,, mutation prob-

2
fi=fu+ E[(V" cos f3; + V, sin ) sin a; — V, cos a;], (1)

where f; is the Doppler shift under different azimuth angles, . ability P,,, and maximum number of iterations Ng,.
is the intermediate frequency, 4 is the laser wavelength, and V, (ili) Conduct a random search of different individuals within
V,, and V, are the components of the wind vector V. f3; is the the solution set range. This process involves selection,
azimuth angle, and «; is the elevation angle of the system. crossover, and mutation operations to produce new indi-
Given Eq. (1), the Doppler frequency shift for each azimuth viduals and eliminate individuals with lower evaluation
can be calculated through the known 3D wind vector. The spec- functions. Through continuous evolution, the popula-
trum intensity accumulation of different azimuths'*” can be tion gradually approaches the global optimal solution.
computed as (iv) Generate the current individual solution V; and evalu-

ation function J; after the genetic operations conclude.

N, Introduce perturbations to generate new individual sol-

S(V) = Z[Wi(fi)]’ ) utions V, and calculate the corresponding evaluation
=1 function J,; then compute A] =], — J;.

(v) Set the initial temperature T, and the maximum number

where V is the wind vector, N, is the number of the azimuth, and of iterations Ngs. When AJ > 0 or exp(A]/Tyiy) >

W(f,) is the measured value of spectrum intensity correspond- rand(1), accept V,, otherwise reject V,. Here, T,
ing to f;. When S(V) reaches its maximum value, V is the actual represents the annealing temperature at the (N + 1)th
wind vector. iteration.

It is noted that there are three variables, V,, V,, and V, and
there is no analytical solution in the spectrum estimation The flow chart of the GSA algorithm is shown in Fig. 1.
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Fig. 1. Flow chart of the GSA algorithm.

2.3. CDL system

The CDL system is a 1540 nm all-fiber airborne pulsed coherent
Doppler lidar developed by our research group in 2016, as
depicted in Fig. 2. This system employs an all-fiber single-fre-
quency pulsed laser with a pulse energy of 300 pJ, a pulse width
0f 400 ns, and a repetition frequency of 10 kHz. The system uses
a projection-type scanning mirror for velocity azimuth display
(VAD) scanning, with a scanning elevation angle of 20°.
Measurements are taken at 8 scanning azimuths with intervals
of 45°. The telescope aperture is 100 mm. Additionally, our
research group has developed a real-time signal processing
board, which acquires wind profiles every 20 seconds, collecting
and processing heterodyne frequency signals from the pulse
power spectra accumulated at a rate of 10,000 pulses per second.
The main parameters of the CDL system are shown in Table 1.

Table 1. Main Parameters of the CDL System[zs].

Parameter Value Unit
Wavelength 1540 nm
Pulse energy 300 0
Pulse width 400 ns
Pulse repetition rate 10 kHz
Power of LO 0.8 mw
Telescope aperture 100 mm
Elevation angle 20 Degree
Intermediate frequency 160 MHz
Sampling rate of AD converter 1 Gs’
Blind distance 180 m
Range resolution 60 m

3. Results and Analysis of Field Experiment

3.1. Overview of typhoon Nangka

On October 12, 2020, typhoon Nangka was named in the central
and eastern regions of the South China Sea. Its wind intensity
continuously strengthened as it moved in a northwestern direc-
tion. It made landfall along the coast of Qionghai City, Hainan
Province, China, at 19:00 on October 13, with a central wind
speed of around 25 m/s. After crossing Hainan Island, it contin-
ued westward and hit the coast of Thanh Hoa, Vietnam, at 18:00
on October 14. The path of the typhoon is depicted in Fig. 324,
Compared to traditional atmospheric wind fields, typhoons are
characterized by strong wind speed and rapid change. These
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Fig. 3. Moving path of typhoon Nangka.

characteristics present new challenges for the use of coherent
Doppler lidar.

3.2. Field experiment and algorithm parameter setting

In this experiment, five types of unmanned aerial vehicles
(UAVs) were used to observe the typhoon. All these UAVs took
off from Qionghai in Hainan, China, situated merely 40 km
away from the typhoon, within the hazardous semi-circle of
the typhoon’s moving path. On October 12, 2020, our research
group used the CDL system, inertial navigation system (INS),
and global positioning system (GPS) to observe typhoon wind
speed and record the speed and attitude angle (yaw, pitch,
and roll) of the UAV. The flight path of the UAV during the
experiment is depicted in Fig. 4. As the accuracy and reliability
of the CDL system retrieval results have been validated!'®), this
paper will focus on comparing the retrieval capabilities of differ-
ent algorithms.

According to Section 2.2, we set the ranges for V, and V,, as
[-25, 25] m/s, and the range for V, as [-5, 5] m/s. Besides,
N,=16,P, =09, P,,=0.1, Ngs = 10, Ng4 = 50, and T, = 0.1.
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Fig. 4. The flight path of the UAV.
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3.3. Observation results and discussion

To validate the retrieval capability of the GSA algorithm under
low detectability conditions, the 4 sets of the wind profiles
retrieved by LSM, GA, and GSA algorithms are compared, as
shown in Fig. 5. The results of the three algorithms are essen-
tially consistent in areas above 800 m characterized by high
detectability. However, in the lower detectability region below
800 m, the LSM fails to generate retrieval results, but both the
GA and GSA algorithm can expand the detection range by
approximately 35% more than LSM. This result can be explained
as follows: at low CNR regions, the LSM algorithm’s effective-
ness is limited due to no useful radial wind data, whereas the
GA and GSA algorithm based on spectrum estimation effec-
tively reduce noise interference by accumulating signals from
various directions, achieving higher retrieval accuracy even
when accurate radial wind speeds cannot be obtained from a sin-
gle azimuth. This demonstrates the high retrieval ability of both
the GA and GSA algorithm.

To further verify the reliability of the retrieval results by the
GSA algorithm, we compared 1080 samples of the horizontal
wind speed and direction retrieved by the GSA algorithm with
those retrieved by the GA, corresponding to altitudes ranging
from 180 m to 2670 m, as shown in Figs. 6(a) and 6(b). The cor-
relation coefficients of the horizontal wind speed and direction
between the two algorithms exceed 0.985. The mean bias is
0.24 m/s and 1°, respectively, and the root mean square error
(RMSE) is 0.38 m/s and 1.5° respectively. The data sets show
a significant positive correlation, indicating that the GSA algo-
rithm can be effectively applied to 3D wind field retrieval.

To demonstrate the high computation efficiency of the GSA
algorithm, we compared it with the GA by observing the varia-
tion of the evaluation function with the iteration times. Figure 7
illustrates that the GA needs 50 iterations to converge, while the
GSA algorithm converges in just 14 iterations. Furthermore, the
time required for one iteration of the GA and GSA algorithm is
34 ms and 6.87 ms, respectively. Thus, the GSA algorithm and
GA reach their convergence limits in 96 ms and 1.7 s, respec-
tively. Therefore, the computational efficiency of the GSA algo-
rithm is 17 times higher than that of GA, which is more
beneficial for real-time data processing.
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