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Abstract

:

To better understand aerosol vertical distribution and radiation effects, the seasonal variation and vertical distribution characteristics of aerosol optical properties were analyzed based on the aerosol extinction coefficient, depolarization ratio and backscatter Ångström exponent derived from the dual-wavelength polarization lidar at the Semi-Arid Climate and Environment Observatory of Lanzhou University (SACOL) from December 2009 to November 2012. Combining the CE-318 sun photometer, the microphysical, optical and vertical distribution characteristics of aerosol during a dust process were discussed comprehensively. The results revealed that the vertical profiles of the aerosol extinction coefficient and depolarization ratio clearly had seasonal variation characteristics. The aerosol optical depth (AOD) integrating with the aerosol extinction coefficient within 0–2 km in the spring, summer, autumn and winter accounted for 48%, 45%, 56% and 58% of the total AOD, respectively. The non-spherical feature was most distinctive in the spring, followed by the winter, autumn and summer. The particle size of aerosol in the lower layer was larger than that in the upper layer according to the vertical profile of the backscatter Ångström exponent. The cluster analysis of backward trajectory showed SACOL is dominated by dust aerosol in the spring and the mixtures of dust with anthropogenic pollution in the winter. A dust event in April 2010 was selected and the analysis showed that it mainly came from the high-altitude and long-range transportation from the Taklamakan Desert. During this period, the extinction coefficient increased up to 0.9 km−1, the maximum AOD was 2.21 and the SSA ranged from 0.92 to 0.99. The radiation force in the atmosphere reached 126.15 W/m2. It can be found that the influence of aerosol on the atmospheric radiation effect cannot be ignored.
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1. Introduction


Aerosols play an important role in many physical and chemical processes in the atmosphere. Aerosol particles can act as cloud condensation nuclei to change the microphysical properties of clouds and then affect their radiative forcing, which is named the indirect aerosol effect; they can also affect the energy balance of the earth–atmosphere system by scattering and absorbing solar radiation, which is called the direct aerosol effect [1,2]. In addition, dust, black carbon and other absorption aerosols lead to the reduction in surface solar radiation and the increase in atmospheric stability, affecting clouds, precipitation and temperature [3,4]. Large amounts of fine particles in the atmosphere can cause severe air pollution such as haze, which not only influences the atmospheric visibility but also endangers human health, causing respiratory diseases, etc. [5,6]. The fifth and sixth IPCC reports pointed out that atmospheric aerosol is an important factor affecting global and regional climate change and that great uncertainties in the estimation of aerosol radiative forcing still exist [7,8].



The vertical distribution of aerosols is one of the main factors causing the uncertainty in the estimation of aerosol radiative forcing [9]. It not only makes adjustments to the thermal structure and atmospheric stability by influencing the turbulence, convection and clouds, but also affects the regional environment and precipitation [10,11]. Therefore, improving the understanding of the physicochemical, geometric and optical properties of aerosols is very essential to the quantitative assessment of the aerosol radiative effect. Atmospheric remote sensing is an effective and useful means to detect the atmospheric structure and its evolution. As an active remote sensing tool, ground-based lidar can continuously observe the vertical distribution of aerosols with high spatial and temporal resolution based on the scattering characteristics of aerosols and clouds, which is extremely important for analyzing the source, distribution, generation and elimination mechanisms of pollutants [12]. Lidar has been widely used to conduct studies. Lv et al. [13] retrieved the vertical profiles of the cloud condensation nuclei number concentration using the backscattering coefficient and extinction coefficient of aerosol from the multi-wavelength lidar observation. Liu et al. [14] analyzed the relationship between the atmospheric boundary layer and temperature inversion using the observation of micro-pulse lidar (MPL) and radiosonde at the atmospheric radiation measurement (ARM) southern great plains (SGP) site. Hayasaka et al. [15] observed the vertical distribution and optical properties of non-spherical (dust) and spherical aerosols in Japan and found that dust aerosols were generally transported at higher altitudes than spherical aerosols.



However, there are significant differences in the vertical distribution of aerosol types in different regions [16,17]. Moreover, due to the heterogeneity of aerosol sources and their dependency on the meteorological conditions, the vertical distribution of aerosols shows great variation in the daily, seasonal and interannual scales. Most of the previous remote sensing studies of aerosol optical properties in Lanzhou, the semi-arid region of Northwest China, focused on the whole atmosphere layer or on short-term time periods [18,19,20,21,22,23]. In general, more long-term continuous observations on the vertical structure and distribution of aerosols are urgently needed to better understand the local aerosol vertical mixing and radiative effect.



The influence of air pollution events on the atmospheric environment, climate and human health has been of worldwide concern. The Lanzhou region is located on the transport path of Asian dust and is vulnerable to dust events. Wang et al. [24] analyzed the influence of three different types of dust events on PM10 concentration in Northern China and found that high PM10 concentration in Lanzhou was usually caused by floating dust. Wu et al. [25] studied the absorption characteristics of aerosols in the rural area of Northwest China and found that dust particles contributed significantly to the aerosol absorption coefficient, which reached 71.6% during a dust storm. Wang et al. [26] showed that dust storms had significant impact on air quality far away from their sources through analyzing the optical and physical properties of dust aerosol and its mixing with anthropogenic pollution in Northwest China. However, studies to synthesize the vertical distribution and microphysical properties of dust aerosol are still limited.



To better understand the aerosol vertical distribution and radiation effects, in this paper, the seasonal variation and vertical structure of the aerosol extinction coefficient, depolarization ratio and backscatter Ångström exponent were investigated using the observation data of dual-wavelength polarization lidar at the Semi-Arid Climate and Environment Observatory of Lanzhou University (SACOL) from December 2009 to November 2012. Combining the retrieval products of sun photometer (CE-318) and the backward trajectory model, the microphysical, optical, vertical distribution and sources of dust aerosol were analyzed.




2. Data and Methods


2.1. Site Description


Lanzhou is a typical valley city with an area of 13,085.6 km2. The Semi-Arid Climate and Environment Observatory of Lanzhou University (SACOL) is located at the top of Tsuiying Mountain (35.95°N, 104.14°E) at an elevation of 1965.8 m, about 48 km from the center of Lanzhou on the southern bank of the Yellow River in Northwest China, and the geographical location of SACOL is shown in Figure 1. The underlying surface belongs to the typical Loess Plateau landform. SACOL and its surrounding areas have a semi-arid climate with an annual mean highest temperature of 13.7 °C in July and a lowest temperature of 0.8 °C in January, and an annual precipitation of 381.8 mm [27].




2.2. Polarization Lidar and Retrieval Method


The study of aerosol vertical distribution characteristics using a dual-wavelength polarization lidar (L2S-SM II, NIES, National Institute for Environmental Studies, Tsukuba, Japan) was conducted at SACOL from 1 December 2009 to 30 November 2012. The NIES lidar uses an Nd: YAG laser as the transmitter with emission wavelengths of 1064 nm and 532 nm, and the receiver is a 20 cm diameter Cassegrain telescope with a field of view (FOV) of 1000 μrad. The pulse repetition frequency is 10 Hz and the pulse energy is 20 mJ [28]. The detectors of the lidar system are photomultiplier tubes (PMTs) at 532 nm, and avalanche photodiode (APD) at 1064 nm wavelength. With a temporal resolution of 15 min and a vertical resolution of 6 m, it can provide the backscattered signal with wavelengths at 532 nm and 1064 nm and the linear volume depolarization ratio at 532 nm wavelength. The volume depolarization ratio is the ratio of perpendicular component to parallel component of the backscattered signal, reflecting the irregularity of particle shape. According to the method by Sugimoto et al. [29], the particle depolarization ratio is derived from the volume depolarization ratio. The closer the particle shape is to a sphere, the smaller the depolarization ratio is, which can be used as an important parameter for lidar detection and the identification of different types of aerosols [30,31]. The raw lidar backscattered signal is revised by a series of background noise correction, range correction and geometric overlap correction, to obtain the normalized backscattered signal [32]. The calibration method of the depolarization ratio uses the research of Freudenthaler et al. [33]; the detailed description can be found in [33]. The following calculations on the backscatter Ångström exponent, aerosol extinction coefficient and planetary boundary layer height (PBLH) are based on the normalized backscattered signal.



Firstly, the cloud and aerosol layers were identified based on the backscattered signals to eliminate the influence of clouds on the aerosol vertical distribution characteristics. Cloud recognition used the multi-scale cloud recognition algorithm improved by Cao et al. [34] and Gao et al. [35] based on Mao et al. [36], which has the advantage of a low signal-to-noise ratio requirement. Gao et al. [35] verified the feasibility of this algorithm, which could better identify clouds, aerosols and dust. The Fernald–Klett [37] method was used to retrieve the aerosol extinction coefficient and AOD. The lidar equation is


  P  z  =   CEz   − 2      β 1   z  +  β 2   z    exp   − 2   ∫  0 z     σ 1    z ′   +  σ 2    z ′      d z ′     



(1)




where P(z) is the lidar backscattered signal at height z, C is the system calibration constant, and E is the emitted laser pulse energy. Subscript 1 denotes aerosol, subscript 2 denotes air molecule. β is the backscattering coefficient and σ is the extinction coefficient. According to the backward integration of the Fernald–Klett method, the aerosol extinction coefficient for each height below the calibration height zc is


   σ 1   z  = −    S 1     S 2     σ 2   z  +   X  z  exp   2      S 1     S 2    − 1     ∫  z   z c     σ 2     z ˙    d  z ˙        X    z c       σ 1    z c   +    S 1     S 2     σ 2    z c     + 2   ∫  0   z c    X    z ˙    exp   2      S 1     S 2    − 1     ∫  z   z c     σ 2    z ¨   d  z ¨     d  z ˙      



(2)




  X  z  = P  z   z 2    is the range square corrected signal.   S =  σ β    is the extinction-to-backscatter ratio (or lidar ratio). S1 is the aerosol extinction-to-backscatter ratio and needs to be determined according to different situations,    S 2  =   8 π  3   .    σ 2   (z) is the molecular extinction coefficient and is calculated from the vertical profile of air molecule density provided by the American standard atmospheric model according to the Rayleigh scattering theory. For the aerosol extinction coefficient at    z c   ,     σ  1    z c     is calculated by the set aerosol scattering ratio, and the formula for the aerosol scattering ratio at wavelength 532 nm is   1 +    β 1    z c      β 2    z c     = 1.01  . The extinction coefficient    σ 1   z    is integrated from the surface to    z c    to obtain the AOD. The formula is as follows:


  AOD =   ∫  0   z c     σ 1   z  d z  



(3)







The lidar ratio is one of the important parameters for the retrieval of the aerosol extinction coefficient, which is related to the physical and chemical properties of the aerosol, such as composition, particle size distribution and shape [38,39]. In Northern China, the lidar ratio at 532 nm is 38 ± 7 [40]. In this study, in order to improve inversion accuracy for the extinction and backscattering coefficient, the appropriate lidar ratio was obtained by iterating the lidar ratio until the difference between the AOD retrieved from the NIES lidar and the AOD of CE-318 sun photometer was less than 0.02. A total of 972 moments (hourly average data) in which the lidar matched the sun photometer were selected to calculate the lidar ratio. Considering the seasonal variability of aerosol types, the average lidar ratios for spring, summer, fall, and winter were 41, 44, 47 and 46 sr, respectively.



The backscatter Ångström exponent (BAE) is an important parameter for measuring the size distribution of particles. It can be obtained as


  BAE =   − ln    β  1 ,  λ 1    /  β  1 ,  λ 2        ln    λ 1  /  λ 2       



(4)







   β  1 ,  λ 1      and    β  1 ,  λ 2      are aerosol backscatter coefficients at 1064 and 532 nm, respectively. The larger the backscatter Ångström exponent is, the smaller the particle size is. The PBLH can reflect the vertical distribution of aerosols and the evolution of atmospheric pollutants. The gradient method is used to determine the PBLH which uses the attenuation rate of the lidar range square corrected signal with height as the parameter [41]. The calculation formula is


  D  z  = d   P  z   z 2    / dz  



(5)







The height corresponding to the minimum value of   D  z    is defined to be the PBLH. In order to improve the signal-to-noise ratio, extinction coefficient, particle depolarization ratio, backscatter Ångström exponent and PBLH were hourly averaged.




2.3. Sun Photometer and AERONET Products


The Aerosol Robotic Network (AERONET) plays an important role in the study of global aerosol transportation and radiative effect, and provides long-term continuous aerosol optical, microphysical and radiative properties. The sun photometer (CIMEL, CE-318) is the basic observation instrument of AERONET with a field of view of 1.2° and a sun tracking accuracy of 0.1°. There are eight spectral channels in the visible and near-infrared bands at 340, 380, 440, 500, 675, 870, 940, 1020 and 1640 nm, respectively. AERONET retrieval products include AOD, single scattering albedo (SSA), effective radius, size distribution and complex refraction index. A more detailed description of AERONET is in [42]. In this paper, AOD, SSA, volume size distribution, Ångström exponent (AE) and radiative forcing data of Version 3, Level 2.0 quality assurance products were selected [43]. The data are available on the AERONET website (http://aeronet.gsfc.nasa.gov/ (accessed on 4 September 2023)).




2.4. Backward Trajectory Model


The HYSPLIT model is developed by the National Oceanic and Atmospheric Administration (NOAA) in cooperation with the Australian Bureau of Meteorology, and calculates simple air mass trajectories as well as simulates complex dispersion and deposition [44,45]. The simulation of the backward trajectory is based on meteorological data provided by the Global Data Assimilation System (GDAS) of the National Center for Environmental Prediction (NCEP) with the horizontal resolution of 1° × 1°. In the paper, the 72 h backward trajectories four times a day (at 00:00, 06:00, 12:00 and 18:00 (UTC)) of four seasons were calculated at the height of 500 m, and 48 h backward trajectories of aerosol particle at the height of 1 km, 2 km and 3 km were simulated during a dust event. Then the main transportation paths of aerosol were discussed based on the trajectory clustering analysis.





3. Results


3.1. Vertical Distribution and Seasonal Variation of Aerosol Optical Properties


Considering the low signal-to-noise ratio of the lidar depolarization ratio above a 5 km height, the analysis focused on the height range 0–5 km. Figure 2 shows the vertical profiles of the extinction coefficient (532 nm), particle depolarization ratio (532 nm) and backscatter Ångström exponent in four seasons. The extinction coefficient and depolarization ratio clearly had seasonal variation characteristics due to the different physicochemical properties and aerosol sources. The aerosol extinction coefficient reflects the aerosol loading in the atmosphere and it is an important optical parameter indicating the scattering and absorption capacity. The maximum of the average aerosol extinction coefficient existed in winter at the lower layer (Figure 2d), where the mixture of dust with anthropogenic pollution was the dominating aerosol type during the heating period. It was the main reason for the larger aerosol extinction coefficient near the surface. Above 500 m, the aerosol extinction coefficient decreased with increasing height. In addition, the aerosol extinction coefficient decreased fastest with height in the winter, which was mainly due to the lower temperature, weaker solar radiation intensity and lower boundary layer height, resulting in aerosols concentrated in the lower height [46]. In the summer, the average extinction coefficient at the height range 0–5 km was less than 0.08 km−1 and remained almost constant below 2 km (Figure 2b). This may be due to the stronger vertical diffusion ability and the higher boundary layer height, which resulted in the uniform vertical distribution of aerosols [47]. Similar to the results of Sun et al. [48], the aerosol extinction coefficient was largest in the winter, and it decreased slowly in June and September in the Yangtze River Delta region. To understand the relevant properties of aerosols in different heights in more detail, the height range of 0–5 km was divided into four height layers: 0–1 km, 1–2 km, 2–3 km and 3–5 km, respectively (Figure 3). As shown in Figure 3, the aerosol extinction coefficient in the four seasons was mainly concentrated in the range of 0–0.1 km−1. The aerosol extinction coefficient at 0–2 km contributed most to the total aerosol extinction coefficient. It could also be found from Figure 4, which shows that the AOD in the height range of 0–2 km accounted for 48%, 45%, 56% and 58% of the total AOD in the spring, summer, autumn and winter, respectively. This result indicates that the extinction in the whole atmosphere layer depended mainly on aerosols within the boundary layer rather than those transported over long distance at high altitudes. A similar result was presented by Chew et al. [49], who found that there were large amounts of aerosols below 1.5 km and accounted for 65% of the total extinction in Singapore. The mean AODs in the spring, summer, autumn and winter were 0.30 ± 0.16, 0.22 ± 0.14, 0.19 ± 0.10 and 0.26 ± 0.15, respectively. Different from the Wuhan area, the mean AOD was largest in the summer probably due to the influence of dust, and least in the spring [50].



As to the aerosol depolarization ratio, it decreased with the increase in height in the four seasons, with the value of 0.17 near the surface in the spring being the largest among the four seasons (Figure 2e–h). The vertical profile in the summer generally showed the lowest aerosol depolarization ratio, with the mean aerosol depolarization ratio less than 0.15 at all heights (Figure 2f). The aerosol depolarization ratio is closely related to the sources of aerosols and the relative humidity of the surrounding environment, and it decreased with the increase in relative humidity [51], so the higher relative humidity may be one of the reasons for the smaller depolarization ratio in the summer. From the frequency distribution (Figure 3e–h), it can be seen that the depolarization ratio below 3 km was 0–0.35 with a wide distribution range in the spring, indicating that both non-spherical and spherical aerosols were present in the atmosphere. The depolarization ratio was largest in the spring compared with other seasons. The depolarization ratio in Beijing was mainly distributed in the range of 0.15–0.20 in spring, which was similar to this research and unlike Tsukuba in Japan, where the aerosol depolarization ratio corresponding to the maximum frequency in the spring was less than 0.1 [52].



The backscatter Ångström exponent reflects the size distribution of particles. The four seasons had similar vertical variation characteristics and it could be clearly seen that the particle size of the lower layer aerosol was larger than that of the upper layer aerosol (Figure 2i–l). The value of backscatter Ångström exponent was mainly concentrated in the range of 0–2. Mishra et al. [53] also found the similar conclusion that the aerosol particle size at 0.3–2 km was larger than that at 2–5 km in the central Indo–Gangetic belt.



To study the transport directions of air mass and the possible sources of regional air pollution at SACOL station, we simulated the 72 h backward trajectories with the HYSPLIT model. The representative transport pathways for the four seasons were obtained by cluster analysis (Figure 5). In the spring, the air mass trajectories with long-distance transport from the northwest dominate (59%), with 16% coming from the Taklamakan Desert and 33% coming from the Gobi Desert. The spring is dominated by dust aerosols, which may be one of the reasons for the larger depolarization ratio. The trajectory lines of the air mass are relatively short in summer, and the air mass moves quickly. The southern air mass has the greatest impact (30%) compared to other seasons. In the autumn, it is also affected by aerosols from the Taklimakan Desert, but only by 8%. The air mass trajectories (37%) are from long-distance transport and 63% are from local transport in winter. The main aerosols are the mixtures of dust with anthropogenic pollution.




3.2. Vertical Distribution and Optical Microphysical Properties of a Dust Event


Through the above analysis of extinction coefficient, depolarization ratio vertical profile and backward trajectory, it can be found that the SACOL station is significantly influenced by dust aerosol in the spring. To assess the impact of dust aerosol quantitatively, we carried out the following study. According to the Dust Weather Yearbook in 2010, the dust event occurred in the central area of Gansu Province, China and started on 9 April 2010. It was selected as a typical dust event to analyze its vertical distribution and optical microphysical properties.



3.2.1. Vertical Distribution Characteristics of Aerosol in the Dust Event


Seen from the time–height sections of the backscatter signal and depolarization ratio at SACOL (Figure 6), the dust event lasted from 9 April to 11 April 2010. Part of the data marked with a white area in Figure 6 were missing due to the influence of strong dust which attenuated the signal. The solid red line is the PBLH. The depolarization ratio reflects the degree of particle non-sphericity and is commonly used as an important parameter to distinguish the aerosol types. The previous research showed that the aerosol with depolarization ratio at 532 nm greater than 0.3 can be considered as pure dust [33,54]; the depolarization ratio of anthropogenic pollution aerosol is considered to be less than 0.1 and that of mixed anthropogenic pollution and dust aerosol is 0.1–0.3 [52,55]. As shown in Figure 6, aerosol layers with the depolarization ratio greater than 0.2 appeared at 0–2 km and 2.5–4 km from 00:00 (Beijing Time, UTC+8) on 9 April. As time went on, there was a dust layer with the depolarization ratio greater than 0.3 at 1–4 km on 10 April and 11 April, while the backscatter signal also exhibited large values. From 21:00 on 11 April to 18:00 on 12 April, the backscatter signal above 1 km was about 0 due to the obscuring effect of low clouds, and the signal-to-noise ratio of the depolarization ratio was also relatively low. From 19:00 on 12 April, the dust event generally ended. The depolarization ratio at 2.5–4 km was around 0.3, while the backscatter value was very small seen from the spatial and temporal distribution of the backscatter signal. The average PBLH during the whole dust event was 1.7 km. After the dust event, the PBLH increased to 2.1 km at 19:00 on 12 April and was maintained at about 2 km; the presence of dust aerosol could have led to the instability of the atmospheric stratification [56,57]. According to the above analysis, three representative sub-periods were selected: 17:00 on April 8, 13:00 on 10 April and 19:00 on 12 April, which represented the pre-dust, dust and post-dust periods, respectively. Figure 7 shows the vertical profiles of depolarization ratio and extinction coefficient at these three selected sub-periods. At 17:00 on 8 April, the depolarization ratio and extinction coefficient varied less below 5 km with the depolarization ratio less than 0.2 and the extinction coefficient around 0.05 km−1, indicating that the aerosols were more uniformly distributed and dominated rather by spherical particles. At 13:00 on 10 April, the depolarization ratio at 0.7–2.5 km was greater than 0.3 and the extinction coefficient increased to 0.9 km−1, indicating that high concentration of non-spherical dust aerosol dominated. Over time, at 19:00 on 12 April, the depolarization ratio was between 0.1 and 0.3 below 4 km in height, which indicated the presence of mixed anthropogenic pollution and dust aerosol; the extinction coefficient decreased and the backscatter signal also decreased significantly; therefore, the dust event gradually ended.



The Taklimakan Desert, Gobi Desert and Badain Jaran Desert are considered to be the most important dust sources in East Asia [58,59,60]. To study the sources of dust aerosol over SACOL, the backward trajectory started at 00:00 on 9 April 2010 and lasted 48 h, and was analyzed using the HYSPLIT model (Figure 8). The backward trajectories of air mass arriving at the 1 km, 2 km and 3 km height were simulated separately. The results show that the air mass at 1 km was mainly transported from the surrounding area near the surface; the air masses at 2 km and 3 km originated from the Taklimakan Desert and were long-distance transported from the northwest of China at a high altitude. The maximum value of AOD in the Taklimakan Desert was in April and the coarse-sized particles were the main component of aerosols in this region [61]. Zhang et al. [62] found that the depolarization ratio of Taklimakan dust was 0.32 ± 0.06 at 532 nm, which did not change significantly compared with the depolarization ratio of dust aerosol transported to SACOL.




3.2.2. Optical and Microphysical Properties of Aerosol in the Dust Event


To obtain the aerosol optical and microphysical properties of the dust event, the variation characteristics of AOD, AE, SSA, volume size distribution and radiative forcing at SACOL were analyzed using observation data of lidar combined with AERONET products (see Figure 9 and Figure 10). The AOD increased significantly from 9 April 9 to 11 April, which was affected by dust, and reached a maximum value of 2.21 at 11:00 on 10 April, which was about 8 times higher than the AOD on 8 April (0.28). The increase in AOD lasted for about 3 days, and with the end of the dust event, the AOD dropped to 0.64 on April 12. From 9 April to 11 April, the average AOD was 1.43; the AEs were all less than 0.1; the fine-mode fraction (FMF) values ranged from 0.06–0.11, indicating that the increased aerosol load was dominated by the coarse-mode particles with less influence by the fine-mode particles. In addition, Bi et al. [63] defined particles with AOD440 ≥ 0.4 and AE440–870 < 0.2 as pure dust, and particles with AOD440 ≥ 0.4 and 0.2 < AE440–870 < 0.6 as long-distance transported polluted dust. Based on this criterion, the aerosol type was dominated by the pure dust in this dust event.



The large contribution of coarse-mode aerosols in the dust event could also be seen in the aerosol volume size distribution (Figure 10a). The effective radius of coarse-mode particles was 1.65 μm on 10 April; the volume concentration increased significantly from 0.21 μm3μm−2 on April 8 to 1.04 μm3μm−2 on 10 April, while the volume concentration of fine-mode particles did not change significantly. The highest volume concentration occurred on 11 April with the value of 1.18 μm3μm−2; the corresponding coarse-mode effective radius was 1.68 μm. The volume concentration dropped to 0.43 μm3μm−2 on 12 April. Similar to the volume size distribution of a dust event occurring in Beijing, the volume concentration at the peak radius was 1.12–0.92 μm3μm−2 [64]. SSA is the ratio of aerosol scattering coefficient to extinction coefficient, which is an important optical parameter to measure the radiative forcing of aerosols and reflects the scattering and absorption characteristics of aerosols [65]. Seen from the variation of SSA with wavelength for dust and non-dust in Figure 10b, the SSA significantly increased between 0.92 and 0.99 during the dust event and increased with wavelength, indicating that aerosols were dominated by the strongly scattered large particles [66]. This high SSA value and the trend with wavelength were similar to the results of other studies during dust events in China, though the different optical properties of dust from different dust sources may lead to slight differences in scattering and absorption properties [67,68]. The Middle East and Southwest Asia also exhibited a large SSA (0.99) during dust periods; however, it is possible that changes in optical properties due to the mixing of dust with other aerosols during the transportation caused the SSA in Korea and Japan to be smaller than that in the non-dust period [69,70]. Aerosol radiative forcing is one of the important parameters for assessing the impact of aerosols on climate. As shown in Figure 10c, the dust aerosol caused an increase in radiative forcing in the atmosphere (ARFATM); the maximum value reached 126.15 W/m2, which increased by 73.87 W/m2 compared to 8 April. Due to the high aerosol load, the solar radiation reaching the surface decreased and the cooling effect at the surface was enhanced. The radiative forcing at the bottom of atmosphere (ARFBOA) decreased from –70.45 W/m2 on April 8 to –225.52 W/m2 on 11 April. Similar results were obtained by Liu et al. [21] using the SBDART model (a radiative transfer model that can simulate the atmospheric and surface radiation) at SACOL; the ARFATM was 70.7 W/m2 during dust event and the heating effect of dust aerosol in the atmosphere was significant. It was found that the ARFATM was 125.55 W/m2 during the dust day in the Gobi Desert [64]; the ARFATM during two dust storms in the Indo–Gangetic basin were 124 W/m2 and 84 W/m2, respectively [71]. Above all, dust aerosol can significantly affect SSA and radiative forcing and have an important influence on the regional climate and atmospheric circulation [26].






4. Conclusions and Discussion


The vertical distribution is one of the main reasons for the uncertainty in the aerosol radiative forcing estimation. It is important to study the spatial and temporal distribution characteristics of aerosol optical properties based on long-term observation data for understanding the local aerosol vertical distribution and radiative effect. The vertical profiles of the extinction coefficient, depolarization ratio and backscatter Ångström exponent of aerosol were retrieved by dual-wavelength polarization lidar for three consecutive years from December 2009 to November 2012 at the Semi-Arid Climate and Environment Observatory of Lanzhou University (SACOL). Then the vertical distribution and seasonal variation characteristics of aerosol optical properties were analyzed. Finally, a typical dust event that occurred in April 2010 was analyzed using the observation of sun photometer and NIES lidar. The main results show the following:




	(1)

	
The vertical profiles of the extinction coefficient and depolarization ratio show seasonal variation characteristics. In the winter, the heating and stable meteorological conditions lead to the extinction coefficient near the surface being the largest and decreased rapidly with height, while due to the strong convection mainly in the summer, the aerosols distributed uniformly below 2 km and the average extinction coefficient was the smallest.




	(2)

	
The depolarization ratio decreased with increasing height in all four seasons, and it was the greatest near the surface in the spring, followed by the winter, autumn and summer. In the spring, the degree of non-spherical was most distinctively due to the presence of dust aerosol, and the depolarization ratio ranged from 0 to 0.35 below 3 km, while the depolarization ratio was mainly between 0 and 0.15 in the summer. The backscatter Ångström exponent had similar vertical variation characteristics in the four seasons, and the particle size of aerosol in the lower layers was larger than that in the upper layers.




	(3)

	
The aerosol extinction coefficient at 0–2 km contributed most to the total extinction coefficient, and the AOD of spring, summer, autumn and winter accounted for 48%, 45%, 56% and 58% of the total AOD. The mean AOD was 0.30 ± 0.16, 0.22 ± 0.14, 0.19 ± 0.10 and 0.26 ± 0.15 in the spring, summer, autumn and winter, respectively. The main pollutants were dust aerosols in the spring and the mixtures of dust with anthropogenic pollution in the winter.




	(4)

	
During the dust event from 9 April to 11 April 2010, the dust mainly originated from the Taklimakan Desert and was transported over a long distance at a high altitude. The depolarization ratio, extinction coefficient and AOD increased drastically when the dust arrived. The SSA was between 0.92 and 0.99. The AE was less than 0.1, indicating that coarse-mode particles dominated in the whole dust event. The dust aerosol resulted in the decrease in solar radiation reaching the surface and the enhancement of a cooling effect at the surface. With the increasing of radiative forcing in the atmosphere, the maximum reached 126.15 W/m2.









In general, the study of aerosol optical properties and vertical distribution characteristics helps to lay a foundation for the simulation of aerosol climate effects. It also provides important input and validation parameters for weather and climate models. In addition, the influence of dust aerosol on the atmospheric radiation effect cannot be ignored, and the atmospheric heating effect is significant.
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Figure 1. Terrain elevation and location of the observation site (SACOL) in Lanzhou region. 
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Figure 2. The vertical profiles of seasonally averaged (a–d) aerosol extinction coefficient, (e–h) particle depolarization ratio and (i–l) backscatter Ångström exponent in different season (green represents spring, red represents summer, orange represents autumn and blue represents winter). The error bars are the standard deviation. 
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Figure 3. Frequency distributions of (a–d) aerosol extinction coefficient and (e–h) depolarization ratio at 0–1 km, 1–2 km, 2–3 km and 3–5 km in different seasons. 






Figure 3. Frequency distributions of (a–d) aerosol extinction coefficient and (e–h) depolarization ratio at 0–1 km, 1–2 km, 2–3 km and 3–5 km in different seasons.



[image: Remotesensing 15 04927 g003]







[image: Remotesensing 15 04927 g004] 





Figure 4. The proportion of AOD to total AOD in the height layer 0–2 km, 2–4 km and 4–6 km in different seasons and seasonal mean AOD. 
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Figure 5. Cluster analysis of backward trajectory of (a) spring, (b) summer, (c) autumn and (d) winter. 
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Figure 6. Time–height sections of (a) normalized relative backscatter signal and (b) depolarization ratio during the dust event. The red solid line is the PBLH, and the red dashed line is the corresponding three sub-periods in Figure 7. 
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Figure 7. Vertical profiles of (a) depolarization ratio and (b) extinction coefficient at 17:00 on April 8, 13:00 on April 10 and 19:00 on April 12. 
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Figure 8. HYSPLIT 48 h backward trajectory simulation started at 00:00 on 9 April 2010 (Beijing Time, UTC+8). 
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Figure 9. Time series of AOD532, AE440–870 and FMF from 8 April 2010 to 13 April 2010 (Beijing Time, UTC+8). 
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Figure 10. (a) Aerosol volume size distribution, (b) spectral variation of single scattering albedo (SSA) and (c) aerosol radiative forcing at the bottom of atmosphere (BOA), at the top of atmosphere (TOA) and in the atmosphere (ATM) from AERONET. 
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