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Abstract

:

A thorough understanding of aerosol optical properties and their spatio-temporal variability are required to accurately evaluate aerosol effects in the climate system. In this study, a multi-year study of aerosol optical and microphysical properties was firstly performed in Xi’an based on three years of sun photometer remote sensing measurements from 2012 to 2015. The multi-year average of aerosol optical depth (AOD) at 440 nm was about 0.88 ± 0.24 (mean ± SD), while the averaged Ångström Exponent (AE) between 440 and 870 nm was 1.02 ± 0.15. The mean value of single scattering albedo (SSA) was around 0.89 ± 0.03. Aerosol optical depth and AE showed different seasonal variation patterns. Aerosol optical depth was slightly higher in winter (0.99 ± 0.36) than in other seasons (~0.85 ± 0.20), while AE showed its minimum in spring (0.85 ± 0.05) due to the impact of dust episodes. The seasonal variations of volume particle size distribution, spectral refractive index, SSA, and asymmetry factor were also analyzed to characterize aerosols over this region. Based on the aerosol products derived from sun photometer measurements, the classification of aerosol types was also conducted using two different methods in this region. Results show that the dominant aerosol types are absorbers in all seasons, especially in winter, demonstrating the strong absorptivity of aerosols in Xi’an.
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1. Introduction


Atmospheric aerosol, a major component in the earth-atmosphere system, plays an important role in earth’s energy balance, global climate change, and even hydrological cycle [1]. It perturbs the radiation balance of the earth directly through the scattering and absorption of sunlight, and indirectly by serving as condensation nuclei in cloud formation, thus affecting clouds’ radiative properties and precipitation [2]. Further understanding of the complicated aerosol-cloud-radiation system requires comprehensive knowledge of aerosol optical and microphysical properties, such as aerosol optical depth (AOD), size distributions, and single scattering albedo (SSA) [3]. However, due to the short lifetime and complex composition, aerosol is highly variable in time and space, making itself the greatest source of uncertainty in climate change assessment and prediction [4]. In addition, aerosol has attracted more and more attention in recent years because of its remarkable effect on air quality. As one of the most important air pollutants, it greatly affects public health and traffic safety. To characterize air pollution events and assess their environmental effects, aerosol optical and microphysical properties are widely used in numerous studies [5,6,7,8,9,10], which show their unique advantages. In short, comprehensive understanding of aerosol optical properties is the foundation for the assessments of both their climate and environment effects.



Ground-based remote sensing using sun photometer has been validated as one of the best-suited methods for columnar aerosol detection [11]. High-quality datasets acquired by this method have been widely used to characterize aerosol optical properties [12,13,14], to study aerosol radiative forcing and its climate effects [15,16,17], and to evaluate aerosol products from satellites and models [18,19,20]. Since the beginning of 2000s, several international and regional networks, such as SKYNET (the Skyradiometer Network) [21], AERONET (the Aerosol Robotic Network) [22], CSHNET (the Chinese Sun Hazemeter Network) [23], CARSNET (the China Aerosol Remote Sensing Network) [12], and SONET (the Sun-Sky Radiometer Observation Network) [24] have successively taken observations using sun photometers in China, supporting many studies on column-integrated aerosol optical properties. Limited by the sites’ distribution, most of the early work was performed in North China, especially over the North China Plain [25,26,27]. Shortly afterwards, with the development of global and regional networks, column-integrated aerosol optical properties were intensively reported over more and more regions in China, such as Eastern China [28,29,30], Northeast China [31,32,33], Southwest China [34,35], Central China [36], and some western desert regions [37,38,39]. However, similar studies have rarely been conducted in Northwest China, especially in heavy polluted urban regions.



Xi’an, the capital of Shaanxi Province, is the largest city in Northwest China with a permanent population of 8.8 million in an area of 10,108 km2. Stimulated by the China Western Development policy, it has experienced a great economic boom in recent decades. According to the national statistical yearbook, the gross domestic product (GDP) of this city reached 628.2 billion Yuan by the end of 2016, of which the primary, secondary, and tertiary industry accounted for about 3.7%, 35.0%, and 61.3%, respectively. As one of the most popular tourist destinations in China, Xi’an received more than 150 million domestic and foreign tourists in 2016. The rapid progress of industrialization and urbanization, along with the thriving tourism, leads to substantial pollutant emission by human activities (e.g., industries, motor vehicles, residences, and thermal power-plants), and therefore the degradation of air quality [40]. Moreover, the geographical position and topographic features of Xi’an (Figure 1) also play important roles in the formation of heavy pollution. Xi’an lies in a basin surrounded by the Loess Plateau to the north and Qinling Mountains to the south. Near Asian dust source regions, Xi’an often suffers dust storms transported from western and northwestern Chinese deserts in spring due to the prevailing winter monsoonal winds [41]. In addition, the “block” and “breeze” effects of the Qinling Mountains usually aggravate the accumulation of air pollutants from both anthropogenic and natural sources [42] and result in heavy air pollution events.



During the past decades, severe air pollution in Xi’an has caused wide public concern. Numerous studies have been performed, but mainly focused on the aerosol chemical characteristics and sources apportionments [43,44,45]. In contrast, aerosol optical properties in this urban region have never been studied until several recent years ago. Based on the analyses of ground-level SSA and Ångström coefficients calculated from particle scattering and absorption coefficients, Zhu et al. [46] demonstrated the certain effects of the high black carbon (BC), brown carbon, and non-absorbing components on light attenuation over Xi’an, which was also confirmed by the variability in the light attenuation cross-section of BC [47]. Columnar aerosol optical properties over this area were firstly investigated by Su et al. [48] using sun photometer observations over six months. Additionally, as one of the regular sites in CARSNET and SONET, both Che et al. [12] and Li et al. [49] mentioned some results in Xi’an when presenting a climatology study of aerosol optical properties over the whole network. However, the former only analyzed one optical parameter (AOD), while the latter put emphasis on the spatial variability in aerosol optical properties over China. Detailed analyses of columnar aerosol optical and microphysical, as well as their seasonal variation, have never been conducted over this urban region in Northwest China.



In this study, the column-integrated aerosol optical and microphysical properties in Xi’an were investigated based on three years of sun photometer measurements. Monthly and seasonal variations of aerosol optical and microphysical properties, including AOD, Ångström Exponent (AE), SSA, refractive index (RI), and volume particle size distribution (VPSD) etc., were analyzed in detail. Based on the aerosol products derived from sun photometer measurements, the classification of aerosol types was also conducted in this urban region. This work aimed to give a sense of columnar aerosol optical properties in a typical semi-arid urban region in Northwest China, and provide essential parameters to increase the accuracy of climate simulations in this region.




2. Measurements and Methodology


2.1. Site Description


As shown in Figure 1b, the Xi’an observation site is located in an urban-scale zone ~15 km southwest of the downtown, and it is mainly surrounded by residential and office buildings. The sun photometer was installed on the roof of the office building in the Institute of Earth Environment, Chinese Academy of Sciences (IEECAS: 34.22°N, 108.87°E; 389 m a.s.l) and joined the sun-sky radiometer Observation NETwork (SONET; www.sonet.ac.cn) in the May of 2012. After initial calibration and adjustment, it began to offer continuous aerosol measurements in the mid-May 2012, until the relocation of IEECAS in June 2015. Three years of aerosol optical and microphysical properties were recorded by the sun photometer and analyzed in this study.




2.2. Instrumentation, Calibration, and Retrieval Methods


As one of the regular sites in SONET, continuous observations were conducted at the Xi’an site using a new type of CE318 (CE318-NE) sun photometer (Cimel Electronique, Paris, France), which is also the standard instrument of a well-known global aerosol-monitoring network, AERONET. The CE318-NE automatic multi-wavelength sun photometer measures direct solar radiation across nine individual spectral channels (centered at 340, 380, 440, 500, 675, 870, 1020, 1640, and 940 nm) with a 1.2° full field of view. Measurements at the first eight channels were utilized to obtain highly accurate AOD from sunrise to sunset, with those at 940 nm used to retrieve columnar water vapor (CWV). It also provides the diffused sky radiation measurements in the almucantar (ALM) and principal plane (PP) configurations at 440, 675, 870, and 1020 nm. To ensure the data quality, the instrument was calibrated once a year using both field and laboratory calibration approaches. Direct sun measurements of the instrument were compared with that of a master instrument, which was regularly calibrated by Langley plot method at AERONET Izaña Observatory, during a field campaign (Ling Mountain site, ~1600 m a.s.l). For the sky radiance measurement calibration, a transferring calibration method [50] was developed based on the internal structure of the instrument. Uncertainty of the calibrated sky radiance was estimated to be 3–5%.



As the most important aerosol parameter provided by a sun photometer, AOD (τaer(λ)) can be derived from the direct sun measurements at each wavelength (340–1640 nm) based on the Beer–Bouguer–Lambert law:


    τ  t o t    ( λ )  =  τ  a e r    ( λ )  +  τ  R a y    ( λ )  +  τ  g a s    ( λ )  = −  1 m  ln   F  ( λ )     F 0   ( λ )      



(1)




where F and F0 are the measured solar irradiance at the surface and the top of atmosphere (TOA), respectively. m is equivalent optical air mass (≈secθ0 with θ0 as the solar zenith angle) and τtot(λ) is the atmospheric total optical depth at wavelength λ. τRay(λ) denotes Rayleigh scattering optical depth, which can be obtained using an empirical model proposed by Frohlich and Shaw [51], while τgas(λ) is optical depth of gas absorption. It can be calculated from the effective absorbing coefficients of absorbing gas components, such as CO, O3, and NOx, based on the empirical equations and climatology statistical data offered in Holben et al. [22]. According to Equation (1), AOD can be easily derived by subtracting τRay(λ) and τgas(λ) from τtot(λ).



Based on the accurate AOD at two different wavelength (λ1 and λ2), AE is calculated according to the classical equation of Ångstrom [52]:


   τ  a e r    (   λ 1   )  /  τ  a e r    (   λ 2   )  =   (  λ 1  /  λ 2  )   − A E    



(1)







In this study, AE was calculated from AOD at 440 and 870 nm, the same as AERONET. Moreover, other aerosol optical and microphysical properties, such as SSA, volume particle size distribution (VPSD), real and imaginary parts of the refractive index (RI), and asymmetry factor, were simultaneously retrieved from the derived spectral AOD and sky radiance measurements using the standard inversion algorithm of AERONET products [53,54]. However, some different assumptions were utilized in the SONET retrieval scheme, which have have affected the accuracy of aerosol inversions. For example, the upper limit of the RI real part was extended to 1.7 from the value of 1.6 in AERONET. And the ground albedo was obtained from a five-year, half-monthly average MODIS climatology with the assumption of Lambertian surface reflectance.



In order to assess the accuracy of SONET products, AOD and inversions were produced in parallel by SONET and AERONET retrieval algorithms at six sites during the Dragon-Korus-AQ (2016) campaign [55]. Comparison of the joint datasets demonstrated that the two networks were quite comparable in both data acquisition capability and the accuracy of aerosol products [49]. Accordingly, the absolute uncertainty in SONET AOD was estimated to be about 0.01–0.02 [22] despite negligible difference (0.002 ± 0.001) from AERONET AOD. The uncertainties of other aerosol inversions, such as SSA, VPSD, and RI are presented in Table 1.



Besides the instrument performance, calibration procedure, and retrieval algorithm, cloud contamination can also affect the stability of sun and sky radiation measurements, and therefore impair the quality of aerosol products. To eliminate cloud contamination, an appropriate cloud-screening scheme was applied before inversion. For direct sun measurements, a threshold approach developed by Simirnov et al. [56] was utilized to identify clouds, while a asymmetry test was performed for the almucantar sky measurements. Considering the cloud identification information, AOD-related and inversion products were graded into three and two levels, respectively, following the AERONET criteria [57]. In this study, we utilized level 2.0 products with highest quality, which were not only cloud-screened but also quality-assured, to ensure the reliability of our statistical analyses. It meant that only almucantar retrievals (SSA and RI) with AOD at 440 nm (AOD440) > 0.4 were retained to avoid the large inversion errors. In addition, daily averages of all the aerosol products were calculated only when there were three or more available measurements for the given day, and then used to compute the seasonal averages.





3. Results and Discussions


3.1. Aerosol Optical Depth, Ångstrom Exponent, and Columnar Water Vapor


Aerosol optical depth (AOD) and AE are the most important aerosol parameters derived from direct solar radiation measurements. Aerosol optical depth, the integral of the extinction coefficient from surface to the top of the atmosphere, reflects the total aerosol loading in a vertical atmospheric column of unit cross-section; whereas AE, a parameter describing the spectral dependence of AOD, is an indicator of particle size. A smaller AE represents the dominance of coarse mode particles and vice versa. Three-year average of AOD440 in Xi’an is about 0.88 ± 0.24 (mean ± SD), which is close to the measurements reported in Nanjing (0.88) [58]. However, it is much higher not only than that in background sites, such as Xinglong (0.28) [27] and Longfengshan (0.35) [31], but also than that over some urban or industrial regions, such as Beijing (0.71) [16] and Shanghai (0.74) [59]. According to Li et al. [49], AOD in Xi’an was only second to that of Chengdu in the sixteen sites of SONET. The high AOD in Xi’an implies the heavy aerosol loading in this region, which might be caused by industrial pollution, human activities, and urban transportation. The multi-year averaged AE is about 1.02 ± 0.15, rather comparable to those in Beijing (1.06) [49], suggesting the dominance of fine-mode particles.



Monthly and seasonal averages of AOD at 440 nm, AE at 440–870 nm, and CWV (in cm) over Xi’an from May 2012 to June 2015 are shown in Figure 2. The error bars in the left panel (Figure 2a,c,e) denote the inter-annual variation of monthly averages, while the daily median and mean values are given by different symbols in the box plots on the right (Figure 2b,d,f), along with the maximum and minimum. Aerosol optical depth shows a pronounced monthly variation, with maximum values in February (1.36) and August (1.17), and minima in June (0.59) and December (0.63). The higher AOD in August may be attributed to the conversions of gaseous species to particulates promoted by the higher temperatures and more abundant water vapors in summer. However, the wet deposition and scavenging of particles due to the frequent and plentiful rainfall probably resulted in a lower AOD in June, another summer month. As for winter, the increase of emissions due to residential heating might generate more particles and lead to higher AOD in February, while the lower AOD in December is possibly related with the scavenging effect of the dry and cold air in winter. The conjunction of maxima and minima in the same season (summer and winter) reveals the high variability and the complexity in aerosol loading in Xi’an, and results in similar averages of AOD in different seasons. The averaged AOD in winter is about 0.99 ± 0.36, slightly higher than those in other seasons (~0.85). The frequency distributions of AOD440 also show a similar unimodal structure in different seasons, but with a different range (Figure A1). For summer, daily AOD varies from 0.1 to 4.1, while the maxima in the other seasons are around 2.7. The relative frequencies of AOD < 0.5 are 22%, 28%, 29%, and 27% from spring to winter. The frequencies of AOD in the range of 0.5–1.0 are 45%, 36%, 39%, and 35% for each season. For high AOD (>1.0), the frequencies are 33%, 36%, 32%, and 38% in spring, summer, autumn, and winter. Especially in summer, about 6% of daily AOD appeared in the range of 2.0 and 4.0. These results indicate that high AOD occurred all year in Xi’an. The maximum of AOD appeared in summer. This is possibly related to the hygroscopic growth of aerosols and air stagnation.



Compared with AOD, monthly and seasonal AE show different features. The monthly AEs did not vary as significantly as AOD did, but present an obvious seasonal variation. Monthly AE were normally larger than 1.0 in summer, autumn, and winter, with the highest value in September (1.24). The lowest AE occured in spring (~0.85), implying the significant impact of dust episodes on aerosol size distribution. Figure A2 shows the seasonal frequency distributions of AE at 440–870 nm in Xi’an. Similar to the AOD frequency distribution, the histograms of AE also presented a unimodal structure. The peak values distributed between 1.2 and 1.3 in most seasons except spring, when the monthly AE centered at 0.8–0.9. Daily AE fluctuated in the range of 0–1.8, suggesting that there were different sizes of aerosol particles in the atmosphere. For AE < 0.5, the relative frequency of AE was about 23% in spring, much higher than that in other seasons (<4%). High frequency of low AE values in spring indicates the influence of coarse dust particles. The frequencies of AE > 1.0 are about 33%, 79%, 72%, and 63% from spring to winter, respectively. Monthly and seasonal variations of CWV are also provided in Figure 2e,f. High values of monthly CWV occur in July, August, and June, resulting in the maximum average of CWV in summer (3.63 ± 0.89 cm). In contrast, the lowest CWV appears in winter (0.68 ± 0.16).




3.2. Volume Particle Size Distribution


Figure 3 shows the monthly and seasonal averages of VPSD in Xi’an. The typical bimodal or multimodal structures of the VPSD in all the months or seasons imply a fine-coarse mixed-size distribution in this region, similar to the urban-industrial site Beijing [13]. The retrieved total volume concentration was highest in spring (0.38 ± 0.03 μm3/μm2), followed by winter, summer, and the lowest in autumn (0.28 ± 0.02 μm3/μm2). Moreover, the dominance of coarse mode in size distribution can be observed in all seasons, especially in spring. This can be explained by local dust by traffic and construction all year round [60], and abundant dust particles transported from remote sources during the frequent dust episodes in spring [41]. However, fine-mode volume concentrations in four seasons were all around 1.00 μm3/μm2, illustrating a typical densely-populated site feature. Another noticeable feature was that extra peaks can be observed in coarse mode of VPSDs for all spring months. According to Zhang et al. [61], the extra coarse modal peaks are probably related to the wet scavenging effects on dust-like particles in coarse mode or the aging of transported activated particles with radius <1 μm [62]. Another possibility might be the mixture effect of local and transported coarse mode particles in this season. Additionally, the fine-mode effective radius in summer was much larger than that in other seasons, which is associated with coagulation or hygroscopic growth of fine mode particles and lead to enhanced scattering of aerosols.



Averages of VPSD were calculated for different AOD440 bins, ranging from 0.00 to 4.00 with an interval of 0.3, to detect the relationship between VPSD and AOD (Figure 4). The mean values of AOD, AE, and FMF (fine mode fraction) were also provided for the given bin. As shown in Figure 4, the size distributions still presented bimodal patterns, but the mean center radius of both fine and coarse modes increased with AOD. The increase of the center radius in fine mode might be related to the hygroscopic growth, while the increasing center radius in coarse mode is possibly associated with the addition of coarse particles, such as dust aerosol. Note that FMF is about 0.89 for the cases with high AOD (>1.5), which suggests the dominant contribution of fine mode particles to the total AOD. However, the corresponding VPDS shows a dominance of coarse mode to the total volume concentrations. This is because the particle number and extinction efficiency of coarse mode particles, such as dust, may not be as much as fine particles, although their sizes are much larger.




3.3. Complex Refractive Index, Single Scattering Albedo, and Asymmetry Factor


Seasonal averages of spectral RI, SSA, and asymmetry factor in Xi’an are presented in Figure 5. The real and imaginary parts of RI indicate the scattering and absorbing efficiencies of aerosol, respectively. Real RI shows significant seasonal variations, reaching to the highest value in winter and showing its minimum in summer. This can be attributed to the different contents of aerosol water. The real RI of dry particles (normally distributed within 1.45–1.70) is much higher than that of water (1.33), so real RI reflects the water uptake of aerosols to some extent [63]. Therefore, the real RI generally shows high values in the dry season (e.g., winter in Xi’an) and low values in the wet season (e.g., summer in Xi’an). The spectral dependence of real RI is not very obvious. For example, the averaged real RIs at four wavelength in summer are 1.46 ± 0.03, 1.47 ± 0.03, 1.48 ± 0.03, and 1.48 ± 0.03, respectively. In contrast, the imaginary RI reflects absorption of aerosol and a high imaginary RI probably indicates stronger aerosol absorption. Seasonal imaginary RIs decrease drastically in the wavelength range 440–670 nm, and then increase slightly from 670 nm to 1020 nm in summer and autumn, but almost keep the same value in spring and winter. The imaginary parts are higher in winter and autumn than those in spring and summer. Similar seasonal variation has also been observed in Beijing [16], but is quite different from the results in Shanghai [59]. Overall, the averages of imaginary RI at 440 nm are 0.010 ± 0.001, 0.008 ± 0.001, 0.015 ± 0.006, and 0.022 ± 0.004 from spring to winter, respectively. These results indicate that the aerosol particles in winter and autumn over Xi’an are more absorptive to solar radiation than in summer and spring.



Single scattering albedo is one of the key determinants of the radiative effects of the atmospheric aerosol. Defined as the ratio of scattering efficiency of the aerosols to their total extinction efficiency, it provides important information regarding scattering and absorption properties and depends greatly on aerosol composition and mixing states. The three-year average of SSA at 440 nm is about 0.89 ± 0.03, smaller than other reported measurements of desert dust sites (mostly larger than 0.90), illustrating the strong absorptivity of this site. We primarily attribute this to the absorbing aerosol from anthropogenic sources in this city, especially in winter, as well as the higher content level of absorbing hematite or other iron oxides in the dust aerosol at this site. Generally, SSA in summer is the largest (0.93 ± 0.01), attributed to the scattering aerosol and complicated mixing states, while SSA in winter and autumn is much lower because the carbonaceous particles emitted from the city heat and other anthropogenic sources during this period enhance the aerosol absorption. The spectral dependency of SSA also shows a significant seasonal variation. In autumn and winter, SSA increases with wavelength from 440 to 670 and decreases slightly from 670 to 1020 nm, which indicates the presence of brown carbon. In contrast, SSA in spring follows an increasing pattern from 440–670 nm, but continues to increase or stabilized between 670 and 870 nm. As demonstrated in Wang et al. [64], this type of SSA spectra pattern was an indication that mineral dust dominates the aerosols population. Additionally, SSA shows a spectra pattern in summer, which is completely different from other seasons. It decreases from 440 to 1020 nm, and this can be attributed to the existence of fine particles.



The asymmetry parameter represents an estimation of the asymmetry distribution of the dispersed radiation. The seasonal variation of asymmetry factor spectra in Xi’an is shown in Figure 5d. The average values of asymmetry factor commonly show a decreasing trend with wavelengths in summer, autumn, and winter. Except the decrease at 440–870 nm, the average values of asymmetry factor show an increasing trend at 870–1020 nm in spring. This result is similar to the measurements at Beijing and Lanzhou [65] in dusty days. The average values of asymmetry factor in spring and summer are larger than the values in autumn and winter. Its multi-year average value at 440 nm is up to 0.72 ± 0.01, almost the same as the measurement in Lanzhou [65]. In the view of climate, the averages of asymmetry factor in the wavelength range of 440–1020 nm were 0.69 ± 0.03, 0.68 ± 0.04, 0.67 ± 0.03, and 0.67 ± 0.03 in spring, summer, autumn, and winter, respectively.



Along with AOD, AE, and volume concentrations analyzed above, seasonal SSA and some related parameters are summarized in Table 2, including aerosol absorption optical depth (AAOD) and Absorption Ångström Exponent (AAE). Aerosol absorption optical depth is calculated from AOD multiplied by (1-SSA) for the cases with AOD440 > 0.4, while AAE is computed from AAOD at different wavelengths (440 and 870 nm in this study) by replacing AOD with AAOD according to Equation (2). Aerosol absorption optical depth presents the maximum in winter (0.16 ± 0.00) and shows its minimum in summer (0.07 ± 0.01), with an overall mean of 0.10 ± 0.04. Absorption Ångström Exponent is usually used as an indicator of aerosol composition. For example, AAEs are much higher than one in all seasons except summer, indicating that absorption species other than BC have notable contribution on aerosol absorption. After rejecting the rare dust cases in winter and autumn, AAEs are still significantly higher than one. This suggests that absorbing components such as brown carbon, which has a larger AAE, contribute considerably to aerosol absorption. Brown carbon is mainly originated from human activities related to biomass burning in autumn and winter, such as straw burning after harvest and residential heating. In addition, the high AAE in spring (1.36 ± 0.11) is probably associated with dust particles transported from resource regions, which are regarded as another absorber in the atmosphere.



Note that aerosol optical properties, such as RI, SSA, and AAE, are also affected by its morphology, especially for BC particles [66,67,68]. Recent studies suggested that lacy bare BC presented lower SSA and higher AAE than compact ones [66]. The optical properties of BC even varied with the different evolution stages during its aging according to the results from both theoretical calculations and experimental measurements [68]. However, characteristics of aerosol morphology have rarely been investigated over our studied areas during the past years, so further researches concerning the effects of aerosol morphology on its optical properties will be expected in the coming years.




3.4. Classification of Aerosol Types


3.4.1. Graphical Method


Although AE is a good indicator of particle size in the solar spectrum, it cannot always provide unambiguous information on the relative weight of fine and coarse modes in determining the AOD. For instance, large fine mode particles possibly present the same AE as the mixture of small fine mode and coarse mode ones [69]. Therefore, Gobbi et al. [69] developed a graphical scheme by introducing AOD and the spectral curvature of AE to distinguish the increases of AOD due to aerosol humidification from those due to the addition of coarse mode aerosols. Following this graphical method, Figure 6 presents the classifications of aerosol properties as a function of AE (440–870 nm, α) and AE difference (δα) between AE440–675 and AE675–870 for bimodal and lognormal size distributions with a refractive index of 1.4–0.001i. The dots in different colors and sizes in Figure 6 represent the different bins of AOD at 675 nm. The black solid and blue dashed lines represent the fixed size of the fine-mode effective radius (Rf) and fixed fraction contribution of the fine mode to the AOD at 675 nm (η), respectively. In addition, only cloud-screened data with AOD675 > 0.15 were used in this study to avoid errors larger than 30% [69].



Three years of data in Xi’an shows high AODs (>1.0), both clustering in the fine mode growth wing (δα < 0, η > 60%) and the coarse mode (δα > 0, η < 30%). In spring (Figure 6a), it is very obvious that higher AODs (>1.0) are associated with coarse mode particles (δα > 0, η < 30%) due to the effect of dust episodes. Additionally, there are also some high AODs clustering in the fine mode growth wing. There are also some cases with high AODs of coarse mode in autumn (Figure 6c) and winter (Figure 6d) but much fewer than that of the spring. For the fine mode growth wing (1.0 < α < 1.5, δα < 0, η > 50%), many high AODs (>1.0) are clustered here for all four seasons, especially in summer. The AODs are much higher and distribute more densely in summer due to the effects of increases water vapor and air stagnation, corresponding to a fine fraction of ~90% and Rf ~ 0.2 μm. The extension of Xi’an pollution to higher AODs span perpendicularly downward to the black lines, leading to the increase of both η and Rf. This implies that AOD growth in many cases remains associated to a hygroscopic and/or coagulation growth from aging of the fine mode aerosols in Xi’an even with the presence of the coarse particles (likely dust). Such a coexistence of high pollution levels and mineral dust in Xi’an has been confirmed by chemical analyses of particles in Reference [40]. Similar patterns have also been reported in Beijing [16].




3.4.2. Threshold Method Involving FMF and SSA


Previous studies demonstrated that aerosol classification could be successfully conducted at both regional and global scale by using aerosol products associated with particle size and radiation absorptivity, such as FMF and SSA [70,71]. In this section, aerosols are firstly grouped into three types according to their FMF. Aerosols with daily FMF < 0.4 are identified as coarse mode particles, while the ones with FMF > 0.6 correspond to fine mod aerosols. Aerosols with FMF in the range of 0.4–0.6 are considered as a mixture of fine and coarse particles. Then, SSA at 440 nm is utilized to distinguish absorbing from scattering aerosols using the threshold of 0.95. For the absorbing aerosols with FMF > 0.6 and SSA < 0.95, three subtypes of highly-absorbing, moderately-absorbing, and slightly-absorbing can be further classified by using two other thresholds of SSA (0.85 and 0.90). By contrast, the coarse mode aerosols are further divided into dust (SSA < 0.95) and indeterminate type (SSA > 0.95). The classification method is illustrated in Figure 7e. Note that the indeterminate type accounts for less than 0.5% (only two days) of our dataset, therefore it is not involved in following discussion.



Average proportions of different aerosol types show significant seasonal variations (Figure 7). For example, dust accounts for about 6% in spring due to the effect of dust episodes, much more than in other seasons. Likewise, dust particles transported from resource regions mix with local anthropogenic emissions and lead to the highest percentage of mixture type in spring. The proportion of scattering aerosols reaches to the highest value (40%) in summer, followed by autumn, spring, and winter. This is possibly related to the strong photochemical reaction in the condition of high temperature and humidity, which might produce abundant secondary scattering particles, such as sulfate and nitrate. For the slightly-absorbing aerosol type, it constitutes more than 25% of total aerosols in all the seasons. This might be attributed to high industrial emissions and vehicle exhaust in the urban region. The other absorbing aerosol types (highly- and moderately-absorbing types) account for 33%, 12%, 39%, and 62% in spring, summer, autumn, and winter, respectively. The proportions of the all absorbing aerosol types are more than 50% in all seasons, especially in winter (up to 88%). This result is consistent with the conclusion provided in Li et al. [5] that the dominant aerosol types are absorbers. The percentages of absorbing aerosol types in Xi’an are much higher than that in Beijing [71], suggesting stronger absorptivity of aerosols in this region. Furthermore, the highest percentage of absorbing aerosols in winter probably associates with combustion of coal in the heating season, besides automobile exhaust and industrial emissions. The strongest absorptivity of aerosols in winter is also confirmed by the lowest SSA and highest AAOD in this season in Table 2.






4. Summary and Conclusions


Monthly and seasonal variability in aerosol optical and microphysical properties are firstly investigated in detail over Xi’an based on three years (2012–2015) of sun photometer measurements records. Annual average of AOD at 440 nm is about 0.88 ± 0.24 in Xi’an, which is higher than that of both background and industrial-urban sites reported in the previous studies. Averages of AOD in most seasons are comparable (~0.85), only showing a slightly higher value in winter (0.99 ± 0.36). The overall average of AE440–870 is about 1.02 ± 0.15, suggesting a dominant contribution of fine-mode particles to the AOD. Monthly AE are normally larger than 1.0 in summer, autumn, and winter with the highest value in September (1.24). The lowest AE occurs in spring (~0.85), implying the significant impact of dust episodes on aerosol size distribution.



The retrieved total volume concentration is highest in spring, followed by winter, summer, and the lowest in autumn. Moreover, coarse mode is dominant in size distribution for both spring and winter, while comparable contributions of fine and coarse mode particles to the total volume concentrations can be observed in both summer and autumn. Real RI shows significant seasonal variations, reaching to the highest value in winter and showing its minimum in summer. In contrast, seasonal imaginary RIs decrease drastically in the wavelength range 440–670 nm, and then increase slightly from 670 nm to 1020 nm in summer and autumn, but almost keep the same value in spring and winter. The multi-year average of SSA at 440 nm is about 0.89 ± 0.03, illustrating the strong absorptivity of this site. In autumn and winter, SSA increases with wavelength from 440 to 670 and decreases slightly from 670 to 1020 nm, which indicates the presence of brown carbon. In contrast, SSA in spring follows an increasing pattern from 440–670 nm, then continues to increase or stabilize between 670 and 870 nm, indicating the dominance of mineral dust in the aerosols population. Additionally, SSA decreases from 440 to 1020 nm, which can be attributed to the existence of fine particles.



Based on the long-term sun photometer measurement, aerosol types are classified by using both the graphical and threshold methods. The first method provides some qualitative results as below. High AODs (>1.0) are clustered in both of the fine mode growth wing (δα < 0, η > 60%) and the coarse mode (δα > 0, η < 30%). In spring, it is very obvious that higher AODs (>1.0) are associated with coarse mode particles (δα > 0, η < 30%) due to the effect of dust episodes. However, there are also many high AODs (>1.0) clustering in the fine mode growth wing (1.0 < α < 1.5, δα < 0, η > 50%) for all four seasons, especially in summer. The AODs are much higher and distribute more densely in summer due to the effects of increases water vapor and air stagnation, corresponding to a fine fraction of ~90% and Rf ~ 0.2 μm. The extension of Xi’an pollution to higher AODs span perpendicularly downward to the black lines, leading to the increase of both η and Rf. This implies that AOD growth in many cases remains associated to a hygroscopic and/or coagulation growth from aging of the fine mode aerosols in Xi’an even with the presence of the coarse particles (likely dust). In contrast, average proportions of different aerosol types are assessed by using the threshold method. Dust aerosols account for the highest percentage in spring due to the impact of dust episodes, while absorbing aerosol types constitute high proportions in all seasons, demonstrating the strong absorptivity of aerosols in this region. Results from this study are helpful to completely understand aerosol optical and microphysical properties and improve the modeling of aerosol effects in northwest urban regions of China.
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Figure A1. Frequency distributions of AOD at 440 nm for (a) spring, (b) summer, (c) autumn and (d) winter in Xi’an site. 
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Figure A2. Same as Figure A1 but for Ångstrom exponent (440–870 nm). 
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Figure 1. Location of the Xi’an observation site and its surrounding topography. 
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Figure 2. Monthly and seasonal average of AOD at 440 nm (a,b), Ångstrom Exponent (AE, 440–870 nm) (c,d) and columnar water vapor (e,f) at Xi’an site. In the box plots (b,d,f), the lines crossing the boxes denote the median, and the lower and upper limits are the first and third quartiles, respectively. The small squares in the boxes and the short lines at top and bottom indicate mean, maximum, and minimum values, while the crosses denote the 1–99% range. The whiskers denote 1.5 times of the difference between the first and the third quartiles. 
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Figure 3. Monthly and seasonal average of volume particle size distribution (VPSD) over Xi’an site for (a) spring, (b) summer, (c) autumn, and (d) winter. The red shadows indicate the standard deviations of monthly averages for the given season. 
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Figure 4. Relationship between volume particle size distribution and AOD in Xi’an. The average of VPSD for each bins of AOD (≤0.3, 0.3–0.6, 0.6–0.9, 0.9–1.2, 1.2–1.5, >1.5) are marked in different colors from purple to red, with error bars indicating the standard deviation. The mean values of AOD, AE, and Fine mode fraction (FMF) for the given bin are also presented in the legend. 
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Figure 5. Seasonal average of spectral refractive index, including real (a) and imaginary parts (b), SSA (c), and asymmetry factor (d) over the Xi’an site. Error bars indicate the standard deviation of the monthly averages for the given season. 
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Figure 6. Ångstrom exponent difference between AE440–675 and AE675–870 over Xi’an in (a) spring, (b) summer, (c) autumn, and (d) winter, as a function of Ångstrom exponent (440–870 nm) and aerosol optical depth at 675 nm. Only cloud screened data with AOD > 0.15 are used. 
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Figure 7. Average proportions of different aerosol types in (a) spring, (b) summer, (c) autumn, and (d) winter in Xi’an according to the aerosol classification scheme illustrated in (e), where aerosols can be grouped into six types according to different thresholds of their FMF and SSA. 
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Table 1. Comparison of Single Scattering Albedo (SSA), Volume Particle Size Distribution (VPSD) and real and imaginary parts of refractive index (RI) from SONET and AERONET [49].






Table 1. Comparison of Single Scattering Albedo (SSA), Volume Particle Size Distribution (VPSD) and real and imaginary parts of refractive index (RI) from SONET and AERONET [49].





	
Aerosol Parameters

	
AERONET Uncertainty 1

	
Diff. from AERONET (Avg ± SD)






	
SSA

	
0.03

	
0.02 ± 0.04




	
VPSD

	
25% (0.1 < r < 7 µm)

	
1.5 ± 26% (0.1 < r < 7 µm)




	
25–100% (r < 0.1 µm and r > 7 µm)

	
18 ± 85% (r < 0.1 µm and r > 7 µm)




	
Real part of RI

	
0.04

	
0.007 ± 0.04




	
Imaginary part of RI

	
40%

	
18 ± 46%








1 Uncertainties of AERONET inversions are summarized according to Dubovik et al. [11].
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Table 2. Seasonal averages of aerosol optical and microphysical properties in Xi’an.






Table 2. Seasonal averages of aerosol optical and microphysical properties in Xi’an.





	Seasons
	AOD440 1
	AE440–870 1
	Vf 2
	Vc 2
	FMF
	SSA 3
	AAOD 3
	AAE 3





	Spring
	0.85 ± 0.20
	0.85 ± 0.05
	0.08 ± 0.01
	0.30 ± 0.03
	0.70 ± 0.01
	0.89 ± 0.00
	0.09 ± 0.01
	1.36 ± 0.11



	Summer
	0.87 ± 0.29
	1.12 ± 0.16
	0.13 ± 0.06
	0.17 ± 0.03
	0.81 ± 0.13
	0.93 ± 0.01
	0.07 ± 0.01
	1.00 ± 0.06



	Autumn
	0.82 ± 0.19
	1.08 ± 0.15
	0.10 ± 0.03
	0.18 ± 0.02
	0.80 ± 0.07
	0.89 ± 0.04
	0.10 ± 0.03
	1.26 ± 0.18



	Winter
	0.99 ± 0.36
	1.02 ± 0.07
	0.11 ± 0.01
	0.23 ± 0.06
	0.78 ± 0.01
	0.85 ± 0.01
	0.16 ± 0.00
	1.52 ± 0.04







1 AOD and AE are retrieved from direct measurements; 2 Vf and Vc are the volume concentrations (μm3/μm2) of fine and coarse mode particles; 3 Only measurements with AOD440 > 0.4 are used to calculate the seasonal averages of Single scattering albedo (SSA), aerosol absorption optical depth (AAOD), and absorption Ångström Exponent (AAE) here.
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