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Abstract. Accurate classification of the vertical distribution of tropospheric aerosols is critical for reducing uncertainties in 

climate effect assessments. To address the challenge of aerosol classification uncertainties inherent in traditional lidar retrievals 15 

under complex mixed scenarios, this study leverages the unique locational advantage of the Atmospheric Boundary Layer Eco-

Environment Shanghuang Observatory (ABLES) to develop an advanced synergistic retrieval algorithm based on a multi-

wavelength Mie-Raman-fluorescence lidar system. The proposed scheme establishes a seven-parameter synergistic constraint, 

integrating fluorescence capacity, particle depolarization ratios (PDR), backscatter-related Ångström exponents (BÅE), and 

lidar ratios (LR). By combining Monte Carlo simulations with least squares minimization, the algorithm achieves a quantitative 20 

decomposition of scattering contribution fractions for smoke, urban, pollen, and dust. A key advantage is the robust physical 

constraint system, which ensures classification relies on intrinsic microphysical properties rather than signal intensity alone, 

thereby avoiding biases from backscatter anomalies. Multi-platform cross-validation confirms the high reliability of the 

algorithm across a wide dynamic range, with the coefficient of determination between near-surface retrieval results and in situ 

monitoring data exceeding 0.6. Furthermore, sensitivity analysis indicates that the multi-parameter scheme effectively captures 25 

the differential microphysical responses of aerosols across seasons and altitudes. This physically decouples meteorologically 

driven optical enhancement from actual mass concentration fluctuations, providing strong technical support for high-precision, 

high-spatiotemporal-resolution aerosol typing and mass retrieval at high-altitude background stations. 

1 Introduction 

Atmospheric aerosols serve as some of the most active and spatiotemporally variable components within the system of the 30 

Earth and the atmosphere. They directly modulate the energy budget of the Earth through radiative forcing and indirectly 

influence the water cycle by modifying cloud microphysical processes (Akinyoola et al., 2024; Levy Ii et al., 2013; Wang, 
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2025). However, significant uncertainties remain regarding their quantification in climate models (Quaas et al., 2020; Li et al., 

2022). In the troposphere, aerosols from diverse sources with varying physical properties exhibit a highly inhomogeneous 

vertical distribution, with chemical composition, morphology, and optical properties changing rapidly with height (Chen et al., 35 

2023; Gui et al., 2022). Consequently, vertically resolved observations of four typical aerosol types, namely smoke, urban, 

pollen, and dust, are crucial for resolving tropospheric dynamic processes. 

Specifically, the injection height of smoke aerosols, particularly those from biomass burning and wildfires, determines the 

atmospheric lifetime and transport range of the particles (Pan et al., 2026). Particles within elevated smoke layers may also 

serve as ice nuclei or cloud condensation nuclei, thereby modulating precipitation and the response of clouds to radiation 40 

(Peterson et al., 2018; Yu et al., 2019). Urban aerosols are primarily distributed within the planetary boundary layer and are 

governed by the interaction between anthropogenic emissions and meteorological conditions (Rajesh and Ramachandran, 2020; 

Ahmad et al., 2025). Their composition, which contains anthropogenic inorganic salts and secondary organic aerosols, 

significantly impacts the hygroscopic growth of the particles, thus altering the visibility and optical depth of the urban 

atmosphere (Young et al., 2022). Mineral dust is one of the natural aerosols with the largest mass load. Aside from influencing 45 

marine biogeochemical cycles via deposition, the distinct nonspherical nature of dust is a key factor in the assessment of 

radiative cooling effects (Ito et al., 2021). Frequently lifted by convection and large-scale circulation, these particles possess 

the capacity for long-range intercontinental transport. As a bioaerosol, pollen is characterized by relatively large particle size 

and complex morphology. Its vertical distribution reflects biological emission, turbulent mixing, and deposition. Furthermore, 

submicron fragments released during rupture at specific humidity levels act as efficient ice nuclei and play a non-negligible 50 

role in the formation of mixed-phase clouds (Matthews et al., 2023; Prank et al., 2025). Therefore, the accurate identification 

of these four aerosol types and the retrieval of their mass concentrations are prerequisites for deconstructing regional climate 

effects. 

When quantitatively characterizing the vertical structure of the aerosol, macroscopic optical parameters serve as a crucial link 

connecting remote sensing observations with the complex nonlinear mapping relationships of aerosol microphysical 55 

characteristics, such as morphology, size, and refractive index. Specifically, the particle depolarization ratios (PDR) at 355 

and 532 nm provide key information on particle nonsphericity. The spectral difference between the two directly reflects the 

size parameter characteristics of nonspherical particles, which is critical for distinguishing coarse-mode mineral dust from 

certain pollen types or aged smoke aggregates possessing specific microstructures (Haarig et al., 2022). Fluorescence is a 

diagnostic bio-fingerprint for atmospheric particles. The fluorescence capacity (GF) provides complementary information to 60 

depolarization ratios and enables discrimination between pollen and mineral dust under low-PDR conditions (Veselovskii et 

al., 2024). Simultaneously, the extinction-to-backscatter ratios, also known as lidar ratios (LR), at 355 and 532 nm contain 

information on particle size distribution and complex refractive index (Schuster et al., 2012). These are essential quantities for 

distinguishing absorbing smoke, non-absorbing fine sulfate aerosol, and coarse-mode dust (Haarig et al., 2025). The 

backscatter-related Ångström exponent (BÅE) between different wavelengths, which characterizes the dependence of the 65 

backscatter coefficient on wavelength, reflects the spectral sensitivity of the aerosol size distribution and provides a means of 
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separating coarse-mode and fine-mode particles (Wang et al., 2022). In summary, the synergistic evolution of these 

multidimensional macroscopic optical parameters in vertical space provides indispensable physical constraints for precisely 

analyzing the distribution patterns and dynamic evolution mechanisms of different aerosol types within the troposphere. 

The acquisition of such a comprehensive set of optical data with high fidelity relies on breakthroughs in remote sensing 70 

techniques from the ground. Multiwavelength Mie–Raman–fluorescence lidar systems have become cutting-edge tools for 

atmospheric profiling. By combining multiwavelength Mie and Raman measurements with highly sensitive fluorescence 

detection, such systems can capture aerosol hygroscopic growth and external mixing processes at high spatiotemporal 

resolution (Miri et al., 2024; Jiang et al., 2024), and simultaneously identify aerosols containing biological or organic 

components (Veselovskii et al., 2022). Recent observations indicate that such systems possess unique advantages in detecting 75 

invisible  aerosol layers with low optical depth, making them particularly suitable for studying high-altitude transported smoke, 

pollen, and complex aerosol mixtures (Veselovskii et al., 2023; Gast et al., 2025), as well as realizing the identification and 

quantification of humic-like substances (Huang et al., 2025). However, while advanced lidar systems provide rich 

observational data, the joint application of such data remains limited in current research. Most algorithms employ only a limited 

subset of parameters and fail to fully utilize the complete set of macroscopic optical parameters, including the backscatter 80 

coefficient (β), LR, PDR, GF, and BÅE, to create more reliable aerosol classification algorithms. 

This study proposes an improved multiparameter inversion method for quantifying aerosol components under complex mixing 

and low-load conditions. Seven macroscopic optical properties are used to construct a set of constraint equations, and least-

squares inversion with Monte Carlo sampling is applied to decompose the 532 nm backscatter coefficient into contributions 

from smoke, urban aerosols, pollen, and dust. This framework extends the approach of Veselovskii et al. (2024) by enhancing 85 

parameter dimensionality and stability. Section 2 details the methodology, and Section 3 presents validation, sensitivity 

analysis, and case studies. 

2 Data and method 

2.1 Lidar equipment 

Situated at the summit of Damaojian Mountain (119.50° E, 28.58° N, 1128 m) in Wuyi, Zhejiang, the Atmospheric Boundary 90 

Layer Eco-Environment Shanghuang Observatory (ABLES) serves as a key meteorological station at the top of the boundary 

layer, surrounded by rich forest resources (Wang et al., 2025). The site operates an advanced multiwavelength lidar system 

integrated with Mie, Raman, and fluorescence channels. This system detects backscatter signals across six wavelength bands: 

three elastic channels at 355, 532, and 1064 nm, with the 355 and 532 nm channels equipped for depolarization measurements 

via vertical and horizontal components; two Raman channels at 386 and 607 nm corresponding to excitation wavelengths of 95 

355 and 532 nm, respectively; and a single fluorescence channel at 466 nm induced by the 355 nm emission. (Fig. S1a). Data 

collection is performed with a temporal resolution of 15 minutes and a vertical resolution of 15 m. Due to the blind zone of 

the lidar, valid data are available starting from a minimum height of 190 m. Detailed technical specifications of the lidar system 
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are summarized in Table 1. It is important to note that all vertical coordinates and height information presented in this study 

refer to the height above the mountain summit (above ground level), rather than the altitude above mean sea level. 100 

Table 1: Main Parameters of the Lidar System. 

Definition Reference value 

Operating wavelengths 355 nm / 532 nm / 1064 nm 

Maximum pulse repetition frequency  10 Hz 

Pulse width < 10 ns 

Lamp lifetime 50,000,000 pulses 

Measurement distance  10 km 

Telescope type Cassegrain 

Primary mirror diameter ≥ 300 mm 

Focal length 940 mm 

Field of view 1 mrad 

Number of detection / receive channels 8 

Filter bandwidth (peak / FWHM) ≤ 1 nm 

Filter bandwidth (fluorescence) 44 nm 

Photon-counting sampling rate > 20 MHz 

Spatial resolution 15 m 

 

Photon counting signals acquired by the lidar system first undergo preprocessing, including background subtraction, overlap 

correction, and range-square correction. Preliminary retrievals are subsequently conducted based on these pre-processed data 

(Fig. S1b). For the elastic (Mie) channels, aerosol optical parameters are retrieved using the Fernald algorithm (Fernald, 1984), 105 

which separates total extinction and backscattering into molecular and aerosol contributions. The aerosol extinction coefficient 

profile is obtained by assuming an aerosol lidar ratio and applying boundary conditions at a reference height. Following the 

retrieval of aerosol extinction coefficients at the laser wavelengths, the Ångström power law is applied to extrapolate these 

coefficients to the wavelengths of the fluorescence and Raman channels for the calculation of path transmittance. Based on 

this transmittance correction, the fluorescence backscatter coefficient (β
F
) is subsequently retrieved from the fluorescence and 110 

Raman signals. This methodology has been systematically applied and validated in recent research involving multichannel 

fluorescence and Raman lidar observations and algorithm development (Veselovskii et al., 2020; Gast et al., 2025; Huang et 

al., 2025). In parallel, for the Raman channels, the aerosol extinction coefficient is retrieved independently by exploiting the 

combined attenuation relationship of the Raman scattering echo at both the laser and Raman wavelengths. This approach 

circumvents the need for aerosol lidar ratio assumptions, which reduces dependency on priors and minimizes systematic errors 115 

(Ortiz-Amezcua et al., 2020; Zhao et al., 2021). Data from the Raman and fluorescence channels exhibit high reliability at 

night owing to robust signal-to-noise ratios but are sensitive to background light during daytime. Therefore, this study 

exclusively utilizes observations from April to December 2023, restricted to the hours of 18:00 LST to 07:00 LST the following 

day, to guarantee data reliability. 
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2.2 Aerosol classification and quantitative retrieval algorithm 120 

To exploit the observational capabilities of multiwavelength Raman–fluorescence lidar for the precise classification and 

quantitative retrieval of vertical aerosol distributions, we developed a multiparameter constrained algorithm based on the 

principle of least squares. This algorithm models complex atmospheric aerosol layers as external mixtures composed of four 

predefined fundamental types: smoke, urban, pollen, and dust. The contribution of each type to the particle backscatter 

coefficient at 532 nm derived from the Raman channel (β
R

) is denoted by η
i
 (defined as the ratio of β

i
 and β

R
, where i 125 

represents the aerosol type). The core hypothesis of the algorithm posits that the macroscopic optical properties of the mixed 

aerosol are a linear weighted combination of the optical properties of each pure type, where the weighting coefficients directly 

correspond to η
i
, which satisfy a normalization constraint with their sum equal to unity: 

∑ 𝜂𝑖𝑖∈{𝑠,𝑝,𝑢,𝑑} = 1,           (1) 

The model integrates multidimensional optical parameters as joint constraints to accurately distinguish aerosol types within 130 

complex mixtures. Initially, fluorescence capacity GF serves as a key constraint, leveraging the distinct fluorescence signatures 

of bioaerosols. Its definition and the corresponding linear mixing rule are expressed as: 

𝐺𝐹 =
𝛽𝐹

𝛽𝑅
             (2) 

𝐺𝐹 = ∑ 𝜂𝑖𝐺𝐹
𝑖

𝑖∈{𝑠,𝑝,𝑢,𝑑}            (3) 

The introduction of GF significantly enhances the capability of the model to identify biogenic types, which addresses the 135 

limitations of traditional aerosol lidar systems. Second, regarding the particle depolarization ratio (PDR), a vital parameter 

describing particle nonsphericity, direct linear mixing would introduce systematic errors because this parameter does not 

physically satisfy a linear superposition law. Therefore, the linear depolarization ratio PDR’ is utilized for calculation. The 

calculation formula and mixing rule are expressed as: 

𝑃𝐷𝑅𝜆
′ =

𝑃𝐷𝑅𝜆

1+𝑃𝐷𝑅𝜆
            (4) 140 

𝑃𝐷𝑅𝜆,𝑜𝑏𝑠
′ = ∑ 𝜂𝑖𝑃𝐷𝑅𝜆,𝑜𝑏𝑠

′𝑖
𝑖∈{𝑠,𝑝,𝑢,𝑑}           (5) 

Furthermore, to fully utilize the multiband detection capabilities of the lidar, the model incorporates constraints on spectral 

dependence and backscattering efficiency. By introducing BÅE, the relationship of backscatter intensity between different 

wavelengths is transformed into a Color Ratio (Cr) constraint: 

𝐶𝑟𝜆1/𝜆2
𝑜𝑏𝑠 = ∑ 𝜂𝑖 (

𝜆2

𝜆1
)
𝐴𝐸𝜆1,𝜆2

𝑖

𝑖∈{𝑠,𝑝,𝑢,𝑑}           (6) 145 

Simultaneously, the LR constraints are formulated as: 

𝐿𝑅𝜆
𝑜𝑏𝑠 = ∑ 𝜂𝑖𝐿𝑅𝜆

𝑖
𝑖∈{𝑠,𝑝,𝑢,𝑑}            (7) 
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In summary, leveraging the availability of multiple macroscopic optical variables at multiple wavelengths, the model 

constructs a system of least-squares equations defined by Eqs. 3–7. The application of these equations yields a set of seven 

macroscopic optical constraints GF, PDR355, PDR532, Cr355/532, Cr1064/532, LR355, and LR532. Regarding the retrieval strategy, 150 

acknowledging that the optical properties of pure aerosol types in nature are not fixed constants but fluctuate within a certain 

range due to factors such as aging, transport pathways, and ambient humidity, the algorithm employs Monte Carlo simulations 

to address this parameter uncertainty. For each spatiotemporal pixel at every vertical height, the model executes N=100 

independent random trials. In each trial, the macroscopic optical parameters of each pure aerosol type are randomly resampled 

from a uniform distribution. These ranges are statistically determined based on a comprehensive review of lidar research from 155 

various Eurasian teams over the last decade (2015–2025) regarding the optical properties of Smoke, Urban, Pollen, and Dust 

types (Table S1), as visually represented in Figure 1a-d. 

 

Figure 1: Reference ranges of seven macroscopic optical parameters for the four pure aerosol types. 

The primary objective of solving this linear system is to determine the optimal vector of aerosol type fractions that minimizes 160 

the deviation between the model-predicted optical parameters y
k
mod(η) and the observed values y

k
obs, with k referring to each 

constraint variable. This deviation is quantified by the cost function χ2, defined as the sum of squared weighted residuals: 

𝜒2(𝜂) = ∑ (
𝑦𝑘
𝑚𝑜𝑑(𝜂)−𝑦𝑘

𝑜𝑏𝑠

𝜎𝑘
)
2

𝑘           (8) 

In Eq. 8, the weighting factor σk is dynamically defined as the maximum of the standard deviation of the pure aerosol type 

samples in the current Monte Carlo trial and a 5% relative observation error. This weighting strategy balances the influence of 165 

parameters with distinct physical magnitudes. To ensure the physical plausibility of the retrieval, a non-negativity constraint 
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is strictly enforced during the solution process (η
i
≥0). Finally, the reported fractional contributions for the four aerosol types 

are derived as the statistical mean of the solutions from all Monte Carlo trials. Following the determination of η
i
, the mass 

concentration for each aerosol type (Cmass
i ) is calculated via: 

𝐶𝑚𝑎𝑠𝑠
𝑖 = 𝜂𝑖 · 𝛽532 · 𝐿𝑅532

𝑖 · 𝐶𝑉
𝑖 · 𝜌𝑖          (9) 170 

Here, LR532
i  represents the lidar ratio of each aerosol type at 532 nm. CV

i  denotes the extinction-to-volume conversion 

coefficient used to convert the extinction coefficient into volume concentration, which is subsequently converted to mass 

concentration via the density ρi. The relevant parameters are listed in Table 2 (Veselovskii et al., 2024; Filioglou et al., 2025). 

Since data below 190 m is considered invalid due to the blind zone, linear interpolation is utilized to fill the data gap in the 50 

m to 190 m height range. 175 

 

Table 2: Lidar ratios, extinction-to-volume conversion coefficients, and density values for the four pure aerosol types 

Type LR532 CV (μm3 cm-3 Mm) ρ (g cm-3) 

Smoke 64 0.13 1.15 

Urban 61 0.35 1.50 

Pollen 60 1.79 0.80 

Dust 45 0.70 2.60 

2.3 Auxiliary datasets  

2.3.1 CALIPSO satellite data 

This study utilized the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) Lidar Level 2 Aerosol 180 

Profile, Version 4-51 data product (https://asdc.larc.nasa.gov/project/CALIPSO/CAL_LID_L2_05kmAPro-Standard-V4-

51_V4-51, last access: 7 November 2025), provided by the Atmospheric Science Data Center (ASDC) (Nasa/Larc/Sd/Asdc). 

This dataset covers observational records in 2023 and provides the vertical distribution of aerosol optical parameters with a 

horizontal resolution of 5 km. Specifically, we employed the 532 nm Total Backscatter Coefficient profiles from this product 

as a spaceborne reference benchmark. These profiles served to validate and evaluate the backscatter coefficient retrievals 185 

derived from the Mie and Raman channels of the ground-based lidar, as detailed in Section 3.1.1.  

2.3.2 Ground-based and airborne validation data 

To validate the classification algorithm across multiple dimensions, we acquired station monitoring data from ABLES. These 

observational records include PM2.5 and PM10 mass concentration data with a temporal resolution of 1 minute, covering the 

period from April 1 to December 31, 2023, which facilitated ground-level validation of aerosol mass concentration. 190 

Furthermore, to assess the performance of the lidar fluorescence channel in the vertical, we conducted a targeted unmanned 

aerial vehicle (UAV) observation experiment at ABLES on December 11, 2025 (Fig. 3a-c). The experimental platform utilized 
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a DJI M400 UAV equipped with a ZR-7500 bioaerosol monitor. These observations covered a height range from ground level 

to 500 m, yielding vertical profiles of bioaerosol number concentration at four specific times (11:57, 12:45, 14:00, and 15:24 

LST), as detailed in Section 3.1.1. 195 

2.3.3 Meteorological reanalysis data 

This study incorporated ERA5 reanalysis data provided by the European Centre for Medium-Range Weather Forecasts 

(ECMWF) to analyze the influence of meteorological conditions on aerosol distribution. We selected hourly pressure-level 

data for the year 2023, characterized by a spatial resolution of 0.25° × 0.25° and a temporal resolution of 1 hour. The extracted 

variables include temperature (T), relative humidity (RH), horizontal wind components (U, V), and vertical velocity (W). 200 

Spatial interpolation was applied to map the data to the study location. All data were accessed via the Copernicus Climate Data 

Store (https://cds.climate.copernicus.eu/datasets/, last access: 7 October 2025). 

3 Results and discussion 

3.1 Validation of retrieval results 

3.1.1 Vertical validation of the Mie–Raman–fluorescence channels  205 

To validate the retrieval accuracy of the ground-based lidar Mie and Raman channels at 532 nm, this study employed the 

CALIPSO Level 2 Standard Aerosol Profile Product for cross-comparison. Given the polar orbit trajectory of the spaceborne 

CALIPSO lidar, we selected observational data that were spatially closest to the ABLES site (linear distance of 12.6 km) and 

temporally synchronized. As illustrated in Figure 2a, the CALIPSO-retrieved backscatter coefficient at 532 nm (β532) indicates 

that aerosol layers with strong scattering are mainly confined to the near-surface region below 0.5 km (marked by the triangle), 210 

while β532 decreases markedly above 0.5 km, consistent with clean atmospheric conditions. Considering that the ABLES is 

situated at an altitude of 1128 m, this elevation resides above the near-surface aerosol layer observed by the satellite. A 

comparison with the simultaneous ground-based lidar observations (marked by the star in Figure 2b) reveals that β532 retrieved 

by both the Mie and Raman channels at the lidar starting height (above 1128 m) remain at an extremely low level 

(approximately 10-4 km-1sr-1), maintaining a high degree of consistency in magnitude with the clean background values 215 

observed by CALIPSO at the same height. 

Furthermore, regarding the dynamic range of the numerical distribution, the two datasets exhibit a high degree of agreement. 

Both in high-scattering aerosol regions and low-scattering background zones, the ground-based lidar retrievals fall within a 

similar physical magnitude range to the CALIPSO product (10-4 to 10-2 km-1sr-1). This observed consistency suggests that the 

Mie-Raman retrieval algorithm can reliably capture fluctuations in aerosol concentration and maintains quantitative stability 220 

across the linear response interval ranging from strong to weak signals. 
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Figure 2: Comparison of β
532

 profiles. (a) Retrieval product from the CALIPSO Level 2 standard data. (b) Retrievals from the Mie 

and Raman channels of the ground-based multiwavelength lidar. 

The validation of the fluorescence channel was conducted by assessing the vertical distribution of bioaerosol number 225 

concentration Nbio(z), which is derived from β
F
 using Eq.10: 

𝑁𝑏𝑖𝑜(𝑧) =
𝛽𝐹

𝜎𝑏𝑖𝑜
𝐹 ∙∆𝜆

            (10) 

Here, σbio
F  represents the fluorescence cross-section, adopted as 10-11 cm2 sr-1 nm-1 (Rao et al., 2018), and ∆λ denotes the 

bandwidth of the fluorescence channel filter (44 nm). For vertical validation, lidar results were compared with UAV-based 

instrument observations. Since the fluorescence signal is restricted to nighttime operation, the combination of nighttime lidar 230 

data and daytime instrument data characterizes the diurnal temporal evolution of bioaerosols, as illustrated in Figure 3d. The 

airborne measurements, continuous along the vertical, are seamlessly integrated with the lidar observations, which are 

continuous in both time and altitude. High bioaerosol concentrations were observed between 400 and 500 m from early 

morning to noon. By 15:24 LST, however, and in subsequent evening lidar profiles, the concentration peak had descended to 

below 350 m, reflecting the diurnal variation of the mixing layer height. These observations validate the effectiveness of the 235 

macroscopic optical variables retrieved from the lidar fluorescence channel. 
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Figure 3: UAV-based validation experiment and diurnal bioaerosol profiling. (a) ZR-7500 bioaerosol instrument. (b) On-site 

photograph of the UAV operation at ABLES. (c) Aerial image from the flight. (d) Vertical profiles of bioaerosol number 

concentration on 11 December 2025, showing the temporal connection between daytime UAV data and nighttime lidar retrievals. 240 

3.1.2 Ground-level validation of particulate matter 

Figure 4a-b show a comparison between the PM2.5 and PM10 mass concentrations retrieved by the lidar and the corresponding 

in situ measurements at ABLES. The retrieved PM2.5 (sum of Smoke and Urban types) and PM10 (sum of Pollen and Dust 

types) both show favorable agreement with ground observations, characterized by coefficients of determination (R2) exceeding 

0.6 and root mean square errors (RMSE) below 14.2 μg m-3. This suggests a reasonable level of quantitative consistency at the 245 

ground scale. 

Regarding seasonal characteristics, the retrieval performance exhibits significant seasonal variability. While winter retrievals 

achieve the highest accuracy due to low aerosol loading (PM2.5 < 25 μg m-3; PM10 < 60 μg m-3) and tight clustering along the 

1:1 line, autumn exhibits elevated PM2.5 levels (>80 μg m-3) driven by transport or accumulation effects. The algorithm 

nonetheless maintains robust performance under these conditions. Conversely, spring data display the most significant scatter, 250 

likely due to complex aerosol mixing involving dust and pollen. Similarly, the dispersion and partial overestimation observed 

between the retrieved sum of pollen and dust and in-situ PM10 measurements are reasonable. This is attributed to the presence 

of intact pollen grains, which often have diameters larger than 10 μm. These giant particles contribute to the optical retrieval 

yet are filtered out by the sampling inlets of ground-based PM10 instruments, leading to the observed deviation. 
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 255 

Figure 4: Comparison of in situ observations with the bottom-layer retrieved mass concentrations at ABLES  for (a) PM2.5 and (b) 

PM10. 

3.2 Classification results 

3.2.1 Vertical profiles of aerosol mass concentrations 

Vertical mass concentration profiles for four aerosol types (smoke, urban, pollen, and dust) were retrieved using seven physical 260 

constraints: GF, PDR355, PDR532, Cr355/532, Cr1064/532, LR355, and LR532. (Figure 5a). For comparison, Figure 5b presents retrieval 

results constrained only by GF and PDR532. Although GF (the ratio of β
F
 to β

R
) is a critical parameter for aerosol typing, it is 

highly sensitive to RH and cannot be used for direct classification or quantification without humidity correction (Veselovskii 

et al., 2024). RH influences GF through two distinct pathways by increasing β
R

 due to hygroscopic growth (associated with 

changes in particle volume or refractive index) while simultaneously decreasing 𝛽𝐹 via fluorescence quenching, dilution, or 265 

phase changes. The combined effect of these processes significantly alters the magnitude of GF, leading to bias or increased 

uncertainty in classification schemes primarily based on this parameter (Veselovskii et al., 2025). Consequently, incorporating 

additional physical constraints is essential to improve algorithm. Compared with the dual-parameter approach, the multi-

constraint retrieval enables clearer aerosol differentiation. Notably, urban aerosol concentrations are significantly lower 

compared to the dual-parameter results, while near-surface pollen features are more pronounced. This distribution is consistent 270 

with the ecological context of the ABLES, which is characterized by abundant forest resources and low anthropogenic pollution 

levels. 
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Figure 5: Vertical profiles of mass concentrations for four aerosol types (smoke, urban, pollen, and dust) in 2023. (a) Retrieval results 

based on seven physical constraints. (b) Retrieval results based on dual constraints (GF and PDR355). The unit is μg m-3. 275 

3.2.2 Sensitivity analysis 

Among the multi-dimensional macroscopic optical parameters of the four aerosol types (smoke, urban, pollen, and dust), GF 

exhibits exceptional discriminatory performance. Due to the distinct, non-overlapping distributions of its characteristic values 

(Figure 1), the algorithm demonstrates high robustness to perturbations in GF , rendering its contribution to relative 

classification bias negligible. Consequently, this sensitivity analysis focuses on the response of retrieved scattering 280 

contributions at 532 nm to the other macroscopic optical parameters, including PDR, BÅE, and LR, where optical signatures 

exhibit varying degrees of overlap. These parameters serve as indicators of particle non-sphericity, size distribution, and optical 

behavior. We introduced a 20% perturbation to the reference ranges of the seven macroscopic optical variables for each aerosol 

type to evaluate the resulting relative deviations in the output scattering contributions, with a primary focus on how sensitivity 

varies across vertical heights and seasons. 285 

The sensitivity of the retrieved backscatter contributions from different aerosol types to PDR perturbations shows pronounced 

seasonal and vertical variability (Figure 6). In spring, pollen aerosols in the near-surface layer at the mountain summit (0.15–

0.30 km) exhibit an exceptionally strong response to perturbations in the 355 nm PDR (PDR355) (Figure 6a). This layer is 

characterized by high local pollen concentrations driven by gravitational settling. Despite the relatively low PDR355 of pollen 

(Bohlmann et al., 2021), the intense molecular Rayleigh scattering at this wavelength increases measurement noise, which 290 

propagates into the retrieved aerosol signal and degrades the effective signal-to-noise ratio, even after background correction. 

Under these conditions, coarse-mode particles situated in the geometric optics regime serve as a strong constraint for 

interpreting fluctuations in non-spherical signals.  
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The retrieval sensitivity of urban aerosols to perturbations in PDR532 peaks in the 0.15–0.30 km layer during spring (Figure 

6b). In this season, the atmosphere surrounding the high-altitude site is frequently influenced by the regional transport of 295 

anthropogenic pollution coupled with dust deposition, forming a complex "haze-dust" external mixture. Consequently, aerosols 

exhibit a variable mixing state characterized by highly sensitive optical properties (Reddy et al., 2019; Li et al., 2023). This 

results in significantly elevated 532 nm particle depolarization ratios within 300 m above the mountain top, accompanied by 

substantial spatiotemporal variability. In summer, the sensitivity zone shifts upward to 0.3–0.8 km. This shift corresponds to 

the uplift of the local mountain planetary boundary layer driven by intense solar radiation, allowing the mixing layer height to 300 

extend from several hundred meters to approximately 1 km above the summit in the afternoon (Solanki et al., 2021; Singh et 

al., 2016). During this period, aerosols lifted to the upper mixing layer by valley breezes and thermal circulation are exposed 

to high temperature, high humidity, and strong turbulence. These conditions promote significant hygroscopic growth and an 

evolution toward spherical morphology. As a result, this layer falls precisely within the optical transition zone between 

spherical and non-spherical particles, where the depolarization ratio exhibits large vertical fluctuations and seasonal differences 305 

in response to minute variations in composition and morphology (Chiang et al., 2023). In winter, the sensitivity of urban 

aerosols to PDR532 appears primarily within the height range of 0.8–1.2 km. This layer is dominated by long-range transported 

aged smoke or residual aerosols. Having undergone prolonged heterogeneous chemical reactions and cloud processing (Fu et 

al., 2020), their microphysical characteristics deviate significantly from the assumptions of standard urban aerosol models, 

resulting in high uncertainty in the retrieval of such particles. 310 

 

Figure 6: Sensitivity of the scattering contribution fractions ( the ratio of β
i
 and β

R
) of four aerosol types to perturbations in (a) 

PDR355 and (b)  PDR532. 
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Perturbation sensitivity analysis of BÅE elucidates the intrinsic link between the seasonal evolution of aerosol microphysical 

size and spectral wavelength dependence (Figure 7a-b). Smoke aerosols exhibit the lowest sensitivity to BÅE perturbations 315 

within the height range of 0.8–1.2 km. This stability arises from the prevalence of long-range transported smoke plumes 

captured at the high-altitude station during the active Northern Hemisphere biomass burning season. Driven by coagulation 

and organic condensation during transport, the particle size distribution of these plumes converges from the Aitken mode into 

a singular, highly uniform accumulation mode, with an effective radius stabilizing at approximately 0.2–0.3 μm (Mylonaki et 

al., 2021). Such size homogeneity imparts aged smoke with a distinct and stable BÅE spectral fingerprint, acting as a strong 320 

constraint within the retrieval space. 

Urban aerosols display pronounced sensitivity within the 0.3–0.8 km layer during summer and autumn. During these seasons, 

intense solar radiation drives the vigorous vertical development of the local mountain convective boundary layer (CBL), which 

frequently extends to heights exceeding 0.8 km (Solanki et al., 2021). Coupled with the high-humidity environment 

characteristic of the monsoon, these conditions trigger drastic hygroscopic growth in hydrophilic aerosols, causing the BÅE to 325 

decline sharply and non-linearly with increasing humidity (Cheng et al., 2025). Within this high-gradient regime, even minute 

BÅE perturbations are amplified by the algorithm and interpreted as shifts in hygroscopic state or mode mixing, thereby 

increasing retrieval uncertainty. 

Pollen aerosols exhibit significantly higher sensitivity to perturbations in BÅE355/532 than in BÅE532/1064. Fundamentally, this 

stems from the fact that pollen diameters far exceed visible and near-infrared wavelengths. Consequently, in the 532–1064 nm 330 

band, pollen falls within the geometric optics regime where the scattering efficiency factor converges to a constant of 2, 

rendering BÅE532/1064 physically flat. In contrast, at the shorter ultraviolet wavelength (355 nm), radiation continues to interact 

with non-spherical surface microstructures and specific fluorescent constituents, allowing BÅE355/532 to retain sensitivity to 

spectral slope variations. The sensitivity peak observed at 0.8–1.2 km coincides with the transition zone at the top of the 

summer mountain CBL. In this region, enhanced wind shear and static stability drive intense horizontal and vertical 335 

stratification, alongside transitions in the mixing state between pollen clusters and background fine particles. Furthermore, 

high humidity induces weak hygroscopic swelling of the coarse, hydrophilic pollen exine and attached fine particulates—an 

effect that is optically amplified at 355 nm. As a result, pollen sensitivity maximizes within this layer, particularly during 

summer. 

For dust aerosols, the sensitivity to perturbations in BÅE peaks within the near-surface layer (0.15–0.3 km), exhibiting a 340 

distinct seasonal pattern where summer and autumn intensities exceed those of spring and winter. During the spring outbreak 

season, the dominance of high-concentration, pure dust particles establishes a robust classification boundary within the BAE 

parameter space, ensuring high retrieval certainty. In contrast, during summer and autumn, effective wet scavenging processes 

reduce dust to a low-abundance background mode or a hygroscopic mixed state (Zhang et al., 2025). Consequently, this 

transition to a physically complex, diluted state renders the retrieval algorithm significantly more sensitive to BAE 345 

perturbations in the near-surface layer during these warmer seasons. 
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Figure 7: Sensitivity of the scattering contribution fractions (the ratio of β
i
 and β

R
) of four aerosol types to perturbations in (a) 

BÅE355/532 and (b) BÅE532/1064. 

Sensitivity analysis of the lidar ratio (LR) elucidates the seasonal coupling mechanisms linking the spectral dependence of the 350 

imaginary refractive index, hygroscopicity-induced optical phase transitions, and vertical boundary layer dynamics (Figure 

8a-b). In the near-surface layer (0-0.3km), both urban and dust aerosols share a consistent spectral divergence pattern 

characterized by sensitivity to LR355 in spring and winter versus LR532 in summer and autumn. This phenomenon is governed 

by a seasonal regime shift between absorption-dominated and scattering-dominated mechanisms. During cold seasons (winter 

or spring), anthropogenic heating emissions and thermal inversions facilitate the accumulation of Black Carbon (BC) and 355 

mineral dust. These components exhibit a strong imaginary refractive index response at 355 nm, where minute LR perturbations 

generate significant uncertainty via non-linear amplification of the absorption term. Conversely, the summer and autumn 

months are characterized by reduced absorbing constituents and intense hygroscopic growth driven by high humidity (Li et al., 

2025). This shifts the size parameter of urban aerosols into the 532 nm Mie scattering resonance regime, where the scattering 

phase function becomes highly sensitive to minute fluctuations in particle water content. Vertically, the diminishing sensitivity 360 

of urban aerosols to LR355 with altitude reflects aging and coating effects. As BC cores become encapsulated by non-absorbing 

secondary salts during vertical diffusion, their UV absorption efficiency decreases, thereby reducing the weight of LR355 in 

the retrieval equation. For pollen aerosols, characterized by large particle size and non-sphericity, the retrieval sensitivity to 

LR355 and LR532 is inherently governed by the vertical distribution of the aerosol load.  Specifically, peak sensitivity is confined 

to the near-source layer (below 0.8 km) in spring and winter due to stable stratification, whereas strong convective uplift and 365 

transport during summer and autumn shift the layer of maximum sensitivity to higher altitudes (0.8–1.2 km). 
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Figure 8: Sensitivity of the scattering contribution fractions ( the ratio of β
i
 and β

R
) of four aerosol types to perturbations in (a) 

LR355 and (b) LR532. 

3.3 Case studies 370 

Between April 11 and 12, 2023, lidar observations revealed a significant surge in β
532

 below 1 km (Figure 9a), coinciding with 

a synchronous increase in the mass concentrations of multiple aerosol types. Retrieval results indicate that urban aerosol mass 

concentrations exceeded 15 μg m-3, while both pollen and dust concentrations surpassed 60 μg m-3 (Figure 9c). In terms of 

vertical evolution, a distinct "wedge-shaped" subsidence pattern emerged from April 10 to 11. Over time, the layer dominated 

by dust scattering (contribution fraction > 0.5) descended from 1.2 km to below 0.5 km (Figure 9b). Concurrently, the pollen 375 

layer closely tracked the upper boundary of the dust layer, and together they constituted the primary scattering strata. 

Analysis of scattering contributions alongside wind field correlations suggests this high-concentration episode resulted from 

the coupling of regional transport and local meteorological conditions. Notably, urban and dust aerosols exhibited high vertical 

consistency. Within the 0.5–1 km range, their distribution showed a significant positive correlation (R up to 0.91) with both 

horizontal (u, v) and vertical (w) wind speeds (Figure 10a-d). This spatiotemporal coherence implies physicochemical 380 

interactions beyond simple co-transport. In mixed plumes, anthropogenic inorganic precursors undergo heterogeneous 

reactions or thermodynamic partitioning on mineral dust surfaces to form soluble coatings, such as nitrate. This aging process 

enhances dust hygroscopicity and facilitates the coagulation of fine-mode urban aerosols onto coarse-mode dust (Milousis et 

al., 2025). Consequently, the observed correlation and synchronous settling reflect chemical aging and microphysical 

coagulation within the urban–dust mixture, while strong winds drive the advection of these processed upstream air masses. 385 
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Meteorological reanalysis links the formation of these high values to stable atmospheric stratification. From 00:00 to 08:00 

LST on April 11, a distinct temperature inversion occurred at approximately 0.5–1 km (Figure 10e), indicating significantly 

enhanced atmospheric static stability that effectively suppressed vertical turbulent exchange.This stratification restricted the 

vertical redistribution of aerosols, causing optical structures to stagnate and intensify within this layer. Additionally, relative 

humidity remained at moderate levels (50%–70%, Figure 10f). Although sufficient to initiate uptake on aged particles, this 390 

range is generally below the threshold for the dominant hygroscopic growth observed in pure salts or droplets (Wise et al., 

2007). Therefore, the observed enhancement in scattering contribution is likely primarily driven by changes in particle size 

distribution and scattering phase function, particularly an increased fraction of optically efficient particles, rather than to a net 

increase in aerosol mass. This indicates a decoupling between optical response and mass concentration driven by microphysical 

aging processes under stable stratification. 395 

Fig. S2 illustrates the temporal evolution of meteorological variables from April 9 to April 12, 2023. The explosive growth in 

urban, pollen, and dust mass concentrations during the early morning of April 12 (00:00–08:00) was primarily driven by 

relative humidity exceeding 80%. This high-humidity environment led to the formation of cloud layers, as evidenced by the 

backscatter coefficient β
R
 exceeding 1 km-1 sr-1. During this period, mass concentrations for all aerosol types surged, with 

pollen and dust exceeding 50 μg m-3. This pollution episode was driven by two coupled processes: hygroscopic growth and 400 

cloud processing, which enhanced single-particle scattering efficiency, and the evolution of the nocturnal boundary layer, 

which trapped pollutants within residual or stable layers. Furthermore, weak horizontal and vertical winds below 1 km 

facilitated the local accumulation of pollutants. 

In contrast, Fig. S3 shows that smoke aerosols dominate the βR from October 15 to 18, 2023. Since the extinction-to-volume 

conversion factor (CV) for smoke is one order of magnitude lower than that for pollen, the mass concentration of smoke remains 405 

low even though it contributes significantly to the extinction coefficient. This indicates that the algorithm can effectively 

identify the optical contributions of different aerosol types under low aerosol loading conditions. 
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Figure 9: Vertical profiles from April 9 to 12, 2023: (a) 532 nm backscatter coefficient (βR, km-1 sr-1), fluorescence backscatter 

coefficient (βF, km-1 sr-1), fluorescence capacity, and 532 nm depolarization ratio (PDR532); (b) relative contributions of smoke, urban, 410 
pollen, and dust to (βR); and (c) mass concentrations of the four aerosol types. White dashed lines indicate discontinuous intervals, 

as the data cover nighttime periods only. 

 

Figure 10: Data from April 10 to 11, 2023: (a–d) correlation coefficients between wind speed components and the contributions of 

four aerosol types to βR; (e) temperature and (f) relative humidity from ERA5 reanalysis. 415 

4. Conclusions 

To achieve refined vertical profiling of tropospheric aerosols, this study utilizes the multi-wavelength Mie-Raman-

fluorescence lidar system at the Atmospheric Boundary Layer Eco-Environment Shanghuang Observatory to propose an 

improved algorithm that classifies aerosols into four categories: smoke, urban, pollen, and dust. This method is based on a 

seven-parameter synergistic constraint, including fluorescence capacity, dual-wavelength particle depolarization ratios, dual-420 
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wavelength lidar ratios, and Ångström exponents corresponding to dual-wavelength color ratios. By integrating Monte Carlo 

stochastic simulation with the least squares method, the algorithm effectively mitigates the limitations arising from the use of 

limited parameters in complex mixed scenarios, achieving a quantitative decomposition of the 532 nm backscatter coefficients 

and mass concentrations for these four aerosol types. Comparisons with multi-source observational data validate the rationality 

and reliability of the proposed method. Regarding vertical distribution, the 532 nm backscatter coefficients retrieved from the 425 

Raman channel show high consistency in both magnitude and vertical structure with CALIPSO satellite overpass observations. 

Similarly, bioaerosol concentrations retrieved from the fluorescence channel demonstrate magnitude consistency and structural 

continuity with UAV aerial survey results. In the near-surface layer, the retrieved mass concentrations of PM2.5 (smoke and 

urban) and PM10 (pollen and dust) agree well with in situ monitoring results, achieving the highest accuracy under winter low-

loading background conditions. Furthermore, the multi-parameter constraint effectively corrects the overestimation of urban 430 

aerosols caused by high relative humidity (RH) and the underestimation of near-surface pollen, further demonstrating the 

reliability of the multi-constraint retrieval method. 

Sensitivity analysis conducted in this study provides in-depth insights into the physical robustness and spatiotemporal response 

characteristics of the multi-parameter constraint mechanism. Fluorescence capacity, owing to its non-overlapping values, 

serves as the most robust constraint for differentiating aerosol types. In contrast, the sensitivity of other parameters reflects 435 

complex microphysical coupling mechanisms. The depolarization ratio (PDR) is primarily controlled by the signal-to-noise 

ratio and particle morphology; near-surface pollen in spring exhibits high sensitivity to PDR355 perturbations due to suppression 

by the strong Rayleigh scattering background, while urban aerosols in the upper boundary layer during summer and autumn 

show increased uncertainty. This is primarily driven by the 'spherical-nonspherical' phase transition induced by elevated 

relative humidity and hygroscopic growth near the boundary layer top. Variations in the Ångström exponent (BÅE) reveal the 440 

evolution of particle size distributions and spectral properties. Aged smoke exhibits the lowest sensitivity because its 

accumulation mode is highly homogenized, whereas pollen shows a flattened spectral dependence at longer wavelengths as it 

enters the geometric optics regime, retaining microstructural sensitivity primarily in the UV band and thus exhibiting higher 

sensitivity to BÅE355/532 perturbations. Furthermore, the lidar ratio (LR) highlights the shift in the "absorption-scattering" 

competition mechanism. Seasonally, this manifests as a transition from LR355 sensitivity dominated by strong absorbing 445 

components in spring and winter to LR532 sensitivity dominated by hygroscopic scattering enhancement in summer and autumn. 

Vertically, the sensitivity of urban aerosols to LR355 decreases with altitude, effectively verifying the UV absorption decay 

process caused by aging and coating. 

Case studies validated the algorithm's capability to accurately resolve the vertical evolution of aerosols in complex atmospheric 

environments, effectively distinguishing meteorologically driven optical variations from fluctuations in aerosol mass 450 

concentration. Regarding the transport-deposition events of spring dust and pollen, the algorithm not only confirmed the joint 

control mechanism of advection transport and local inversion stratification by capturing the wedge-shaped settling dynamics 

of aerosol layers but also accurately identified pollutant mass outbreaks driven by the combined effects of hygroscopic growth 

and boundary layer accumulation in high-humidity environments. Furthermore, the strong scattering contribution of smoke in 
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autumn demonstrated the advantage of the algorithm in handling low mass loading scenarios, providing a reliable physical 455 

basis for precisely quantifying the radiative forcing effects of invisible aerosol layers in complex atmospheric backgrounds. In 

summary, this study provides a viable technical route for high spatiotemporal resolution aerosol classification using multi-

wavelength Mie-Raman-fluorescence lidar, holding significant scientific importance for improving regional air quality 

forecasting accuracy and assessing aerosol climate effects. 
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