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Introduction: Aerosols affect the radiation budget of the Earth’s atmospheric system. The aerosol particle size distribution (PSD) is one of the main parameters for characterizing the effect of aerosol on radiative forcing.
Methods: The extinction coefficient and backscattering coefficient at 355 and 532 nm and backscattering coefficient at 1064 nm of aerosol particles over Yinchuan area, China, which measured by a multi-wavelength lidar developed by North Minzu University, were used to retrieve the aerosol PSD. In view of the disadvantages of traditional regularization methods, the elitist Non-Dominated Sorting Genetic Algorithm (NSGA-II) is selected to retrieve PSD.
Results and Discussion: To verify the feasibility for retrieval of aerosol PSD, the NSGA-II with different errors in the input optical signal was simulated, in which the errors of the inverted PSD are still in the acceptable range when 35% error added into the optical parameters. Moreover, some experiments were carried out under different atmospheric conditions, including background sunny, cloudy and dusty days, and comparisons were performed with Multiple Population Genetic Algorithm (MPGA) and Simple Genetic Alogrithm (SGA) method. The results show that the retrieval effect of NSGA-II was better than that of MPGA and SGA, and the NSGA-II is very suitable for retrieve PSD by using the multi-wavelength lidar data.
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1 INTRODUCTION
Atmospheric aerosols are particles suspended in the atmosphere in a solid or liquid state. Aerosol particles have an impact on the Earth’s radiation budget and have the direct and indirect effect. In addition, the aerosols also have a great impact on the air quality and solar energy production (Carslaw et al., 2010; Paramonov et al., 2013; Querol et al., 2013; Wang et al., 2020; Wang et al., 2021a; Wang et al., 2021b; Lolli, 2021). The direct effect is determined by the optical properties of aerosols, it directly affects the atmospheric radiation balance by absorbing and scattering solar radiation, which is called aerosol-radiation interaction. The indirect effect is determined by the aerosol-cloud interaction, which affects the cloud formation process by acting as cloud condensation nuclei, moreover changing the optical properties of the cloud, cloud cover, cloud lifetime, etc. The indirect effect is specifically divided into “the first indirect effects” and “the secondary indirect effects”. The first indirect effects are also called “Twomey effect”, which means that under the condition that the total amount of water content in the cloud is unchanged, the change in the number concentration and size distribution of aerosols causes changes in the concentration and size distribution of cloud droplets, thereby affecting the albedo of the cloud body (Twomey, 1974; Twomey, 1977). The secondary indirect effect refers to that the change of aerosol number and size will affect the formation rate of cloud droplets, thus changing the cloud thickness, life cycle and probability of precipitation (Albrecht, 1989).
In recent years, some scientists have researched the particle size distribution (PSD) retrieval methods based on active and passive remote sensing. Passive remote sensing refers to the detection system without a radiation source in the remote sensing system. In other words, the detection instrument obtains and records electromagnetic or optical waves emitted or reflected by the target object from a natural radiation source (such as the Sun) itself to achieve atmospheric detection, such as a sun-photometer (Holben et al., 1998) and particle size spectrometer. In 2017, Sellitto et al. measured regional aerosol optical depths (AOD) and plume Ångström parameters using a multi-wavelength sun-photometer, in addition, discussed the effects of different wavelengths on the Ångström parameters. (Sellitto et al., 2018). In the same year, Chen et al. used CIMEL sun-photometer to conduct columnar aerosol measurements of Harbin City, a metropolis at the highest latitude in northeast China, moreover analyzed the local aerosol properties and their changes in different aspects (Chen et al., 2018). In 2019, Mao et al. analyze the aerosol optical and microphysical characteristics, including AOD and PSD, over Yinchuan area, China, using CE-318 sun-photometer and combing the ESR. pack algorithm (Xue et al., 2021).
Active remote sensing refers to a remote sensing system that transmits some form of electromagnetic or light wave to a target from an artificial radiation source on a remote sensing platform, and then receives and records its return signal through a sensor. Its advantage is that it does not rely on solar radiation, can work day and night, and can actively choose emission wavelengths and modes according to different detection purposes. For example, lidar, acoustic radar and infrared radar are all kinds of active remote sensing. In 1985, Muller et al. proposed the possibility of inverting aerosol PSD by the extinction and backscattering coefficient of multi-wavelength lidar. However, from the extinction backscattering coefficient of lidar, the inversion of aerosol PSD still has many difficulties to be solved (Muller and Quenzel, 1985). In 2004, Veselovskii et al. used the extinction and backscattering coefficients of 355, 532, 1,064 nm of lidar to invert the bimodal aerosol PSD, and the uncertainty problem of constrained solutions is reduced to a certain extent (Veselovskii et al., 2004). In 2015, Chemyakin et al. used the multi-wavelength Raman lidar to invert the aerosol volume concentration, proved that non-uniqueness is the main source of retrieval difficulty, and proposed methods that may theoretically partially compensate for this difficulty by limiting the particle radius range (Chemyakin et al., 2016). In 2015, Sitarek et al. constructed a new objective function according to the lidar ratio (ratio of aerosol extinction to backscattering coefficient) to avoid the backscattering coefficient error at 355 nm and 1064 nm channels, to achieve the PSD inversion (Sitarek et al., 2016). In 2017, Lv et al. used the extinction and backscattering coefficient at 355, 532, and 1,064 nm to retrieve CCN concentration, they used 3β+2α to obtain aerosol PSD, then retrieve CCN concentration according to the aerosol hygroscopic growth factor and Kohler theory, and finally made the error analysis (Lv et al., 2018). In 2019, Tan et al. proposed a new method to invert CCN by multi-wavelength Raman lidar, they used relative humidity to obtain the hygroscopic growth factor, then used dry backscattering and extinction to calculate CCN number concentration (Tan et al., 2019). In 2022, Sannino et al. used new Monte Carlo algorithm to obtain aerosol trajectories from lidar, Sun photometer and satellite data, and retrieved the aerosol PSD from the optical data measured by lidar (Sannino et al., 2022).
Generally, the aerosol PSD retrieval belongs to the Fredholm integral equation of the first kind, and the classical method for solving the equation is regularization method. Muller et al. shows that three extinction coefficients and two backscattering coefficients, namely, 3β+2α, are the best combination for regularization method (Muller et al., 1999). However, in fact, 3β+2α only builds five equations. When generally using two or three lognormal functions to represent the aerosol PSD, there will be six or nine unknown parameters need to be determined, so the regularization method cannot get the six or nine unknown parameters.
Genetic algorithm (GA) has high calculation accuracy, short computing time, and good robustness, which has been widely used in many fields and achieved good results on some parameter optimization problems. GA has also had some practical applications in the inversion of aerosol PSD. In 2011, Zuo et al. used linear regression (LR), GA and annealing genetic algorithm (AGA) to study the stability and accuracy of aerosol PSD inversion, and found that by using AGA, the inversion results were slightly better than GA and much better than LR (Zuo and Jing, 2011). In 2016, Mao et al. employed the backscattering coefficients and extinction coefficients of 1,064, 532, and 355 nm obtained from a multi-wavelength lidar to retrieve the aerosol PSD by innovative multiple population genetic algorithm (MPGA), and some experimental validation was also performed in different weather conditions over Yinchuan area, China (Mao et al., 2016a). In 2021, Guo et al. proposed a modified Tikhonv regularization method based on a GA to retrieve the non-spherical aerosol PSD and analyzed the influence of the optical parameter on the inversion algorithm (Guo et al., 2021).
Whether for regularization method or genetic algorithm, the theoretical optical parameters at each wavelength are compared with the optical parameters obtained from the experimental data, and their differences, namely, errors, can be taken as the objective functions. Generally, the sum of these errors is taken as an objective function and is minimized, and the GA can be used to solve this problem. However, The disadvantage of using the total error as objective function is that the impact of the error value at each wavelength on the total error cannot be taken into account. In fact, the regularization method treats the error minimization in the same as multiple population genetic algorithms, which only minimizes the total error of the five optical parameters. If the error of one optical parameter is larger than the remaining four optical parameters, there is a large error in the number concentration at a certain radius. If the error at each wavelength can be taken as an objective function, the contribution of each error to the objective function will be considered, undoubtedly, a multi-objective genetic algorithm is the most appropriate and can comprehensively balance the optical errors of each channel.
In this study, a novel PSD retrieval method based on a multi-objective genetic algorithm was proposed using 3β+2α data from multi-wavelength lidar. The aerosol PSD was obtained by searching for the optimal six parameters from a certain range of data. Some experiments were performed under different weather conditions and the results were analyzed. The inversion method based on the multi-objective genetic algorithm is described in Section 2, the experiment and results analysis are discussed in Section 3, and a conclusion was obtained in Section 4.
2 METHODOLOGY
2.1 Backscattering coefficient of extinction of aerosol
Aerosol extinction coefficient and backscattering coefficient are the main optical parameters of aerosols, which can be used to further invert aerosol parameters, such as aerosol PSD, optical refractive index and so on. In this paper, the Fernald method is used to solve the extinction coefficient:
[image: image]
where, z represents the detection height, [image: image] is the aerosol extinction coefficient at height z. [image: image] is the extinction coefficient of atmospheric molecules and may be determined by meteorological data or by standard atmospheric models. [image: image] is the ratio of atmospheric molecular extinction coefficient and backscattering coefficient, and [image: image] is the ratio of aerosol extinction coefficient and backscattering coefficient (namely, lidar ratio). In this paper the standard atmospheric model is used to calculate the extinction coefficient of atmospheric molecules.
In the Fernald method, the lidar ratio must be assumed. Recent observations suggest that lidar ratios range between 40 and 55 Sr In fact, Yinchuan area is located in the mid latitude region, in using the Fernald or Klett methods, in this paper, the lidar ratio of different wavelengths is selected as the constant value, namely, 40, 50 and 50 Sr for the wavelengths of 1,064, 532 and 355 nm, respectively (Mao et al., 2016b).
2.2 Color ratio
The color ratio can reflect the size characteristics of the aerosol particles and refers to the ratio of the backscattering coefficient of 1064 nm to the total backscattering coefficient of 532 nm, which is defined as:
[image: image]
where, β532T(z) represents the total backscattering coefficient, namely, the sum of the [image: image] and [image: image]. The color ratio is positively related to the particles size, that is, the increase of the ratio with the particles size increase. Generally, for dust aerosols, the color ratio is between 0.3 and 1.5, and mostly gathers around 0.8, while for soot-type aerosols, the color ratio of the is mostly clustered around 0.35 (Twomey, 1977).
2.3 Relationship between aerosol extinction coefficient and PSD
The relationship between the aerosol extinction coefficient and the PSD can be expressed by:
[image: image]
where [image: image] represents the PSD with particle radius r at height z, which can be described by number, surface area and volume distribution, respectively. In Eq. 3, [image: image] is the kernel function of the extinction efficiency factor, which depends on the particle radius r, the complex refractive index m, the wavelength λ, and the particle shape s. According to Mie scattering theory, aerosols can be approximately considered to be spherical particles, The kernel function [image: image] is given by:
[image: image]
where, [image: image] is the extinction efficiency factor.
Similarity, the relationship between the aerosol backscattering coefficient and the PSD can also be expressed by:
[image: image]
[image: image]
where, [image: image] is the kernel function of the backscattering efficiency factor. For the kernel function, as r increases, the efficiency factor [image: image] is decayed in the oscillation and eventually tends to be a constant. Its oscillatory properties are closely related to the complex refractive index and have obvious differences under three different complex refractive indexes for cities, biomass combustion and desert aerosols, as shown in Figure 1. Figure 2 shows the relationship between the extinction efficiency factor and the particle radius at different wavelengths. Figure 3 shows the relationship between the backscattering efficiency factor and the particle radius at different wavelengths. From Figure 2 and Figure 3, the first main peak lies in between 0.1 and 1 μm, and as the wavelength λ increases, the position of the first main peak moves in the same direction with the particle radius r. Since the Yinchuan area is surrounded by four deserts, with high altitude, dry and dusty climate, it belongs typical semi-arid climate in northwest China, the complex refractive indexes m is chosen 1.55–0.01i to retrieve (Mao and Li, 2014). The extinction efficiency factors and backscattering efficiency factors.
[image: Figure 1]FIGURE 1 | The extinction efficiency factors for the three types of aerosols.
[image: Figure 2]FIGURE 2 | The extinction efficiency factors at 355 nm and 532 nm.
[image: Figure 3]FIGURE 3 | The backscattering efficiency factors at 355 nm, 532nm, 1,064 nm.
2.4 Mie scattering theory
The scattering that occurs when the size of the aerosol particles is close to or greater than the wavelength of the incident laser when the laser is transmitted in the atmosphere is called Mie scattering. The corresponding scattering and extinction efficiency factors for Mie scattering are given by:
[image: image]
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where the n can be calculated by the following equation:
[image: image]
2.5 Aerosol PSD and effective radius
According to the size and production mechanism, aerosols can be divided into two types: fine ([image: image]) and coarse ([image: image]) particle patterns. In some functions, [image: image] representing the number size distribution. Because the lognormal distribution can represent the size distribution of the dust grains quite well, a combination of two lognormal distributions is selected for describing the PSD:
[image: image]
where [image: image] is the total particle number concentration of the ith mode, [image: image] is the median radius, and [image: image] is the geometric standard deviation. The subscript [image: image] refers to the fine mode and coarse mode, respectively. Therefore, two modes have a total of six unknown parameters. Among them, [image: image] and [image: image] have a small range, but the scope of [image: image] is particularly large, its search scope needs to be narrowed.
Another parameter, the aerosols particle effective radius, can be used to describe the physical properties of the aerosol particle, that is, judging the proportion of coarse and fine particles increases or decreases, which is defined as:
[image: image]
2.6 NSGA-II algorithm for aerosol PSD inversion
GA can find optimal solutions by simulating the “survival of the fittest” principle during natural evolution. In practice, the simple genetic algorithm (SGA) has been popular for the optimization problem application. However, SGA has many disadvantages. For example, SGA is easy to sink into local optima, and its search efficiency is very low. SGA has only one population and all operations aim at this single population.
In contrast, MPGA can use multiple subpopulations to replace a single population of SGA and perform their respective search processes in feasible solution domains. Each subpopulation can evolve in parallel according to different evolutionary strategies and genetic operations. Compared with SGA, MPGA has some obvious advantages. For example, to maintain the evolutionary stability of the best individuals, MPGA can accelerate the evolutionary speed and outcome the premature convergence of SGA to some extent. However, because of the large range of [image: image], and [image: image] in Eq. (12), the MPGA algorithm cannot avoid sinking into local optima.
As mentioned above, the difference between the theoretical optical parameters at each wavelength and the optical parameters obtained by the experimental data can be defined as objective functions and the total sum of errors is as a objective function for minimization. The advantage of using the total error as the objective function is that the algorithm is simple, but the disadvantage is that the impact of the error value at each wavelength on the total error cannot be taken into account. This problem exists in SGA and MPGA. Therefore, if the error at each wavelength is taken as an objective function and the contribution of each error to the objective function is considered, the multi-objective genetic algorithm is undoubtedly the most appropriate. In this paper, the multi-objective genetic algorithm and successive approximation method are selected, which can avoid premature convergence and have significant superiority in optimizing multiple-objective functions.
For multi objective genetic algorithm, the existence of multiple objectives in a problem will in principle produce a group of optimal solutions, rather than a single objective optimal solution. In this paper, the NSGA-II is used to invert the aerosol PSD. The unknown parameters are randomly obtained in a large solution space, which yields different [image: image], and the Mie theory is used to calculate the aerosol extinction coefficient and backscattering coefficient. The difference between the theoretical value and the measured value is calculated, and the square of the difference is taken as the objective function value of the NSGA-II algorithm. After multiple generations of evolution, the optimal solution was calculated. Because the parameters range of [image: image] and [image: image] is too large, to improve the accuracy of the NSGA-II algorithm, the smaller ranges can be obtained by the successive approximation method. The detail steps can be given as follows:
(1) The parameter ranges of the three models are used to retrieve the PSD. The 40-bit binary string is used to replace the five real parameters, and the binary string is decoded to obtain the parameters within the value range. These unknown parameters [image: image], [image: image], [image: image], [image: image], and [image: image] and a certain parameter [image: image] are substituted into Eq. 6 to obtain [image: image].
(2) The complex refractive indices [image: image] and [image: image] are substituted into Eq. (5) to calculate the extinction kernel function and the backscattering kernel function.
(3) The [image: image], extinction kernel function, and backscattering kernel function in steps (1) and (2), are substituted into Eqs 3, 5 to obtain the theoretical value of extinction coefficient and backscattering coefficient.
(4) The unknown objective functions J1-5 are defined as follows: [image: image], [image: image], [image: image], [image: image], and [image: image], where the subscripts T and A represent theoretical value and measured value, respectively.
(5) If there are parent non-dominant individuals, the first generation subgroup will be generated, if not, performing the non-dominant ranking. The parameters [image: image], [image: image], [image: image], [image: image], and [image: image] are all updated, and Steps (1), (2), (3), and (4) proceeded until the first generation of subgroups is generated.
(6) When the evolutionary generation numbers Gen = 2, the parent generation, and the child generation are merged, and the individual is selected to generate a new parent population, which has four small steps: the non-dominated layering of the individual, calculation of crowding degree, calculation of fitness, and selection based on fitness ranking.
(7) Then the selection, crossover, and mutation process of the chromosome are carried out. If the Gen is more than the maximum generation numbers, the evolution process will be stopped. If it is less than the maximum generation numbers, Gen = Gen+1 and Step (6) will be executed.
Figure 4 shows the flow chart of the aerosol PSD inversion algorithm based on the NSGA-II algorithm.
[image: Figure 4]FIGURE 4 | The flow chart of the aerosol PSD inversion based on NSGA-II algorithm.
3 EXPERIMENT RESULTS AND ANALYSIS
3.1 Preparation of the initial data
The Fernald method is used to retrieve aerosol extinction coefficient and backscattering coefficient at 355 and 532 nm and backscattering coefficient at 1064 nm.
The value range of the six parameters [image: image], [image: image], [image: image], [image: image], [image: image], [image: image] that need to be inverted are listed in Table 1, where [image: image] is the total particle number concentration of the ith mode, [image: image] is the median radius, and [image: image] is the geometric standard deviation, and the subscript [image: image] refers to the fine mode and coarse mode. Because [image: image] has been identified in the three modes, so we only need to reverse the five parameters.
TABLE 1 | Three typical parameter ranges for the aerosol bimodal distribution (Dubovik et al., 2002; Veselovskii et al., 2004).
[image: Table 1]Moreover, the initial parameter setting of the multi-objective genetic algorithm are listed in Table 2.
TABLE 2 | The initial settings of the three intelligent genetic algorithms.
[image: Table 2]3.2 Simulation and analysis with error
To verify the feasibility of NSGA-II algorithm for retrieval of aerosol PSD, some simulations, in which the different errors are superimposed on the input optical data, were carried out. A group of data from the parameter ranges of the three models listed in Table 1 was selected to obtain the PSD, which acted as a real value. The group of data is substituted into Eqs 3, 5 to calculate the aerosol extinction coefficient and backscattering coefficient. While a certain error is added to the calculated extinction coefficient and backscattering coefficient to invert the PSD, which is acted as a calculated value, respectively. The inversion average error of the PSD is defined as:
[image: image]
where r is the aerosol particle radius, [image: image] is the real PSD value, and [image: image] is the calculated PSD value.
3.2.1 An error-free inversion
Assuming the six parameters of the PSD being 2, 0.7, 0.65, 0.1, 0.45, 0.076 according to Table 1 and substituting these parameters into Eqs 3, 5, the extinction and backscattering coefficient are calculated as [image: image], [image: image], [image: image], [image: image], and [image: image], respectively. The five optical parameters without adding errors are used to invert the PSDs using the NSGA-II, MPGA, and SGA algorithms, respectively, the results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | The PSD without adding error. (A) The aerosol particle number size distribution; (B) the aerosol particle area size distribution. (C)relative error of the particle number size distribution.
As can be seen from Figure 5C the relative error of the number concentration at the radius greater than 0.8 μm inverted by the NSGA-II algorithm is the smallest of the three, and the relative error is also around 2% at the radius less than 0.8 μm. So the NSGA-II algorithm has certain advantages compared with the other two algorithms.
3.2.2 The 5% error added into different wavelength, respectively
Figure 6 shows the aerosol PSD using three algorithms when adding 5% error added into the optical parameters of 355, 532 and 1,064 nm channels, respectively. Table 3 lists the inversion relative errors (REs) of the aerosol PSD by three algorithms. It is clear from Figure 6 and Table 3, the error of the 355 nm channel has less effect on the result of the PSD inversion than that of the 532 nm channel. Moreover, for the three algorithms, the error inverted by the NSGA-II algorithm is minimal for all channels.
[image: Figure 6]FIGURE 6 | The aerosol PSD when adding 5% error added into 355, 532 and 1,064 nm channel, respectively. (A) When adding 5% error added into 355 nm signal, the particle number size distribution; (B) when adding 5% error added into 355 nm signal, the particle area size distribution; (C) when adding 5% error added into 532 nm signal, the particle number size distribution; (D) when adding 5% error added into 532 nm signal, the particle area size distribution; (E) when adding 5% error added into 1,064 nm signal, the particle number size distribution; (F) when adding 5% error added into 1,064 nm signal, the particle area size distribution.(G) when adding 5% error added into 355 nm signal, relative error of the particle number size distribution (H) when adding 5% error added into 532 nm signal, relative error of the particle number size distribution (I) when adding 5% error added into 1,064 nm signal, relative error of the particle number size distribution.
TABLE 3 | The inversion REs of the aerosol PSD when adding 5% error added into 355, 532, and 1,064 nm channel, respectively, by three algorithms.
[image: Table 3]3.2.3 The 20% error added into all wavelength
Figure 7 shows the inversion results of the three algorithms when the all five optical parameters are all randomly added with an error of 20%.
[image: Figure 7]FIGURE 7 | The inversion results of the three algorithms when the all five optical parameters are randomly added with an error of 20%. (A) The aerosol particle number size distribution; (B) the aerosol particle area size distribution. (C) the 20% error added into all wavelength, relative error of the particle number size distribution.
From Figure 7, the PSD inverted by NSGA-II is closest to the true value comparing other two algorithm in whole radius range. From Figure 7C, the relative error of the number concentration at a radius less than 0.8 μm retrieved by the NSGA-II algorithm is the smallest among the three, and the relative error at a radius greater than 0.8 μm is very close. So the NSGA-II algorithm has certain advantages compared with the other two algorithms.
3.2.4 The 35% error added into all wavelength
Figure 8 shows the REs when the 35% error added in all wavelength. From Figure 8, the inversion error of the NSGA-II algorithm is still acceptable, and REs of the PSD is much smaller than that of the MPGA and SGA algorithms.
[image: Figure 8]FIGURE 8 | The REs when the 35% error added in all wavelength.
Table 4 shows the relative inversion errors of the PSD with several times. Comparing other two algorithms, the inversion effect of NSGA-II algorithm is the best and its inversion errors are still in the acceptable range when 35% error added into the optical parameters, which proves that using NSGA-II algorithm to invert the PSD is feasible.
TABLE 4 | The REs of the PSD with several times.
[image: Table 4]3.3 Experimental results and analysis
As mentioned above, Yinchuan area is located in the northwest of China, surrounded by four deserts. In the west, north and east of Yinchuan area, there are Tengger Desert, Badain Jaran Desert, Ulanbuhe Desert and Maowusu Desert. Yinchuan area belong to the typical continental arid and semi-arid climate, there are four distinct seasons, and there are many sand and dusty weather in spring, with an average annual rainfall of 200 mm. A Multi-wavelength lidar has been devolved and located in Teaching Building 17 at North Minzu University (38°29N, 106°06E) in Yinchuan, China (Mao et al., 2016b). Figure 9 shows the schematic diagram of multi-wavelength lidar system. Table 5 list the parameters of the lidar. To verify the feasibility of using the proposed algorithm, some experiments have been conducted since March 2021.
[image: Figure 9]FIGURE 9 | The schematic diagram of all-time six channels multi-wavelength polarization Raman lidar system. BS0-3: Dichroic mirrors, M0-1: Reflector, IF0-4: Interference filters, PMT0-4: Photomutiplier, APD: Avalanche photodiode, L0-6: Lens.
TABLE 5 | The system parameters of the lidar system.
[image: Table 5]Figure 10 shows the extinction coefficients at wavelengths of 1,064, 532, and 355 nm at 21:22 Beijing time on 7 April 2021, as well as the Ångström exponent distributions, aerosol PSDs inverted from the NSGA-II algorithm, effective radius profile of the aerosol particles. It was a sunny on that day.
[image: Figure 10]FIGURE 10 | The extinction coefficients at different wavelengths at 21:22 Beijing time on 7 April 2021, as well as the Ångström exponential distributions, aerosol PSDs inverted from NSGA-II algorithm. (A) The extinction coefficients at 532, 355, and 1064 nm wavelengths; (B) the Backscattering coefficients at 532, 355, and 1,064 nm wavelengths; (C) the Ångström exponent profiles with 1,064/355, 1,064/532, 532/355; (D) the PSD at different heights inverted by the NSGA-II inversion; (E) the effective radius profile plot of the aerosol particles.
In Figure 10C, the Ångström index at 532/355, 1,064/355, and 1,064/532 from 2 to 2.6 km, 3.3–4 km all increase, so under the lower troposphere, the number of fine particlesincreases with height, and the number of coarse particles decreases with height.
In Figure 10D, when the particle radius is 0.03 < r < 0.1 μm, the aerosol PSD at 2.6 km described by the green curve above the red curve indicates that the number of fine particles is greater than that at 2 km, which is consistent with the conclusion obtained according to the Ångström index above. When the particle radius is 0.07 < r < 0.3 μ m, the aerosol PSD at 4 km of the orange curve above the black curve is indicated the number of fine particles is greater than that at 3.56 km. At r > 1 μ m, the PSDs at 3.56 km and 4 km are less than those at 2, 2.4, 2.6, and 2.8 km, respectively, indicating that the number of coarse particles at 2, 2.4, 2.6 and 2.8 km are all greater than those at 3.56 km and 4 km, which is also consistent with the conclusion.
In Figure 10E, it is obvious that the effective radius of the aerosol particles from 2 km to 4 km is constantly decreasing, which is consistent with the increasing trend of the Ångström index.
Figure 11 shows the extinction coefficients at wavelengths of 1,064, 532, and 355 nm at 21:43 Beijing time on 22 August 2022, as well as the Ångström exponent distributions, aerosol PSDs inverted from the NSGA-II algorithm, effective radius profile of the aerosol particles and depolarization ratio profile at different heights. It was cloudy on that day.
[image: Figure 11]FIGURE 11 | The extinction coefficients, PSDs obtained by the NSGA-II inversion and depolarization ratio profile at different heights at 21:43 Beijing on 22 August 2022. (A) The extinction coefficients at 532, 355, and 1064 nm wavelengths; (B) the Backscattering coefficients at 532, 355, and 1,064 nm wavelengths; (C) the Ångström exponent profiles with 1,064/355, 1,064/532, 532/355; (D) the PSD at different heights inverted by the NSGA-II inversion; (E) Effective radius profile plot of the aerosol particles; (F)the depolarization ratio profile calculated from the 532s and 532p channel.
The type of cloud can be preliminarily judged according to the depolarization ratio. Sassen et al. found that the depolarization ratio of water clouds was less than 0.15, and the depolarization ratio of ice-water mixed clouds was between 0.15 and 0.5 (Sassen et al., 1992). From the depolarization ratio profile shown in Figure 11F, there are water clouds at 2.8–4 km. Figure 11C also shows the increasing 1,064/355 Ångström exponent at 2.8–4 km, indicating the coarse particles increase. This further confirms the presence of water clouds at 2.8–4 km. In Figure 11A, the extinction coefficient at 3.8 km is the largest, and in Figure 11D, the number concentration of aerosol at this height with radius greater than 0.2 μm is also the largest (similar to 2 km). From Figure 11E, the effective radius of aerosol particles decreases firstly and then increases significantly after the cloud layer. The depolarization ratio profile, extinction profile and Ångström exponent profile all reflect the accuracy of the inversion trend of the effective radius of aerosol particles.
Figure 12 shows the extinction coefficient, Ångström exponent, PSDs, and effective radius of aerosol particle under dusty weather conditions on 15 March 2021. Due to the dusty weather, in Figure 12C, the Ångström exponent of 1,064/355 and 1,064/532 is decreasing at height 3–3.5 km, while in Figure 12E the aerosol particle effective radius at same height is increasing, which is consistent with Ångström exponent.
[image: Figure 12]FIGURE 12 | The extinction coefficients, backscattering coefficients, Ångström exponent, PSDs and effective radius profile on the condition of dusty weather on 15 March 2021. (A) The extinction coefficients at 532, 355, and 1064 nm wavelengths; (B) the Backscattering coefficients at 532, 355, and 1,064 nm wavelengths; (C) the Ångström exponent profiles with 1,064/355, 1,064/532, 532/355; (D) the PSD at different heights inverted by the NSGA-II inversion; (E) the effective radius profile plot of the aerosol particles.
Figure 13 shows the extinction coefficient, Ångström exponent, PSD, effective radius and color ratio of aerosol particles under dust weather at 02:20 on 16 March 2021. By comparison, the backscattering coefficient of 1,064 nm in Figure 13 is greater than that in Figure 11, and the number concentration of aerosol particles in Figure 13 is much more than that in Figure 11 Moreover, in Figure 13D, the color ratio above 1.6 km ranges from 0.4 to 0.8, consistent with the range of 0.35–1.5 observed for dust aerosol. In Figure 13F there is a small rise at the height of 2.8–3.2 km. In Figure 13C, there is a significant decrease for 1,064/532 Ångström exponent. In Figure 13E, the effective radius of the aerosol particles at the height of 2.8–3.2 km increases slightly.
[image: Figure 13]FIGURE 13 | The PSDs, extinction coefficients and color ratio profile on the condition of dusty weather at 2:20 on 16 March 2021. (A) The extinction coefficients at 532, 355, and 1064 nm wavelengths; (B) the Backscattering coefficients at 532, 355, and 1,064 nm wavelengths; (C) the Ångström exponent profiles with 1,064/355, 1,064/532, 532/355; (D) the PSD at different heights inverted by the NSGA-II inversion; (E) the effective radius profile of the aerosol particles; (F) the color ratio profiles.
3.4 Error analysis of the experimental results
If the five objective functions are linearly weighted and a comprehensive effect function is used to represent the objective of the overall optimization, the solution corresponding to the optimal effect function is considered the optimal solution of the problem, so that the multi-objective optimization problem is transformed into a single objective optimization problem. The MPGA and SGA inversion algorithms use this model. The feature of this model is that the RE of the overall objective function is small, but it is not guaranteed that the relative REs of the five optical parameters are small at the same time. In the actual inversion process, the RE of extinction coefficient at 1,064 nm is always too high. However, the NSGA-II algorithm can balance the RE of the five optical parameters to a certain extent.
For better comparison, the best settings of the three intelligent algorithms listed in Table 2 are used. Figure 14A shows the PSDs at 1.6 km retrieved by the three intelligent algorithms on 8 April 2021. In Figure 14A, the number concentration inverted from the three algorithms are close to each other at a radius greater than 1 μm, but there are great differences at a radius from 0.02 to 1 μm. In Figure 14B, the RE of the 1,064 nm extinction coefficient is relatively large, while the REs of the extinction coefficient of 355, 532 nm and the backscattering coefficient of 355 nm are particularly small. This inversion result is not what we need. Generally, if the RE of all objective functions are close to each other, that the inversion result will be closer to the real value.
[image: Figure 14]FIGURE 14 | The PSDs and REs on 8 April 2021. (A) The PSDs at 1.6 km retrieved by the three intelligent algorithms; (B) the REs of five optical parameters.
In this paper, the dispersion degree of error is taken as the main evaluation reference, including the objective function J (itself is the absolute error with the experimental observation value), the RE, the range of the RE (ED), the standard deviation (SD) and the dispersion coefficient (COV).
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
where, [image: image] and [image: image] are the actual extinction coefficient measured by lidar and the theoretical values calculated by Mie theory, respectively, [image: image] and [image: image] are the actual backscattering coefficient measured by lidar and the theoretical value calculated by Mie scattering theory, respectively.
Here, the ED, SD, and COV are all used to evaluate the dispersion degree of the overall distribution of the RE. Table 6 lists the REs of the five optical parameters for the three inversion algorithms. The dispersion degree of the RE of MPGA and SGA is much larger than that of NSGA-II in terms of ED, SD, and COV. The REs of the five optical parameters of NSGA-II inversion are relatively closer. Table 7 lists the RE of the total objective function linearly accumulated by the five objective functions, it can be seen that the total RE of the three inversion algorithms is not much different, compared with SGA and MPGA, NSGA-II algorithm has a smaller RE. Therefore, NSGA-II has certain advantages over SGA and MPGA in the inversion of aerosol PSD.
TABLE 6 | The REs of the five optical parameters for the three inversion algorithms.
[image: Table 6]TABLE 7 | REs of the total objective function of the three inversion algorithms.
[image: Table 7]4 CONCLUSION
For retrieving PSD, namely, solving the Fredholm integral equation of the first kind, the regularization method is easy to be affected by the noise contained in the signal, which often leads to the solution failure. The SGA and MPGA cannot balance the optical error of each channel well, but the multi objective genetic algorithm NSGA-II can balance the optical error of each channel comprehensively.
In this study, a novel PSD retrieval method based on the NSGA-II algorithm was proposed for multi-wavelength lidar using 3β+2α data, and some simulations and experiments were carried out for verifying the proposed algorithm. In the error simulation experiment, the different errors are superimposed on the input optical data, ranging from 0% to 35%. From inversion results, the PSD retrieved by the NSGA-II algorithm has obvious advantages over that retrieved by MPGA and SGA algorithms. Some experiments were performed to invert PSD under different weather conditions, including sunny days, cloudy days, and dusty days, the results show that the PSD inversion based on the NSGA-II algorithm is feasible. Moreover, In error analysis of the experimental results, NSGA-II is superior to SGA and MPGA in the balance of REs of multiple optical channels. It should be pointed out that the assumption of lidar ratios may produce relatively large uncertainty when using the Fernald method. In our future work, we plan to reduce this uncertainty. Furthermore, our results still need to be calibrated against field data measured by other equipment or instruments.
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