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Abstract

:

Extreme weather events are happening more frequently as a result of global climate change. Dust storms broke out in the spring of 2017 in China and drastically impacted the local air quality. In this study, a variety of data, including aerosol vertical profiles, surface particle concentration, meteorological parameters, and MODIS–derived aerosol optical depth, as well as backward trajectory analysis, were employed to analyze two dust events from April to May in Beijing. The dust plumes were mainly concentrated below 0.8 km, with peak PM10 values of 1000 μg·m−3 and 300 μg·m−3 in the two cases. The aerosols showed different vertical distribution characteristics. The pure dust in case 1 from 4 to 5 May 2017 had a longer duration (2 days) and presented a larger aerosol extinction coefficient (2.27 km−1 at 355 nm and 1.25 km−1 at 532 nm) than that of the mixed dust in case 2 on 17 April 2017 (2.01 km−1 at 355 nm and 1.33 km−1 at 532 nm). The particle depolarization ratio (PDR) remained constant (0.24 ± 0.03 in case 1) from the surface to 0.8 km in height. In contrast, the PDR profile in the mixed dust (case 2) layer was split into two regions—large values exceeding 0.15 above 0.6 km and small values of 0.11 ± 0.03 below 0.6 km. The influence of meteorological information on aerosol distribution was also investigated, and wind was predominant through the observing period. The pure dust in case 1 was mainly from Mongolia, with strong northwest winds, while the near-surface mixed pollution was caused by the combination of long-transported sand and local emission. Furthermore, lidar-derived profiles of dust mass concentrations in the two cases were presented. This study reveals the vertical characteristics of dust aerosols in the production and dissipation of localized dust events and confirms the efficacy of thorough observations with multiple approaches from the ground to space to monitor dust events in real time.
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1. Introduction


Dust is a kind of weather phenomenon in which strong winds raise a large amount of dust and sand on arid and semi-arid surfaces, making the air turbid and reducing the horizontal visibility [1]. Dust particles can be suspended in the atmosphere and transported for a long distance in the global atmospheric circulation [2]. The sedimentation and loss rate of dust with different particle sizes, coupled with a change in wind direction, results in a difference in dust pollution intensity and occurrence seasons [3].



Beijing, the political and economic center of China, is located on the North China Plain and surrounded by mountains on three sides. Because of the adjacent northwest desert and the leeward direction of Mongolian dust, it is more likely to be affected by a Mongolian air mass when northern winds are prevalent in the spring [4]. Benefiting from the improvement of natural conditions (i.e., weaken surface wind speed, enhanced precipitation, and soil water), as well as the promotion of vegetation cover caused by afforestation in North China (by the Three-North Shelter Forest Program) [5], the occurrence of dust storms in China has been continuously declining for the past two decades [6,7]. However, several severe dust events have reoccurred in the North China Plain in the spring of 2017–2023 [8,9], significantly impacting the air quality in Beijing, as well as the downstream areas [10]. Therefore, it is vital to investigate dust evolution for weather and air quality forecasts.



Light Detection and Ranging (lidar), as one of the widely used remote sensing technologies, is desirable to obtain the temporal and spatial variability of aerosols, as well as aerosol optical and microphysical properties in the atmosphere. Many different lidar systems have been employed to observe aerosols [11,12]. Among them, polarization lidar can provide multiple aerosol properties (i.e., particle depolarization ratio (PDR) and aerosol extinction coefficient (Ext. Coef.)) and is a good tool to detect dust [13,14,15,16,17]. For example, Shimizu et al. [18] reported the occurrence frequency and the vertical distribution of dust particles based on the continuous operation of polarization lidars in Beijing (China) and Nagasaki and Tsukuba (Japan). He et al. [19] showed that dust aerosols almost spread out in the troposphere from the ground up to an altitude of ~10 km, with a PDR value of 0.2 near the surface. A slightly large PDR (0.25 ± 0.03) and small Ångström exponent (0.11 ± 0.44) were observed by Chen et al. [20] in pure dust pollution. In addition to the optical characteristics, numerous investigations have also concentrated on the meteorological impacts on aerosols during dust evolution. For instance, the influences of dust on aerosol optical characteristic climatic changes and strong Mongolian cyclones were attributed to Asian dust transportation, according to Yin et al. [21]. Different contributions of dust sources were responsible for the distinct seasonal variations in dust occurrence frequencies and vertical distributions over the Jianghan Plain [22]. In addition to cyclones or anticyclones, the transit of a cold front indirectly contributed to the increase in the particulate matter (PM) concentration in Shijiazhuang via the long-transported upper airflow [23]. Furthermore, the relationship between PM concentrations and wind speed in dust pollution was also investigated [24].



However, most of the above studies were carried out independently or focused on a single pollution event, and few studies have been conducted on the different types of dust events at a certain observation point [25]. And the simultaneous retrieval of vertical profiles of PM mass concentrations is also scarce. Thus, in our study, a 532 nm and 355 nm depolarized lidar was deployed in Beijing from 1 April to 30 May 2017 to detect the dust aerosol optical properties. Compared to the previous study of the dust event in May 2017 [26], we focused on a more local site (Beijing) and tried to find different aerosol optical properties (i.e., PDR and Ångström exponent) during two specific dust events in the spring of 2017.



The paper is organized as follows. Section 2 presents the observing site and explains the retrieval methods for the aerosol optical properties (Ext. Coef., PDR, and Ångström exponent) and PM mass concentration. Section 3 compares the vertical structures of aerosols for two dust events (4–6 May 2017 and 16–17 April 2017), together with source identification by backward trajectories. Section 4 discusses the similarities and differences between the two cases with previous studies and retrieves the vertical profiles of dust mass concentrations to verify the accuracy of the observation results. Section 5 summarizes the article with a brief conclusion.




2. Site, Measurements, and Model Data


2.1. Observation Sites


The ground-based lidar observation site was located at the Institute of Atmospheric Physical, Chinese Academic of Sciences (39°90′N, 116°30′E). It is seated between the North Third Ring Road and Fourth Ring Road in Beijing, which means its monitoring results can directly reflect the level of pollution in this central city.




2.2. Measurements


2.2.1. Lidar


The lidar utilized in our study was developed by the Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences (AIOFM, CAS). The transmitting system includes an Nd:YAG laser emitting a 1064 nm laser, and a double- and triple-frequency converter converting the 1064 nm laser to 532 and 355 nm lasers. The receiving system consisting of a 200 mm diameter telescope records the returned signal using a photomultiplier tubes (PMT) detector with a temporal resolution of 15 min per 7.5 m. The specific parameters of the lidar setup are shown in Table 1. The gain ratio K of the lidar system can be determined through the experimental “+45°method” on a clear and cloudless day. Detailed procedures can be found in [27]. The lowermost height related to the geometric overlap factor depends on the laser divergence angle, receiving field of view (FOV), and the distance between the laser and the receiving telescope [28]. Based on the method described in [29], the minimum height is approximately 0.2 km when the FOV is 1.5 mrad and the diameter of the telescope is 200 mm. The signal-to-noise ratio (SNR) and ranged-corrected signal (RCS profiles in Figure 1) can also confirm the minimum available height. Therefore, we only presented the results of 0.2–1.8 km in the subsequent analysis.




2.2.2. Surface Pollutant Concentration and Meteorological Data


During the dust event, the hourly-averaged surface pollutant mass concentrations (PM2.5 and PM10) from the China National Environmental Monitoring Center (CNEMC) were utilized to present the dust presence. In addition, the meteorological information, including the ground temperature (T), relative humidity (RH), wind speed, and wind direction, was also simultaneously obtained to investigate their influences on dust evolution. The meteorological information was provided by the China Meteorological Data Service Centre (http://data.cma.cn/ (accessed on 15 October 2022)).




2.2.3. MODIS AOD


To examine the dust influences on the aerosol optical characteristics at our observing site, the level 2 aerosol property data from the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument carried on both the Terra (MOD04_L2) and Aqua (MYD04_L2) satellites were utilized to provide the aerosol optical depth (AOD) at 550 nm. The satellite orbits passed China every day at around 10:30 (Terra) and 13:30 (Aqua) LST (Local Standard Time). The AODs were retrieved with both the Dark Target and Deep Blue algorithms [30]. The uncertainty in the retrieved AOD was 0.05 ± 0.15 × AOD for AOD ≤ 1.0 [31].




2.2.4. Backward Trajectory Simulation


In order to identify the dust sources and their path, the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model was used. The HYSPLIT model [32] (https://www.arl.noaa.gov/hysplit/getrun–hysplit/ (accessed on 10 December 2022)) is a professional model developed by the National Oceanic and Atmospheric Administration (NOAA) that can calculate the backward trajectories of an air mass. The 72-h backward trajectories were calculated at altitudes of 0.3 km, 0.5 km, and 1 km to track the airflow prior to it reaching Beijing in our study.





2.3. Aerosol Optical Properties


In this study, the backscattering coefficient (Bs. Coef.), Ext. Coef., PDR, and backscattering-related Ångström exponent (BAE) were calculated from lidar observations to investigate the aerosol optical properties (Table 2). The original backscattered signals were preprocessed by atmospheric and electronic background subtraction, dead time correction, and the merging of the analog and photon counting (PC) signals. The method of merging the analog and PC signals is to find a range in which the SNR of the analog signal is relatively high, the PC signal is effective, and the two-channel signals have the best linear correlation. Regarding the particular circumstances of every study procedure, the reference height in an aerosol-free region is chosen to be between 5 and 8 km. A constant lidar ratio (the ratio of the Ext. Coef. to the Bs. Coef. for atmospheric aerosols) must be assumed to obtain the aerosol optical properties from the elastic backscattered signal at 532 nm. Here, the lidar ratio for Asian dust events was taken as 45 sr [33,34]. After the data preprocessing, the particle Bs. Coef. and the Ext. Coef. at 532 nm could be retrieved by using Klett’s method [35]. Profiles of the Ångström exponent could also be derived from particle backscattered profiles.



PDR, the ratio of the cross-polarized to the co-polarized atmospheric backscatter intensity, is imperative for identifying dust aerosols. For spherical targets, the depolarization ratio approaches 0. However, for non-spherical particles (e.g., dust aerosols), the depolarization ratio is greater than 0. Under normal circumstances, the PDR is often less than 0.1 for fine aerosols, such as 0.01 ± 0.001 for sea salt, while Asian and Saharan dust aerosols can reach 0.39 ± 0.4 and 0.39 ± 0.05, respectively [36]. Moreover, the Ångström exponent reflects the dependence of aerosol extinction on the wavelength of incident light and characterizes the sizes of atmospheric aerosols (small values mean large particle sizes) [37]. The BAE is expressed by Equation (1) [17]:


   A    λ 1   λ 2    α  =   ln      β   λ 1       β   λ 2          ln      λ 1     λ 2         



(1)




where λ1 and λ2 represent the wavelengths of 355 nm and 532 nm, respectively.




2.4. Dust Mass Concentration Retrieval


In order to separate the dust component from the total aerosol Bs. Coef. and retrieve the dust mass concentration profiles, we assumed a two-type mixture of dust and urban aerosols [38]. The primary principle of this approach is introducing two threshold values of the PDR [39]. Then, we estimate the profiles of the dust Ext. Coef. by multiplying the dust Bs. Coef. with the respective values of the dust LR [40,41]. Because the dust mass concentration is directly proportional to the dust Ext. Coef. [42], the linear model can be presented in the following form [43]:


     m d  = ξ ·  α d  + C  



(2)




where  ξ  and C are constants that are related to the composition and optical index of atmospheric aerosols. The processes of the vertical distribution of dust mass concentration retrieval with the above model are as follows [44].



	(1)

	
Obtain the near-surface aerosol and dust mass concentration at the same location simultaneously. The Ext. Coef. at 0.2 km is obtained by lidar, and the PM mass concentration is from CNEMC.




	(2)

	
Obtain the model parameters. Choose 10 pairs of αd and mass concentration data and then calculate the model parameters of  ξ  and C using the iterative method.




	(3)

	
Retrieve the vertical distribution of the dust mass concentration. The vertical Ext. Coef. with a spatial resolution of 7.5 m can be measured by lidar. Based on the model parameters of  ξ  and C in step 2, the dust mass concentration at the corresponding height can be obtained. By calculating the Ext. Coef. of all the points, the vertical profiles of the dust mass concentration can be retrieved.







Uncertainties in the retrieval of the dust mass concentrations mainly include two parts [45]: (1) uncertainty of the Bs. Coef. results due to the assumption of the parameters during Klett’s retrieval [46] and (2) the parameters  ξ  and C for the linear model. Considering the uncertainty of ∼10% in the dust LR [33], the uncertainty in the dust Ext. Coef. is estimated to be 15–25%. Then, uncertainties in retrieved mass concentrations can be calculated by the law of error propagation. Combining the uncertainties of the dust Ext. Coef. and linear model parameters, the uncertainty of particle mass concentrations below 2 km ranges from 30% to 50%.





3. Results


3.1. Overview


To distinguish “dusty days” from other days, the criteria are based on the PM concentration and aerosol optical parameters. Specifically, the threshold is 150 μg·m−3 for PM10 and 75 μg·m−3 for PM2.5, respectively [47]. The depolarization ratio ranging from 0.1 to 0.4 [48], the AOD from 0.5 to 2.8 [49], and the absolute value of BAE smaller than 0.7 [50] are combined to help identify dusty pollution. Figure 2 shows the time series of surface PM10 and PM2.5. The three episodes when the peak values of the PM mass concentrations occurred can be classified as dust events. They appeared on 3 April, 16–17 April, and 4–6 May, coinciding with the reported dust events (www.xinhuanet.cn (accessed on 8 October 2022)). Among them, the two dust events in April (3 April and 16–17 April) presented similar sources and aerosol properties, so we chose case 1 (16–17 April) and case 2 (4–6 May) to investigate in more detail.




3.2. Case 1: 4–6 May 2017


3.2.1. Meteorological Condition and MODIS Observation


Figure 3a,b show the synoptic conditions in North China on 4 and 5 May, with the observing site marked with a green star. At 06:00 LST on May 4, the site was affected by an approaching air mass from the northwest. The strong northwest winds formed an anticyclonic airflow and brought large amounts of dust aerosols. Subsequently, the first PM peak (1000 μg·m−3 at PM10) occurred 2 h later, from 08:00 to 12:00 LST. The high pressure moved towards the southeast on 5 May, with a core pressure of 1032.5 hPa. Then, the dust weakened significantly and tended to dissipate. Figure 3c presents the spatial distribution of the MODIS daily AOD on 4 May. On 4 May, the AOD values in North China predominantly surged to >1.8 (in red), indicating strong dust in the Beijing area. Under the influence of northwest winds, the dust aerosols were driven by a cyclone to move southeast and gradually affected Shandong Province and other places the next day (Figure 3d). Meanwhile, the AOD values in our observation site fell below 0.6.




3.2.2. Aerosol Optical Properties


Simultaneously, the vertical distribution of the RCS (arb. unit) and PDR at 532 nm were detected by the ground-based lidar, as shown in Figure 4. It is noticeable that case 1 experienced one stage of growth (S1, from 00:00 LST on 4 May to 12:00 LST on 5 May) and one stage of dissipation (S2, from 12:00 LST on 5 May to the end). During S1, the averaged RCS at 532 nm of the aerosols was 0.88 ± 0.10 at 0.3 km, while this value was 0.39 ± 0.20 at 0.3–0.8 km. However, the RCS values above 0.8 km were basically less than 0.2. This phenomenon suggests the accumulation of high concentrations of dust aerosols at lower heights [51]. In the meantime, the PDR increased to the maximum value of 0.28 at 1.0 km at 10:00 LST on 5 May. Compared to S1, S2 experienced an aerosol decrease. Specifically, the averaged RCS below 0.3 km decreased to 0.80 ± 0.15 and PDR to 0.12 ± 0.03, suggesting the diffusion of this dust event.



The averaged profiles of Bs. Coef. and Ext. Coef. at 532 nm and 355 nm, PDR at 532 nm, and BAE (355 nm/532 nm) during the peak period (8:00–12:00 LST on 4 May) are illustrated in Figure 5. It shows that the dust layer was mainly concentrated at 0.2–0.8 km in height from the ground, and the maximum Ext. Coef. At 355 nm and 532 nm were approximately 2.27 km−1 and 1.25 km−1, respectively. It reflects the large concentrations of dust particles aerosols (especially below 0.3 km) [52]. As for the PDR in Figure 5c, a larger peak value of 0.27 was also observed, representing the abundance of coarse particles in S1. In addition, the large PDR values were more distributed around lower heights, which was similar to the observation from Dong et al. [53]. Furthermore, the value of BAE (−0.40 ± 0.16) in S1 was inversely proportional to heights below 0.8 km (Figure 5d), proving more larger particles were suspended at heights below 0.8 km [20].




3.2.3. Surface Data and Backward Trajectories


Figure 6 shows the surface data, including pollutants (PM2.5 and PM10), and the meteorological factors (WS and WD). The PM2.5 and PM10 concentrations simultaneously increased rapidly and reached their maximum values of 480 μg·m−3 and nearly 1000 μg·m−3 at 08:00 LST on 4 May (Figure 6a), coinciding with the time of the peak of the RCS and PDR observed in Figure 4. In addition, the PM2.5/PM10 ratios were mainly below 0.5 during the peak period (because the monitoring site’s PM10 measurement limit was 1000 μg·m−3, and the actual ratio might have been smaller), indicating that coarse mode particles were the main contributors to this dust event. For the wind information, a northwest wind was prevalent, though it fluctuated between northerly and westerly winds (Figure 6b). The wind speed rapidly increased up to 7.9 m/s in the aerosols increasing period, followed by the occurrence of the PM peak concentration. It was reasonable that the northwest winds initially brought large amounts of dust from Mongolia. Then, the much stronger winds (up to 13 m/s) at noon correlated with a sharp decrease in the PM mass concentration, leading to pollution dissipation. In summary, we could see that the pure dust in case 1 was mainly from the Mongolian desert under the dominance of moderate northwest winds. Then, the dust layer sedimented gradually to the lower heights with increased PDR, deteriorating the ground air quality significantly. The strong flow after 12:00 LST on 5 May led to rapid dust dissipation.



In order to analyze the source and path of the air mass, Figure 6c,d show the 72-h backward trajectory based on the HYSPLIT model altitudes of 0.3 km, 0.5 km, and 1.0 km (only 0.3 km is marked in the figure, since the aerosols are homologous below 0.5 km). At the beginning of the dust event on 4 May (Figure 6c), the air mass passed through Mongolia and Inner Mongolia, carrying large amounts of dust to Beijing. Though the airflow source did not change much on 5 May (Figure 6d), the shortened flow path and strong winds resulted in dust dissipation on the afternoon of 5 May.





3.3. Case 2: 16–17 April 2017


3.3.1. Meteorological Condition and MODIS Observation


In case 2, the wind direction turned from north (6:00 LST on 17 April) to northwest (18:00 LST on 17 April) and formed an air circulation around Beijing (Figure 7a,b). For this period, the Beijing area was dominated by a medium-low wind speed, with a low-pressure value (997.5–1000 hPa). Hence, the local near-surface air mass gradually mixed with the long-distance transported air mass from the northwest, eventually leading to dust pollution. However, this dust event was weaker, with lower AOD values (≤0.8), as shown in Figure 7c. More comparisons on the aerosol optical properties between the two cases are discussed in Section 3.3.2.




3.3.2. Aerosol Optical Properties


Compared to case 1, the aerosols in case 2 presented a more variable spatial distribution (Figure 8a,b). Specifically, the averaged RCS at 532 nm was 0.82 ± 0.12 (arb. unit) below 0.4 km when the PDR values were also less than 0.10 before 18:00 LST on 16 April. Then, the aerosol layer was lifted to 0.5 km and developed gently. The aerosol layer was divided into two layers from 18:00 LST on 16 April to 12:00 LST on 17 April. At 0.3–0.5 km in height, the higher RCS at 532 nm and lower PDR (0.12 ± 0.02) suggested that the dust plume in case 2 contained more relatively finer particles. The region below 0.3 km maintained a low value of RCS (0.35 ± 0.21) until late at night on 18 April.



Figure 9 shows similar profiles as Figure 5 but from 14:00–18:00 LST on 17 April. The averaged PDR was 0.11 ± 0.03 below 0.6 km and 0.16 ± 0.09 above 0.6 km. This discrepancy suggests that numerous foreign coarse particles are present at high altitudes. Similarly, the value of BAE showed a negative proportional relationship with the height, as in case 1, ranging from −0.2 to −0.5. This could also be caused by the upper air coarse particles sinking closer to the surface at the end of the event. In comparison to the peak period of case 1, the Ext. Coef. in case 2 was slightly smaller, and the PDR was half of the value in case 1, with a thinner aerosol layer thickness of 0.4 km. Compared to case 1, the dust layer in case 2 mixed more fine particles near the surface, while more coarse particles were surrendered at higher heights (above 0.6 km).




3.3.3. Surface Data and Backward Trajectories


Accordingly, the PM2.5 and PM10 concentrations were relatively lower, with both less than 350 μg·m−3 in Figure 10a. Similar to the trend in Figure 7, the PM mass concentration peaked after 12:00 LST on 17 April and dissipated to normal levels afterward. However, the PM2.5/PM10 ratio was equal to or greater than 0.5, representing more near-surface fine aerosols. Particularly, the ratio reached the maximum value of 0.88 when the pollution peak occurred. The wind shifted from the southeast to the southwest, leading to an increase in the aerosol concentrations.



The backward trajectory originated from Northeast China and Mongolia on 17 April in Figure 10c,d. Then, it moved counterclockwise to the north before arriving in Beijing on 18 April. The mixed airflow brought dust particles and local pollutants, such as sulfate and nitrate, to Beijing, forming the mixed dust plume in case 2.






4. Discussion


4.1. Comparison to Previous Observations


Generally, the values of the PDR and BAE in two dust events are significantly different, which indicates the difference in aerosol compositions in their vertical distribution. Case 1 is dominated by coarse particles, while case 2 involves fine particles mixing with local aerosols.



To compare our results with previous reports, we summarized an overview of the dust Bs. Coef., PDR, and BAE in the Beijing area during dust events, as shown in Table 3. Our observations showed that the Bs. Coef. at 532 nm was 0.014 ± 0.011 km−1·sr−1 and PDR at 532 nm was 0.24 ± 0.03 in case 1. For the mega dust events in March of 2013, 2018, and 2021 [19,54,55], the Bs. Coef. At 532 nm were 0.0008–0.0086, 0.017–0.040, and 0.020 ± 0.020 km−1·sr−1, respectively, and the PDR were all in the range of 0.1–0.4, which was in good agreement with our results. The lower PDR of 0.19 ± 0.03 at 532 nm and the Bs. Coef. at 532 nm of 0.007 ± 0.001 km−1·sr−1 [20] were smaller than that in our study, implying a weaker intensity of the dust event in October 2019. Other research has generally been close to our results, though the different transportation paths and mixing states of dust aerosols might contribute to some differences [45,56]. In addition, large amounts of big dust particles in the source region also led to a larger PDR compared to Beijing areas [57].




4.2. Vertical Profiles of Dust Mass Concentration


To demonstrate the rationality of our observations, we also provided lidar-derived vertical profiles of the dust mass concentrations in two cases in Figure 11. The profile of 5 May revealed the presence of a thick aerosol layer in case 1 (0.2–0.8 km). In addition, the near-surface dust concentration profile in case 1 (523.8 μg·m−3) was much greater than that in case 2 (248.5 μg·m−3), as demonstrated in Section 3. The top of the contaminated dust layer was at about 0.6 km in height above ground level. Furthermore, the dust mass concentration was uniformly distributed within the polluted dust layer, helping better understand how dust particles mix with local aerosols.



Moreover, we found that the particle mass concentration obtained by ground-based lidar was smaller than the values obtained from ground PM monitoring, which could be attributed to several reasons. (1) The near-surface results of the PM mass concentration obtained from lidar were not as accurate as that from the PM monitoring sites due to the existence of blind areas (0.2 km), and (2) the differences in the mass density, conversion factor, and particle shape might be a source of disagreement in the results [58].





5. Conclusions


A 355 and 532 nm, polarization lidar, combined with MODIS AOD data, as well as backward trajectories, was used for dust observations in Beijing from April to May 2017. Two dust events with different vertical intensities were selected for a detailed analysis. In particular, we calculated the backscattering coefficients (Bs. Coef.), extinction coefficient (Ext. Coef.), PDR, backscattering-related Ångström exponent (BAE), and mass concentration profiles of dust plumes. The results of this study are summarized below.



	(1)

	
The larger values of Ext. Coef. (2.27 km−1 at 355 nm and 1.25 km−1 at 532 nm) in case 1 compared to that of the mixed dust (2.01 km−1 at 355 nm and 1.33 km−1 at 532 nm) in case 2 confirmed the stronger intensity of the pure dust in case 1. The PDR in case 1 remained constant (0.24 ± 0.03) from the surface to 0.8 km in height. In contrast, the PDR profile in the mixed dust layer (case 2) was split into two regions—large values exceeding 0.15 above 0.6 km and small values 0.11 ± 0.03 below 0.6 km. This suggested a stable aerosol layer full of coarse aerosols from the ground to the dust layer in the pure dust plume of case 1, while the stratification in case 2 implied mixed coarse and fine aerosols below 0.6 km and prevalent coarse aerosols exceeding 0.6 km. The absolute values of the BAE were negatively correlated with height in the two cases.




	(2)

	
Although the dust aerosols in the two events both originated from the northwest, the metrological influences of the dust vertical distribution and ground air quality were different. In case 1, a moderate speed carried dust plumes to Beijing, resulting in the occurrence of dust pollution. Then, strong winds dilated the dust rapidly the next day. That is to say, the wind effect of exacerbating or mitigating dust pollution depends on the intensity of wind speeds. However, the wind kept an aggravating influence on the dust aerosols when a circulation was formed in case 2. This might be attributed to a more complicated airflow moving path.




	(3)

	
We retrieved vertical profiles of the dust mass concentrations by means of lidar. The larger dust mass concentration of 523.8 μg·m−3 in case 1 and moderate value of 248.5 μg·m−3 in case 2 showed good agreement with the results from multi-source data.







Moreover, the observation also showed the potential ability of polarization lidar in dust monitoring compared to surface PM measurements. In order to better understand dust evolution and meteorological influences, more information such as the boundary layer height, wind at different heights, more accurate separation of dust and non-dust aerosols, and other observations are needed. Additional efforts should also be made to investigate the long-distance transportation of dust using numerical models, so as to better understand the influence of cross-border dust plumes on local air qualities.
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Figure 1. (a) SNR and (b) RCS profiles of the ground-based lidar. 
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Figure 2. Near-surface PM mass concentrations from 1 April to 31 May 2017. 
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Figure 3. Mean sea-level pressure (MSLP) of the observing site at (a) 6:00 LST on 4 May 2017 and (b) 0:00 LST on 5 May 2017. Evolution of the MODIS daily AOD over North China on (c) 4 May 2017 and (d) 5 May 2017 (Beijing is marked as a green star). 
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Figure 4. The vertical structures of aerosols were detected by ground-based lidar in Beijing on 4–6 May 2017. (a) RCS at 532 nm; (b) PDR at 532 nm. 
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Figure 5. Vertical profiles of aerosol optical properties in Beijing in case 1. (a) Bs. Coef. at 532 nm and 355 nm; (b) Ext. Coef. at 532 nm and 355 nm; (c) PDR at 532 nm; (d) BAE (355 nm/532 nm). 
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Figure 6. Near-surface particulate matter (a) PM10 and PM2.5 concentrations and (b) wind direction and wind speed from 4 May to 6 May. (c,d) Backward trajectory ensembles at 0.3 km (red line), 0.5 km (blue line), and 1.0 km (green line) ending at Beijing at 0:00 UTC on 4 and 5 May 2017. The plot is presented according to the HYSPLIT calculation scheme. 
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Figure 7. Mean sea-level pressure (MSLP) of the observing site at (a) 6:00 LST on 17 April 2017 and (b) 18:00 LST on 17 April 2017. Evolution of the MODIS daily AOD over North China on (c) 17 April 2017 (Beijing is marked as a green star). 
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Figure 8. The vertical structure of aerosols was detected by ground-based lidar in Beijing on 16–17 April 2017. (a) RCS at 532 nm; (b) PDR at 532 nm. 
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Figure 9. Vertical profiles of the aerosol optical properties in Beijing in case 2. (a) Bs. Coef. at 532 nm and 355 nm; (b) Ext. Coef. at 532 nm and 355 nm; (c) PDR at 532 nm; (d) BAE (355 nm/532 nm). 
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Figure 10. Near-surface particulate matter (a) PM10 and PM2.5 concentrations and (b) wind direction and wind speed from 16 April to 17 April. (c,d) Backward trajectory ensembles at 0.3 km (red line), 0.5 km (blue line), and 1.0 km (green line) ending in Beijing at 0:00 UTC on 17 and 18 April 2017. The plot is presented according to the HYSPLIT calculation scheme. 
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Figure 11. Retrieved vertical profiles of the dust mass concentration. 
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Table 1. Components and parameters of lidar from AIOFM, CAS.
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Components and Parameters






	
Laser type

	
Nd:YAG laser




	
Detector type

	
PMT (Hamamatsu R9880U)




	
Telescope type

	
Cassegrain




	
Wavelength (nm)

	
532/355




	
FOV (mard)

	
1.5




	
Pulse energy (mJ)

	
50.0 (532), 76.5 (355)




	
Pulse repetition rate (Hz)

	
20




	
Linear polarized purity

	
>99%




	
Telescope diameter (mm)

	
200




	
Detection distance (m)

	
200~10,000




	
Spatial resolution (m)

	
7.5




	
Temporal resolution (min)

	
15
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Table 2. Aerosol optical characteristics observed in our study.
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Optical Parameters

	
Physical Significance






	
Rang-corrected signal (RCS)

	
the signal intensity received by lidar




	
Bs. Coef. (β)

	
the aerosol concentration




	
Ext. Coef. (α)




	
Particle depolarization ratio (PDR)

	
the aerosol spherical property




	
Backscattering-related Ångström exponent (BAE)

	
the aerosol size
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Table 3. Comparison of optical characteristics of dust aerosols observed by lidar.
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Time

	
Bs.coef at 355 nm (km−1·sr−1)

	
Bs.coef at 532 nm (km−1·sr−1)

	
PDR at 532 nm

	
BAE (355 nm/532 nm)

	
References






	
21–23 October 2019

	
0.013 ± 0.002

	
0.007 ± 0.001

	
0.19 ± 0.03

	
0.04~1.4

	
Chen et al., 2021 [20]




	
28 October 2019

	
0.003 ± 0.003

	
0.003 ± 0.004

	
0.25 ± 0.03

	
−0.28~0.75




	
27 March 2021

	
––

	
0.020 ± 0.020

	
0.25 ± 0.05

	
––

	
He et al., 2022 [19]




	
27–29 March 2018

	
––

	
0.017–0.040

	
>0.3

	
––

	
Gui et al., 2021 [54]




	
10 March 2013

	
––

	
0.0008–0.0086

	
0.1–0.4

	
––

	
Deng et al., 2015 [55]




	
4–6 May 2017

(case 1)

	
0.031 ± 0.015

	
0.014 ± 0.011

	
0.24 ± 0.03

	
−0.40 ± 016

	
This study




	
16–17 April 2017

(case 2)

	
0.030 ± 0.010

	
0.019 ± 0.009

	
0.11 ± 0.03

0.16 ± 0.09

	
−0.28 ± 0.10
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