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In order to improve the accuracy of dust storm prediction and reduce the damage and losses by a dust storm event, it is necessary to conduct an in-depth study on the same. The data of the national air quality stations, backward trajectories generated by the Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT), and the lidar network data from Wuwei, Baiyin, and Dingxi were used to study a large-scale dust storm event that occurred from 12 to 14 May 2019. This study explores the cause of the dust storm and physical characteristics of dust aerosols in three-dimensional space, as well as its impact on air quality. Results show that the dust storm was caused by the eastward movement of the East Asian trough and affected most cities in northern China from northwest to southeast. Consequently, the air quality deteriorated seriously, especially over the Hexi Corridor. The hourly peak concentrations of PM10 in Wuwei and Baiyin were close to 3,000 μg·m−3. The observations from the lidar network show that the dust intensities were similar at different cities, and their extinction coefficients were close. However, the depolarization ratio varied with sources and the physical characteristics of dust particles. According to the simulation results of extinction coefficients and particle concentrations, due to the impact of dust transported at high altitudes, the concentration of particles in Dingxi did not decrease with the increase in altitude. The particle concentrations from ground-based monitoring were lower than those of Baiyin and Wuwei, while particle concentrations above 0.3 km were higher than those of Baiyin and Wuwei.
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1 INTRODUCTION
Since 1990, with the rapid development of industries and urbanization, as a consequence of economic growth and population aggregation, China’s urban ambient air quality has been seriously deteriorated, with air pollution growing into one of the most concerned environmental issues in China. Many scholars in the environmental field have been focusing on the research of PM2.5 and O3 (Lou et al., 2016; Maji et al., 2017; Chen et al., 2020; Jiang and Xia, 2021). In addition, in response to the severe air pollution situation, China introduced the “Air Pollution Prevention and Control Action Plan” and the “Air Pollution Prevention and Control Law” in September 2013 and August 2015, respectively. By combining the effective measures in the field of air pollution prevention and control over the years, China has made more comprehensive regulations on the problems of pollution in various fields. With the implementation of a series of environmental protection measures, China’s ambient air quality has been greatly improved during the 13th Five-Year Plan period (Zeng et al., 2019; Maji et al., 2020; Zhao et al., 2020; Hu et al., 2021), especially in a megalopolis. However, in northern China, especially in northwest China, due to the geographic proximity to several large deserts, the area is prone to be hit by dust storms, which causes heavy pollution (Wu and Kai, 2016; Guo et al., 2019; Yang et al., 2021a; Rupakheti et al., 2021; Zhang et al., 2021). According to the statistics (Yang et al., 2021b), the dust events in China decreased year by year, but the strong dust storm did not decrease during 2015–2020. Therefore, research on dust events cannot be ignored.
At present, the monitoring method of dust events is relatively limited, with ground-based monitoring stations as main approaches, which only represent the dust intensity over the ground, and cannot detect the dust intensity of high altitudes and the height of dust. With the advancement of science and technology, a series of satellites has been successfully launched, and the pieces of remote sensing equipment carried by them have realized the vertical monitoring of aerosols. Therefore, most scholars studied dust events based on the aerosol optical depth (AOD) obtained from the secondary product of satellites (Banks et al., 2013; Feng et al., 2015; Long et al., 2015; Guo et al., 2017; Reiji, 2018). However, the relationship between the temporal and spatial variability of the AOD and the ground-monitoring particulate matter varies with places (Li et al., 2014a; Li et al., 2015; Xu et al., 2021) and seasons (Schafer et al., 2008; Li et al., 2014b; Hu et al., 2016; Ma et al., 2016). Due to various uncertainty sources such as calibration, surface parameterization, and assumptions in aerosol retrieval models, there is great uncertainty in the AOD retrieved by the satellite. Therefore, if the AOD retrieved by the satellite is used to retrieve particle concentrations, the error will be further increased. Additionally, polar orbiting satellites pass through the same area twice a day in a fixed time, which cannot capture the whole process of the weather system or pollution process. On the other hand, satellites cannot detect the atmospheric conditions under the clouds.
The ground-based lidar fills the gap with higher temporal resolution, which is widely applied in fields such as urban scenarios, environment, ecology, and so on (Bai et al., 2021; Floutsi et al., 2021; Taubert et al., 2021). The aerosol lidar is widely used in the study of dust events. Salgueiro et al. (2021) studied the pollution process jointly affected by a forest fire and Saharan desert dust aerosols over southwestern Europe on June 21, 2019, by using a multi-wavelength Raman lidar and Sun photometer and summarized the different characteristics of forest fire and dust aerosol particles. Janicka et al. (2017) have conducted a similar research study by using the aerosol-polarization-Raman PollyXT-UW lidar for a serious pollution caused by forest fires and dust events in Warsaw, Central Poland, on 10 July 2013. In order to better understand the differences between dust aerosols and anthropogenic pollutants in large spatial scales in China, Banks et al. (2017) employed an elastic lidar to investigate the vertical profiles of aerosols along the Yangtze River during the Yangtze River Campaign of winter 2015. Durable Saharan dust event incursions over the city of Sofia, Bulgaria, on 15 and 23 April, and aerosol layers extraordinary in altitude (up to 15 km) were detected by an Nd:YAG-laser-based lidar (Atanaska et al., 2017).
A ground-based lidar can detect the vertical distribution of aerosols, but the monitoring of an individual lidar cannot reflect the characteristics of aerosols in three-dimensional space. In order to promote the continuous improvement of air quality in the Beijing–Tianjin–Hebei area and surrounding areas, the China National Environmental Monitoring Centre (CNEMC) established a comprehensive three-dimensional observation network of air pollution in 2017, including 37 lidars (Wang et al., 2019), which are mainly deployed in Beijing, Tianjin, Hebei, Henan, Shandong, Shanxi, and other regions. In order to obtain the characteristics of dust in three-dimensional space, reveal the source, transmission, and development trend of dust, and improve the method of dust monitoring, the Department of Ecology and Environment of Gansu Province successively built multiple lidars in Gansu Province from 2019 to 2020, filling the gap of the lidar network in northwest China.
In this study, the dust event that occurred from 11 to 14 May 2019 (all times mentioned in this study refer to Beijing time) was comprehensively analyzed based on the lidar network in northwest China, combined with the data from China’s national urban air quality monitoring stations, National Centers for Environmental Prediction (NCEP) reanalysis data, and HYSPLIT backward trajectory. The dust sources and the synoptic system were thoroughly studied, as well as the changes of particle sizes and concentrations in the process of dust transmission, especially in the vertical direction. By fitting the extinction coefficient and the particle concentration, the monitoring of particle concentration was extended from the ground to a high altitude, which realized the research of lidar data from qualitative to quantitative. This study will help us to further understand the process of dust storms, provide a basis for the improvement of numerical prediction, contribute to the prediction and early warning of dust events, and reduce the harm caused by dust.
The data and methodology are introduced briefly in Section 2. The distribution of three-dimensional space and transmission and development of the dust event are shown in Section 3. Section 4 gives the conclusion and possible further improvements to this study.
2 MATERIALS AND METHODS
2.1 Lidar Network
The stations of the three lidars for capturing the dust storm are located in Wuwei (102.65°E, 37.91°N), Baiyin (104.13°E, 36.54°N), and Dingxi (104.61°E, 35.60°N). The three lidars are of the same type, named as AGHJ-I-LIDAR, whose laser is Nd:YAG and emits wavelengths of 355 and 532 nm. The aerosols in the atmosphere produce Mie scattering after encountering with the emitted laser, and the scattering signals with the direction of 180° (backscattering) are received and are then divided into three channels, which are 355 nm parallel, 532 nm parallel, and 532 nm vertical, respectively. The maximum pulse energy of 355 and 532 nm wavelengths reach 25 and 30 mJ, respectively. The spatial resolution of the lidar is 7.5 m, the temporal resolution is 5 min, the maximum detection distance is 10 km, and the blind zone and incomplete-overlap zone are 30 and 120 m, respectively. The characteristics of atmospheric aerosol were studied by converting the received signal into the extinction coefficient and depolarization ratio (Lee and Noh, 2015; Nishizawa et al., 2017; Niu et al., 2019; Panahifar et al., 2020). The specific algorithm was presented elsewhere (Yang et al., 2021a).
2.2 HYSPLIT Backward Trajectory
HYSPLIT (Draxler and Hess, 1998) was originally jointly developed by the Air Resources Laboratory (ARL) of the National Oceanic and Atmospheric Administration (NOAA) and the Bureau of Meteorology, Australia. HYSPLIT calculates and analyzes the transport and diffusion trajectory and settlement of air pollutants based on meteorological data and the Lagrange method. The data of the Global Data Assimilation System (GDAS) from the NCEP are used as the initial field of HYSPLIT, and the horizontal resolution is 1 × 1.
2.3 Data of Air Quality From National Stations
The observational data of PM2.5 and PM10 hourly concentrations were released on the National Urban Air Quality Real-Time Release Platform of CNEMC. The data are monitored by the automatic monitoring instruments installed in the national urban air quality monitoring stations with the temporal resolution of 1h, which work continuously throughout the year, and there are 1,436 stations in China. The collection duration of PM2.5 and PM10 concentrations is required to stay at least 20 h per day and at least 45 min per hour, according to the ambient air quality standard (GB 3095–2012); otherwise, the data shall be deemed invalid.
2.4 NCEP Reanalysis Data
The data used to analyze the synoptic system guiding dust storms were derived from NCEP reanalysis data, which assimilate real-time observation data such as station data, satellite observation, ships, and planes. The horizontal resolution is 2.5 × 2.5, and the time resolution is 6 h. The pressure level is divided into 17 layers (1,000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, and 10 hPa). The temperature and wind field in ground data were derived from the 0.995 sigma level.
3 RESULTS AND DISCUSSION
The dust storm that occurred from 11 to 14 May 2019 seriously affected most cities in northern China. Many studies show that the Himawari geostationary satellite has advantages in dust detection (Bessho, et al., 2016; She et al., 2018; Xia et al., 2019; Zhang et al., 2019). As shown in Figure 1, the Himawari-8 detection results at 09:00 a.m. on May 11 with less cloud influence were selected. It can be seen that the dust over the Taklimakan Desert was very serious, and it was transmitted eastward to the west of Hexi Corridor and Inner Mongolia.
[image: Figure 1]FIGURE 1 | Spatial distribution of clouds and dust storms derived from the Himawari-8 geostationary satellite at 09:00 BT on 11 May.
3.1 Distribution of Three-Dimensional Space of the Dust Storm
The dust event caused a sharp increase in the concentration of particulate matter in the atmosphere. In order to explore the impact of the dust event on the ambient air quality, the mass concentration of PM10 and PM2.5 monitored on the ground was used to study the impact in the horizontal direction, and the ground-based lidar network was used to study the impact in the vertical direction.
3.1.1 Horizontal Distribution of the Dust Storm
In order to show the impact scope, intensity, and trend of the dust event, Figure 2 shows the distribution of the hourly concentration of PM10 monitored on the ground from 06:00 a.m. on May 11 to 06:00 a.m. on May 13; it can be seen that the process of dust transmission takes place from west to east. Meanwhile, the hourly concentration of PM10 and PM2.5 of nine cities from 00:00 a.m. on May 11 to 00:00 a.m. on May 14 was selected to have a thorough understanding of the impact of the dust process on the urban ambient air quality (Figure 3A). The cities arranged from top to bottom in Figure 3A were from west to east in the geographical location (Figure 3B); it also showed the process of dust transmission from west to east, and the trend of PM2.5 and PM10 hourly concentrations was consistent during the dust process.
[image: Figure 2]FIGURE 2 | Distribution of the hourly concentration of PM10 monitored on the ground from 06:00 on 11 May to 06:00 on 13 May.
[image: Figure 3]FIGURE 3 | Hourly concentration of PM10 and PM2.5 of nine cities from 00:00 on 11 May to 00:00 on 14 May (A); locations of the studied cities and their surrounding geomorphic characteristics, ● represents cities, ▲ represents deserts, and ★ represent lidar stations (B).
As can be seen from Figure 2, there was little impact of dust at 06:00 a.m. on May 11; however, the concentration of PM10 in Hami increased to 574 μg·m−3 at 08:00 a.m. (Figure 3A), and the air quality deteriorated to serious pollution. The north of Xinjiang and the west of the Hexi Corridor were obviously affected at 12:00 p.m.; the concentration of PM10 in Hami reached the peak of 2,759 μg·m−3, and the concentration of PM2.5 increased to 230 μg·m−3. Subsequently, the dust transmitted from west to east, and the dust intensity in Hami decreased significantly. The west of the Hexi Corridor began to be affected by dust (Figure 2). As a result, the concentration of PM10 in Jiuquan gradually increased, and the ambient air quality deteriorated into serious pollution at 13:00 (Figure 3A), and the PM10 concentration reached the peak of 2,464 μg·m−3 until 17:00; the PM2.5 concentration reached the peak concentration of 244 μg·m−3 at the same time. Then, the dust continued to move eastward; the PM10 concentration in Jiuquan gradually decreased, and it was 1808 μg·m−3 at 18:00 and 94 μg·m−3 at 01:00 on May 12. The dust moved very slowly (60 km·h−1) in the Hexi Corridor and did not affect Wuwei until 20:00 on May 11 (Figure 3A). The PM10 concentration in Wuwei suddenly increased from 76 μg·m−3 in the previous hour to 1,498 μg·m−3 and reached a peak of 2,703 μg·m−3 at 23:00; at the same time, the PM2.5 concentration reached 614 μg·m−3. The peak concentration of PM10 in Wuwei was significantly higher than that in the upwind area, which might be due to the superposition of the dust in the Badain Jaran Desert. As can be seen from Figure 2, the air quality in the west of the Hexi Corridor improved significantly at 00:00 on 12 May, and the eastward movement of the dust affected the central and western part of Inner Mongolia, the central and eastern part of the Hexi Corridor, and the central part of Gansu and Ningxia. Yinchuan and Baiyin were hit by dust almost at the same time (Figure 3A); the PM10 concentration increased to 2,250 μg·m−3 and 1,407 μg·m−3 at 00:00 on 12 May, respectively, and the PM2.5 concentration increased to 483 μg·m−3 and 514 μg·m−3, respectively. Then, the PM10 concentration in Yinchuan gradually decreased, and the air quality improved at 12:00. Nevertheless, the dust intensity in Baiyin continued to increase after 00:00 on 12 May, and the peak concentration of PM10 and PM2.5 reached 2,727 μg·m−3 and 614 μg·m−3 at 02:00, which was second to Wuwei. The influence of dust in Baiyin lasted for a long time, and the concentration of PM10 did not drop to 264 μg·m−3 until 00:00 on 14 May, which might be due to the superposition of the dust in the Tengger Desert. In addition, the dust was transmitted from Wuwei to Baiyin at an average speed of 50 km·h−1. Compared with other cities, the PM10 concentration in Dingxi increased slowly (Figure 3A), with the level of 347 μg·m−3 at 03:00 on 12 May, and the peak concentration of PM10 and PM2.5 reached 2045 μg·m−3 and 478 μg·m−3 at 06:00 on 12 May; the dust intensity was weaker than that in upwind cities, but the PM10 concentration decreased slowly. As a result, the heavy pollution in Dingxi lasted for a long time. It is preliminarily considered that the dust was mainly floating dust when it was transmitted to Dingxi, combined with the local topographic conditions that were not conducive to the diffusion of pollutants. Huhhot was affected by dust for a short time (Figure 3A), with the peak concentration of PM10 and PM2.5 reaching 2,732 μg·m−3 and 714 μg·m−3 at 07:00 on 12 May, and the air quality improved after 13:00. Xi’an was slightly affected by dust (Figure 3A), but it lasted for a long time; the PM10 concentration decreased to 144 μg·m−3 until 13:00 on the 15th. The duration of dust influence lasted for the shortest time in Beijing, with the concentration of PM10 increasing to 226 μg·m−3 at 15:00 on 12 May, and decreased to 83 μg·m−3 at 22:00. When the dust was transported to Beijing (Figure 3A), the intensity of dust weakened significantly, and the peak concentration of PM10 was only 618 μg·m−3.
It can be seen from Figure 2 that most cities in northern China were affected by dust on 12 May, with the central and eastern part of Gansu, Ningxia, Shaanxi, and most parts of Inner Mongolia being hit the hardest. The front air mass of the dust reached the Beijing–Tianjin–Hebei area. The intensity of dust increased significantly, especially in Lanzhou, which is located in the center of Gansu, with a daily average concentration of PM10 reaching 1,275 μg·m−3, which was 8.5 times the secondary standard of PM10 specified in GB3095-2012. The floating dust was transported to the Yangtze–Huaihe region, and the scope of dust impact was further expanded on 13 May. Gansu, Ningxia, and Shaanxi remained as the central areas of strong dust, and the daily average concentration of PM10 was about 500 μg·m−3. Sichuan, Hubei, Henan, Shandong, Anhui, and Jiangsu were newly affected areas by floating dust, and the daily average concentration of PM10 was 200–300 μg·m−3. The dust concentration in the Beijing–Tianjin–Hebei area decreased significantly. On 14 May, with the gradual diffusion and settlement of dust during the transportation process, the impact scope was not significantly expanded compared with the previous day. The influence of dust in upwind cities gradually ended, and the dust intensity was significantly weakened. The daily average concentration of PM10 in the affected cities remained at about 250 μg·m−3. Subsequently, the strong cold air moved to the south and east and removed pollution obviously. The impact of the dust event gradually ended, and the ambient air quality improved after the 14th.
In summary, the strong dust event lasted for a long time and affected a wide area. The northern part of Xinjiang was first affected on 11 May, and then, the dust spread to the Beijing–Tianjin–Hebei area and the Yangtze–Huaihe region, which affected most cities in northern China. The ambient air quality deteriorated into serious pollution, and the air quality in the Hexi Corridor was the most affected. Until 14 May, the affected cities were dominated by floating dust, and the impact of dust gradually weakened. The variation trend of PM10 and PM2.5 was consistent, but the concentration of PM10 was significantly greater than that of PM2.5, indicating that the particles were carried mostly by coarse particles, and the proportion of coarse particles in cities near the source was higher. When dust was transmitted to downwind cities, it was mainly in the form of floating dust, and the proportion of fine particles increased slightly. In addition, the transmission speed of dust in the Hexi Corridor was about 50–60 km·h−1. Combined with the moving path of dust and the distance between cities, the dust rising time of downwind cities can be effectively predicted, which plays a guiding role in the qualitative prediction of dust in downwind cities.
3.1.2 Vertical Distribution of the Dust Storm
3.1.2.1 Qualitative Analysis
The data of national air quality stations are mainly derived by ground-based monitoring, which cannot reflect the change characteristics of particles in the vertical direction. As a piece of active remote sensing equipment, the aerosol lidar makes up for the disadvantage that particle monitoring is limited to the ground. The results from the lidar can not only reflect the distribution characteristics of particles in the vertical direction but also reflect the particle size and morphological characteristics of particles. According to the development height of the dust, the detection results of the three aerosol lidars within 3 km from 12:00 on 11 May to 00:00 on 14 May are shown in Figure 4. In order to explore the monitoring effect of the three aerosol lidars, the curves of hourly PM10 concentrations (the black solid line) monitored from the ground were superimposed on the distribution of the extinction coefficient on the left side of Figure 4. It can be seen that the near-ground extinction coefficients were consistent with the variations of PM10 concentrations. During periods of strong dust, the extinction coefficients of the three lidars were all greater than 1 km−1. The temporal and spatial distribution of the extinction coefficient of Wuwei (Figure 4A) shows that the dust in Wuwei was mainly concentrated within the height of 0.8 km from 19:00 on 11 May to 04:00 on 12 May, and the strong dust (extinction coefficient greater than 1 km−1) was distributed within the height of 0.4 km; the ground PM10 concentration in some periods was over 2000 μg·m−3. From 07:00 to 12:00 on 12 May, the near-ground extinction coefficients were low, and the corresponding PM10 concentrations were low (less than 200 μg·m−3). However, there was a strong dust zone at an altitude of 1.0–1.5 km during this period; the extinction coefficients in some areas were close to 2 km−1, and the strong dust zone showed a sinking trend. It was expected that the local air quality would deteriorate again during the dust deposition process, and the monitoring results showed that the near-ground extinction coefficients and corresponding PM10 concentrations increased again after 12:00. From the extinction coefficients of Baiyin (Figure 4C), it can be seen that during the dust period, the vertical height of dust development of Baiyin was mainly concentrated at the height of about 1.5 km. The strong dust of Baiyin was concentrated within 0.3 km from 22:00 on 11 May to 08:00 on 12 May, and the extinction coefficients in some periods were even greater than 2 km−1, corresponding to the ground-monitoring PM10 concentration greater than 2000 μg·m−3. Then, the extinction coefficients weakened with the weakening of the dust intensity and enhanced again at 10:00–14:00 on 13 May, corresponding to the extinction coefficients greater than 1 km−1. However, at this time, the corresponding PM10 concentration only reached about 500 μg·m−3, indicating that the high-altitude dust transmission was significantly increased compared with the previous period of strong dust. From the extinction coefficients of Dingxi (Figure 4E), it can be seen that the vertical height of dust development of Dingxi was close to that of Baiyin, but the strong dust developed to the height of 0.6 km, which was higher than that of Wuwei and Baiyin. When it comes to the duration of the dust process among the three cities, it lasted the longest in Dingxi, while Baiyin and Wuwei had undergone similar duration. Therefore, the higher the development height of strong dust was, the longer it took for aerosol particles to settle and the longer the dust events lasted.
[image: Figure 4]FIGURE 4 | Extinction coefficient (left panel) and depolarization ratio (right panel) of the lidar network from 12:00 on 11 May to 00:00 on 14 May (from top to bottom: Wuwei (A, B), Baiyin (C, D), and Dingxi (E, F); black solid line: hourly PM10 concentrations monitored from the ground).
The temporal and spatial distribution of depolarization ratios is shown in the right side of Figure 4. The depolarization ratios increased significantly during the dust process, and at the same lidar station, the higher the dust intensity was, the greater the extinction coefficients and the greater the depolarization ratios became. With the weakening of the dust intensity, the depolarization ratios decreased, indicating that the proportion of non-spherical particles carried in strong dust was higher than that in floating dust. Wuwei and Baiyin, as the cities near the sources, had significantly higher depolarization ratios than Dingxi over the period of strong dust. Therefore, it can be inferred that the proportion of non-spherical particles in the dust near the source was higher. In the dust process of transmission to the downwind cities, the non-spherical particles were affected by both air resistance and sedimentation and settled faster than the spherical particles. Therefore, when the dust was transported to the downwind cities, the proportion of non-spherical particles decreased. In addition, the dust intensities of Baiyin and Wuwei were similar, but the depolarization ratios of Baiyin (Figure 4D) were significantly greater than those of Wuwei (Figure 4B). Combined with the backward trajectory of Figure 8, it showed that the depolarization ratios in different sources with similar dust intensities were not necessarily close.
The results of the lidar completely showed the development and transmission of dust, which played a positive guiding role in the nowcasting of dust in local and downwind cities. The higher the development height of strong dust was, the longer the duration of dust events lasted. The extinction coefficients with similar dust intensities were close, but the depolarization ratios were not necessarily close. The reason may be due to different sources, or that spherical particles may be easier to transport, and non-spherical particles may be easier to settle in the downwind transmission of dust.
3.1.2.2 Quantitative Analysis
In order to obtain the temporal and spatial changes of particle concentration during dust events, especially the changes in vertical height, the mass concentration of the particulate matter obtained by the aerosol lidar is the direction that many scholars (Xiang et al., 2015; Yang et al., 2021a) have been working on. The extinction coefficients at 200 m height from 12:00 on 11 May to 00:00 on 14 May were selected to fit with the ground-monitoring particle concentration, and the fitting results are presented in Figure 5. The relative humidity of each lidar station during the fitting period was less than 80%, so the influence of water vapor on the extinction coefficient was ignored. It was found that the extinction coefficients at 200 m height had a high correlation with the concentrations of PM10 and PM2.5 monitored on the ground, and when the particle concentrations were greater, the correlation was higher, and the fitting effect was better. The fitting curves of Wuwei and Dingxi were close to linearity. However, due to the influence of meteorological conditions such as humidity (Lagrosas et al., 2017; Lv et al., 2017), when the extinction coefficients of Baiyin increased to a certain extent, the change was not obvious with the increase of particle concentration, and the reason needs to be further explored.
[image: Figure 5]FIGURE 5 | Relationship between the extinction coefficient and PM2.5 (left panel), PM10 (right panel) concentration monitored on the ground (from top to bottom: Wuwei (A,B), Baiyin (C,D), and Dingxi (E,F).
y = a + bxc (Figure 5) was selected as the best fitting formula after the comparison of various fitting formulas. The parameters c of Wuwei and Dingxi were close to 1, indicating a linear fitting, and the parameter c of Baiyin were 3.35 and 2.87 for PM2.5 and PM10, respectively. Fortunately, the fitting effect of the extinction coefficients of each lidar with the concentration of PM2.5 and PM10 was very good. Compared with Baiyin and Dingxi, the fitting results of Wuwei were slightly worse, the correlation coefficient (R2) of fitting PM2.5 and PM10 were 0.842 and 0.864, respectively. The R2 of the fitted PM2.5 of Baiyin and Dingxi were 0.939 and 0.959, and the R2 of the fitted PM10 were 0.961 and 0.957, respectively.
Based on the aforementioned analysis, the greater the particle concentration, the better is the fitting effect. Therefore, the period when the PM10 concentrations exceeded 500 μg·m−3 was selected to estimate the distribution of the average concentration of PM2.5 and PM10 at different heights (Figure 6). The selected periods for Wuwei, Baiyin, and Dingxi were 20:00 on 11 May to 06:00 on 12 May, 00:00–12:00 on 12 May, and 04:00 on 12 May to 10:00 on 13 May, respectively. The distribution of the average concentrations of PM2.5 and PM10 at different heights can been seen from Figures 6A, B.
[image: Figure 6]FIGURE 6 | Vertical variation of PM2.5 and PM10 average concentrations over the strong dust period (A) PM2.5; (B) PM10; and (C) PM2.5/PM10.
The concentrations of PM2.5 and PM10 in Wuwei gradually decreased with the increase in altitude. The average concentration of PM2.5 decreased from 520 μg·m−3 on the ground to 270 μg·m−3 at 0.2 km height and to 67 μg·m−3 at 1 km height, and the average concentration of PM10 decreased from 2,437 μg·m−3 on the ground to 1,639 μg·m−3 at 0.2 km height and to 364 μg·m−3 at 1 km height. The concentrations of PM2.5 and PM10 in Baiyin decreased rapidly with the increase in altitude within 0.4 km. The average concentration of PM2.5 decreased from 515 μg·m−3 on the ground to 193 μg·m−3 at 0.2 km height and to 59 μg·m−3 at 0.4 km height, and the average concentration of PM10 decreased from 2088 μg·m−3 on the ground to 1,071 μg·m−3 at 0.2 km height and to 255 μg·m−3 at 0.4 km height. Combined with Figure 4C, the extinction coefficients above 0.4 km height were very small, indicating that the dust intensities were very small and the fitting would lead to a large error, so it would not be analyzed. The average concentration of PM2.5 in Dingxi decreased from 325 μg·m−3 on the ground to 225 μg·m−3 at 0.2 km height, and the average concentration of PM10 decreased from 1,314 μg·m−3 on the ground to 1,198 μg·m−3 at 0.2 km height. However, the difference between Wuwei and Baiyin was that within the altitude of 0.2–0.3 km, the average concentrations of PM2.5 and PM10 in Dingxi gradually increased with the increase in altitude, which increased to 253 μg·m−3 and 1,351 µg·m−3, respectively at the altitude of 0.3 km. The concentrations of PM2.5 and PM10 above 0.3 km gradually decreased again with the increase in altitude, and decreased to 71 μg·m−3 and 357 µg·m−3, respectively, at 1 km altitude, which was close to the average concentrations of PM2.5 and PM10 at 1 km altitude in Wuwei. Also, it can be seen from Figures 6A, B that although the ground particle concentration in Dingxi was lower than that in Baiyin and Wuwei, the particle concentration in the height of 0.3–0.9 km was higher than that in Baiyin and Wuwei. Figure 6C shows the variation of the value of PM2.5/PM10 during the selected period. The value of PM2.5/PM10 of Wuwei and Baiyin increased with the increase in altitude, while the value of PM2.5/PM10 of Dingxi did not change significantly with altitude, indicating that in cities near sources, low altitude was dominated by coarse particles, and the proportion of fine particles was small and increased with the increase in height. The value of PM2.5/PM10 gradually tended to be stable in the vertical direction during transmission to the downwind. On the other hand, the value of PM2.5/PM10 of Dingxi within 0.3 km was higher than that in Baiyin and Wuwei, which further proved that coarse particles were easier to settle when the dust was transported to the downwind.
By retrieving the distribution of PM2.5 and PM10 average concentrations at different heights during strong dust events, it is found that when a dust event occurred, the particle concentrations did not necessarily decrease with the increase in altitude. The ground particle concentrations in Dingxi were lower than those in Baiyin and Wuwei, but the high-altitude particle concentrations above 0.3 km were higher than those in Baiyin and Wuwei. The slow settlement of high-altitude particulate matter had a longer impact on the local ambient air quality. The average concentrations of PM2.5 and PM10 in Baiyin and Wuwei gradually decreased with the increase in altitude, indicating that the dust mainly came from the surrounding sources. The maximum average concentrations of PM2.5 and PM10 in Dingxi were located near the height of 0.3 km, indicating that high-altitude transmission was the main source. For Wuwei and Baiyin, the low altitude was dominated by coarse particles, and the proportion of fine particles was low. When the dust was transported to Dingxi, the value of PM2.5/PM10 in the vertical direction gradually tended to be stable and greater than that of Wuwei and Baiyin, which further proved that coarse particles were easier to settle during the transmission.
3.2 Synoptic System Causing the Dust Storm
An in-depth understanding of the synoptic system guiding the dust event will help to improve the accuracy of dust event forecasting and effectively reduce disasters and losses caused by the dust event. In order to explore reasons for the occurrence and development of the dust event, the synoptic system that led to the dust event was deeply analyzed (Figure 7). The East Asian trough moved eastward, which became even stronger under the influence of cold air in high latitudes, resulting in the dust event.
[image: Figure 7]FIGURE 7 | Synoptic situation during the dust storm: (A) 500 hPa at 08:00 on 11 May; (B) surface at 08:00 on 11 May; (C) 500 hPa at 20:00 on 11 May; (D) surface at 20:00 on 11 May; (E) 500 hPa at 20:00 on 12 May; and (F) surface at 20:00 on 12 May.
The synoptic situation of 500 hPa at 08:00 on 11 May is shown in Figure 7A; the trough moved to the eastern part of northern Xinjiang, the southern branch of the trough extended to 40°N, and the wind speed near the trough reached 38 m·s−1. There was a cold center near Sajan; the cold trough slightly lagged behind the height trough, and the cold advection after the height trough was strong, indicating that the East Asian trough was still in the strengthening stage. The east of the Hexi Corridor was dominated by a weak northwest airflow; the low-altitude water vapor was very weak, and the temperature continued to rise, which provided certain thermal conditions for the front of the cold air. Led by the East Asia trough, the strong cold air on the ground moved southeast along the northwest. The strong wind behind the front caused strong dust from the east of northern Xinjiang to the west of the Hexi Corridor. Following the East Asian trough, the cold air moved eastward, and the high-pressure center had crossed the Sajan, with strong strength, and the central strength reached more than 1,035 hPa (Figure 7B). The cold front was located at the border between China and Mongolia in an east–west direction, and there was an obvious thermal low pressure in the front side of the front. Due to the development of thermal low pressure, the cold front was further strengthened, the isobars behind the front were dense, and there was a wide range of gale areas. The tail of the cold front had crossed the Tianshan Mountains and affected the eastern part of northern Xinjiang. The Hexi Corridor was under the control of thermal low pressure in the front side of the front. As the East Asian trough moved eastward, it gradually turned to the north–south direction; the cold front gradually turned to the northeast–southwest direction and entered the Hexi Corridor through the northwestern path. The strong wind behind the front caused the dust event in the Hexi Corridor from west to east.
Due to the supplement of cold air in high latitudes, the East Asian trough deepened and strengthened on 11 May, and the movement speed of the East Asian trough was relatively slow. It took 12 h until 20:00 on 11 May (Figure 7C) to move from the eastern part of northern Xinjiang to the west of the Hexi Corridor. The enhancement of convergence and ascending movement in the front of the East Asian trough promoted further enhancement of the ground thermal low pressure. Affected by the northwest gale after the cold front, the Hexi Corridor had experienced strong dust weather and was most obviously affected by dust. At the same time, it can be seen that there was a new trough generation and development in the north of Sajan, which blocked the cold air supplement of the East Asian trough. At this time, the cold center behind the trough had been significantly weakened, and the trough would enter a period of rapid movement toward the east. The development of the thermal low pressure in the front side of the front in central Inner Mongolia and Ningxia had created favorable conditions for the further enhancement of the cold front (Figure 7D), resulting in a wide range of strong wind areas in the central and western Inner Mongolia; this caused a strong dust event in the Badain Jaran Desert and Tengger Desert and further enhanced the dust in the middle and east of the Hexi corridor. Therefore, the dust became the strongest when it moved to the east of the Hexi Corridor.
It can be seen from 500 hPa at 20:00 on 12 May (Figure 7E) that the trough had moved to the eastern part of northern China, and the intensity was obviously weakened, and the ground cold air quickly moved eastward and weakened, resulting in floating dust in the middle and eastern parts of China, but the dust stayed for a long time. Since then, the cold air moved rapidly eastward following the East Asian trough. At the same time, due to the weakening of the East Asian trough and lack of subsequent supplement of cold air, the strength of the ground cold high pressure weakened rapidly during the eastward movement. The cold high-pressure center moved to the north of Shaanxi, and the center strength was only 1,020 hPa at 20:00 on 12 May (Figure 7F). Moreover, during the eastward movement of cold high pressure, in the northern section, it can follow the movement of the trough, with fast moving speed and strong intensity. However, in the south section, there is no obvious system for it to follow, leading to rapidly weakening intensity and slower movement speed. At the same time, the front end of the cold front reached the west of Shandong; therefore, the dust moved eastward to the Yangtze–Huaihe region, but the dust intensity was obviously weakened.
3.3 HYSPLIT Backward Trajectory
In order to further explore the source of the dust event, the HYSPLIT backward trajectory was used to analyze the dust transmission path at different heights of the three aerosol lidar stations. The strong dust was mainly concentrated below 1,500 m, according to the lidar detection results. Therefore, the 24-h backward trajectories of the dust transmission at three altitudes of 200 m, 500, and 1,000 m at the time of PM10 peak concentration in Wuwei, Baiyin, and Dingxi were selected.
Figure 8A shows the backward trajectories of Wuwei at 23:00 on 11 May. The source at 1,000 m in Wuwei was different from those at 500 and 200 m. At 02:00 on 11 May, the 1,000 m high-altitude dust was located in the Kumtag Desert and then gradually spread from the ground to a high altitude. The dust spread to a height of 1,000 m when it reached Wuwei, where the 1,000 m high-altitude dust in Wuwei originated. The dust of 500 and 200 m in Wuwei came from the 500–1,000 m altitude in the northwest of Inner Mongolia and gradually settled. Multiple sources were superimposed when the dust passed through the Badain Jaran Desert. Combined with the backward trajectory analysis of different heights, the dust of Wuwei mainly came from Kumtag Desert, deserts near northwest Inner Mongolia, and the Badain Jaran Desert, and the dust at high and low altitudes was affected along different paths.
[image: Figure 8]FIGURE 8 | 24-h HYSPLIT backward trajectories: (A) Wuwei at 23:00 on 11 May; (B) Baiyin at 02:00 on 12 May; and (C) Dingxi at 14:00 on 12 May.
According to the HYSPLIT backward trajectory analysis of Baiyin at 02:00 on 12 May, the sources within the height of 200–1,000 m were relatively consistent (Figure 8B). The dust was located near Hami at 02:00 on 11 May and then gradually diffused from the ground to the high altitude. After 14:00, the dust at 200–500 m gradually settled to the ground through the Hexi Corridor, but the dust at 1,000 m spread to the high altitude, and the dust moved to the vicinity of the Badain Jaran Desert at 20:00. Subsequently, dust at different heights was transmitted to Baiyin along the northwest path at a relatively stable altitude.
The HYSPLIT backward trajectories of Dingxi at 14:00 on 12 May are shown in Figure 8C. The paths of the dust were very consistent, which came from the border between China and Mongolia and were transported along the northwestern path. At about 20:00 on 11 May, the dust passed through the Badain Jaran Desert and settled here. Then, the dust at the height of 1,000 m was superimposed with the dust of the Badain Jaran Desert and diffused to the high altitude. The dust at the height of 200–500 m was transported close to the ground and diffused to the high altitude when passing through the Tengger desert at 08:00 on 12 May. Combined with the backward trajectory analysis of different heights, the dust in Dingxi mainly came from the sandy land on the border of China and Mongolia, Badain Jaran Desert, and Tengger Desert. The dust in high and low altitudes came from different sources and affects Dingxi along the same path.
HYSPLIT backward trajectory analysis shows that the high- and low-altitude dust in Wuwei had different sources and paths, which was mainly from the Kumtag Desert, near northwest Inner Mongolia, and the Badain Jaran Desert. The high-altitude dust was transmitted along the northwest by the western path, and the low-altitude dust was transmitted along the northwestern path. The sources of Baiyin were relatively consistent, which came from the desert and Gobi near Hami, superimposed with the dust of the Badain Jaran Desert, and were transmitted along the northwestern path. The high- and low-altitude dust paths in Dingxi were very consistent, but the sources were slightly different. The near surface dust mainly came from the Tengger Desert, and the high-altitude dust came from the border of China and Mongolia and the Badain Jaran Desert. Combined with the detection data from lidars, the results indicate that in addition to the impact of dust intensity, different sources of dust also had an impact on the lidar results, especially on the depolarization ratio.
4 CONCLUSION AND DISCUSSION
At present, dust monitoring is relatively simple, mainly relying on ground particle monitors and satellites. However, the ground particle monitors can only obtain the ground dust intensity, and the satellites are seriously affected by clouds. Therefore, there is a lack of monitoring in the vertical direction of dust, which cannot reflect the development and transmission characteristics of dust in three-dimensional space. In order to solve this problem and realize the qualitative to quantitative research of the aerosol lidar in dust detection, a dust event in China from 11 to 14 May 2019 was studied as a case. The study analyzed the horizontal and vertical characteristics of dust and the physical characteristics of dust particles in a comprehensive way; the synoptic system and the sources of dust and the following conclusions were obtained.
The East Asian trough moved eastward to lead the eastward diffusion and transmission of the dust event from the eastern part of northern Xinjiang and the western Hexi Corridor on 11 May, resulting in the deterioration of the ambient air quality in most cities in northern China, causing serious pollution, of which the Hexi Corridor was the most seriously affected. The PM10 hourly peak concentration of Wuwei and Baiyin was close to 3,000 μg·m−3, and the dust impact was significantly weakened on 14 May. The qualitative analysis of lidar network monitoring results combined with HYSPLIT backward trajectories show that when the dust intensities were the same in different cities, the extinction coefficients were close, but the depolarization ratios were not necessarily close. As cities close to the sources, the sources of Wuwei and Baiyin were not only high-altitude transmission but also superimposed with the dust of the surrounding deserts. As a city far away from the source, the source of Dingxi was mainly high-altitude transmission. In addition, for Wuwei and Baiyin, the proportion of coarse particles and non-spherical particles carried in dust was higher than that in Dingxi. It is preliminarily considered that the sedimentation velocity and resistance coefficient of non-spherical particles were greater than spherical particles; therefore, coarse particles and non-spherical particles were easier to settle. The fitting effect between the extinction coefficient and the PM2.5 and PM10 concentrations monitored on the ground was very good. Through the fitting, it is found that the particle concentration in Dingxi did not necessarily decrease with the increase of height during the dust period. The ground particle concentrations in Dingxi were lower than those in Baiyin and Wuwei, but the high-altitude particle concentrations above 0.3 km were higher than those in Baiyin and Wuwei.
Using the aerosol lidar network can not only reflect the development characteristics of dust in the vertical direction but can also effectively show the change characteristics of aerosol particle sizes and morphology and realize the quantitative analysis of particle concentration in three-dimensional space, which is of significant importance for informing the forecasting of the dust event.
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