

  atmosphere-11-00655




atmosphere-11-00655







Atmosphere 2020, 11(6), 655; doi:10.3390/atmos11060655




Article



The Optical Properties of Aerosols at the Summit of Mount Tai in May and June and the Retrieval of the Complex Refractive Index



Dapeng Zhao 1,2[image: Orcid], Yan Yin 1,2,*, Min Zhang 3,4, Honglei Wang 1,2, Chunsong Lu 1,2, Liang Yuan 5 and Shuangshuang Shi 1,2





1



Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters, Nanjing University of Information Science & Technology, Nanjing 210044, China






2



Key Laboratory for Aerosol-Cloud-Precipitation of China Meteorological Administration, School of Atmospheric Physics, Nanjing University of Information Science & Technology, Nanjing 210044, China






3



Tianjin Environmental Meteorological Center, Tianjin 300074, China






4



Tianjin Institute of Meteorology, Tianjin 300074, China






5



Plateau Atmosphere and Environment Key Laboratory of Sichuan Province, School of Atmospheric Sciences, Chengdu University of Information Technology, Chengdu 610225, China









*



Correspondence: yinyan@nuist.edu.cn







Received: 14 May 2020 / Accepted: 16 June 2020 / Published: 19 June 2020



Abstract

:

To study the optical properties of background atmospheric aerosols in East China, we carried out observations of the physical, chemical and optical properties of atmospheric aerosols at the summit of Mount Tai (Mt. Tai, 1533.7 m above sea level) from 13 May to 25 June 2017. The results show that the average scattering coefficient (   σ  sca , 550    ) at 550 nm of the aerosols at the summit of Mt. Tai is 40.3 Mm−1, and the average absorption coefficient (   σ  abs , 550    ) at 550 nm is 16.0 Mm−1. The complex refractive index of aerosols is a key parameter for aerosol retrieval and modeling. There are few studies on the equivalent complex refractive index of aerosol in the Taishan area. We calculated the aerosol equivalent complex refractive index using the observed aerosol scattering coefficients, absorption coefficients and particle size distribution data, providing more data support for future modeling in this region. The real part (n) of the complex refractive index at 550 nm of aerosol ranges from 1.31 to 1.98 (mostly under 1.50), with an average value of 1.38, while the imaginary part (k) ranges from 0.014 to 0.251 (less than 0.10 for over 95% samples), with an average value of 0.040. The analysis of the n and k of the aerosol average complex refractive index shows that the scattering properties of the aerosols at the summit of Mt. Tai are relatively weak and the absorption properties are relatively strong when compared with those of other kinds of aerosols. The k of the aerosol complex refractive index at the summit of Mt. Tai has strong correlations with the wind speed, temperature, as revealed by the correlation analysis.
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1. Introduction


The optical properties (scattering coefficient, absorption coefficient, extinction coefficient, single scattering albedo and optical depth) of atmospheric aerosols are important parameters affecting atmospheric radiation. The Fifth Assessment Report of the Government Panel on Climate Change indicates that atmospheric aerosols can directly alter the distribution of global radiation by scattering and absorbing sunlight [1]. The optical properties of aerosols not only affect the direct climatic effects of aerosols, but also affect the environmental effects of aerosols, such as the formation of haze and visibility.



Due to the short retention time and diverse sources of aerosols in the atmosphere, their regional distribution, shape, scale and chemical composition are all affected by local emissions. Therefore, it is particularly important to strengthen the observation of local aerosols and understand the optical properties of local aerosols. Many studies have been carried out on the optical properties of local aerosols. The AERONET (Aerosol Robotic Network) [2] and the CARSNET (China Aerosol Remote Sensing Network) [3] provide support for long-term monitoring of the optical properties of aerosols. Yuan et al. [4] analyzed the optical properties of aerosols in the Mt. Huang area of China and studied the mixed state of aerosols according to the closed experiment designed by optical parameters. Tan et al. [5] analyzed the optical properties of aerosols in the Pearl River Delta region of China and the influence of hygroscopicity on the optical properties. Shen et al. [6] pointed out that the scattering coefficient and the absorption coefficient of aerosols in the Taishan area are much lower than those in key cities and polluted areas of China. Local observation and study of the optical properties of aerosols in a given region can expand the global aerosol database to provide reliable information and scientific support for the more accurate research of cloud precipitation, control of pollutants and assessment of aerosol radiative forcing.



The complex refractive index of aerosols is the basic physical quantity used to describe the optical properties of matter, and it is generally described as m = n + i   ·   k, where n is the real part of the complex refractive index, describing the scattering characteristics of matter and k is the imaginary part of the complex refractive index, describing the absorption characteristics of matter [7]. The complex refractive index of aerosols is one of key parameters used to determine the properties of aerosol scattering and absorption. Further study of the complex refractive index of aerosols can improve the judgement of the physical and chemical properties of aerosols such as the aerosol mixing state or aerosol composition. In most climate models, the aerosol refractive index used in the parameterization scheme is relatively simple, which limits the reliability of climate model results [8]. Further study of the aerosol refractive index can provide the basis for the optimization of parametric schemes in climate models and reduce the uncertainty of atmospheric aerosol effects on weather and climate.



The complex refractive index of aerosols currently cannot be measured accurately and effectively due to the lack of proper instrumentation. It can only be inferred and retrieved from an absorbing cross section and a scattering cross section [9,10]. The FORTRAN codes for the Lorenz-Mie theory of Bohren and Huffman [11] are the basis for solving the problem of aerosol refractive index inversion. Mätzler et al. [12] described the theory of Mie scattering and Mie absorption via MATLAB scripts. Sumlin et al. [10] created a PyMieScatt third-party library in PYTHON on the basis of the scripts of Mätzler et al. [12], which can be used not only for forward modeling of aerosol optical properties but also for inversion of the complex refractive index of spherical particles, core–shell model particles and group particles with a given particle size distribution.



Generally, the principle of the inversion method of the complex refractive index is to assume a complex refractive index, then calculate the scattering coefficient and the absorption coefficient of aerosols by Mie scattering theory, then obtain the complex refractive index with the least difference between the theoretical scattering coefficient and absorption coefficient and observed scattering coefficient and absorption coefficient by statistical methods, and finally select it as the optimal inversion result of the aerosol complex refractive index. Although the Mie scattering calculation principle and the step selection to iteratively find the optimal solution can cause the error between the inversion result and the true value, the complex refractive index obtained by this principle can effectively characterize the main properties of the aerosols [13].



With the improvement in the accuracy of the equipment used to observe the optical, microphysical and chemical properties of aerosols, the method of inversion calculation of the complex refractive index of aerosols by radiation transmission theory has been widely used [14,15]. The imaginary parts of the complex refractive indices of the dust deposited in mountain snow are retrieved by means of scattering and reflection characteristics (Skiles et al. [16]). The refractive indices of five kinds of dust particles were retrieved in the study of Wagner et al. [17]. Sumlin et al.’s study notes that the inversion of the complex refractive index of a single particle may appear in multiple solutions, requiring additional optical parameters such as backscattering coefficients to qualify the inversion results. The inversion of the complex refractive index of group particles usually has a unique solution [10]. The inversion of the aerosol refractive index in Beijing [18], Xiamen [19], Xinjiang [20] and other Chinese regions shows that the real part of the complex refractive index of aerosols in these areas is between 1.30 and 1.55, while the imaginary part is less than 0.02. The study of the aerosol refractive index is limited by the number of observed data samples and accuracy of the instrumentation, which makes the law of the complex refractive index difficult to describe.



Studies show that the aerosol optical pollution in East China and North China is serious, and the number of days of haze is increasing gradually, which not only causes a decline in visibility that affects traffic and daily life but also harms human health [5,21]. Mt. Tai is located within the transport channel from the North China Plain (NCP) to the Yangtze River Delta (YRD). With an altitude of 1533.7 m, Mt. Tai is the highest mountain in central East China. The atmosphere at the summit of the mount is less affected by the surrounding surface pollution sources, and the peak height is near the upper layer of the atmospheric boundary layer and the free troposphere, which causes the aerosols here can represent the background atmospheric aerosols in East China. By studying the optical properties and changing characteristics of the atmospheric aerosols at Mt. Tai, we can reveal the background optical properties in East China and provide key parameters for evaluating the radiative forcing of aerosols. Many researchers have studied the physical and chemical properties of atmospheric aerosols in this area, but researches on the optical properties of aerosols or the complex refractive index of aerosols in this area are sparse. In this study, high-precision instruments were used to observe the optical parameters and the size distribution of aerosols for two months. According to the observed data, we not only studied the optical properties and the size distribution of the aerosols at the summit of Mt. Tai, but also calculated the equivalent complex refractive index of aerosols by inversion, making up for the lack of complex refractive index research in this area.




2. Analysis of the Optical Properties of Aerosol


2.1. Sources and Processing of Optical Data


The site of this observation experiment is at the Mount Tai National Base Climate Station (36.25° N, 117.10° E), with an altitude of 1533.7 m. The effective observation time was from 13 May to 25 June 2017. The instruments used in the experiment include an integrating nephelometer (Model 3563, TSI), an aethalometer (Model AE33), and a wide-range particle spectrometer (WPS). The sampling instruments are all dried at the air inlet. The influence of humidity is not considered in this study.



The integrating nephelometer (Model 3563, TSI) can continuously monitor the scattering coefficient (   σ  sca , λ    ) and the hemispherical backscattering coefficient of aerosols at three wavelengths (450 nm, 550 nm and 700 nm). The time resolution of the corresponding data is 60 s.



The Model AE33 aethalometer (Aethalometer 33, Magee) can measure the mass concentration of the absorbent aerosols in seven bands (370 nm, 470 nm, 520 nm, 590 nm, 660 nm, 880 nm and 950 nm) in real time. The basic principle of the instrument is that when a beam of light is irradiated to a filter membrane with an absorbent aerosol, the light through which the absorbent aerosol absorbs light is attenuated. The mass concentration of the absorbent aerosol measured during the sampling period is obtained by measuring the increment in the attenuation of light through the sampling filter membrane during two sampling weeks. The time resolution of the data is 60 s. The black carbon (BC) concentration observed by the aethalometer 33 at 880 nm wavelength was used to calculate the absorption coefficient of the aerosol. The measurement of mass concentration of the BC at this wavelength can effectively reduce the interference of light-absorbing organic carbon. The mass concentration of the BC aerosol measured by the aethalometer in 880 nm bands can be used to calculate the absorption coefficient of the aerosol to 550 nm wavelength light empirically (by Equations (1) and (2)).


   σ  abs , 532   = 8.28 ·    [  B C  ]    880   + 2.23  



(1)




where    σ  abs , 532     is the absorption coefficient at 532 nm,      [  B C  ]    880     is the mass concentration of absorbing aerosols at 880 nm measured by the aethalometer, and 8.28 is the conversion coefficient, which varies within a certain range affected by substance type [22]. The equation is obtained by fitting the measured data with the aethalometer which is based on filter membrane method and the photoacoustic spectrometer based on the photoacoustic method. The R2 of the fitting equation is 0.92.


   σ  abs ,  λ 1    =  σ  abs ,  λ 2    ·    λ 1     λ 2     



(2)




where    σ  abs ,  λ 1      and    σ  abs ,  λ 2      are the absorption coefficients of aerosols to lights with a wavelength of    λ 1    and    λ 2   , respectively [23].    λ 1    and    λ 2    are 550 nm and 532 nm, respectively.



All the data used in this study have been quality controlled, and unreasonable observational data have been eliminated, such as data that are negative, data whose difference between the sampling gas flow rate and the specified flow rate is more than 5%, and data reflecting instrumentation issues. The data used in the study are correct, stable and effective.




2.2. Results and Analysis of the Optical Properties of Aerosols


We take the data that have been quality controlled into the hourly average. The scattering coefficient and the absorption coefficient at 550 nm of the aerosols at the summit of Mt. Tai during the observation period are calculated. The extinction coefficient is the sum of the scattering coefficient and the absorption coefficient.



The single scattering albedo (ω550) of the aerosol can be calculated by Equation (3) according to the scattering coefficient and the absorption coefficient of the aerosol at 550 nm.


   ω  550   =    σ  sca , 550      σ  sca , 550   +  σ  abs , 550      



(3)




where    σ  sca , 550     and    σ  abs , 550     are the scattering coefficient and the absorption coefficient at 550 nm of the aerosol, respectively [4].



Figure 1 shows that the    σ  sca , 550     ranges from 2.6 to 159.8 Mm−1, with an average of 40.3 Mm−1. The    σ  abs , 550     ranges from 2.7 to 55.1 Mm−1, with an average of 16.0 Mm−1. Among the existing studies shown in Table 1, the scattering coefficient range of aerosols is approximately 10–500 Mm−1, the absorption coefficient range is approximately 1–114 Mm−1, and the single scattering albedo range is approximately 0.6–0.9. The scattering coefficient of the aerosol in this study is close to the results observed at Mt. Huang [4] and Bondville [24], which is approximately 10% of the aerosol scattering coefficients of Beijing [25], Shanghai [26] and other urban areas. Meanwhile, the absorption coefficient in this study is close to the observation results of Shangdianzi [21] and Nanjing [27], which is approximately 25% of the absorption coefficients of Beijing, Shanghai and other urban areas.



Because of the obvious difference in solar radiation in different seasons, the properties of aerosols, such as optical properties, often show a clear pattern of variation in different seasons. It is pointed out that the scattering coefficient of aerosols at Mt. Tai is highest in summer and the lowest in spring, and the absorption coefficient is at the average level of one year in spring and summer [6]. The observation period was in late spring and early summer, which indicates the varied optical properties of aerosols.



A lower single-scattering albedo indicates stronger absorption characteristics of the aerosols. ω of urban atmospheric aerosols is generally 0.6–0.7, and ω of rural background atmospheric aerosols is generally 0.8–0.9 [35]. During the observation period, ω550 of aerosols at the summit of Mt. Tai ranges from 0.23 to 0.90, with the average value of 0.67, indicating that the absorption and scattering characteristics of the background atmospheric aerosols in this area are stronger than those in the surrounding areas. The single-scattering albedo of the aerosols at Mt. Tai during the observation period is close to that of Delhi and Granada, which is approximately 20% smaller than that in Beijing and Shanghai.



Figure 2 shows that the scattering coefficient and the absorption coefficient of aerosol have clear daily variations during the observation period. The    σ  sca , 550     and    σ  abs , 550     results show the trend of a higher value in the daytime and a lower value in the nighttime. Through the analysis of the daily variation of atmospheric aerosol concentration during observation, the mean mass concentration of PM2.5 in the daytime and nighttime are 23.23 µg m−3 and 19.84 µg m−3, respectively. The mean mass concentration of PM10 in the daytime and nighttime are 95.18 µg m−3 and 83.60 µg m−3, respectively. In addition, the total number concentrations of aerosols were 12055.4 cm−3 and 5476.7 cm−3, respectively. The concentration of aerosols is the most important factor affecting the optical properties of aerosols. With sunrise, the atmospheric convection activity becomes active and the height of planetary boundary layer (PBL) rises, and the concentration and composition of aerosols at the summit of Mt. Tai will change obviously, resulting in the change of optical properties. The study shows that the range of PBL of spring in the mount Tai area is 300~2200 m, and the range of PBL of summer is 300~2600 m, which all change around the height of the observation station [6]. The optical properties of mountaintop aerosols are affected by the variation in boundary layer height and various photochemical reactions. During the nighttime, the peak height is higher than the PBL height and located in the free troposphere. The atmospheric particles below the mountain cannot be transported up to the observation station. At the same time, the night wind speed of the summit of Mt. Tai is high and the diffusion conditions are good. All these reasons cause the low aerosol concentration in the nighttime and low scattering and absorption coefficients. With the increase in solar radiation, the boundary layer rises, and the height of the boundary layer reaches a peak around midday. With the development of the boundary layer, the pollutants are brought to the height of the mountain top, and the concentration of aerosols increases, resulting in an increase in the aerosol scattering coefficient and absorption coefficient of the mountaintop aerosols. At the same time, the photochemical reaction in the atmosphere becomes more active, and more secondary aerosols, such as sulfate, are produced, resulting in an increase in the scattering coefficient of the mountaintop aerosol. The distribution of      σ    sca , 550     shows a single peak with a maximum of 48.61 Mm−1 at 17:00 and a minimum of 30.99 Mm−1 at 03:00. A bimodal distribution of    σ  abs , 550    , with peaks at 12:00 and 18:00, reached a maximum of 20.82 Mm−1 at 18:00.





3. The Retrieval of the Complex Refractive Index


3.1. Inversion Method of the Complex Refractive Index


The aerosol refractive index inversion method used in this paper is based on the method of Zhang et al. [36]. The principle of the method is, first, to set the real part and the imaginary part are in certain ranges of groups of refractive indexes. The real part is 1.0–2.3, the interval is 0.01, there are 130 values; the imaginary part is 0–0.8, and the nonlinear change is divided into 50 values, which is set with a third power of the ordinal number of each bin as an independent variable. After that, 6500 sets of complex refraction indices and the size distribution data are substituted into the Mie theoretical program to calculate the corresponding scattering coefficient and absorption coefficient. Finally, the scattering and absorption coefficients observed at a certain time are compared with the values in the result database. The complex refractive index corresponding to the group data with the smallest difference in the result database is the equivalent complex refractive index inversion result of all the aerosols at that time. There are some assumptions that are made when using this method (assuming that all the aerosol particles are spherical and that the scattering coefficient and absorption coefficient measured by the instrument are produced by the detected aerosol particles). Aerosol optical properties will be affected by the shape of particles, so shape factors will affect the inversion calculation of the complex refractive index [37,38]. During the aging process, the aerosols tend to be more spherical and compact. Although there are some differences between other aerosol models (like DDA, RDG and T-matrix) and Mie model, Mie model can accurately calculate the general properties of aerosol particles, especially for the properties of an ensemble of aged particles in the atmosphere [39,40]. Previous studies found that for atmospheric aerosols, the ranges of n and k are 1.3–2.0 and 10−9–1.0, respectively [41]. The range set in this paper can cover the range of the equivalent refractive index of aerosols. In this inversion study, the scattering coefficient, absorption coefficient, and the size distribution data used are all taken as the hourly average of the data during the observation period. Only the complex refractive index of aerosols to light with a wavelength of 550 nm was studied.




3.2. Inversion Results and Analysis of the Complex Refractive Index


Figure 3 shows the variation of aerosol number concentration size distribution from 13 May to 25 June 2017. During the observation period, the aerosol at the summit of Mt. Tai was mainly distributed in the Aitken mode. Aerosol number concentrations of particles whose sizes above 400 nm are few. The number concentration size distribution of aerosol is the basic data for calculation of complex refractive index inversion.



From Figure 4, we can see that the real range of the equivalent refractive index of mountaintop aerosols at a wavelength of 550 nm is 1.31–1.98, and the average value is 1.38. The range of the imaginary part is 0.014–0.251, and the average value is 0.049. Figure 5 shows that the real part of the aerosol refractive index is mainly concentrated in the range of 1.30–1.50, the frequency reaches 89%; the imaginary part is mainly concentrated in the range of 0.01–0.1, and the frequency reaches 95%. The results show that the real and imaginary parts of the equivalent complex refractive index of aerosols at the summit of Mt. Tai are kept at similar levels. The results can better reflect the general values of the equivalent complex refractive index of mountaintop aerosols.



The complex refractive index of aerosols from several studies is summarized in Table 2. The larger the real part is, the stronger the scattering ability of the particles is; the larger the imaginary part is, the stronger the absorption ability of the particles is [46]. The n of the average equivalent refractive index of aerosols in this study is smaller than that of light scattering aerosols (such as sulfate and nitrate), which shows that the scattering properties of the aerosols at the summit of Mt. Tai are relatively weak compared with those of other kinds of aerosols. The k in this study is larger than that of most kinds of aerosols, even larger than that of dust, but much smaller than that of black carbon, which shows that the absorption properties are relatively strong compared with those of other kinds of aerosols. The k of the equivalent refractive index of aerosol at the summit of Mt. Tai is large, which indicates that the absorption aerosol composition (like BC or OC) is large. The incineration of incense and the burning of incinerators in temples which are to the west of the observation station might be one of reasons for this phenomenon.




3.3. Diurnal Variation in the Complex Refractive Index


The real and imaginary parts of the retrieved complex refractive index are averaged by time, and the diurnal variation distribution of the atmospheric aerosol refractive index in the Taishan area during the observation period is obtained. From Figure 6, we can see that the real part of the complex refractive index has an obvious diurnal variation law, which is lower during the day and higher at night, and the two peaks appear at 01:00 and 21:00, respectively. The real part is highest (1.44) at 01:00 and is lowest (1.36) at 10:00. The imaginary part of the complex refractive index has no obvious diurnal variation law, and there are multiple peaks. The lowest value of the imaginary part appears at 16:00, which is 0.039. The diurnal variation of the aerosol refractive index is influenced by many complicated factors. This paper discusses the influence of meteorological elements on the variation law of the refractive index below.




3.4. Correlation Analysis between the Complex Refractive Index and Meteorological Elements


The equivalent refractive index of aerosol particles at the summit of Mt. Tai at a single wavelength (550 nm) is causally related to the composition, shape and size of the aerosol particles. Because the observed objects are small and the sample size is large, it is difficult to study the relationship between these physical quantities and the complex refractive index by real-time observation of the composition, shape and size of the aerosols. At the macroscale, aerosol particles come from different sources, such as anthropogenic sources of emissions including chemical fuel combustion and motor vehicle exhaust and other natural sources including dust and plant pollen. Due to the mobility and openness of the atmospheric system, there is a strong correlation between the source of aerosol particles and meteorological elements such as wind speed, temperature and relative humidity of the atmosphere. To understand the correlation between the aerosol refractive index and meteorological elements in the Taishan area, this study analyzed the correlation between the real and imaginary parts of the inverted hourly aerosol refractive index and the wind speed, temperature, air pressure and relative humidity. The correlation coefficients obtained are shown in Table 3.



Table 3 shows the correlation between n and k of the retrieved aerosol refractive index and meteorological elements. Through correlation analysis, it is found that the correlation coefficient between n and k of the aerosol refractive index and the wind speed and the temperature exceed the critical correlation coefficient at the significance levels of 0.01, which shows that the correlations between the real and imaginary part of the aerosol refractive index and these meteorological elements are statistically significant. The correlations between the aerosol refractive index and air pressure and relative humidity are not significant. The scattering coefficient increases with the increase of n and the absorption coefficient increases with the increase of k [47,48]. Most of the pollutants in the observation station are transported outside the scenic area, during this observation period [49,50]. When the average wind speed is large, a large number of aerosols which are produced by iron and steel plants and chemical plants in the range of 50 km around are transported to the observation station, which results in a large change in the aerosol composition of the observation point, and the increase of n and k in the inversion results. There is a strong negative correlation between n of the aerosol refractive index and temperature. During the daytime, the temperature increases, and the real part of the refractive index decreases. The correlation between these two metrics can explain, to some extent, the phenomenon that the real part of the complex refractive index in the curve of Figure 6a has a diurnal variation that is lower during the day and higher at night. The change in the imaginary part does not show such a clear regularity in Figure 6b, which may be due to the combined action of many meteorological elements, such as temperature and RH. During this observation period, the frequency of northerly wind is higher. The northeast direction of the observation station is the mountain behind the scenic spot, the artificial activity is rare, and the aerosol number concentration level is low, meanwhile, the relative humidity is high. When the relative humidity increases, the atmosphere of the station is relatively clean, and the real and imaginary parts of the aerosol decrease.





4. Conclusions


During the observation period from 13 May to 25 June 2017,    σ  sca , 550     of the atmospheric aerosols at the summit of Mt. Tai ranges from 2.6 to 159.8 Mm−1, with an average of 40.3 Mm−1.    σ  abs , 550     ranges from 2.7 to 55.1 Mm−1, with an average of 16.0 Mm−1. The scattering coefficient and absorption coefficient of aerosols exhibit obvious diurnal variation characteristics and the two parameters both show higher values in the daytime and lower values in the nighttime. The optical properties of mountaintop aerosols are affected by the variation in boundary layer height and various photochemical reactions.    σ  sca , 550     reached a maximum of 48.61 Mm−1 at 17:00 and a minimum of 30.99 Mm−1 at 03:00.    σ  abs , 550     reached a maximum of 20.82 Mm−1 at 18:00.



The real part of the complex refractive index of aerosols at the summit of Mt. Tai summit at 550 nm ranges from 1.31 to 1.98, and the average value is 1.38. The imaginary part ranges from 0.014 to 0.251, and the average value is 0.049. The real part of the aerosol refractive index is mainly in the range of 1.30–1.50 with a frequency of 89%, while the imaginary part is mainly in the range of 0.01–0.1 with a frequency of 95%. The n and k are highly concentrated and exhibit small ranges of variation, indicating that the inversion calculation results can accurately describe the general situation of aerosols in the Mt. Tai area. The comparison of n and k between aerosols of this study and other types of aerosols shows that the scattering properties of aerosols at the summit of Mt. Tai are relatively weak and the absorption properties are relatively strong when compared with those of other kinds of aerosols. From the correlation analysis between the aerosol equivalent refractive index and the meteorological elements during the observation period, we can see that the imaginary part of the aerosol refractive index has strong correlations with the wind speed, temperature.



The data of the integrating nephelometer and aethalometer used in this paper have the advantage of a high time resolution. The absorption data of aerosols at seven wavelengths can be measured by the aethalometer, and the improved double-spot compensation algorithm enables the instrument to obtain the optical absorption parameters of aerosols more accurately. More accurate data can better reveal the optical properties of the aerosols at the summit of Mt. Tai. The deficiency of this study is that the observation data are collected fewer times, and the small number of samples causes the data to exhibit random patterns. The Mie theory with the assumption of spherical particle will also produce some uncertainty in the inversion algorithm of complex refractive index. Some accidental factors, such as extreme weather phenomena and the increase of passenger flow, will also affect the credibility of our aerosol refractive index inversion results representing the general properties of this region. Whether the results of aerosol equivalent refractive index inversion can be effectively applied to relevant climate models is a problem that needs to be verified in future research.
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Figure 1. Time series of the optical parameters of aerosol, at a wavelength of 550 nm, observed from 13 May to 25 June 2017: (a) Scattering coefficient, absorption coefficient, and extinction coefficient; (b) single scattering albedo. 
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Figure 2. Daily variation in the scattering coefficient and absorption coefficient at 550 nm of aerosols during observation period. 
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Figure 3. Time series of aerosol number concentration size distribution at the summit of Mt. Tai. 
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Figure 4. Variation in the equivalent refractive index of the aerosols at a wavelength of 550 nm with time during observation at the summit of Mt. Tai. (a) n denotes the real part of the complex refractive index. (b) k denotes the imaginary part of the complex refractive index. 
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Figure 5. Distribution range and frequency of the real and imaginary parts of the complex refractive index of aerosols at a wavelength of 550 nm. (a) n denotes the real part of the complex refractive index. (b) k denotes the imaginary part of the complex refractive index. 
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Figure 6. Diurnal variation in the complex refractive index of aerosols at a wavelength of 550 nm during observation. (a) n denotes the real part of the complex refractive index. (b) k denotes the imaginary part of the complex refractive index. 
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Table 1. Comparison of the aerosol optical properties determined in this study and those determined for other sites.
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Site

	
     σ    sca  , λ     

(Mm−1)

	
    σ  abs , λ      (Mm−1)

	
      ω   λ      

	
Data Time

	
Reference






	
Mt. Tai, China

	
40.3

	
16.0

	
0.67

	
2017.5–2017.6

	
This study




	
(550 nm)

	
(550 nm)

	
(550 nm)




	
Mt. Tai, China

	
142.9

	
13.0

	
0.88

	
2010.7–2011.12

	
[6]




	
(550 nm)

	
(550 nm)

	
(550 nm)




	
Mt. Huang

	
62.6

	
5.5

	
0.89

	
2011.6–2011.8

	
[4]




	
(550 nm)

	
(550 nm)

	
(550 nm)




	
Shangdianzi, China

	
174.6

	
17.5

	
0.88

	
2003.9–2005.1

	
[21]




	
(525 nm)

	
(525 nm)

	
(525 nm)




	
Bondville, USA

	
48.7

	
3.9

	
0.92

	
1996.9–2000.9

	
[24]




	
(550 nm)

	
(550 nm)

	
(550 nm)




	
Beijing, China

	
360

	
64

	
0.82

	
2009.6–2010.5

	
[25]




	
(525 nm)

	
(525 nm)

	
(525 nm)




	
Shanghai, China

	
292.8

	
65.8

	
0.81

	
2010.12–2011.3

	
[26]




	
(532 nm)

	
(532 nm)

	
(532 nm)




	
Nanjing, China

	
303.3

	
28.0

	
0.89

	
2011.3–2011.4

	
[27]




	
(532 nm)

	
(532 nm)

	
(532 nm)




	
Tokyo, Japan

	
130.8

	
113.6

	
0.88

	
2007.8–2007.9

	
[28]




	
(532 nm)

	
(532 nm)

	
(532 nm)




	
Delhi, India

	
110.5

	
62.5

	
0.69

	
2008.4–2008.6

	
[29]




	
(550 nm)

	
(550 nm)

	
(550 nm)




	
Guangzhou, China

	
151.0

	
34.3

	
0.82

	
2006.7

	
[30]




	
(550 nm)

	
(550 nm)

	
(550 nm)




	
Granada, Spain

	
84.0

	
28.8

	
0.66

	
2005.12–2006.2

	
[31]




	
(550 nm)

	
(670 nm)

	
(670 nm)




	
Kwangju, Korea

	
319.0

	
42.0

	
0.88

	
2001.4

	
[32]




	
(520 nm)

	
(880 nm)

	
(550 nm)




	
Beijing, China

	
488

	
83

	
0.79

	
1999.6

	
[33]




	
(530 nm)

	
(530 nm)

	
(530 nm)




	
North American continent

	
10.8

	
1.4

	
0.88

	
1997.3–1997.4

	
[34]




	
(550 nm)

	
(550 nm)

	
(550 nm)
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Table 2. Summary of the studied complex refractive index of aerosols.
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Site

	
Aerosol Type

	
n

	
k

	
Reference






	
Mt. Tai, China

	
mountain atmosphere

	
1.38 (550 nm)

	
0.049 (550 nm)

	
This study




	
Mt. Tai, China

	
black carbon

	
1.80 (550 nm)

	
0.54 (550 nm)

	
[6]




	
no-optical absorption components

	
1.50 (550 nm)

	
10−7 (550 nm)




	
water

	
1.33 (550 nm)

	
0 (550 nm)




	
Mt. Huang, China

	
sulfate

	
1.54 (550 nm)

	
10−7 (550 nm)

	
[4]




	
nitrate

	
1.54 (550 nm)

	
10−7 (550 nm)




	
organics

	
1.55 (550 nm)

	
0.001 (550 nm)




	
dust

	
1.52 (550 nm)

	
0.0034 (550 nm)




	
Sahara, Africa

	
dust

	
1.53 (305–955 nm)

	
0.016–0.50 (305 nm)

	
[17]




	
Tianjin, China

	
urban aerosols

	
1.64 (550 nm)

	
0.015 (550 nm)

	
[36]




	
Paris, France

	
urban aerosols

	
1.51–1.59 (530 nm)

	
0.017–0.040 (530 nm)

	
[42]




	
Eastern Germany

	
urban aerosols

	
1.60 (530 nm)

	
0.04 (530 nm)

	
[43]




	
America

	
clean atmosphere

	
1.45 (500 nm)

	
0

	
[44]




	
Japan

	
urban aerosols

	
1.6

	
0.04

	
[45]











[image: Table] 





Table 3. The correlation between n and k of the retrieved aerosol refractive index and meteorological elements.
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	Part of the m
	Wind Speed (m·s−1)
	T (°C)
	RH (%)
	Pressure (hPa)
	Visibility (km)





	n
	0.185 **
	−0.167 **
	−0.04
	0.06
	0.06



	k
	0.353 **
	−0.257 **
	−0.220 **
	0.07
	0.332 **







** at 0.01 level (double tail), the correlation is significant.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
60 | | || || " . | N | | 60
| ' _{_Jsca,SEO
S0, ; - +Jab3550'50
- = il ’
" 40 /PH \"4\ 40
|E L L--'
g '\. / ] L 4 = i § E
% l
8
]
B
)

0 0
0:00 400 8:00 12:00 16:00 20:00 24:00
time





nav.xhtml


  atmosphere-11-00655


  
    		
      atmosphere-11-00655
    


  




  





media/file2.png
6/22

6/17

. 6/12

>

A 5123

—-15/18

=
o
™

]

= o =
O 5
1

150 -

(,. WA} Jueroyeco

date

—16/22
—_
-
=-16/17
—16/12
—16/7
—16/2

-15/28

—15/23

—15/18

—15/13

0.8

306

0.4

0.2

date





media/file5.jpg
G f’fl.ljifﬂd{f Fﬁ'pmr i E






media/file3.jpg
-
scas50 M)

60 60
(-7ecass0

50 w550l 50

40, 40

30, 30

20, 20

10, 10
0 0
0:00 4:.00 8:00 12:00 16:00 20:00 24:00

time

=
gps 550 (M)





media/file1.jpg
coeficent ()
- 8 8 8 8

208






media/file7.jpg
(8)

date.

9

1ol

1p

e B 3 g T T 2 H
© - © © date ¥ - ®
“(b)

o2

asb

e H g g H T 2 H






media/file10.png
0.15=n<0.26: 1%
B 0.1 = n<0.15:4%

16 = n<2:2%

_ - = n<1.6:9% /

14 = n<15:20% /

0.05 = n<0.1: 33%






media/file12.png
1.5 I T T T T
1.4} P -
-
T .
1 [ | | | - |
0:00 4:00 8:00 12:00 16:00 20:00 24:00
time
(b)
0.08 : . - : —
0.06 F -
¢ 11 9-- Ll i Ta E i BT O T Lk o T
x 0.04} ; '{- -{» ; -
002k % 1 1 = : |
D [ | 1 | 1 | B
0:00 4:00 8:00 12:00 16:00 20:00 24:00

time





media/file9.jpg
@ 16 n<22% © 015 < n<026: 1%

S gt < <015 4%

e 005 < <01:33%

) <
135 ne 14 0 2 001 < n<00s:62% -





media/file0.png





media/file8.png
(a)

- 6/22

6/17

=-16/12

-15/28

=1 5/23

—-15/18

5/13

I
o

cC16

141

S

date

(b)
|

0.3

0.2

0.1

6/22

6/17

6/12

6/7

6/2

5/28

5/23

5/18

913

date





media/file11.jpg
(@

15

14

13

(b)
0.08

4:00 800 1200
time

16:00

20:00

24:00

0.06

004

002

T —

——

4:00 8:00 1200
time

16:00

2000

24:00





media/file6.png
N (nm)

HH

|
"nl

i | l"

1
i

2017/5/21

2017/5/31

da

te

2017/6/10

2017/6/20






