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Introduction

PM10 (particulate matter with an aerodynamic diameter less than 10 μm), the inhalable particles, acting as a transmission vector for viruses [START_REF] Schuit | The Influence of Simulated Sunlight on the Inactivation of Influenza Virus in Aerosols[END_REF][START_REF] Yan | Infectious virus in exhaled breath of symptomatic seasonal influenza cases from a college community[END_REF], has adverse health effects [START_REF] Dobaradaran | Determination of cardiovascular and respiratory diseases caused by PM10 exposure in Bushehr, 2013[END_REF][START_REF] Jeong | The impact of air pollution on human health in Suwon City[END_REF][START_REF] Khaniabadi | Exposure to PM10, NO2, and O3and impacts on human health[END_REF][START_REF] Nourmoradi | Health impacts of particulate matter in air using AirQ model in Khorramabad city, Iran[END_REF][START_REF] Wang | A study on variations of concentrations of particulate matter with different sizes in Lanzhou, China[END_REF]. Hence, monitoring of PM10 is of great significance. However, due to the weak extinction of coarse particles to sunlight, remote sensing of PM10 from satellites is more challenging than PM2.5 (particulate matter with an aerodynamic diameter less than 2.5 μm). Generally, the PM10 is estimated using ground-based measurements. In-situ monitoring can provide accurate day and night PM10 measurements. In China, in-situ stations are mainly located in eastern cities. It has limited spatial coverage and spatial representation. Moreover, the selection of the appropriate monitoring locations is also critical. Commonly, the PM10 is monitored based on the tapered element oscillating microbalance (TEOM) technique or with beta attenuation monitors. Instrument calibration and manual operation at different stations may probably reduce the comparability of data.

Satellite remote sensing technique is a useful tool, which can complement the lack of in-situ PM10 measurements, especially over ocean, the regions between land and ocean, and the Northwestern China. In addition, high-resolution remote sensing results have large spatial coverage and spatial representation, which can provide scientific basis for site selection on the ground. Of course, it also depends on the development and improvement of satellite sensors and inversion approaches. Moreover, the missing data during the period without in-situ stations can be reconstructed based on satellite historical observation.

In these regards, the satellite observations with large spatial coverage can represent an extension to existing ground networks. Currently, there are mainly three methods of determining PM10 from satellite remote sensing data. One is the mathematical statistical method, which is of high accuracy [START_REF] Lee | Characteristics of aerosol types from AERONET sunphotometer measurements[END_REF][START_REF] Li | Application of MODIS satellite products to the air pollution research in Beijing[END_REF][START_REF] Liu | Estimating ground-level PM2. 5 in the eastern United States using satellite remote sensing[END_REF][START_REF] Seo | Estimation of PM 10 concentrations over Seoul using multiple empirical models with AERONET and MODIS data collected during the DRAGON-Asia campaign[END_REF][START_REF] Wu | VIIRS-based remote sensing estimation of ground-level PM2.5 concentrations in Beijing-Tianjin-Hebei: A spatiotemporal statistical model[END_REF][START_REF] Yuanxi | Estimating ground-level PM2.5 concentrations in Beijing using a satellite-based geographically and temporally weighted regression model[END_REF], but somewhat lacking of clear physical mechanism. The second one is the chemical transport model method, which cannot operate without an accurate emission inventory or metrological field [START_REF] Boys | Fifteen-Year Global Time Series of Satellite-Derived Fine Particulate Matter[END_REF][START_REF] Geng | Estimating long-term PM2.5 concentrations in China using satellite-based aerosol optical depth and a chemical transport model[END_REF][START_REF] Van Donkelaar | Use of Satellite Observations for Long-Term Exposure Assessment of Global Concentrations of Fine Particulate Matter[END_REF][START_REF] Van Donkelaar | Global Estimates of Ambient Fine Particulate Matter Concentrations from Satellite-Based Aerosol Optical Depth: Development and Application[END_REF]. The third one is the semi-empirical physical approach. For semi-empirical physical approach, the relationship between each variable and PM is clearly expressed through reasonable physical assumptions [START_REF] Lin | Using satellite remote sensing data to estimate the high-resolution distribution of ground-level PM2.5[END_REF][START_REF] Yan | Satellite-based PM2.5 estimation using fine-mode aerosol optical thickness over China[END_REF]Zhang and Li, 2015). Easy and fast operation is the premier advantage of this method. There is an obvious nonlinear relationship between PM and satellite-derived aerosol optical depth (AOD), hence the aerosol mass extinction efficiency and the effective radius are two important factors characterizing this nonlinear relationship [START_REF] Koelemeijer | a: Comparison of spatial and temporal variations of aerosol optical thickness and particulate matter over Europe[END_REF][START_REF] Van Donkelaar | Estimating ground-level PM2.5 using aerosol optical depth determined from satellite remote sensing[END_REF][START_REF] Wang | Satellite-based estimation of regional particulate matter (PM) in Beijing using vertical-and-RH correcting method[END_REF]. However, to determine above two aerosol properties is usually difficult in practice. In these regards, the Volume-to-Extinction Ratio (VE10) that adequately characterize the nonlinear relationship between extinction and volume can be used as an alternative to mass extinction efficiency and effective radius in capturing relationship between PM and AOD.

Many sensors currently can offer AOD products of high accuracy. However, few fine model fraction (FMF) products are available from satellite remote sensing [START_REF] Jethva | Improved retrieval of aerosol size-resolved properties from moderate resolution imaging spectroradiometer over India: Role of aerosol model and surface reflectance[END_REF][START_REF] Kleidman | Comparison of Moderate Resolution Imaging Spectroradiometer (MODIS) and Aerosol Robotic Network (AERONET) remote-sensing retrievals of aerosol fine mode fraction over ocean[END_REF][START_REF] Levy | Global evaluation of the Collection 5 MODIS dark-target aerosol products over land[END_REF][START_REF] Levy | Secondgeneration operational algorithm: Retrieval of aerosol properties over land from inversion of Moderate Resolution Imaging Spectroradiometer spectral reflectance[END_REF]. This is due to the down looking satellite measurements of surface reflected radiance are not very sensitive to particle size. The GRASP (Generalized Retrieval of Atmosphere and Surface Properties) algorithm derives an extended set of aerosol parameters benefiting from multi-angular polarimetry POLDER/PARASOL measurements [START_REF] Dubovik | Statistically optimized inversion algorithm for enhanced retrieval of aerosol properties from spectral multi-angle polarimetric satellite observations[END_REF](Dubovik et al., , 2014)). A solid quality of retrieved aerosol characteristics can be obtained by PARASOL/GRASP products [START_REF] Chen | Validation of GRASP algorithm product from POLDER/PARASOL data and assessment of multi-angular polarimetry potential for aerosol monitoring[END_REF]. In this study, we use the POLDER/GRASP aerosol products including AOD, fine mode AOD, and the real part of the refractive index data at 490 nm, which is public available at GRASP-Open website (https://www.grasp-open.com/). Previous study by Wei et al. (2020a) indicated a high quality of POLDER/GRASP aerosol products (e.g. AOD, FMF, fine mode AOD, etc.) over China. In this study, we firstly design the sensitivity tests to investigate the impact of cutting diameter on VE10. Then, the VE10 model is established and tested based on data from Aerosol Robotic Network (AERONET). The extinction-volume conversion, vertical correction, humidity correction and weighting are applied based on the semi-empirical physical approach. The PM10 remote sensing method is developed and the results are compared with the in-situ measurements over China from Jan. to Oct. in 2013. Finally, we discuss the error sources of derived PM10 and provide both the theoretical and expected error estimations of the method.

Remote sensing method for estimation of near-surface PM10

Principles of PM10 remote sensing method

A multi-parameter remote sensing formula to calculate dry PM2.5 mass concentration near surface was established by Zhang and Li (2015). In order to obtain the near-surface fine particle extinction from fine mode AOD, the aerosol vertical variability in the real atmosphere as a uniform mixture vertical distribution in the planetary boundary layer is assumed. Then, a relationship between fine particle extinction and its volume is developed to convert fine particle extinction to its volume. The particle hydroscopic growth function is adopted for simulating the relationship between the volume of dry and wet particles. Meanwhile, a constant density value of 1.5 g/cm 3 is used to calculate PM2.5 mass concentration in Zhang and Li (2015). The assumptions used for near-surface PM2.5 mass concentration estimation have been validated by [START_REF] Li | Remote sensing of atmospheric particulate mass of dry PM2.5 near the ground: Method validation using ground-based measurements[END_REF]. In this study, the PM10 remote sensing method inherits from the formula developed by Zhang and Li (2015); here near-surface dry PM10 concentration can be estimated using Eq. ( 1):

= • • (1)
where AOD denotes the aerosol optical depth, PBLH denotes the planetary boundary layer, fo(RH) denotes the optical hygroscopic factor, ρe denotes the effective density and VE10 denotes the volume-to-extinction ratio of PM10.

The complex aerosol vertical variability is related to atmospheric dynamics and emissions from aerosol sources. A large number of parameters are needed to characterize the complex aerosol vertical variability that is difficult to obtain in operational environment. Many studies suggested a use of uniform vertical distribution of particles in the planetary boundary layer [START_REF] Emili | PM10 remote sensing from geostationary SEVIRI and polar-orbiting MODIS sensors over the complex terrain of the European Alpine region[END_REF][START_REF] Koelemeijer | a: Comparison of spatial and temporal variations of aerosol optical thickness and particulate matter over Europe[END_REF]Zhang and Li, 2015). Hence, a uniform vertical distribution is assumed in this study, and the detail information about the vertical correction can be found in the Appendix A. fo(RH) denotes the optical hygroscopic factor, the ratio of the aerosol extinction coefficient under wet conditions to that under dry conditions [START_REF] Mcinnes | Apportionment of light scattering and hygroscopic growth to aerosol composition[END_REF], can always be represented in Eq. (A3) [START_REF] Chen | Estimation of surface-level PM 2.5 concentration using aerosol optical thickness through aerosol type analysis method[END_REF][START_REF] Im | An assessment of hygroscopic growth factors for aerosols in the surface boundary layer for computing direct radiative forcing[END_REF][START_REF] Kotchenruther | Humidification factors for atmospheric aerosols off the mid-Atlantic coast of the United States[END_REF][START_REF] Li | Application of MODIS satellite products to the air pollution research in Beijing[END_REF][START_REF] Tsai | Analysis of the relationship between MODIS aerosol optical depth and particulate matter from 2006 to 2008[END_REF][START_REF] Wang | Satellite-based estimation of regional particulate matter (PM) in Beijing using vertical-and-RH correcting method[END_REF]. Due to the differences in the hygroscopic properties of different components, it is difficult to measure fo(RH) exactly except in the lab. The fitting coefficients (a and b) depend on aerosol chemical compositions.

Many studies assumed that both a and b equal to 1.0 and obtain good correction effects [START_REF] Chen | Estimation of surface-level PM 2.5 concentration using aerosol optical thickness through aerosol type analysis method[END_REF][START_REF] Li | Application of MODIS satellite products to the air pollution research in Beijing[END_REF][START_REF] Tsai | Analysis of the relationship between MODIS aerosol optical depth and particulate matter from 2006 to 2008[END_REF]. Hence, the humidity correction scheme in the Appendix A.2 is used in this study. The RH data is also adopted from the ERA5 reanalysis dataset.

Columnar volume-to-extinction ratio (VE10)

The definition of VE10

The columnar volume-to-extinction ratio VE10, represents the ratio of columnar volume concentration of particles with aerodynamic diameter less than 10 μm (V10,col) to AOD, which can be defined as Eq. ( 2). Given only AOD at 500 nm is used in this study, the wavelength note is ignored.

= , ! (2) 
where V10,col has a unit of μm 3 μm -2 and represents the sum of columnar volume concentrations of particles with aerodynamic diameter less than 10 μm.
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where V(Dp) denotes the Particle Volume Size Distributions (PVSDs), Dp denotes the particle geometric equivalent diameter and Dp,c denotes the geometric equivalent diameter, which is corresponding to the aerodynamic diameter of 10 μm. Here Dp,c is also called the cutting diameter. N(Dp) denotes the number size distribution. [START_REF]interval of 0.025 μm 3 /μm 2 . Black dash line represents 1:1 line, red solid line represents fitting line, black solid squares and error bars represent means and[END_REF] where Qext represents the particle extinction efficiency.
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Then, combining Eq. ( 3) and Eq. ( 4), the value of VE10 can be expressed via non-linear relationship between aerosol extinction and volume as follows:
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Sensitivity study on VE10

From the above description, the cutting diameter (Dp,c) appears a key parameter for the calculation of V10,col. As shown in Eq. ( 6) [START_REF] Decarlo | Particle morphology and density characterization by combined mobility and aerodynamic diameter measurements[END_REF], an effective density ρe must be taken into account to determine the geometric equivalent diameter Dp from the aerodynamic diameter Da:

& = > ? (6) 
where ρ0 represents a unit density of 1 g/cm 3 . The effective density ρe is the ratio of the particle material density ρp and particle dynamic shape factor χ.

Since VE10 depends on effective density ρe, we performed a numerical experiment to test the sensitivity of VE10 to ρe. Different aerosol types often have different effective density values due to their different chemical composition and particle shape. Therefore, we used water-soluble (WS), biomass burning (BB), dust (DU), and haze aerosol models represented by the bimodal log-normal distribution in Eq. ( 7). The sub-mode parameters of above log-normal distributions are listed in Table 1 according to Dubovik et al. (2002). The material densities and dynamic shape factors were adapted from the reference studies [START_REF] Davies | Aerosol science[END_REF][START_REF] Davies | Particle-fluid interaction[END_REF][START_REF] Hinds | Aerosol Technology: Properties, Behaviour and Measurement of Airborne Particles)[END_REF][START_REF] Hu | Estimation of Size-Resolved Ambient Particle Density Based on the Measurement of Aerosol Number, Mass, and Chemical Size Distributions in the Winter in Beijing[END_REF][START_REF] Kaaden | a: State of mixing, shape factor, number size distribution, and hygroscopic growth of the Saharan anthropogenic and mineral dust aerosol at Tinfou, Morocco[END_REF][START_REF] Rissler | Effective density and mixing state of aerosol particles in a near-traffic urban environment[END_REF][START_REF] Tang | Chemical and size effects of hygroscopic aerosols on light scattering coefficients[END_REF].

AOD is simulated by Mie code [START_REF] Corbató | Generation of Spherical Bessel Functions in Digital Computers[END_REF]. The aerosol volume distribution used in V10,col calculation can be written as follows:
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where dV/dln Dp (unit: μm 3 μm -2 ), Ci (unit: μm 3 μm -2 ), Dp,i (unit: μm), and ln σi are the particle volume size distribution, volume modal concentration, median geometric equivalent diameter, and standard deviation for each mode, respectively. The sub-mode parameters of WS, BB, DU and haze aerosol, as well as the complex refractive index, the material density, the shape factor, the effective density and the cutting diameter can be found in Table 1. Then, a mean effective density value of 1.61 g/cm 3 was chosen, which is corresponding to the mean cutting diameter value of 7.88 μm. ΔDp,c denotes the difference between the mean value and the reference cutting diameter listed in Table 1.

And ΔVE10 denotes the difference between VE10 values calculated by the mean Dp,c and the reference Dp,c. Fig. 1 shows the sensitivity study results of ΔDp,c and ΔVE10 for different types aerosol (WS, BB, DU and haze). Although the used cutting diameter 7.88 μm was obviously smaller than that of BB aerosol, a small value of ΔVE10 was obtained (-0.84%). Similar trends obtained for WS and haze aerosols. Therefore, VE10 of WS, BB and haze are not sensitive to the cutting diameter, and the mean deviation of VE10 was less than 0.5%. However, VE10 of dust aerosol has much higher sensitivity (~10%) to the cutting diameter. Some studies have proved that coarse dust particles have large material densities ranging from 2.2 to 2.45 g/cm 3 and large shape factors from 1.3 to 1.4 [START_REF] Hinds | Aerosol Technology: Properties, Behaviour and Measurement of Airborne Particles)[END_REF][START_REF] Horvath | Influence of atmospheric aerosols upon the global radiation balance[END_REF][START_REF] Kaaden | a: State of mixing, shape factor, number size distribution, and hygroscopic growth of the Saharan anthropogenic and mineral dust aerosol at Tinfou, Morocco[END_REF].

This implies the constant cutting diameter selected in this paper is also acceptable. 

Particle effective density

The measuring of the material density of aerosol particles is very difficult in real time and in real atmosphere. At the same time, the effective density is related to the shape and chemical composition of the aerosol particle. Liu and Daum (2014) developed a semi-empirical relationship between the real part of the complex refractive index and the effective density, based on the electromagnetic polarization theory.

Semi-empirical relationship of n-ρe

The real part of the complex refractive index represents the scattering ability of the dielectric to electromagnetic waves. From the microscopic perspective, it represents the collective response of the electric dipoles in a dielectric excited by an applied electric field E.

The average electric dipole moment per unit volume is defined as the electric polarization P, which is given by Eq. ( 8) and Eq. ( 9). Here, the aerosol particles are assumed as uniform dielectric spheres. So, the local electric field Eloc at the center of a spherical particle is given by the following formulations:

= VWX $#" ( 8 
)
where ρ is the number density of the material molecules, α (unit: F•m 2 ) is the mean molecular polarizability, ε0 is the vacuum permittivity with constant value of 8.854×10 -12 F/m.

= X -1 X (9)
where ε is the permittivity of the dielectric, also called relative permittivity.
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where E represents the applied electronic field, E1 represents the Lorentz expression, which represents the electric field intensity at the center generated by the polarized charge on the surface of the uniform dielectric sphere in an applied electronic field (Lorentz, 1916). E1 can be expressed as:

= +Z (11)
E2 represents the superposition of the polarization electric field generated by the other particles at the center of the particle under investigation. E2 can be expressed by Eq. ( 12).

Previous studies by [START_REF] Sihvola | Mixing rules with complex dielectric coefficients[END_REF] and [START_REF] Aspnes | Local-field effects and effective-medium theory: a microscopic perspective[END_REF] have shown that E2 can be regarded as zero for a gas, a dilute solution and the simple cubic lattice composed of the same atoms.

However, aerosol particles are a mixture of solid and liquid. Hence, E2 can be expressed as Eq. ( 12):
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where 1/3 is the depolarization factor of the dielectric sphere and (xi, yi, zi) represents the i-th particle coordinate and the coordinate of the particle under investigation is set as the origin.

Ezi represents the polarization electric field at the origin generated by the i-th particle. ri represents the distance between the i-th particle and the origin. μi represents the electric dipole moment of the i-th particle in the applied electric field.

The dielectric constant ε is equal to the second power of the real part of the complex refraction index n according to the Maxwell's equation. The relationship between mass density ρm and molecular number density ρ is expressed as:

V P = _ 5 `V ( 13 
)
where NA is the universal Avagadro's number and M is the molecular weight of the chemical element of the dielectric. Combining Eq. ( 8) and Eq. ( 13), the relationship between n and ρm can be expressed as follows
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As the number of polarized particles per unit volume increases, both the refractive index and the mass density increase. There is a significant positive correlation between mass density and refractive index (Jerman et al., 2005;Liu andDaum, 2008). Although the complex refractive index is wavelength dependent, many studies have demonstrated that the spectral dependence of the aerosol refractive index in visible light spectrum is not significant for most aerosol particles (Zhang et al., 2017;Van Beelen et al., 2014;Koven et al., 2006;Arola et al., 2011;Dey et al., 2006;Schuster et al., 2005). Liu and Daum (2008) proposed the following statistical relationship, which is relatively acceptable for the mixture with different mixing rules.

V 1 = V i > L @ 8 M @ 8 d/ Nj k (1.33 < n < 1.7) (15)
where the parameters a and b are obtained by statistics from reference values, here a = 0.23 and b = 0.55.

Theoretical error assessment of particle effective density

In this study, the material densities of the major components of atmospheric aerosol measured in the laboratory are used as the reference values. Table 2 shows the deviation between the reference values and the calculations from the semi-empirical model. The average theoretical error is obtained of 13.75%. We set 1.33-1.70 as the effective range of the real part of the refractive index in this study. Then, the calculated effective density range of 0.80-2.57 g/cm 3 was obtained. The effective density range of atmospheric aerosols provided in Appendix A3 was similar to that in our study.

The semi-empirical volume-to-extinction ratio model for PM10

Statistical study based on ground-based observations

The VE10 model is studied with consideration of different aerosol types using AERONET [START_REF] Holben | AERONET-A Federated Instrument Network and Data Archive for Aerosol Characterization[END_REF] 

Construction of VE10-FMF relationship

Following the study by Zhang and Li (2015), the volume-to-extinction ratio has been defined using three parameters including AOD, volume concentration and FMF, and then FMF-VE10 relationship is established and illustrated in Fig. = 0.3178q q / -0.8199q q + 0.69194 (0<FMF≤1) (16)

The simulated VE10 varies from 0.19 to 0.69 μm 3 μm -2 , which is similar to the observed values of 0.2 to 0.78 μm 3 μm -2 in this paper. When FMF is 1.0, the simulated VE10 is 0.19 μm 3 μm -2 , which is close to the value of VEf (0.18 μm 3 μm -2 ) obtained by Zhang and Li (2015).

When the FMF is 0.1, the simulated VE10 is equal to 0.61 μm 3 μm -2 , which is similar to the observed VE10 values of dust (0.63 μm 3 μm -2 ) and sea salt (0.58 μm 3 μm -2 ). Hence, the VE10 model performs well for both fine and coarse particles. Fig. 3 shows the fitting residual errors at seven sites, which can be used to evaluate the performance of the VE10 model. The mean fitting residual is 14.51%. However, relatively large fitting residuals in the Mongu (24.45%) and Cuiaba Miranda (18.80%) may be due to fine particles with strong absorption [START_REF] Camponogara | Relationship between Amazon biomass burning aerosols and rainfall over the La Plata Basin[END_REF][START_REF] Queface | Climatology of aerosol optical properties in Southern Africa[END_REF][START_REF] Sayer | AERONET-based models of smoke-dominated aerosol near source regions and transported over oceans, and implications for satellite retrievals of aerosol optical depth[END_REF]. In this study, a 15% error is expected level of errors. 

Test of VE10 model

In order to test the developed VE10 model, the high-precision input data is selected and used. We adopt Lev. 2.0 data from AERONET, which is automatically cloud-removed and manually quality-controlled (Smirnov et al., 2000). The 10-year observation and inversion data at 5 independent AERONET sites (Kanpur, Skukuza, Mauna Loa, An Myon and Tahiti) are selected. The aerosol microphysical and optical properties at these five sites are significantly different (Omar et al., 2005). Then all available data at the five sites are used to evaluate the VE10-FMF relationship in section 3.2. The result is present in Figure 4. In Fig. 4, most samples are located among 0.19~0.4 (μm 3 μm -2 ), with mean relative error of 12.36%. And samples significantly overestimated or underestimated appeared less frequently.

However, the slope and bias of the fitting line implies a slight overestimation for small VE10, and the slight underestimation for large VE10.

For VE10 of dust particles, there is a theoretical overestimation of ~10% caused by cutting particle volume size distribution at a constant diameter in section 2.2.2. There is also a model error of VE10 caused by the semi-empirical formula. Dust particles have a large VE10 about 0.45 μm 3 μm -2 shown in Table 3. The slope and bias of the fitting line shown in Figure 2 present a slight underestimation of VE10 for dust particles of about 8%. Therefore, these two errors cancel each other to some extent.

Results

Estimation of PM10 based on POLDER/GRASP aerosol products

In order to demonstrate the developed PM10 remote sensing method, we use the advanced POLDER/GRASP products over China. The aerosol products from multi-angular polarimetry POLDER/PARASOL are expected to be reliable because the polarization signal received by the sensor mainly comes from the radiation contribution of fine-mode aerosol [START_REF] Deuzé | Remote sensing of aerosols over land surfaces from POLDER-ADEOS-1 polarized measurements[END_REF][START_REF] Tanré | Remote sensing of aerosols by using polarized, directional and spectral measurements within the A-Train: the PARASOL mission[END_REF]. The latest PARASOL aerosol products generated by the GRASP algorithm [START_REF] Dubovik | Statistically optimized inversion algorithm for enhanced retrieval of aerosol properties from spectral multi-angle polarimetric satellite observations[END_REF](Dubovik et al., , 2014) ) The analysis results show that the PM10 mass concentration has a very similar spatial distribution with AOD. It's also found that AOD is very sensitive to meteorological conditions.

The low boundary layer seems to inhibit convection and cause increased pollution. The absorption of moisture by the hygroscopic component in the particles generally leads to increasing extinction. The FMF in Inner Mongolia and northwestern China is relatively small, with an average value of 0.55. In the southern China, especially in Yunnan Province, the FMF is relatively large, with an average value of about 0.75.

By using the real refractive index product from GRASP «high-precision» approach as the input data of Eq. ( 15), it's also found that the large effective density value of around 1.91 g/cm 3 appears in northeast China and eastern Inner Mongolia. However, the small effective density value of around 1.57 g/cm 3 appears in southern China. This may be related to different types of industries in different regions. In eastern China, the average aerosol effective density is about 1.76 g/cm 3 . And the average aerosol effective density is about 1.67 g/cm 3 in Xinjiang.

Moreover, we also found that in March, September and October, the aerosol effective density in north and northeast China were relatively large. This may be related to the black carbon aerosol with a large density (2.0 g/cm 3 ) produced by straw burning. The absence of PM10 estimation over the Tibet area is caused by the missing data of real part of refractive index, which is used to calculated effective density of aerosol particles. This phenomenon also occurs in Figure 6. The missing data of refractive index is related to the inversion products of GRASP, which is likely due to limits of the inversion algorithm. 

Monthly PM10 analysis

Figure 6 shows the spatial distribution of PM10 remote sensing results over China from Jan. to Oct. in 2013. In order to make an inter-comparison, the monthly mean PM10 from in-situ measurements are also plotted as circles over each panel. The comparison shows that the PM10 remote sensing results and ground-based measurements have a good agreement in spatial distribution. The results also indicate that some overestimations for relatively low PM10 likely appear in the eastern and southern coastal regions of China, as well as some underestimations for relatively high PM10 in parts of northern China. Moreover, some overestimations occurred in northern China in spring, which is mainly related to dust events.

Additionally, according to previous analysis in section 3.2, the volume-to-extinction ratio of dust aerosols from the VE10 model is likely overestimated. In the western and southern China, as well as Inner Mongolia, the PM10 mass concentration is relatively small. In the eastern and northern China, especially in the Beijing-Tianjin-Hebei region, the PM10 mass concentration is relatively large. In spring, The PM10 mass concentration is generally high nationwide. In most regions, PM10 mass concentration is relatively small in autumn (Sep. and Oct.) and winter (Jan. and Feb.), while relatively large in spring (Mar., April, and May) and summer (June, July, and Aug.). In

Xinjiang and Inner Mongolia, the large PM10 mass concentrations mainly appear in spring.

Error evaluation of PM10

Figure 7 shows the comparison of the monthly mean remote sensing results and in situ measurements. The overall relative error at all sites is about 10.97%. The PM10 remote sensing results have a good agreement with in-situ measurements. The results in both Fig. 6 and Fig. 7 indicate the PM10 overestimations in June. The overestimated pixels also have larger AOD values. To show if there was unscreened cloud contamination in the satellite products in June, the comparison of the AOD data from POLDER/GRASP with that from MODIS C61 was conducted over China. It's found that both AOD products have the similar spatial distribution, especially with large values in Hebei and Shandong provinces. This implies that the PM10 remote sensing method is so sensitive to the key model parameters, especially AOD. Figure 8 shows the validation results of monthly mean PM10 remote sensing results at in-situ measurement sites. The statistical interval is 30 μg/m 3 . The results show that the relative errors of PM10 remote sensing results from January to October in 2013 are 24.56%, 42.78%, 39.12%, 37.48, 25.30%, 31.81%, 18.84%, 18.21%, 23.60%, 17.80%, respectively.

And the mean relative error is 30.28%. In February, the significant overestimations occur mostly when PM10 measurements are less than 40 μg/m 3 . In April, the correlation between the remote sensing results and the in-situ measurements is relatively poor. On the one hand, this may be due to the large retrieval uncertainties of FMF in spring when dust aerosol occurring frequently. On the other hand, the transported dust may lead to complex vertical distribution characteristics of aerosol particles in the planetary boundary layer. Moreover, the calculated volume-to-extinction ratio of dust also has relatively large uncertainties. The results also show that the slight overestimation when PM10 concentration is low, and the slight underestimation when particulate mass concentration is high. This can be partly explained by the uncertainties of VE10 model developed in this paper, as well as the ratios of AOD and fine mode AOD 471 retrievals. In Figure 9, we calculate the absolute errors of hourly PM10 remote sensing results (samples of 1975) from January to October in 2013. All data are divided into 39 bins with same number of samples. Then, the expected error of hourly PM10 remote sensing results of ± (45% + 15 μg/m 3 ) is obtained. The results also show that hourly results are more sensitive to random errors of input parameters. On the one hand, the estimated satellite remote sensing derived near-surface PM10 errors are related to the uncertainties of the input data. On the other hand, the various parameterization schemes also have theoretical errors. In this study, we have shown that the theoretical errors of VE10 model and n-ρe model were 14.5% and 13.75%, respectively. And the hygroscopic growth model has a theoretical error of 24% (Zhang and Li, 2015). Due to the complicated vertical variabilities of aerosols in the real atmosphere, it is difficult to determine the theoretical error of the vertical correction scheme. Then, the theoretical error of our 

Discussion

In addition to the theoretical errors of two semi-empirical models, the inter-comparison of columnar volume-to-extinction ratio, and particle effective density between previous studies and this study is discussed in this section. Moreover, a sensitivity test is conducted to discuss how sensitive is this approach when distinct elevated layers with large AOD values are present above the PBL. Meanwhile, the influences of inputs' uncertainties are also discussed.

Inter-comparison of columnar volume-to-extinction ratio

VE10 model and VE10 values for different aerosol types are firstly disclosed in this study. This makes it possible to separate the contribution of PM10 from AERONET data and satellite data. Meanwhile, the columnar volume-to-extinction ratio values of fine mode and coarse mode particles are also computed from AERONET data by previous studies [START_REF] Penner | Aerosols, their Direct and Indirect Effects[END_REF][START_REF] Barnaba | Aerosol seasonal variability over the Mediterranean region and relative impact of maritime, continental and Saharan dust particles over the basin from MODIS data in the year[END_REF][START_REF] Ansmann | Saharan Mineral Dust Experiments SAMUM-1 and SAMUM-2: what have we learned?[END_REF]Mamouri and Ansmann, 2014;Zhang & Li, 2015;[START_REF] Mamali | Vertical profiles of aerosol mass concentration derived by unmanned airborne in situ and remote sensing instruments during dust events[END_REF]. The VE2.5 values of dust, sea salt, urban/industry, and biomass burning aerosol are computed in Zhang & Li, (2015). In south-eastern Europe Cyprus, the VEf of non-dust and VEc of dust are computed, during the cases of the moderate-intensity dust and low-intensity dust by [START_REF] Mamali | Vertical profiles of aerosol mass concentration derived by unmanned airborne in situ and remote sensing instruments during dust events[END_REF]. The contribution of the "interested particles" is separated based on the similar approach with this study. The reported values are shown in Table 4. The VEf and VEc are also derived from the AERONET products by [START_REF] Ansmann | Saharan Mineral Dust Experiments SAMUM-1 and SAMUM-2: what have we learned?[END_REF] and Mamali and Ansmann, (2014) in Cyprus.

The inter-comparison of columnar volume-to-extinction ratio between previous studies and this study is shown in Table 4. The results show that VEf and VE2.5 values varied within a small range of 0.16×10 -6 m ~0.19×10 -6 m for aerosols dominated by fine particles. Similarly, [START_REF] Barnaba | Aerosol seasonal variability over the Mediterranean region and relative impact of maritime, continental and Saharan dust particles over the basin from MODIS data in the year[END_REF] proved that VE values of fine mode particles also varied within this range. This is due to that fine mode particles are mainly spherical, and their mixing state is relatively uniform. Moreover, the effective radius is stable over a certain range in thermodynamic equilibrium. We also calculate VE2.5 in seven AERONET sites (Beijing, GSFC, Cuiaba Miranda, Mongu, Solar Village, Ascension Island, and Lanai) selected in this study, based on the same theoretical method as Zhang and Li (2015). And the calculated VE2.5 results are listed in Table 4. There are similar VEf and VE2.5 values for aerosol dominated by fine mode particles. For oceanic aerosol, both polluted (Ascension Island) and clean (Lanai) sea salt is included in this study. Our obtained VE2.5 value is larger than that of Zhang and Li (2015) which only concerned about the polluted oceanic aerosol. And our obtained VE2.5 values also fit the model curve of Zhang and Li (2015) well. For aerosols dominated by coarse particles, VE and VE10 values are larger and varied within a larger range. This is related to the large differences of aerosol absorbability and hygroscopicity. All above works are conducted at the wavelength of about 532nm. VE value is also computed at a different wavelength of 670 nm by Sciarra et al. (2004). The larger VE value of dust (~ 0.52×10 -6 m) at 670 nm is observed.

Additionally, different approaches can also impact the columnar volume-to-extinction ratio values. There are mainly three approaches to separate the contribution of fine mode and coarse mode particles. The first one is according to the conversion relationship between aerodynamic diameter and geometric diameter. And it has been adopted in our study. The second one is also called "Dubovik approach" [START_REF] Dubovik | A flexible inversion algorithm for retrieval of aerosol optical properties from Sun and sky radiance measurements[END_REF]. In order to separate the contribution of fine and coarse mode particles, the minimum value is recognized in the bi-modal volume size distribution. The third one is the spectral curvature algorithm developed by O' Neill et al. (2003). And for aerosols dominated by fine particles, the results from these approaches are proved similar by [START_REF] Zhao | Merging modis and ground-based fine mode fraction of aerosols based on the geostatistical data fusion method[END_REF]. Table 4. the comparison of columnar volume-to-extinction ratio values in published works and this study (10 -6 m = 1 μm 3 μm -2 ). 

The influences of vertical model's uncertainties

We designed sensitivity test to discuss "how sensitive is this approach when distinct elevated layers, like severe dust events or forest fires, with large AOD values are present above the PBL". [START_REF] Dubovik | Polarimetric remote sensing of at-mospheric aerosols:instruments, methodologies, results, and perspectives[END_REF] constructed monthly aerosol extinction profiles dataset based on CALIPSO data during 2007-2015 over China. Although aerosol vertical profiles varied with location and season, the seasonal mean results over Northeastern China are very similar to the Gaussian curve (Fig. 12 (a)). The Gaussian model can be expressed as followed:
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Where σ(z) represented the aerosol extinction with altitude of z, A represented peak concentration, zh represented peak height, and σh represented half-width. The referenced Gaussian model in Table 5, has similar PBLH and ESH (Effective Scaling Height, the ratio of τ and σ0). Although τup accounted for 23.85%, small Δσ0 (1.30%) is obtained. Then, this Gaussian curve is regarded as the reference, and three key parameters (A, zh and σh) of gaussian model are changed, respectively. Although the peak concentration increased by 200%, and τ increases from 0.1 to 0.3, there is no significant increase of Δσ0.

This indicates that there are not additional errors that could be caused by Uniform model, when the peak height and half-width are unchanged, and only peak concentration increased.

The results also show that the uncertainty of Uniform model is more sensitive to zh and σh.

When zh increased by 10%, τup decreased by 4%, but Δσ0 increased from 1.30% to 8.57%.

When σh increases by 10%, τup also decreases by 4%, Δσ0 decreases from 1.30% to -13.51%.

This indicates that the errors caused by Uniform model are related to the height and thickness of the elevated layer directly.

We also use three bimodal Gaussian distributions (parameters shown in Table 6) to simulate the distinct elevated layer with large AOD value are present above the PBL (Fig.

12(b)). In three cases, the column AODs range from 0.29 to 0.35. And the contributions of aerosol above the PBL increase from 29.34% to 40.37%. The maximum deviation between τ/PBLH and the theoretical value is less than 30%. In other words, the errors could be neglected when PBLH is similar with ESH. In the work of Zhang et al., (2015), large aerosol extinction was observed above the PBL on December 24, 2013, in Jinhua, China. And the impact of PBLH data from Lidar, and uniform vertical model uncertainty on remote sensing results of PM2.5 was about 30% (Li et al., 2016). The BLH data from ERA5 reanalysis was slight lower than that detected by lidars [START_REF] Wang | Relationship analysis of PM2.5 and boundary layer height using an aerosol and turbulence detection lidar[END_REF]. The deviation may be related to the different detection methods and inversion algorithms.

However, passive sensors cannot detect elevated layers and provide only column-integrated quantities. The space-borne lidar CALIPSO currently provides aerosol vertical profiles with a relatively coarse spatial resolution (2°long. × 5°lat.). To obtain more appropriate aerosol vertical model, more parameters are required besides PBLH.

The influences of inputs' uncertainties

In addition to the uncertainties of semi-empirical models, the input data can also contribute to the errors of calculated PM10. AOD and PBLH data can propagate to the errors of calculated PM10 directly. In addition, FMF and RH data can also indirectly. A solid quality of retrieved aerosol characteristics can be obtained by PARASOL/GRASP products (Chen et al., 2020). And an evaluation of POLDER/GRASP AOD and FMF with Sun-Sky Radiometer Observation Network (SONET) products is conducted over China by Wei et al. (2020a). The results showed that the AOD from «models» approach correlated well with AOD (500 nm) from SONET with correlation coefficient of 0.96, about 76% of retrievals within Gfrac ranges (±0.05±0.15AOD). The slope of 0.90 and the bias of 0.04 indicated a good performance of AOD product. However, there were still some retrieval uncertainties associated with the complex terrain and meteorology, and the cloud-free identification. Thus, the uncertainty estimation of PM10 remains a subject for the influence of the AOD retrieval uncertainties.

The analysis also showed that the FMF from POLDER/GRASP algorithm was significantly closer to SONET-SDA FMF compared with MODIS FMF from Dark Target algorithm, with Gfrac increasing from 16.75% to 62.35%. Note that MODIS FMF is weight for reflectance not for AOD over land. However, the slope of the fitting line was 0.65 (Wei et al., 2020a). In our study, FMF is the key parameter for the calculation of the volume-to-extinction ratio. The volume-to-extinction ratio can be overestimated due to the underestimation of FMF, which may further lead to overestimate of the satellite remote sensing of PM10.

The PBLH data from ERA5 has been used by many works recently (ECMWF, 2017; [START_REF] Wang | Relationship analysis of PM2.5 and boundary layer height using an aerosol and turbulence detection lidar[END_REF][START_REF] Zhang | Diurnal climatology of planetary boundary layer height over the contiguous United States derived from AMDAR and reanalysis data[END_REF][START_REF] Allabakash | Climatology of Planetary Boundary Layer Height-Controlling Meteorological Parameters Over the Korean Peninsula[END_REF]. The accuracy of this data is considered reliable. The BLH data in ERA5 was determined by the bulk Richardson number method [START_REF] Seidel | Climatology of the planetary boundary layer over the continental united states and europe[END_REF]. The study of [START_REF] Seidel | Climatology of the planetary boundary layer over the continental united states and europe[END_REF] indicated that the uncertainty of height is greater than 50% for shallow boundary layers (<1 km) and less than 20% for deeper boundary layers of this method, due to the data limitations in vertical profiles. Compared to the data from Aircraft Meteorological Data Reports, the ERA5 reanalysis product overestimates the daytime PBLH [START_REF] Zhang | Diurnal climatology of planetary boundary layer height over the contiguous United States derived from AMDAR and reanalysis data[END_REF]. In the work of Zhang et al., (2015), large aerosol extinction was observed above the PBL on December 24, 2013, in Jinhua, China.

And the impact of PBLH data from Lidar, and the uncertainty resulting from a uniform vertical model on PM2.5 remote sensing is about 30% [START_REF] Li | Remote sensing of atmospheric particulate mass of dry PM2.5 near the ground: Method validation using ground-based measurements[END_REF]. The BLH data from ERA5 reanalysis is slight lower than that detected by lidars [START_REF] Wang | Relationship analysis of PM2.5 and boundary layer height using an aerosol and turbulence detection lidar[END_REF]. The deviation may be related to the different detection methods and inversion algorithms.

The RH data in ERA5 is not assimilated but calculated from the simulated temperature and specific humidity in the reanalysis. Hence, the small errors in the simulated temperature and specific humidity can contribute to errors for RH data. The validation of RH data in eastern and western Fram Strait was provided by [START_REF] Graham | Improved performance of ERA5 in Arctic gateway relative to four global atmospheric reanalyses[END_REF]. Their study showed that the mean correlation coefficient between the observations and the reanalysis was around 0.85. And the root mean square error was around 12% at pressure level from 500 hPa to 1000 hPa. However, large errors were generally obtained at pressure level of less than 800 hPa.

Hence, the uncertainties of RH data near surface were smaller.

Strengths and limitations

The contribution of natural and anthropogenic sources of PM10 fluctuates greatly. There is an obvious difference of columnar volume-to-extinction ratio between fine mode particles and coarse mode particles. A new scheme for converting total optical thickness to PM10 volume concentration is put forward. Moreover, the density difference between natural and anthropogenic source aerosol is relatively huge. Hence, using the fixed density value for PM10 estimation is not appropriate. Based on the electromagnetic polarization theory, a semi-empirical model of aerosol effective density is applied to satellite in this study, which makes it possible to obtain the particle density with large spatial coverage by satellite remote sensing. Compared to the statistics or chemical transport models, this semi-empirical physical approach is more friendly to use, especially for people who do not have sufficient professional knowledge. In addition, our semi-empirical physical approach is independent of in-situ PM10 measurements.

The generated dataset by our method can be used for regulatory purposes and long-term trends of PM10. Furthermore, the contributions of human and natural factors [START_REF] Zhang | Diurnal climatology of planetary boundary layer height over the contiguous United States derived from AMDAR and reanalysis data[END_REF] to PM10 are expected to be estimated in the future work, based on the developed semi-empirical physical formula. In the future, the accuracy improvement of remote sensed PM10 results is depending on the development of the sensors and the inversion techniques. To reduce the remote sensing PM10 uncertainty, more accurate input data and more appropriate parameterization schemes are needed. In addition, high-resolution remote sensing results have large spatial coverage and spatial representation, which can provide scientific basis for site selection on the ground. It can also provide data source for the study on desertification in Northwestern China.

Conclusions

The improved remote sensing method of near-surface PM2.5 by using semi-empirical physical models has been proposed and demonstrated. The columnar volume-to-extinction ratio, which can realize the conversion of optical extinction to volume concentration, was found to be well described by a quadratic polynomial function of FMF. In addition, the particle effective density can be obtained from the real part of the complex refractive index.

Both semi-empirical physical models of columnar volume-to-extinction ratio and particle effective density proposed in our study performed reliably for different aerosol types.

By using the aerosol retrievals from POLDER/GRASP, and BLH and RH data from ERA5, PM10 mass concentration was derived based on the semi-empirical physical approach over China from January to October in 2013. The monthly mean PM10 remote sensing results

were well comparable with the in-situ measurements, with the mean relative error of 30.28%.

Meanwhile, the expected error of the hourly PM10 remote sensing results was ± (45% + 15 μg/m 3 ). The estimation errors of our remote sensing method may come from the random errors of the input data and a theoretical error of 31.23%. In the west, south China and Inner Mongolia, the PM10 mass concentration is relatively small. In the east and north China, especially in the Beijing-Tianjin-Hebei region, the PM10 mass concentration is relatively high.

The PM10 mass concentration is generally high nationwide in spring.

The advantage of physical method is the microscopic characteristic information of aerosol can be used into the estimation of particulate matter mass concentration, and the error source of each piece of data can be explained. In other words, it not only can improve the accuracy of the model from a theoretical perspective, but also be useful for evaluating the key parameters that cause errors. Thus, the results of this study demonstrate that satellite observations especially by the multi-angular polarimeters can be used for monitoring the PM10 mass concentration dynamic. Correspondingly, the proposed methods can be useful for the improved exploration of polarimetric satellite missions launched recently and expect to be launched in near future [e.g. see [START_REF] Dubovik | Polarimetric remote sensing of at-mospheric aerosols:instruments, methodologies, results, and perspectives[END_REF]. Moreover, some aspects of the future design of satellite sensors can be guided by the proposed physical method. 

Figure 1 .

 1 Figure 1. Sensitivity of VE10 of different aerosol types (WS, BB, DU, Haze) to the cutting diameter.

2 .

 2 Based on AERONET data, VE10 is calculated from AOD data and the volume concentration integrated from particle volume size distribution data. The solid dots and whiskers represent the mean values and standard deviations for different aerosol types (BB, U/I, DU, SS). The color legend represents the frequency of the statistical samples at each bin (interval of 0.02 for FMF, and interval of 0.02 μm 3 μm -2 for VE10). The solid black line represents the fitting curve (R = 0.84), which can be expressed by the quadratic polynomial function in Eq. (16). The mean values of different aerosol types all are located very close to the fitting curve. This illustrates the suitability of Eq. (16) for different aerosol types. The samples with large frequency also locate closely to the fitting curve. This indicates that the following VE10 model can represent the majority of samples.

Figure 2 .

 2 Figure 2. The relationship between the FMF and VE10 at 7 typical AERONET sites. The colors represent the frequency of the samples in each bin with the FMF interval of 0.02 and the VE10 interval of 0.02 μm 3 μm -2 . There are 1193 valid intervals in total. The black dots and whiskers represent the mean values and standard deviations for 4 aerosol types. The black solid line shows the fitting curve.
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 3 Figure 3. Relative errors (RE) of VE10 for seven AERONET sites

Figure 4 .

 4 Figure 4. Scatter plot of calculated and reference values of volume-to-extinction ratio VE10 at 5 test sites.Color bar represents frequency of samples appearing at each interval of 0.025 μm 3 /μm 2 . Black dash line
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 5 Figure5shows the annual mean remote sensing results of PM10, as well as AOD, FMF,
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 5 Figure 5. Annual mean remote sensing results of PM10 and AOD, FMF, effective density, PBLH and RH
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 6 Figure 6. Comparison of monthly mean remote sensing results of PM10 with ground measurements over
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 7 Figure 7. Comparison of remote sensing results and in situ measurements of PM10 mass concentration from
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 8 Figure 8. Pixel to pixel scatter plot of monthly PM10 remote sensing results and in-situ measurements (with statistical interval of 30 μg/m 3 ) 473

Figure 9 .

 9 Figure 9. Estimation of the absolute error of satellite remote sensing near-surface PM10 mass concentration.

Figure 10 .

 10 Figure 10. Box charts (black: all data, red with line: RE>45%, and blue: RE< 45%) of input parameters

  layer, the remote sensing derived columnar ρe can be larger than in-situ measurement conducted near surface. On the other hand, based on the semi-empirical physical model, the remote sensing result is close to the material density of the aerosol particle. However, the ground-based estimated effective density depends on the shape and composition of the aerosol particles. For non-spherical particles, the ground-based estimated effective density is smaller than the material density. Furthermore, POLDER/PARASOL observation is only available till October 2013. The comparison of the remote sensing results and the ground-based estimations does not over the same time period, which is another point that may cause of the deviation.

Figure 11 .

 11 Figure 11. Comparison of the particle effective densities from satellite remote sensing and ground-based

Figure 12 .

 12 Figure 12. (a) the Gaussian curve used to simulate actual atmospheric aerosol extinction profile, (b) the
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Table 1 .

 1 Typical aerosol models and their sub-mode parameters.

	Type					Fine and coarse mode parameters		
		Dp,1	Dp,2	σ1	σ2	C1/C2	n	k	ρp	χ	ρe,type	Dp,c
	WS	0.236 2.34 0.6 0.6	2	1.45	0.0035 D	1.78 T	1.03 Hi	1.72	7.62
	BB	0.264	9	0.4 0.6	4	1.52	0.025 D	1.40 R	1.05 Da	1.33	8.67
	DU	0.2	6.8	0.6 0.8 0.066 1.53	0.008 D	2.45 N	1.40 DC	1.75	7.55
	Haze	0.2	6.0	0.4 0.6	2	1.49	0.012 D	1.73 H	1.03 H	1.67	7.73
	Abbreviation. D: Dubovik et al., 2000; T: Tang, 1996; R: Rissler et al., 2014; N: N. Kaaden et al. 2008; H: Hu et
	al., 2012; Hi: Hinds, 1999; Da: Davies, 1966; DC: Davies and CN, 1979.		

Table 2 .

 2 The theoretical difference between the calculated effective density from n-ρe relationship and the material density of pure chemical composition

	Species	n	ρe,ref (g/cm 3 )	ρe,cal (g/cm 3 )	Diff (%)
	NH4HSO4	1.476	1.78	1.45	18.58
	(NH4)3H(SO4)2 1.527	1.83	1.69	7.38
	(NH4)2SO4	1.531	1.77	1.71	3.14
	NH4NO3	1.554	1.73	1.83	5.66
	CaSO4	1.53	2.30	1.71	25.67
	NaNO3	1.587	2.26	1.99	11.82
	NaCl	1.544	2.17	1.78	18.04
	Al2O3	1.765	3.97	2.91	28.81
	MgO	1.735	2.58	2.75	6.60
	Ave.	-	-	-	13.75

  observation around the world. In this study, datasets collected over approximately 10 years at seven AERONET sites are used. The Lev.1.5 AOD at 500 nm, FMF (Fine Mode Fraction) derived from spectral AOD using spectral decomposition approach(O'Neil et al., 2001(O'Neil et al., , 2003)), and PVSD (Particle Volume Size Distribution) data inverted from[START_REF] Kaufman | Baseline maritime aerosol: methodology to derive the optical thickness and scattering properties[END_REF], the oceanic aerosol in Ascension Island is somewhat polluted. Due to the different components of aerosol particles between two urban sites, spectral SSA values in Beijing were smaller than that in GSFC, which suggested the aerosol particles with stronger absorption in Beijing. Similarly, aerosol with different light absorption ability was found in Mongu and Cuiaba Miranda, which was likely caused by changes of the percentage of BC content.As presented in Table3, aerosols dominated by fine particles have smaller VE10 and

	Furthermore, our previous work in Wei et al., (2020b) also compared the aerosol optical
	characteristics (e.g. AOD, SSA, FMF) between sites (Ascension Island site vs. Lanai site,

sky-radiance by

[START_REF] Dubovik | A flexible inversion algorithm for retrieval of aerosol optical properties from Sun and sky radiance measurements[END_REF] 

are used in this study. The seven sites include Beijing (urban/industrial aerosol), Goddard Space Flight Center (GSFC; urban/industrial aerosol), Cuiaba Miranda (biomass burning aerosol), Mongu (biomass burning aerosol), Solar Village (desert dust), Ascension Island (oceanic aerosol), and Lanai (oceanic aerosol). We selected seven sites in this study with typical aerosol types according to

Dubovik et al. (2002)

,

[START_REF] Kaufman | Baseline maritime aerosol: methodology to derive the optical thickness and scattering properties[END_REF]

. Biomass burning aerosol and Urban/industrial aerosol are dominated by fine mode particles. Biomass burning aerosol is of strong absorption due to black carbon produced by combustion. For urban/industrial aerosol, the relatively small real part of the refractive index is likely related to the hygroscopic growth. Desert dust and oceanic aerosol are dominated by coarse mode particles. There is a pronounced absorption in the blue spectral range for dust particles.

Beijing site vs. GSFC site, Mongu site vs. Cuiaba site) with the same aerosol types. Due to the seasonal transported biomass burning aerosol and dust over the Pacific Ocean (larger FMF. This is due to the fine particles are more sensitive to light extinction than coarse particles. In a contrast, aerosols dominated by coarse particles have larger VE10 and smaller FMF. Furthermore, we calculate the V2.5/V10 values and list them in Table

3

to show the fraction of coarse mode particles. Both V2.5 and V10 are integrated from particle volume size distribution provided by AERONET. The mean V2.5/V10 values of the data samples range from 0.27 to 0.75, which implies the semi-empirical model has good representativity and universality. Meanwhile, nearly 70% of samples are dominated by coarse mode particles, with V2.5/V10 values less than 0.5.

Table 3 .

 3 The statistics of VE10, FMF and V2.5/V10 at 7 AERONET sites are classified into 4 typical aerosol types. The site and data information are also listed. (62,634 samples).

	Site	Desert Dust	Sea Salt	Urban /Industrial	Biomass Burning
		Solar Village	Ascension Island	Lanai	Beijing	GSFC	Cuiaba Mirand	Mongu
	Lat. (°)	24.91	-7.00	20.74	39.98	38.99	-15.73	-15.25
	Long. (°)	46.40	-14.00	-152.92	116.38	-79.84	-56.02	23.15
	Samples	27088	5643	3499	7205	7896	4755	6548
	Year	2000-20 15	2000-2015	1996-2004	2010-2017	2010-20 17	2010-2 017	1995-20 10
				VE10				

Table 5 .

 5 the parameters of Gaussian model and Uniform model used by sensitivity test

					Gaussian model				Uniform model
		A	zh	σh	σ0	τ	τup (%)	PBLH ESH	τ/ PBLH	Δσ0 (%)
	Refer.	0.2	0.50	0.60 0.0998 0.1 23.85	0.90	0.91 0.1012	1.30
	ΔA =200%	0.6	0.50	0.60 0.1997 0.3 23.85	0.90	0.91 0.2023	1.30
	Δzh =10%	0.2	0.55	0.60 0.0863 0.1 19.56	1.00	1.09 0.0937	8.57
	Δσh =10%	0.2	0.50	0.66 0.1127 0.1 20.05	1.00	0.86 0.0974 -13.51

Table 6 .

 6 Parameters of the bimodal Gaussian distribution and Uniform model No.

		Modes			Gaussian model			Uniform model
			A	zh	σh	σ0	τ	τup (%)	τ/ PBLH	Δσ0 (%)
	Profile a	Model 1 Model 2	0.6 0.08	0.5 1.5	0.60 0.3	0.30	0.29 29.34	0.33	9.18
	Profile b	Model 1 Model 2	0.6 0.16	0.5 1.5	0.60 0.3	0.30	0.32 34.10	0.35	17.07
	Profile c	Model 1 Model 2	0.6 0.26	0.5 1.5	0.60 0.33	0.30	0.35 40.37	0.39	29.49
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remote sensing method is obtained of 31.23% using the following formulation. 

Error analysis of key model parameters

In order to evaluate model performance, the PM10 errors induced by key model parameters are shown in Figure 10. The key model parameters include AOD, FMF, effective density, PBLH and RH. Good performance is found for most cases. For examples, the in-situ observed PM10 shows high values with low BLH, which is mainly related to reduced vertical mixing and enhanced condensation of semi-volatile species in winter. While AOD shows high values with high BLH, which is probably due to the increased photochemistry and aerosol residence time in the atmosphere in spring and summer [START_REF] Barnaba | Annual cycle in co-located in situ, total-column, and height-resolved aerosol observations in the Po Valley (Italy): Implications for groundlevel particulate matter mass concentration estimation from remote sensing[END_REF].

The significantly overestimated results with RE larger than 45% accounted for about 23%. And the overestimations mainly occurred when in-situ PM10 measurements were small.

The corresponding AOD was 0.45, FMF was 0.41, effective density was 1.72 g/cm 3 , and RH was 45.74%. However, the corresponding PBLH was relatively small mainly ranging from 0.94 km to 1.45 km. This may be related to aerosol particles above the planetary boundary layer.

The results also show that the significant underestimations with RE less than -45% accounted for less than 10%. And the underestimations mainly occurred when in-situ PM10 

Inter-comparison of particle effective density

Figure 11 shows the comparison between the annual mean satellite remote sensing results of particle effective densities (ρe) (from Jan. to Oct. in 2013) and the ground-based estimations in Lanzhou, Shouxian, Shanghai and Beijing. The results indicate that the effective density from both satellite-based and in-situ measurement has a similar dynamic range. In Shanghai, the annual mean remote sensing derived ρe is 1.60 g/cm 3 , which is close to the particle effective values in studies of [START_REF] Guo | Estimating ground-level PM2.5 concentrations in Beijing using a satellite-based geographically and temporally weighted regression model[END_REF] and [START_REF] Yin | Size-resolved effective density of urban aerosols in Shanghai[END_REF] (see in Appendix A.3). However, the annual mean remote sensing results are higher than the ground-based estimations in Beijing, Shouxian and Lanzhou. On the one hand, the mean effective density of particles in the atmospheric column may be different from that near surface. When there are some materials with large densities, such as sand and black carbon,
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Appendix

A.1. Vertical correction

A uniform vertical distribution of particles in the planetary boundary layer is assumed in this study.

where z0 is the ground altitude above sea level with a unit of km, n(r) is the particle number size distribution that does not change with height in the planetary boundary layer, V10 is the PM10 volume on the ground, Dp is the particle geometric diameter with a unit of μm, z is the height from the ground with a unit of km, Dp,c represents the geometric equivalent diameter corresponding to the aerodynamic diameter of 10 μm, and PBLH is the planetary boundary layer height with a unit of km.

A.2. Humidity correction

The increasing light extinction of particles due to water uptake can be described through a known parameter fo(RH), which is represented as:

where σw is the extinction coefficient under the wet condition, and σd is the extinction coefficient under the dry condition; rw is the wet particle radius, and rd is the dry particle radius; Qe(r) is the particle extinction efficiency; n(r) is the particle number size distribution.

Based on the previous studies [START_REF] Im | An assessment of hygroscopic growth factors for aerosols in the surface boundary layer for computing direct radiative forcing[END_REF][START_REF] Kotchenruther | Humidification factors for atmospheric aerosols off the mid-Atlantic coast of the United States[END_REF][START_REF] Wang | Satellite-based estimation of regional particulate matter (PM) in Beijing using vertical-and-RH correcting method[END_REF], fo(RH) always can be represented as Eq. (A3). a and b are the fitting parameters.

However, f 3 r (RH), the ratio of the aerosol volume concentration under wet conditions to that under dry conditions, can be represented as Eq. (A4).

Considering fo(RH) more commonly used and easily obtained, we use fo(RH) to dry out wet particles. Zhang and Li, (2015) has proved that fo(RH) is close to f 3 r (RH) for different aerosol types, with the average difference about 24%.