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Abstract

:

A regional aerosol model can complement globally averaged models and improve the accuracy of atmospheric numerical models in local applications. This study established a seasonal aerosol model based on data from the Aerosol Robotic Network (AERONET) of the sea area around eastern China, and its performance in calculating the aerosol optical depth (AOD) was evaluated. The seasonal columnar volume particle size distributions (VPSDs) illustrated a bimodal structure consisting of fine and coarse modes. The VPSDs of spring, autumn, and winter roughly agreed with each other, with their amplitudes of fine and coarse modes being almost equal; however, the fine mode of the summer VPSD was approximately twice as high as that of the coarse mode. Lognormal mode decomposition analysis revealed that fine and coarse modes comprised two sub-modes. Fitting the seasonal VPSDs to the four-mode lognormal distribution yielded a parameterized aerosol size distribution model. Furthermore, seasonal variations in complex refractive indices (CRIs) indicated unignorable changes in aerosol compositions. Overall, error analysis validated that the proposed model could meet accuracy requirements for optical engineering applications, with median AOD calculation errors of less than 0.01.
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1. Introduction


Aerosols consist of particles suspended in the atmosphere, including dust, inorganic salts, and organic particulate matter, and they play significant roles in multiple research domains, such as climate change, optical engineering, and human health. Aerosols can act as cloud condensation nuclei in cloud formation, expediting the process and subsequently influencing weather [1]. The scatter and absorption effects of aerosols can reduce the signal-to-noise ratio of electro-optical signals, impacting the performance of optoelectronic devices in optical remote-sensing operations [2]. Moreover, environmental aerosols can also significantly influence human health, and prolonged exposure to a high concentration of PM2.5 substantially increases the risk of respiratory diseases [3]. Therefore, developing an accurate aerosol model has long been an atmospheric research hotspot.



Aerosol models in atmospheric numerical simulation tools usually focus on describing the microphysical characteristics of aerosol particle ensembles by distinguishing particle types based on the sources of air masses or their chemical compositions, and providing particle size distribution and refractive indices for various particles. A commonly used aerosol numerical forecast tool, Weather Research and Forecasting with Chemistry (WRF-Chem), includes several aerosol schemes, such as Modal Aerosol Module (MAM) [4]. The main differences among these models lie in the number of aerosol classification types and whether bin-based or modal-based methods describe the aerosol particle size distribution. There are also some standalone aerosol models used for optical engineering applications, such as Optical Properties of Aerosols and Cloud (OPAC), the Navy Aerosol Model (NAM), and the Mediterranean extinction code (MEDEX). OPAC is a software package used to calculate cloud and aerosol optical parameters released by M. Hess, categorizing aerosol particles into 10 types based on sources, size distribution, hygroscopicity, and refractive indices, which allows users to blend different types of aerosol components in proportions, then compute the optical parameters; the latest version of this software is 4.0 [5]. The NAM models aerosol particle size distributions using multiple lognormal distribution modes to describe different aerosol sources, with three basic modes: newly generated marine aerosols, aged sea salt aerosols, and background dust aerosols [6]. Its improved model, MEDEX, depicts aerosol characteristics in coastal areas based on the distance of air masses passing over the sea surface and the wind speed by parameterizing lognormal modes of particle size distribution [7]. In optical-remote-sensing-related research, some aerosol model datasets are commonly used. For example, Xie et al. [8] employed aerosol classification, size distribution, and refractive index data from others’ works in their composition inversion studies.



Although the abovementioned models are usually used to describe globally averaged aerosol conditions, their databases were mainly obtained from near-surface observation experiments in North America and Europe [9], which leads to a problem in that regional aerosol characteristics often deviate from global counterparts [10]. A zonal aerosol model might provide higher accuracy when dealing with local research. Cattrall et al. pointed out that considering vicinal-sourced black carbon aerosols can enhance the aerosol inversion accuracy of spaceborne lidar [11]. Shi et al. [12] improved the precision of MODIS aerosol inversion products in eastern China by establishing an area-specific aerosol model based on AERONET observations. Even for marine aerosols, a relatively stable type of aerosol, characteristics varied significantly among different oceans; for example, the cloud condensation nuclei concentration in the Pacific Ocean was much greater than that in the Arctic Ocean [13].



However, there are few aerosol models specifically tailored to the area around China, and most researchers have paid attention to inland regions [14]. For the surrounding sea areas, the majority of scholars have focused more on the analysis of variations in aerosol properties [15] by analyzing aerosol components, size distribution, sources, or the evolution of other microphysical parameters [16], with only a few summarizations from the perspective of optical utilizations in the South China Sea [17]. Therefore, this paper aims to establish a regional model suitable for describing the basic characteristics of aerosols in the eastern waters around China for optical engineering applications. The data products and the processing methods used in the study are introduced in Section 2. Section 3 delineates the characteristics of local aerosols and the aerosol model based on them, while a performance assessment of the proposed model is presented in Section 4.




2. Data and Method


2.1. AERONET Data


AERONET is a global confederation network of ground-based aerosol monitoring led by the National Aeronautics and Space Administration (NASA) and equipped with CE-318 sun photometers, manufactured by a French company in Paris, CIMEL Electronique. AERONET conducts observations from the ultraviolet to the near-infrared band, and performs multi-angle sky radiance measurements to retrieve columnar aerosol parameters based on the scatter effect of aerosols. The critical parameters of the inversion product are the VPSD and CRI [18]. AERONET provides three levels of data products—Level 1.0, Level 1.5, and Level 2.0—as unfiltered data, cloud-screened and quality-controlled data, and quality-assured products, respectively [19]. The presented work used Level 2.0 data produced by the version 3 retrieval algorithm [20], comprising the AOD, VPSD, and CRI. AOD at the wavelength of 550 nm was interpolated by the nearest available spectral AOD and Ångström Exponent [21] for the convenience of utilization and evaluation, since 550 nm AOD is a commonly used indicator in optical engineering [5]. There are two types of operation modes in AERONET: direct sun measurement and sky measurement [22]. Direct sun measurements are performed at standard 15 min intervals, and almucantar sky measurements are performed about eight times a day, from which the AOD and inversion product were obtained, respectively.



The sea area around eastern China includes various large cities in China, Korea, and Japan. The local aerosol is inevitably influenced by anthropogenic emissions, resulting in a spatial distribution pattern wherein aerosol concentrations over the sea are related to the offshore distance from the coast [23]. Five island sites of AERONET in the region were selected, listed in Table 1 and Figure 1, because of the lower impact of terrestrial aerosols compared to the coastal sites, which can better characterize the marine background aerosol. As shown in Figure 1, the five selected sites are scattered from north to south in the area, marked by red five-pointed stars labeled with names. The selected dataset contains over one hundred thousand AOD spectra and more than three thousand VPSDs, as detailed in Table 1. CRIs were provided with VPSDs in the inversion product of AERONET. The observations from these sites span a long period. Baengnyeong Station, for instance, has provided measurements for over 10 years, and is still being updated. In general, the selected dataset is adequate to describe regional aerosol features.



Because of the monsoonal characteristics of the local climate, VPSDs from selected AERONET sites were averaged to seasonal mean values that can represent the basic status of regional aerosols. To overcome the influence caused by the uneven temporal distribution of VPSD data, averaging was performed by calculating daily mean VPSDs and then obtaining monthly and seasonal mean results step-by-step. Although the counts of VPSDs among different seasons varied seriously, the results of the analysis mentioned after might still be valuable for AERONET’s relatively extended temporal coverage in the study area. CRIs followed the same process procedure as for VPSDs. AOD data served as the validation bases in this paper. The regional mean aerosol model obtained in Section 3 was used to calculate the AOD spectra, and comparisons were made between the calculated AOD and the measured counterparts.




2.2. Aerosol Model


The practical aerosol model in atmosphere-related optical applications consists of two key parameters: size distribution and complex refractive indices. Based on these two parameters, the optical properties can be estimated using Mie code calculations. In the aerosol model in OPAC, for instance [5], the size distribution was described by lognormal functions, and the complex refractive indices were obtained from the existing dataset based on aerosol components. This research followed the same method to establish a local aerosol model for optical applications.



The lognormal distribution function is often employed to describe the number concentration size distribution of aerosols [6], such as   n ( I n r )   in Equation (1), where  k  is the amount of modes,    N i    is the amplitude of the  i th mode,    σ i    denotes the width, and    r i    signifies the mode radius. Different types of aerosols possess distinct modal parameters in OPAC [5]. As an example, the VPSD of black carbon aerosols has a single mode with a mode radius of 0.05 µm, while that of sea salt aerosols consists of two modes with mode radii of 0.94 µm and 7.9 µm. Marine aerosols were treated the same way in NAM, representing VPSDs using three or more modes assigned to different generation mechanisms [6]. The presented work adopted a modal decomposition method suggested by Cuesta et al. [24] to analyze the number of modes in VPSDs, which utilized the features of the second derivative of Gaussian functions.


  n ( I n r ) =   d N   d I n r   =   ∑ i k      N i      2 π   I n  σ i    e x p [ −     ( I n r − I n  r i  )  2    2 I  n 2   σ i    ]    



(1)






   β λ  =   ∫  π  r 2   Q  e x t   ( r , λ , m ) n ( I n r ) d I n r     



(2)






    d V   d I n r   =  4 3  π  r 3    d N   d I n r    



(3)







The aerosol extinction coefficient can be computed from Mie theory, shown as Equation (2), where    β λ    represents the extinction coefficient at the wavelength of  λ ,    Q  e x t   ( r , λ , m )   is the extinction efficiency factor obtained by means of Mie theory, and  m  stands for the CRI at  λ . The spectral CRIs were also retrieved in the inversion product of AERONET. The refractivity of local aerosol can reveal the composition variations, which are essential in evaluating optical characteristics.



The size distribution provided by AERONET is the volume size distribution, and the conversion to number concentration size distribution follows Equation (3). Observations from selected sites were averaged to obtain the seasonal VPSDs and CRIs for the area, and a model suitable for atmospheric optical engineering applications was established and evaluated based on AOD spectra acquired at the same sites.




2.3. Size Distribution Mode Decomposition


As mentioned above, the aerosol size distribution can be described using multiple lognormal modes. The mode parameters may be related to ambient meteorological conditions, like that in MEDEX [7]. It would be useful to separate VPSDs into appropriate modes because this might be the starting point for further analysis.



However, no widely accepted criterion for determining the required number of modes is currently available. The commonly used approach is to evaluate the goodness of fit for size distributions by statistical indicators obtained with different numbers of modes [25]. The selection of the value range of mode parameters is often based on empirical considerations, like the fitting scheme proposed by Hussein et al. [26]. To reconcile this arbitrariness, Cuesta et al. [24] proposed a method based on the characteristics of the second derivative of Gaussian curves to determine the number of modes and initial values of every mode parameter; the basic logic is illustrated in Figure 2.



Figure 2a shows the simulated aerosol size distribution curve, a single-peak Gauss curve. Figure 2b,c shows the first and negative second derivatives of the simulated curve in Figure 2a. The solid purple vertical line marks the mode radius of the lognormal mode peak, and the dashed lines on both sides mark the width of the simulated mode peak. The key idea of this method is that the number of modes can be estimated by the number of peaks of negative second derivatives. As for mode parameters, the mode radius can be guessed by the corresponding location of peaks, and the mode width can be obtained by the distance between the position of peaks and the zero points of the negative second derivative curve. Using the estimations of mode parameters as initial values, least square fitting can easily be performed to obtain fitted VPSDs.





3. Regional Aerosol Model


The climate of eastern Asia is a typical monsoonal climate; the Asian continent is under the control of the Siberian cold high-pressure systems during winter, while warm low-pressure systems control the mainland in summer, causing the north and northwest winds to prevail in the oceanic regions of eastern Asia in winter and the opposite wind directions to predominate in summer. Combined with the transition periods between them, the local climate exhibits a complete annual cycle [27]. Marine aerosols are significantly influenced by meteorological parameters such as wind speed [28], sea surface temperature [29], and humidity [30]. These influencing factors show distinct seasonal variations in the monsoonal zone, consequently driving the seasonal tendencies of aerosol parameters [31]. The season definition in this paper follows the meteorological convention, as the spring includes March, April, and May.



3.1. Seasonal Aerosol Model


Normalizing the aerosol size distribution before analysis is common in engineering applications [5]. A comparison among the seasonal averaged normalized VPSD of each station is shown in Figure 3, while subfigures a–d show the four seasons, respectively. The standard deviations of VPSDs are not shown in Figure 3 for conciseness, and the mean VPSD curves are situated well within the range marked by standard deviations.



Although the chosen sites were scattered at some distance in the Yellow Sea, their seasonal mean VPSDs showed many consistencies. The typical bimodal patterns can be observed in all seasonal mean VPSDs. Using the comparison between sites’ mean VPSDs of the same season, the categorization of aerosols into seasonal ones can be justified. The differences in mean VPSDs among stations were minor in spring and summer, as the positions and amplitudes of VPSD peaks did not vary severely. Though a slight shift of fine mode peak positions can be observed among sites’ VPSDs in autumn and winter, shown in Figure 3c,d, the deviations of the radius location of fine mode peaks were small. The shifted fine modes suggest the appearance of smaller particles, such as black carbon from North China [8,32], which is an indicator of pollution [33]. The amplitudes of both fine and coarse mode peaks of VPSDs in these two seasons were similar to those in spring and summer. Based on these comparisons, there were fewer differences among sites’ mean VPSDs in the same season, which indicates the feasibility of modeling the regional aerosol VPSD as a whole.



The CRI spectra of every season are illustrated in Figure 4 (the real part) and Figure 5 (the imaginary part); the error bars indicate standard deviations, and slight offsets in the wavelength of spectral CRI are added for distinctness. The real part of CRI (RCRI) can be used to describe the scattering effect of aerosols, and the imaginary part depicts the absorption ability. As shown in Figure 4, the spectral tendencies of RCRI from different stations are close in the same season. Considering the accuracy of RCRI inversion—about 0.04 [8]—and the standard deviations together, the aerosols in the study region can be modeled as a whole if we only focus on its macroscopical effects in optical engineering. This is because the gaps between spectral seasonal mean RCRI are slightly lower than 0.04, and the mean values are situated well inside the range of each other site’s standard deviations. Using such a preliminary quantitative baseline for establishing a general model is a good starting point, and the performance evaluation of the proposed model in Section 4 verifies the practicability of this criterion. Although the imaginary part of CRI (ICRI) illustrated greater variations and deviations, as shown in Figure 5, it can roughly be treated as having similar optical effects in the same season under this criterion.



The regional average seasonal VPSDs are illustrated in Figure 6a, and a reasonably stable mean status of local aerosol can be observed. The VPSDs of spring, autumn, and winter are close to each other, with only a tiny shift of both fine and coarse mode peaks in the VPSD of spring toward the direction of a smaller radius; the amplitudes of both peaks in VPSDs of these three seasons were roughly equal. The fine mode peaks of the VPSD in summer were almost twice as high as that of the corresponding coarse mode, though their radius locations were still close to that of VPSDs in other seasons.



The seasonally averaged CRI spectra are shown in Figure 6b,c, with Figure 6b indicating RCRI and Figure 6c indicating ICRI. The spectral dependencies of RCRI are similar in spring, summer, and winter, and the aerosol can refract light a little more efficiently in the visible band than in the ultraviolet (UV) band or near-infrared (NIR) band. In autumn, the spectral trend became monotonic, decreasing toward the infrared band. The differences in RCRI spectral trends, while the values of RCRI do not vary significantly, might suggest that the ratio of compositions changed while the species number remained more or less stable. The RCRI in summer was lowest, which may be due to the much cleaner ambient aerosol environment when this region received more precipitation in rainy periods of the monsoonal climate, and the relatively high atmospheric water vapor content and its uniformly distributed spectral RCRI with low values could cause the overall downward movement of the spectral RCRI curve [31]. The monotonic decreasing trend of the autumn RCRI spectrum suggests an increased ratio of highly refractive substances in the UV band, like sea salt and dust [8].



The spectra of seasonal ICRI illustrated in Figure 6c are concave, as the absorptions in the visible band were weaker than those in the UV and NIR bands for all seasons except for winter. The lowest absorption in winter occurred in the NIR band. The spectral ICRI of the summer was the lowest, and that of winter was the highest, while those of spring and autumn were medium and had roughly the same values. The high value of the imaginary part indicated pollution conditions in winter for the highly absorbing aerosols, which might be related to localized pollution sources such as North China [32,34,35]. The spectral curve of ICRI moved upwards synchronously, although there were slight discrepancies in spectral distributions as the time passed from summer to winter, implying changes in pollution compositions [36]. In spring, the absorption weakened, but the refraction did not decrease together, which could probably result from the intrusion of dust, one of the most highly refractive aerosols, taking the characteristics of regional climate into account [37]. Furthermore, it is worth noting that optical remote sensing could only provide rough estimations on composition variations; the detail analysis should include chemical measurements.



Generally, the comparisons of the seasonally averaged VPSD and CRI from selected sites in the same season demonstrated the reasonability of treating the aerosols in the study region as a whole in optical applications. The differences between the seasonal VPSD and CRI showed different characteristics of local aerosols, which can easily be utilized in optical applications.




3.2. Size Distribution Mode Decomposition


The aerosol model for optical usage consists of two key parameters: size distribution and complex refractive indices. The size distribution can be simplified by using modal representations such as Equation (1). AERONET divides VPSDs into coarse and fine modes [18], but studies have shown that some sub-modes exist, and using a multi-mode modal could benefit the analysis [38]. The modal decomposition method suggested by Cuesta et al. [24] was used to analyze the seasonal VPSDs obtained in Section 3.1; the least square fitting results are illustrated in Table 2 and Figure 7, where Figure 7 demonstrates the curve of each mode of the lognormal distribution, and Table 2 exhibits the values of modal parameters.



All seasonal VPSDs comprise four modes, and fine and coarse modes comprise two sub-modes. The inter-seasonal fluctuations of modal parameters are different; the first, third, and fourth modes were more stable than the second mode. The modal radius of the second mode could change from 0.31 μm to 0.53 μm, in contrast to the somewhat uniform range of variations for the first, third, and fourth modes, varying about 0.01 μm—around 0.15 μm, 1.45 μm, and 3.7 μm, respectively. The modal width of all modes shifted less compared to the modal radii, staying within 0.1 μm. The modal amplitudes showed the most obvious fluctuation among all modal parameters. The height of the first mode deviated the least from its mean value (about 0.35), and the third and fourth modes were more variable, with the third mode being nearly 50% higher in spring than that of other seasons. The fourth mode showed a similar tendency, but for autumn and winter. The second mode’s amplitude peaked in summer and was almost twice as high as autumn’s.



The number of lognormal modes did not necessarily have a strict physical meaning, but it could still reveal some physical realities of local aerosols. For example, the most stable mode, the first mode, may characterize mixing compositions of fine dust-like particles at higher altitudes with longer residence times and aged marine background aerosols no longer governed by current meteorological factors [6]. The AERONET observations were columnar measurements, which undoubtedly included information on such background aerosol particles. The mode radii of the first mode resolved from VPSD here were about 0.15 μm, which could be converted to about 0.08 μm for the corresponding mode of the number size distribution according to the method in Section 2.1.4.2 of [39]. This mode’s radius differed from that of the background dust-like component in NAM [6], the value of which was 0.03 μm. This might be because of the lower accuracy in inverting VPSDs in such a fine particle radius [18,40]. Still, AERONET can provide valuable long-term aerosol monitoring, especially for aerosol climatology. The mode parameters here could be an entry point for further analysis of meteorological controlling factors concerning aerosol types.





4. Evaluation


The aerosol extinction coefficient can be obtained using Mie code calculation based on the size distributions and CRI, as shown in Equation (2). If the VPSD is normalized, the calculation results can only represent the relative spectral tendency. In that case, the extinction coefficient at an arbitrary wavelength,    β λ   , is usually normalized to that at 550 nm [5], i.e.,    β λ ′  =  β λ  /  β  550 nm    , and    β  550 nm  ′  =  β  550 nm   /  β  550 nm   = 1  . This kind of relative extinction coefficient spectrum is traditionally stored in atmospheric optical software as the intermediate result of the aerosol model to reduce computation. In applications, the measured extinction coefficient at 550 nm,    β  550 nm _ measured    , is required as a scale factor, and modal results of the extinction coefficient at any wavelength can be calculated as    β  λ _ calculated   =  β  550 nm _ measured   ×  β λ ′   .



AOD is the integral of the extinction coefficient along the altitude. The AERONET inversion algorithm assumed a vertical homogeneous atmosphere, and the retrieved VPSD was a columnar parameter. The extinction coefficients obtained by the retrieved VPSD represent the columnar attenuation ability, which conforms to the definition of AOD. The evaluation of the proposed model was carried out by comparing the AOD spectrum calculation results, and the spectral residuals were analyzed to illustrate the capability of this model. The spectral AOD was computed using the corresponding seasonal VPSD and CRI according to the time that the measured AOD spectrum was acquired.



The aerosol model obtained in Section 3 was processed similarly, and its performance was evaluated based on AOD spectra measured from the same sites listed in Table 1. To depict the error of the proposed model when calculating AOD, the median and the quartile of residuals were adopted, and its probability density curves at specific wavelengths were also analyzed. All measured AOD spectra were retained to keep the test dataset as large as possible. The CRI in the AERONET inversions covered only four wavelengths within the range of 440–1020 nm; therefore, the real part and imaginary part of the refractive indices were linearly interpolated or extrapolated to the wavelengths at which AOD was measured. The median of AOD residuals and the 25% and 75% quartiles are shown in Figure 8a; probability density curves at six specific wavelengths are illustrated in Figure 8b. Generally, the wavelength combination of 440/675/870/1020 nm was used in sky radiance measurements, but 443/667/870/1020 nm were used in Ieodo Station and Socheongcho Station, so all six wavelengths’ probability densities were examined.



As shown in Figure 8a, the median of the spectral AOD residuals (red dots) lay within ±0.01, which was similar to the AOD measurement accuracy of the CE-318 sun photometer [18]. In the UV band shorter than 400 nm, the upper quartile exceeded 0.04 (at 340 nm), while the lower quartile was greater than −0.02, which indicated the tendency of this model to overestimate AOD at the UV band. In the visible and NIR band, the medians of residuals were close to the zero reference line, and both upper and lower quartiles were near ±0.01, suggesting that the presented model could calculate AOD with accuracy similar to the sun photometer. All probability density curves in Figure 8b appeared Gaussian-like, showing only a single peak near zero and apparent symmetry. The similarity of probability density curves to Gaussian curves indicated that the errors of the proposed model in AOD calculations followed normal-like distributions, which implied that the model errors were close to naturally random errors. The statistics from probability density curves showed that, in most cases, the deviations of modeled AOD from actual values were close to zero. In about 70% of cases, the AOD errors were located within ±0.02. Combining the median and probability density of AOD errors, the proposed model can represent the mean status of regional aerosols.




5. Conclusions


This paper established a regional aerosol model for optical applications of the sea area around eastern China based on long-term observations from AERONET, by analyzing the characteristics of seasonal changes of aerosol microphysical parameters. The performance of the proposed model was evaluated, and the results illustrated the model’s good ability in AOD calculation.



The sea area around eastern China is a monsoonal climate zone; the meteorological parameters have periodic changes, which force the regional aerosol parameters to vary seasonally. The VPSDs of spring, autumn, and winter were close, with roughly equal high peaks in fine and coarse modes; but in summer, the amplitude of the fine mode was significantly higher, almost twice as high as that of the coarse mode. The real and imaginary parts of the CRI were both low in summer and gradually increased in autumn and winter with spectral synchronies. However, the imaginary part fell back in spring, while the real part climbed higher. These seasonal variations indicated significant changes in local aerosol compositions.



The VPSDs of all four seasons showed bimodal patterns, and each peak consisted of two sub-modes in the analysis of modal decomposition. Fitting the seasonal VPSDs to four modes of a lognormal function resulted in a simplified model that is easy to store. The modal parameters of the first mode were stable, and those of the third and fourth modes showed seasonal fluctuations. In contrast, more significant variations in the modal parameters of the second mode could be observed. Combined with the seasonal VPSDs and CRI, the AOD spectrum could be computed using the presented model. Evaluations validated that the accuracy of this model was adequate for use in optical applications, with comparable accuracy to sun photometers.



The regional aerosol model can be treated as a supplement to global models to improve the reliability of the numerical atmospheric model when applied locally. This research demonstrated a relatively simple way to establish a regional aerosol model, whereby the local climate pattern can be a clue for aerosol categorization, like the seasonal separation of aerosol for monsoonal climate areas in this paper. Moreover, gaining insight into the physical processes involved in aerosol changes is necessary to accurately characterize regional aerosols. The model presented here could be an entry point for relevant research, such as finding why the modal parameters of the second mode of seasonal VPSDs varied much more significantly than other modes, which might facilitate an understanding of local aerosol evolutions.
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Figure 1. Location of selected AERONET sites. Each red star represents one station and is labeled with the site name, except Gosan_SNU Station and Gosan_NIMS_SNU Station. These two stations are located on the same island, Gosan Island. 
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Figure 2. Lognormal mode decomposition method. (a) Simulated single peak Gauss curve; (b) First derivative of simulated curve in (a); (c) Negative second derivative of simulated curve in (a). 
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Figure 3. Seasonal average VPSDs for each site. (a–d) were mean VPSDs for spring, summer, autumn, and winter, respectively. 
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Figure 4. Seasonal average of the real part of refractive indices for each site. (a–d) were mean RCRIs for spring, summer, autumn, and winter, respectively. 
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Figure 5. Seasonal average of the imaginary part of refractive indices for each site. (a–d) were mean ICRIs for spring, summer, autumn, and winter, respectively. 
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Figure 6. Variation in local aerosol VPSDs and refractive indices across seasons. (a–c) were the comparison of seasonal VPSDs, RCRIs, and ICRIs in the whole area among different seasons, respectively. 
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Figure 7. Fitting result of seasonal VPSDs. (a–d) represents VPSD in spring, summer, autumn, and winter, respectively. 
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Figure 8. Performance evaluation of the proposed model. (a) The median of residuals of AOD calculated by the proposed regional aerosol model; (b) The probability density of AOD error at several wavelengths. 
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Table 1. AERONET site information.
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	Site Name
	Time Period

(Start/Stop)
	AOD

Counts
	AOD

Season Counts *
	VPSD

Counts
	VPSD

Season Counts *





	Baengnyeong
	15 July 2010/30 January 2023
	30,985
	12,138/6994/7758/4095
	1169
	469/169/466/65



	Gosan_NIMS_SNU
	22 June 2020/1 January 2022
	14,053
	3761/2168/5496/2628
	676
	160/47/300/169



	Gosan_SNU
	3 April 2001/13 September 2016
	32,659
	16,612/9611/3740/2696
	1371
	820/245/154/152



	Ieodo_Station
	30 November 2013/18 August 2019
	4413
	2120/568/624/1101
	2
	0/0/0/2



	Socheongcho
	12 October 2015/5 November 2021
	24,711
	8644/5104/7083/3880
	296
	133/39/72/52







* Seasonal coverages are provided, as the data records in spring/summer/autumn/winter.













 





Table 2. Mode parameters of fitted normalized VPSDs. The variables are defined as Equation (1), subscripts refer to corresponding mode,    A i  =  N i  / (   2 π   I n  σ i  )   is the amplitude of the  i th mode,    σ i    denotes the mode width, and    r i    signifies the mode radius. Units of    σ i    and    r i    are μm. All modes are sequentially illustrated in Figure 7 as dashed lines with different colors.
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Season

	
Mode 1

	
Mode 2

	
Mode 3

	
Mode 4




	
     A 1     

	
     σ 1     

	
     r 1     

	
     A 2     

	
     σ 2     

	
     r 2     

	
     A 3     

	
     σ 3     

	
     r 3     

	
     A 4     

	
     σ 4     

	
     r 4     






	
Spring

	
0.31

	
1.47

	
0.13

	
0.11

	
1.59

	
0.37

	
0.27

	
1.53

	
1.50

	
0.31

	
1.60

	
3.83




	
Summer

	
0.39

	
1.54

	
0.15

	
0.22

	
1.51

	
0.31

	
0.16

	
1.65

	
1.44

	
0.24

	
1.69

	
3.72




	
Autumn

	
0.37

	
1.64

	
0.16

	
0.06

	
1.44

	
0.53

	
0.17

	
1.47

	
1.47

	
0.41

	
1.65

	
3.69




	
Winter

	
0.35

	
1.65

	
0.15

	
0.09

	
1.53

	
0.46

	
0.16

	
1.48

	
1.43

	
0.41

	
1.67

	
3.44
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