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Abstract

:

Dust aerosol has an impact on both the regional radiation balance and the global radiative forcing estimation. The Taklimakan Desert is the focus of the present research on the optical and micro-physical characteristics of the dust aerosol characteristics in Central Asia. However, our knowledge is still limited regarding this typical arid region. The DAO-K (Dust Aerosol Observation-Kashgar) campaign in April 2019 presented a great opportunity to understand further the effects of local pollution and transported dust on the optical and physical characteristics of the background aerosol in Kashgar. In the present study, the consistency of the simultaneous observations is tested, based on the optical closure method. Three periods dominated by the regional background dust (RBD), local polluted dust (LPD), and Taklimakan transported dust (TTD), are identified through the backward trajectories, combined with the dust scores from AIRS (Atmospheric Infrared Sounder). The variations of the optical and micro-physical properties of dust aerosols are then studied, while a direct comparison of the total column and near surface is conducted. Generally, the mineral dust is supposed to be primarily composed of silicate minerals, which are mostly very weakly absorbing in the visible spectrum. Although there is very clean air (with PM2.5 of 21 μg/m3), a strong absorption (with an SSA of 0.77, AAE of 1.62) is still observed during the period dominated by the regional background dust aerosol. The near-surface observations show that there is PM2.5 pollution of ~98 μg/m3, with strong absorption in the Kashgar site during the whole observation. Local pollution can obviously enhance the absorption (with an SSA of 0.72, AAE of 1.58) of dust aerosol at the visible spectrum. This is caused by the increase in submicron fine particles (such as soot) with effective radii of 0.14 μm, 0.17 μm, and 0.34 μm. The transported Taklimakan dust aerosol has a relatively stable composition and strong scattering characteristics (with an SSA of 0.86, AAE of ~2.0). In comparison to the total column aerosol, the near-surface aerosol has the smaller size and the stronger absorption. Moreover, there is a very strong scattering of the total column aerosol. Even the local emission with the strong absorption has a fairly minor effect on the total column SSA. The comparison also shows that the peak radii of the total column PVSD is nearly twice as high as that of the near-surface PVSD. This work contributes to building a relationship between the remote sensing (total column) observations and the near-surface aerosol properties, and has the potential to improve the accuracy of the radiative forcing estimation in Kashgar.
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1. Introduction


Dust aerosols emitted from natural and anthropogenic sources [1,2] has important impacts on the global climate, human health, and biogeochemical cycles by changing the radiative budget, precipitation, snowmelt, as well as the concentration of airborne microorganisms [3,4,5,6,7,8,9,10]. The airborne dust can be transported over long distances [11], and the study of Biagio et al. [12] pointed out that the optical properties of dust aerosols varied from region to region. The properties of dust aerosol are determined by its parent soils [13,14] and aging on the transport path [12,15,16,17,18]. The Taklimakan Desert, as one of the largest dust sources in the world and a cause of the dust weather in Eastern Asia, is the focus of research on dust aerosol characteristics [19,20]. However, our knowledge of dust aerosol properties is very limited in this typical arid region of Central Asia. It is very valuable to carry out targeted observation experiments in this area.



As a margin city of the Tarim Basin, 150 km away from the western edge of the desert, Kashgar is a good place to observe the Taklimakan dust. Moreover, the floating dust produced by road construction and building construction [21,22], and the anthropogenic pollutants generated from industrial, traffic, and biomass burning, are also important components in Kashgar [20,23]. Yu et al. [24] reported that there was significant anthropogenic pollution during the sand storm in Kashgar in 2016. These local anthropogenic pollutants can coat the surface of dust, leading to changes in the optical and micro-physical properties [25,26]. Hence, Kashgar is selected as the study area to research the effects of local pollution and transported dust on background aerosol properties. It is of great importance for improving the accuracy of radiative forcing calculations in Central Asia [27].



This study is based on the international joint-observation experiment conducted in Kashgar in April 2019, during the DAO-K (Dust Aerosol Observation in Kashgar) campaign. The principal objective of the DAO-K campaign is to present a comprehensive view of the characterization of dust aerosol in Kashgar. Based on the DAO-K measurement, two studies have researched the dust aerosol profile and radiative forcing [20,28]. Our study mainly focuses on the absorption and size characteristics of total columnar and near-surface dust aerosols, trying to understand the effects of local pollution and transported dust on the optical and physical characteristics of background aerosol. The Single Scattering Albedo (SSA), the ratio of scattering to extinction, widely used in aerosol classification, is a common and important parameter in radiative transfer models [27]. The Absorption Angstrom Exponent (AAE) represents the spectral dependence of the absorption, which reflects the variation of different components in absorbing aerosols [29,30]. Both of the above optical parameters, together with scattering, extinction, and absorption coefficients, are investigated in this study. Meanwhile, we present a direct comparison between the total columnar and the near-surface dust aerosols. The detailed introduction of the study area and the simultaneous observations by instruments are recorded in Section 2.1. The overall experimental scheme as well as how to identify the dust aerosol source and how to perform the optical closure test are demonstrated in Section 2.2. Then, the results and analysis are displayed in Section 3. The optical closure test of the simultaneous observations is displayed in Section 4. Moreover, the variations on the computed AAE and retrieved complex refractive index are also discussed in this part. Finally, Section 5 summarizes the main points of the research.




2. Materials and Methods


2.1. Materials


2.1.1. Study Area


The current research mainly pays attention to the effects of local pollutants and transported dust on the optical and micro-physical characterizations of both total column and near-surface dust aerosols in a typical arid region. The Dust Aerosol Observation in Kashgar, China (DAO-K campaign) was conducted in April 2019. The observation site (39.504° N, 75.930° E, the altitude of 1320 m) in Kashgar shown in Figure 1 is located in the global dust belt, which ranges from the Sahara over the Arabian Desert to the Gobi Desert [31]. It is strongly influenced by desert dust sources [32], especially in spring. Moreover, biomass burning and local pollutant emissions are also important sources for fine aerosol particles. Under different meteorological conditions, local emissions, transported dust, and/or background aerosols could potentially be observed at the site during the campaign.




2.1.2. Simultaneous Observations by Instruments


The research data are obtained from many instruments simultaneously deployed in this campaign, in order to obtain aerosol optical and microphysical aerosol properties in the whole atmospheric column and near the surface. For the atmospheric total column observation, the sun–sky photometer is an excellent instrument to obtain the aerosol optical and micro-physical properties. The Single Scattering Albedo (SSA) is widely used as an important parameter for evaluating the aerosol absorption characteristic. The Particle Volume Size Distribution (PVSD), consisting of a fine mode and coarse mode, is a parameter that can effectively reflect the microphysical characteristics of the aerosol.



For the observation near the surface, four instruments are used in combination to obtain comprehensive information, such as the size distribution, absorption, scattering, and backscatter coefficients of aerosols. Hence, for dust aerosol in Kashgar, a comprehensive view of the variations in aerosol characterizations under different pollution episodes can be conducted. All of the instruments used in this study are listed in Table 1. The results analysis (in Section 3.2, Section 3.3 and Section 3.4.) of the near-surface observations (including GRIMM 1.129, Aurora 3000, AE 33, and BAM-1020) was conducted beginning on 2 April and ending on 30 April. As a result of the instrument issues of SONET CE 318, the comparison between the total column aerosol and the near-surface aerosol was conducted from 2 to 21 April.



The sun–sky photometer CE318-DP (CIMEL Electronique Inc., Paris, France) is the standard instrument used in the SONET observation network, which is an automatic instrument for long-term continuous observation in the field. The instrument calibration is carried out once a year to ensure its data quality. More than 20 kinds of aerosol products can be provided by the CE318 Level 2.0 data, based on the multispectral and multiangle measurements. The particle volume size distribution and multi-spectral SSA (at 440 nm, 675 nm, 870 nm, and 1020 nm) retrievals (Level 2.0) are used during the observation period. Cloud screened by automatic procedures, the additional application of pre- and post-calibration coefficients and expert checking are applied. The SONET products have similar uncertainties to those of the AERONET (0.03 for SSA, 25% for PVSD with radii less than 7 μm) [32].



GRIMM V1.129 (GRIMM Inc., Hochdorf, Germany) is an optical particle counter, which relies on the amount of incident light scattered at 90° by dry particles. The maximal number concentration measured by GRIMM is up to 2000 cm−3. During the observation, it operates at a flow rate of 1.2 L min−1 with a 5 min resolution. Particle number size distributions are measured by GRIMM with diameters ranging from 0.25 μm to 32 μm (with 31 bins), which has an uncertainty less than 10% [33].



The nephelometer Aurora 3000 (Ecotech Inc., Knoxfield, Australia) works at three wavelengths (635 nm, 525 nm, and 450 nm) and is capable of providing the scattering coefficient and hemispheric backscatter coefficient. The nephelometer has an LED light source, which is robust and reliable during observations. It measures all the scattered radiation in the scattering angle of 9°~170° to obtain the scattering coefficient, and the scattered radiation in the scattering angle of 90°~170° to obtain the backscatter coefficient. Aerosol particles are sampled with an interval of 5 min, and dried by a dryer. During the campaign, the nephelometer calibration was performed using zero check every day. The calibration uncertainty of Aurora 3000 is 2.5%, given in the user manual [34].



The particle absorption properties are measured by a dual spot aethalometer AE 33 (Magee Scientific Inc., Berkeley, CA, USA). It operates at 7 wavelengths of 370 nm, 470 nm, 520 nm, 590 nm, 660 nm, 880 nm, and 950 nm. The mass specific attenuation cross sections for BC (black carbon) at 7 wavelengths, given by the manufacturer, are 18.47 m2 g−1, 14.54 m2 g−1, 13.14 m2 g−1, 11.58 m2 g−1, 10.35 m2 g−1, 7.77 m2 g−1, and 7.16 m2 g−1, respectively. Then, the absorption coefficient can be calculated from the effective BC concentration and mass specific attenuation cross section. During the campaign, AE 33 operated at a flow rate of 3 L min−1 with a time resolution of 1 min. The calibration of AE33 was performed using zero check every day with the precision error of ~9% [35,36].



Ground-based PM2.5 is a good indicator of particulate pollution. The hourly PM2.5 was observed by monitor BAM-1020 (MetOne Inc., Grants Pass, OR, USA) with a moderate (10–15%) positive multiplicative bias through a PM2.5 size cut head [37]. The heater was used to dry out the sampled particles. The time-continuous PM2.5 mass concentration near the surface can be effective in identifying the typical periods for different polluted levels (National Ambient Air Quality Standard). It should be noted that dust pollution also contributes to the rise in the PM2.5 mass concentration.





2.2. Methods


2.2.1. Experimental Scheme


As a mixture, the absorption characteristics of dust aerosol depends on chemistry, size, and local emissions [25]. The vertical change of the absorption characteristics of dust aerosol is an important issue. Although Hu et al. [20] analyzed the vertical change of aerosol extinction based on lidar observations in the DAO-K campaign, they did not show the vertical changes in the absorption characteristics. We compared the absorption characteristics of dust aerosols observed near the surface with those in the atmospheric column, indirectly indicating the difference between absorption near the surface and in the upper air. Thanks to the inversion of aerosol microphysical parameters by the sun–sky photometer, we can compare the Particle Volume Size Distribution (PVSD) and Single Scattering Albedo (SSA), in addition to the absorption characteristics. The detailed flowchart, including the optical closure and analysis process, is presented in Figure 2.



The detailed process mainly consists of three steps. Based on the key factors (backward trajectory and dust score data), the typical aerosol origins should be identified first. Here, the background dust, local polluted dust, and transported dust are taken into consideration. For the next step, an optical closure test should be conducted, in order to validate the consistency of the simultaneous observations (aerosol scattering coefficient, backscattering coefficient, absorption coefficient, and particle number size distribution data) obtained from different ground-based instruments. Finally, the variations in the optical and micro-physical properties of dust aerosols can be studied, and the direct comparison of total column and near surface can also be conducted.




2.2.2. Method for Identifying Aerosol Sources


The backward trajectory, dust scores, and PM2.5, are selected to classify the pollution episodes and transported dust. The backward trajectory is obtained by the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT, [38]) model developed by NOAA (data can be found at the following website: http://ready.arl.noaa.gov/, accessed on 20 August 2021). The HYSPLIT model assumes that the parcel trajectory is formed through time integration and spatial difference when moving in the wind field. The HYSPLIT model uses the input meteorology field data (0.25° × 0.25°) provided by the Global Forecasting System. In this study, the backward trajectory modeled by HYSPLIT starts at 5:00 a.m. and ends at 5:00 a.m. on the next day. To explore whether air masses at different heights in the boundary layer come from the same source, the backward trajectories are initialized from the Kashgar site at 300, 500 m, and 1000 m. On the one hand, the air mass can be transported from relatively nearby regions, and pass through the near surface (less than 500 m) towards the Kashgar site. The air mass may mix with pollutants along its transport path. On the other hand, the air mass can be transported from a distant position, and pass through a higher altitude (1000~1500 m) towards the Kashgar site.



Then, the transported dust can be identified further with the dust score data. The dust score is obtained from the AIRS Level 2 product, which can indicate the distribution of dust aerosols. The AIRS Level 2 Dust Score product, with a spatial resolution of 13.5 km × 13.5 km, is observed at 1:30 a.m. and 1:30 p.m. The results show that different original sources are identified for three typical periods. Additionally, the significant PM2.5 pollution case can be distinguished by the upper limit value of 75 μg/m3, which is determined by the National Ambient Air Quality Standard. In this study, we mainly focus on the background dust, local polluted dust, and transported dust.




2.2.3. The Method Used for the Optical Closure Test


In order to validate the consistency of the measurements obtained from different ground instruments, we conducted an optical closure study [39,40] of the simultaneous measurements of aerosol scattering, backscattering, absorption coefficients, and particle number size distributions data during the DAO-K campaign. Based on the particle number size distribution measurements and Mie theory, the above optical parameters can be calculated. Then, the comparison between the optical calculations and the optical measurements was conducted (the so-called optical closure test). Particles are assumed to be spherical and chemically homogeneous during the whole treatment. The absorption efficiency Qabs, scattering efficiency Qsca, and backscattering efficiency Qbsc can be calculated based on the Mie theory. Then, by using Equation (1) proposed by Pettersson et al. [41], a look-up table of complex refractive index and optical parameters (scattering coefficient, backscattering coefficient, and absorption coefficient) can be built up.


   α  o p t   c a l   =  ∫   π 4  N  (   D p   )   D p    2   Q  o p t    (  n , k , x  )  d  D p   



(1)




where x represents the size parameter, proportional to the ratio of the particle size to the incident light wavelength. (n, k) represents the complex refractive index. Qopt represents the scattering efficiency, backscattering efficiency, or absorption efficiency of the aerosol particles, which depends on x and (n, k). N(Dp) represents the particle number size distribution.



In the look-up table, n ranges from 1.3 to 1.7 with a step of 0.005, and k ranges from 0.0005 to 0.1005 with a step of 0.00125. The two-dimensional contour plots of the scattering, backscattering, and absorption coefficients calculated with the fixed N(Dp) and an array of assumed (n, k) are shown in Figure 3.



With the same n, the scattering and backscattering coefficients decrease with k, and the absorption coefficient increases with k. With the same k, the scattering, backscattering, and absorption coefficients increase with n. Hence, an optimal (n, k) can be retrieved by minimizing S2 (Equation (2)), which is the fitting residual of the calculated and observed optical parameters.


   S 2  =    1 3   [       (   σ  s c a   c a l   −  σ  s c a   o b s    )   2       (   σ  s c a   o b s    )   2    +      (   σ  b s c   c a l   −  σ  b s c   o b s    )   2       (   σ  b s c   o b s    )   2    +      (   σ  a b s   c a l   −  σ  a b s   o b s    )   2       (   σ  a b s   o b s    )   2     ]     



(2)




where   σ  s c a   o b s   ,   σ  b s c a   o b s   , and   σ  a b s   o b s    are the observed scattering, backscattering, and absorption coefficients.   σ  s c a   c a l   ,   σ  b s c a   c a l   , and   σ  a b s   c a l    are the calculated scattering, backscattering, and absorption coefficients. If the differences between the calculated and observed values are less than the measurement uncertainties, the retrievals are acceptable [42].






3. Results and Analysis


3.1. Trajectory Analysis


Three representative periods (shown in Table 2) were selected during the observation. The aerosol origins were identified through the backward trajectories, combined with the dust score data. The results in Figure 4 show that air masses originated from different regions during the three typical periods. The first period started at 5:00 a.m. (Beijing time) on 6 April, and ended at 8:00 p.m. on 7 April, when the aerosols were identified as background dust. Figure 4a shows that the air masses originate from the border area between Tajikistan and Afghanistan, and pass through Kyrgyzstan. Although this region of Central Asia is heavily influenced by the dust emissions from deserts [43], there is no overlap between the backward trajectory and dust scores in the southwest of the observation site. Meanwhile, the air mass is transported at a high altitude level of 1~2.5 km, which is less affected by nearby surface pollutants. Therefore, it is likely that the aerosols observed during this period are regional background aerosols. Based on the above analysis, this period was selected and named as Period RBD (Regional Background Dust aerosol).



The second period started at 5:00 a.m. on 20 April, and ended at 5:00 p.m. on 21 April. The dust aerosol was obviously affected by local anthropogenic pollution. In addition to the natural dust source, the emissions from industries and vehicles are major pollution sources in Kashgar. The work of Hofer et al. [43] also showed the non-negligible anthropogenic influence on the aerosols near the Tajikistan region. Figure 4b shows that the air mass is mainly obtained from local sources, with no dust scores in Kashgar. The local circulation, which is related to the topography, can carry high concentrations of surface air pollutants. The secondary particulate matter is an important source in Kashgar [24]. Additionally, the carbonaceous materials with light absorption from biomass combustion are a key emission source [23]. Then, this period was selected and named as Period LPD (Local Polluted Dust aerosol).



The third period was from 24 to 25 April, and the dust aerosol may have originated from long-distance transport. In Figure 4c, there are two stages presenting different aerosol origins. In the early stage (9:00 a.m.~6:00 p.m. on 24 April), dust particles were transported at a high altitude (~1 km, up to 1.5 km). The backward trajectory identified that the air masses pass through the Taklamakan Desert. The work of Hu et al. [20] pointed out that dust particles can be lifted from the Taklamakan desert by a low-pressure system, along with strong east or northeast winds. In the later stage, the main source was local dust. This also lead to the decrease in the PM2.5 mass concentration, extinction coefficient, scattering coefficient, and the SSA after 19:00 p.m. on 24 April (Figure 5). It is worth noting that the SSA was still maintained at a high level over a long period of time, because the transported dust was still dominant. Hence, this period was selected and named as Period TTD (Taklamakan Transported Dust aerosol).




3.2. The Effects of Local Pollution and Transported Dust on the Optical Characteristics


3.2.1. Diurnal Variation of Optical Parameters during Typical Periods


The time series of the PM2.5 and optical measurements (scattering coefficient at 525 nm, absorption coefficient at 520 nm, extinction coefficient, and SSA at 520 nm) from 2 to 30 April are shown in Figure 5. Moreover, the mean values of the optical and physical parameters during the entire campaign and different typical periods are shown in Table 3. Dust is primarily composed of silicate minerals. Most of these are very weakly absorbing at the visible spectrum [44]. There was low fine-particle pollution during the period dominated by the regional background dust aerosol, but strong absorption was still observed. The mean value of PM2.5 and SSA was 98 μg/m3 and 0.79, respectively, during the entire campaign. Hence, there was slight pollution of fine particulate matter, with strong absorption mixed in with dust at the Kashgar site during the entire observation.



In Period RBD, the PM2.5 measurements were always less than 70 μg m−3, with a mean value of 21 μg m−3 not exceeding Grade Ⅰ of the National Ambient Air Quality Standard (<35 μg m−3) in China. There was a medium absorption of background aerosol with a mean SSA value of 0.77 ± 0.12. Meanwhile, the near-surface aerosol loading was minimal, with the mean number concentration of 4.86 × 104/L, and the mean extinction coefficient of 66.07 ± 35.22 Mm−1. The mean scattering and absorption coefficients were 49.89 ± 27.78 Mm−1 and 16.19 ± 14.35 Mm−1, respectively.



In Period LPD, the large mean extinction (320.48 Mm−1), scattering (219.86 Mm−1), and absorption (100.51 Mm−1) coefficients were observed. The mean particle number concentration was 2.00 × 105/L. PM2.5, with a mean value of 125 μg m−3, exceeding Grade III of the National Ambient Air Quality Standard (>115 μg m−3) in China. The mean SSA value of 0.72 ± 0.11 was less than that of the background aerosol during Period 1. This implies that fine particles with stronger absorption increase, which may be related to primary soot emission [45]. Similar results were obtained by Guan et al. [46]. Although the increase in BC had no obvious contribution to the mass concentration of particulate matter, it lead to a significant decrease in the near-surface SSA.



Floating dust with the mean particle number concentration of 2.20 × 105/L occurred during Period TTD at the Kashgar site. The mean extinction coefficient was 817.93 Mm−1, the mean scattering coefficient was 727.56 Mm−1, and the mean absorption coefficient was 91.61 Mm−1. The PM2.5 pollution with a mean value of 337 μg m−3 exceeded Grade IV of the National Ambient Air Quality Standard (>250 μg m−3) in China. There was serious particulate pollution during this period. The mean SSA value was 0.86 ± 0.11, which was larger than that during Periods RBD (0.77) and LPD (0.79). Furthermore, the mean SSA value reached 0.91 ± 0.04, from 11:00 a.m. on 24 April to 11:00 p.m. on 25 April. This implies a strong scattering of the transported dust particles during this period. After 11:00 a.m. on 24 April, the PM2.5, extinction coefficient, scattering coefficient, and SSA values significantly increased. During the same period, the planetary boundary layer height (PBLH) retrieved from the Lidar profile was approximately 1.6 km, and the extinction coefficients (532 nm) at 0.8 km, 1.5 km, and 2 km were approximately 1000 ± 100 Mm−1, 1500 ± 200 Mm−1, and 1100 ± 100 Mm−1, respectively [20]. This indicates that the extinction increases with the altitude in the boundary layer.



Figure 6 shows the diurnal variation and frequency histogram of the aerosol optical and physical characteristics during Periods RBD, LPD, and TTD. An obvious diurnal variation of SSA was observed during these three periods. During the Period RBD, the particle extinction ability was weak, with most extinction coefficients less than 120 Mm−1. Meanwhile, the scattering and absorption coefficients were less than 100 Mm−1 and 35 Mm−1, respectively, and SSA values were mainly greater than 0.7 and less than 0.9. The SSA data records show high values on the morning of April 2 from 12:00 a.m. to 11:00 p.m. on 6 April. There was also a significant increase in the extinction and scattering coefficient values from 3:00 p.m. to 8:00 p.m. on 6 April. This implies an increase in the components with strong scattering characteristics. Increased extinction, scattering, and absorption coefficients were also obtained from 8:00 a.m. to 11:00 a.m. on 7 April, with decreased SSAs due to the increase in absorbing components.



The particle absorption significantly increased during the Period LPD. Most of the absorption coefficient values ranged from 60 Mm−1 to 600 Mm−1. This was related to the increase in particles with SSA values between 0.6 and 0.7. The absorption and extinction coefficients had consistent diurnal variation trends, contrary to the SSA. This implies that the increase in local emitted primary particles (such as soot) with strong absorption characteristics, lead to a decrease in the SSA. The reported SSA values of soot, biomass burning, and other species can be found in Appendix A Table A1. The study by Kirchstetter et al. [47] also reported that polluted dust can absorb light in the visible spectrum. This was caused by the organic carbon from biomass burning, which can absorb at wavelengths below 600 nm, as well as black carbon from industrial burning, which can absorb throughout the visible spectrum. The extinction and absorption coefficients significantly increased from 0:00 a.m. to 11:00 a.m. on 20 April, and from 9:00 p.m. on 20 April to 11:00 a.m. on 21 April, while the SSA decreased due to the local emitted absorbing pollutants. The studies [46,48] pointed out that BC was another major contributor, in addition to iron oxides [49], to decreasing the dust SSA in a similar semi-arid region.



However, the shape of the SSA frequency histogram for the Period TTD was significantly different from that of the Periods BRD and LPD, which implies a difference of the aerosol’s origin. The scattering and extinction coefficients had similar values and diurnal variations. The scattering coefficient, extinction coefficient, and SSA had consistent diurnal variation trends, contrary to that of the absorption coefficient. The scattering coefficient, extinction coefficient, and SSA all significantly increased from 11:00 a.m. on 24 April to 8:00 a.m. on 25 April. The result also shows that the SSA of most particulate matter is greater than 0.9, which is at its highest for the whole campaign. In comparison to the local polluted dust, the effect of other particles (rather than the BC or absorbing OC reported in Table A1) in the transported dust could lead to an increase in the SSA [46]. Hence, the transported dust aerosol was dominated by primary and secondary particles with strong scattering characteristics. Moreover, the increase in the SSA can also be related to iron content and the hygroscopic growth of secondary pollutants [12].




3.2.2. The Variation of the Spectral Characteristics of the SSA during Typical Periods


The extinction, scattering, and absorption coefficients, and SSA at three wavelengths (450 nm, 525 nm, and 635 nm) during three periods are shown in Figure 7. The extinction (Figure 7a), scattering (Figure 7b) coefficients, and SSA (Figure 7d) increase with wavelength, whereas the absorption coefficient (Figure 7c) decreases with wavelength. From the relative spectral changes of the above parameters, the absorption coefficient and SSA had stronger spectral dependences. The spectral dependence of the SSA was similar during Periods LPD and RBD, but the aerosol absorption was stronger during Period LPD. Previous studies [23] pointed out that the strong absorption of aerosols in Kashgar mainly comes from carbonaceous aerosol emitted by biomass burning. In the carbonaceous aerosol, the spectral dependence of organic carbon was stronger than black carbon [47]. This may be the cause of the strong spectral absorption dependence during Periods RBD and LPD. Transported dust has a large SSA during Period TTD (data after 11:00 a.m. on 24 April). In comparison to the local emitted pollutants, dust particles from the Taklimakan Desert had stronger scattering characteristics. Moreover, the standard deviation of the SSA was small for the Period TTD, indicating that the fraction of various components was stable.



The spectral SSA values of 19 dust aerosols sampled over 8 regions (Sahara, Sahel, Eastern Africa and the Middle East, Eastern Asia, North America, South America, Southern Africa, and Australia) were reported by Biagio et al. [12] and shown as a gray-filled area in Figure 7d. The observed SSAs in this study agree well with their results.



A slightly low SSA at 635 nm is also likely caused by the local polluted source, and also might be due to uncertainties in the sampling, measurements, and inversions additional to the different chemical components. The absorption strength of the dust mixture might be affected by the iron oxide content [50,51,52], as well as the carbonaceous and sulfate materials from combustion coalesced onto the dust particles [11,17]. In comparison to the Periods RBD and LPD, the SSA wavelength increases more slowly during the Period TTD. The different chemical compositions and larger size of the mineral aerosol particles can also have an obvious impact on the variation of the SSA in terms of the wavelength [25].





3.3. The Effects of Local Pollution and Transported Dust on the Particle Volume Size Distribution


The size of dust aerosol is related to the sandblasting (particle generation) mechanism and transported distance [53]. The daily mean particle volume size distributions (PVSDs) are presented in Figure 8a,c,e and the hourly mean total volume concentration in Figure 8b,d,f during three periods, which range from 5:00 a.m. (Beijing Time) that day to 5:00 a.m. on the next day. An obvious strong peak of coarse mode particles with radii of 0.8 μm ~3.25 μm, and a weak peak of coarse-mode particles with radii of 6~10 μm are observed for the daily mean PVSDs in Figure 8a,c,e. The peak concentration of the background dust aerosol (Period RBD) locates in the radius range of 1.25~3.25 μm in Figure 8a. More fine-mode particles could be emitted from local anthropogenic sources during Period LPD. Large coarse particles could decrease due to dry deposition during transport during Period TTD. Hence, the radius of the peak concentration ranges from 0.8 μm to 2.0 μm in Figure 8c,e, which is less than that of the background dust aerosol.



The viewpoints of the PVSDs with radii of 0.1 μm~0.4 μm are magnified, which are placed in the corresponding sub-figures in Figure 8a,c,e. There are three peaks of submicron fine-mode particles with radii of 0.14 μm, 0.17 μm, and 0.34 μm, which are evident of background and local emitted particles. Figure 8c shows that the fraction of submicron fine-mode particles with radii of 0.14 μm, 0.17 μm, and 0.34 μm increase during the Period LPD. This phenomenon is more obvious for hourly mean PVSDs. Meanwhile, three peaks of submicron fine-mode particles are also significant for the hourly mean PVSDs shown in Appendix A Figure A1. This is likely caused by the carbonaceous particles (e.g., soot) emitted by local combustion.



Meanwhile, similar diurnal variations of total volume concentrations between background and transported dust aerosols are observed in Figure 8b,f. The different diurnal variations of total volume concentrations are observed for the local emitted source in Figure 8d under the stable stratification conditions. The daily mean total volume concentrations are 1.6 × 104 μm3 L−1, 3.2 × 104 μm3 L−1, and 2.0 × 105 μm3 L−1 for Periods RBD, LPD, and TTD, respectively. The significant increase in the magnitude of the total volume concentration occurred in Period TTD due to the large amounts of transported particles. Due to the transported dust aerosol, the particle volume concentration significantly increases at 11:00 a.m. on 24 April in Figure 8f.




3.4. The Difference of the Optical and Micro-Physical Properties between the near Surface and Total Column


The aerosol vertical distributions are complex and related to chemical composition, topography, and meteorological conditions. Dust particles can be elevated to the free troposphere (above PBL) and transported over long distances. Meanwhile, regional circulations can also affect the aerosol vertical distribution, especially with high particulate concentrations. In this section, the observations, combined with a sun–sky photometer (CE318, CIMEL), allow the inter-comparison of particle volume size distribution between ground and column. The particle volume size distributions provided by CE318 are more smooth, due to the limits of the inversion algorithm.



Figure 9a,b shows similar particle volume size distributions between the ground and column aerosols. The peak radius of the PVSDns mainly ranges from 1 μm to 2 μm, with the mean value of 1.56 ± 0.67 μm. The peak radius of the PVSDcol mainly ranges from 1.5 μm to 4 μm, with the mean value of 2.84 ± 1.08 μm. The peak radius of the PVSDcol is nearly twice as great as that of the PVSDns. This implies that the average particle size in the column atmosphere is larger than that on the ground. This can be related to the elevated dust particles. In addition, the peaks of the submicron particle volume size distribution are only observed on the ground. This indicates that fine particles, which are related to the topographically generated local circulation, are mainly distributed near the ground. Meanwhile, a few particles with radii larger than 6 μm are found for background aerosols near the ground. We also found an obvious difference of SSAs at visible wavelengths between the ground and column.



The sun–sky photometer CE318 can provide multi-wavelength (440 nm, 675 nm, 870 nm, and 1020 nm) SSA inversions of columnar aerosol particles. The results also show the inter-comparison of the mean spectral SSA values between the ground and column aerosols during the campaign. The blue-filled area represents the spectral SSAcol values inversed by the sun–sky photometer, and the black line represents the mean spectral SSAcol. The blue circle and error bar represent the mean observed SSAns value and standard deviation of near-surface particles at 450 nm, 525 nm, and 635 nm.



The SSA increases with wavelength (440 nm~675 nm) at visible spectrum for both the column and ground particles (Figure 9c). The SSAcol increases from 0.92 to 0.97. The SSAns increases from 0.72 to 0.83, which is obviously lower than the column aerosol due to much more small-sized particles with the stronger light absorption near the ground. The difference could also be related to the methodology or uncertainties. The SSAcol (440 nm) values have a range of 0.86 to 0.98. The results are close to the SSA values of column dust particles found by Parts et al. [54] for a range of 0.82 to 0.97 in south-western Spain. In the short-wave infrared bands, SSAcol are relatively constant (~0.95). The negative of SSA (440 nm) minus SSA (1020 nm) is a typical characteristic of dust particles [55,56]. We found that this feature appeared in 75% of the cases during the campaign.





4. Discussion


4.1. Analysis of the Absorption Angstrom Exponent


The Absorption Angstrom Exponent (AAE) describes the spectral dependence of the absorption coefficient, and can be calculated for any two wavelengths by using the following Equation (3) [29]. Table 4 shows that the relatively pure dust (e.g., Saharan dust and Asian dust) AAE values are close to 2.2 in some studies [30,57,58]. The strong light absorption of BC varies little with wavelength. Previous studies reported a BC AAE of 1.0, whether BC is fresh or aged [47,59]. Generally, the organic aerosol AAE is higher than BC AAE, but lower than pure dust AAE. Previous studies [60,61] reported that the AAE (a range of 300–700 nm) value of humic-like substances can be as high as 7.0 in biomass-burning aerosols, caused by the substantial increase in specific absorption towards shorter wavelengths.



The Mass Absorption Cross-Sections (MACs) are reported to be 14.54 m2/g and 10.35 m2/g at 470 nm (λ1) and 660 nm (λ2), respectively [35]. The spectral absorption coefficients (αabs,λ1, αabs,λ2) can be obtained from multiplying the BC concentration observed from AE33 by MACs. Then, the AAE can be calculated by Equation (3). The computed average AAE is 1.68 ± 0.28 during the whole observation (Figure 10), which is obviously lower than the AAE value of the pure dust. This implies the existence of BC and BrC [17,47,48]. The mean AAE value (1.58 ± 0.21) recorded during the period dominated by LPD, was similar to the values of 1.5 ± 0.1 for polluted dust, reported by Lee et al. [48] and Yang et al. [17]. In comparison to the RBD AAE (1.62 ± 0.29), the decrease in AAE may be caused by the increase in BC particles during the Period LPD. The daily mean AAE values were about 2.0 during the period dominated by TTD, which were the highest values during the whole observation. Similar AAE values of dust-dominated aerosols were also obtained in similar cases [30,57,58]. This can be attributed to the strong wavelength dependence of light absorption by pure dust particles.


  A A E =   − l n  (   α  a b s , λ 1   /  α  a b s , λ 2    )    l n  (   λ 1  /  λ 2   )     



(3)




where λ1 and λ2 are 470 nm and 660 nm, respectively.




4.2. Retrieval of the Complex Refractive Index


The consistency of the ground multi-instrument measurements was proved by the optical closure calculation from 2 to 21 April (shown in Figure 11). Except for the direct observations of the instrument, the extinction, scattering, and absorption coefficients can be also calculated from particle number size distribution measurements indirectly based on the Mie theory. The results also show that the deviation between the mean observation (216.47 Mm−1) and calculation (212.67 Mm−1) of the scattering coefficient is 7.68%. The deviation between the mean observation (56.02 Mm−1) and calculation (52.06 Mm−1) of backscattering coefficients is 4.46%. Meanwhile, the variation trend of the calculated results is consistent with that of the observation obtained from the nephelometer. The relatively large difference of observed (~79.01 Mm−1) and calculated (~46.14 Mm−1) absorption coefficients was found. However, the fitting residual error (Equation (2)) of all the retrieval results is less than 0.30, as shown in Figure 11. It is worth noting that particles are assumed as spherical and chemically homogeneous in this optical closure test. Hence, the large deviation between the calculations and observations is related to the use of this assumption during the whole treatment. Furthermore, different calibration principles among instruments also affected the consistency of the multi-instrument measurements to some extent.



In addition to the performance of the consistency check, the complex refractive index can be simultaneously retrieved based on the optical closure method [39]. The real and imaginary parts of the retrieved complex refractive index from 2 to 21 April are shown in Figure 12. The lines and bars represent the daily mean real part n and imaginary part k of the complex refractive index at 532 nm. The real part of the refractive index varies from 1.58 to 1.69, with the average value of 1.64. There is a similarity of the real part of the refractive index between the total column and near-surface aerosols. The results also show that the imaginary part of the refractive index varies from 0.029 to 0.056, with an average value of 0.039. The large retrieval results of the imaginary part of the complex refractive index can indirectly prove the strong absorbability of aerosols in Kashgar. It is also found that the imaginary part of the refractive index decreases, following the decrease in the absorption coefficient.



To make it clear, the k values of some materials are listed in Table 5. Compared with iron, iron-compound, and BC, the inherent absorption of mineral dust is obviously weaker at the visible spectrum. This also implies that the component with strong absorption (content of iron and BC) may exist in dust aerosol during the campaign, except for the transported dust event. Similar results were found in Lanzhou that determined that the transported dust event can weaken the effect of BC on the SSA [46]. However, even if aerosols originate from the same source, different coating states can cause significant differences in the absorbability [65,66].





5. Conclusions


This research achieved two goals based on the Dust Aerosol Observation-Kashgar campaign conducted in April 2019, including (1) exploring the effects of local pollution and transported dust on the optical (e.g., single scattering albedo and absorption Angstrom exponent) and micro-physical (particle volume size distribution) characteristics of the background aerosols; and (2) presenting a direct comparison between the total columnar and the near-surface dust aerosol near the Taklimakan desert. Hence, the variations on the optical absorption of the background, polluted, and transported dust aerosols are reported in Kashgar. Meanwhile, a comprehensive inter-comparison between the total column and the near-surface aerosols was conducted based on the precise in-situ instruments.



The typical periods dominated by local polluted dust and transported dust were identified based on the auxiliary data, including the backward trajectory and dust score. By using the optical closure method, we proved that the simultaneous observations were consistent. Then, an analysis of the near-surface observations was conducted. The unexpected strongly absorbing aerosols were observed during the clean (regional background dust) and local polluted episodes. Furthermore, the low SSA (less than 0.80) and the weak wavelength dependence of absorption (low AAE of ~1.60) were observed, except for the transported dust events. This was likely caused by the soot coated by organic materials, which mixed with the airborne mineral dust. Compared with the regional background dust, the SSA values decreased from 0.77 to 0.72 when local pollution occurred. Meanwhile, more submicron particles with peak radii of 0.14 μm, 0.17 μm, and 0.34 μm were emitted by the local polluted source. The aerosols dominated by the transported dust had a stronger wavelength dependence of optical absorption (AAE of ~2.0). Meanwhile, the SSA (0.86) significantly increased as a result of the obvious decrease in the proportion of strong absorbing components. The above results can help to improve the estimation accuracy of radiative forcing.



Due to the existence of more small-sized particles with strong light absorption characteristics, the near-surface SSA was lower than the total column SSA at visible wavelengths. Both the total column SSA and the near-surface SSA increased with wavelength at the visible spectrum, which is consistent with other similar dust studies. Moreover, the SSA increased more slowly with wavelength during the period of transported dust. Due to the emission source and topography, the submicron fine-mode particles were mainly distributed near the ground. Furthermore, the peak radius of the total column PVSD was nearly twice as great as that of the near-surface PVSD. The above results can contribute to building relationships between the satellite (remote-sensed total column) observations and the near-surface aerosol properties.
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Figure A1. The hourly mean PVSDs dominated by (a) the regional background dust (RBD), (b) the local polluted dust (LPD), and (c) the Taklimakan transported dust (TTD). There are three peaks of submicron fine-mode particles with radii of 0.14 μm, 0.17 μm, and 0.34 μm, which are evident for background and local emitted particles. 
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Table A1. The reported SSA values at the wavelength of 550 nm in the previous studies. The SSA of BC is very low. The SSA value of heavily-coated (mainly with organic materials) BC may be dominated by the coating materials [69]. The carbonaceous components mixed in with dust can obviously decrease the SSA value. This may be a major contributor to the variation of the radiative forcing of mineral dust.
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	SSA
	λ (nm)
	Species
	Reference





	0.2
	550
	Diesel soot
	Schnaiter et al., 2003 [70]



	0.2–0.3
	550
	BC fractal aggregates
	Smith and Grainger et al., 2014 [71]



	0.7
	550
	Biomass burning
	Schnaiter et al., 2005 [62]



	0.3
	550
	Soot with OC < 20%
	Schnaiter et al., 2006 [69]



	0.7
	550
	Soot with OC~50%
	Schnaiter et al., 2006 [69]



	0.7 ± 0.18
	870
	Fine particles over a Western Tibetan Plateau site
	Zhang et al., 2021 [72]
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Figure 1. The location of the site in Kashi (39.504° N, 75.930° E, altitude at 1320 m). The base map is the false color image of hill shade obtained from the Digital Elevation Model (DEM) data (with a spatial resolution of 1 km) through ArcGIS software under the default sun azimuth and altitude angles. 
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Figure 2. Flowchart of the optical closure method and analytical framework. Step (a) represents the method for identifying aerosol sources, step (b) represents the method for optical closure test, step (c) represents the comparison and analysis of aerosol optical and micro-physical properties. 
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Figure 3. The example of 2-D diagrams of (a) the scattering, (b) backscattering, and (c) absorption coefficients. The refractive index (n, k) can be retrieved from the corresponding observed optical coefficients. 
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Figure 4. (a-1), (b-1), and (c-1) represent the MODIS true-color images, combined with the AIRS Level 2 Dust Score product, at 1:30 a.m. and 1:30 p.m. on 6, 20, and 24 April 2019. (a-2), (b-2), and (c-2) represent the backward trajectories (starting at 5:00 a.m. on that day, and ending at 5:00 a.m. on the next day), at altitudes of 300 m, 500 m, and 1000 m. 
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Figure 5. (a) PM2.5, (b) scattering, (c) absorption, (d) extinction coefficient, and (e) SSA measurements during the campaign. 
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Figure 6. The diurnal variation and frequency histogram of the aerosol optical and physical characteristics during the Period RBD, Period LPD, and Period TTD. 
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Figure 7. Spectral extinction coefficient (a), spectral scattering coefficient (b), spectral absorption coefficient (c), and spectral SSA (d) during Periods RBD, LPD, and TTD. The gray-filled area in (d) represents the spectral SSAs of 19 dust aerosols sampled over 8 regions, reported by Biagio et al. [12]. 
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Figure 8. The mean particle volume size distributions measured from GRIMM during (a) Period RBD also called Period 1, (c) Period LPD also called Period 2, and (e) Period TTD also called Period 3. Starts at 5:00 a.m. and ends at 5:00 a.m. on the next day. The mean total volume concentrations (b,d,f) during the three periods. 
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Figure 9. Comparison of aerosol PVSD between (a) ground and (b) column. (c) Comparison of PVSD and spectral SSA between column and ground aerosols during the observation (from 2 to 21 April). The blue-filled area represents the spectral SSAcol inversions at 440 nm, 675 nm, 870 nm, and 1020 nm from CE318. The black line represents the mean spectral SSAcol. The blue circle and error bar represent the mean observed SSAns value and standard error at 450 nm, 525 nm, and 635 nm. 
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Figure 10. Daily mean Absorption Angstrom Exponent (AAE470–660) from 2 to 30 April 2019. 
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Figure 11. The calculations (black lines) and the observations (colored lines) of the scattering, backscattering, and absorption coefficients at 532 nm from 2 to 21 April. 
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Figure 12. Daily mean optimal retrievals of the complex refractive index based on the optical closure method at 532 nm from 2 to 21 April. 
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Table 1. List of instruments used and measurements conducted during the observation.
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Instrument

	
Parameter

	
Abbr./Sym.

	
Observation Time






	
Total Column

	
Sun–sky photometer

(CE 318, CIMEL)

	
Particle volume size distribution and single scattering albedo

	
PVSDcol, SSAcol

	
2–21 April




	
Near-Surface

	
Optical particle counter (GRIMM, 1.129)

	
Particle number size distribution

	
PNSDns

	
2–30 April




	
Nephelometer

(Aurora 3000, Ecotech)

	
Scattering and backscatter coefficients (at 635 nm, 525 nm, and 450 nm)

	
αsca, αbsca

	
2–30 April




	
Aethalometer

(AE 33, Magee Scientific)

	
Absorption coefficient (at 370 nm, 470 nm, 520 nm, 590 nm, 660 nm, 880 nm, and 950 nm)

	
αabs

	
2–30 April




	
Beta attenuation monitor (BAM-1020, MetOne)

	
PM2.5 mass concentration

	
PM2.5

	
2–30 April
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Table 2. List of typical case periods with descriptions of the characteristics.
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	Typical Case Period
	Start Time (Beijing Time)
	Description of Characteristics





	Period RBD
	From 5:00 a.m. on 6 April to 8:00 p.m. on 7 April
	Clean condition with Regional Background Dust aerosol



	Period LPD
	From 5:00 a.m. on 20 April to 5:00 p.m. on 21 April
	Slightly polluted condition with Local Polluted Dust aerosol



	Period TTD
	From 24 to 25 April
	Highly polluted condition with Taklamakan Transported Dust aerosol
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Table 3. Mean optical and physical values during the entire observation and three periods.






Table 3. Mean optical and physical values during the entire observation and three periods.





	Periods
	PM2.5

(μg/m3)
	Scat. Coeff.

(Mm−1)
	Abs. Coeff.

(Mm−1)
	Ext. Coeff.

(Mm−1)
	SSA





	RBD
	21
	49.89
	16.19
	66.07
	0.77



	LPD
	125
	219.89
	100.51
	320.48
	0.72



	TTD
	337
	727.56
	91.61
	817.93
	0.86



	The whole campaign
	98
	238.8
	66.56
	302.97
	0.79
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Table 4. The reported AAE values for various species in the previous studies.
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AAE

	
λ (nm)

	
Species

	
Reference






	
1.6–1.8

	
470–660

	
Organic aerosol

	
Chung et al., 2012 [60]




	
1.5–1.9

	
450–700

	
Biomass burning

	
Schnaiter et al., 2005 [62]




	
0.7–1.4

	
-

	
Coated BC with non-absorbing material

	
Zhang et al., 2020 [63]




	
1.0–3.0

	
300–1000

	
Carbonaceous aerosol

	
Kirchstetter et al., 2004 [47]




	
6.0–7.0

	
300–700

	
Humic-like substances

	
Hoffer et al., 2006 [61]




	
1.0

	
300–1000

	
Black carbon

	
Kirchstetter et al., 2004 [47]




	
Gadhavi et al., 2010 [59]




	
2.3

	
300–1000

	
Dust

	
Bergstrom et al., 2007 [57]




	
2.1

	
440–675

	
Dust-dominated aerosol

	
Eck et al., 2010 [58]




	
2.0–3.3

	
440–670

	
Desert dust

	
Russell et al., 2010 [30]




	
1.5 ± 0.1

	
470–660

	
Polluted dust

	
Lee et al., 2012 [48]; Yang et al., 2009 [17]




	
1.7–4.7

	
470–660

	
Mixture of dust and pollution

	
Clarke et al., 2007 [64]




	
2.3

	
325–1000

	
Dust-dominated aerosol

	
Russell et al. 2010 [30]
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Table 5. Comparison of the imaginary part of the refractive index of ground aerosol particles to the literature data.
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	k
	λ (nm)
	Species
	Reference





	0.007
	532
	Mixed dust
	Kandler et al., 2007 [11]



	0.125
	550
	FeOOH
	Goel et al., 2020 [67]



	0.250
	550
	Fe2O3
	Goel et al., 2020 [67]



	0.670
	550
	BC
	Goel et al., 2020 [67]



	0.720
	550
	BC
	Kirchstetter et al., 2004 [47]



	0.770
	550
	FeO
	Goel et al., 2020 [67]



	2.800
	550
	Fe
	Goel et al., 2020 [67]



	0.030
	550
	OC
	Kirchstetter et al., 2004 [47]



	>0.012
	550
	Mixed dust
	Singh et al., 2004 [68]
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