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Abstract

:

The northeastern parts of China, including Beijing city, the capital of China, were hit by an intense dust storm on 15 April 2015. The present paper discusses aerosol and meteorological parameters associated with this dust storm event. The back trajectory clearly shows that the dust originated from Inner Mongolia, the border of China, and Mongolia regions. Pronounced changes in aerosol and meteorological parameters along the dust track were observed. High aerosol optical depth (AOD) with low Ångström exponent (AE) are characteristics of coarse-mode dominated dust particles in the wavelength range 440–870 nm during the dusty day. During dust storm, dominance of coarse aerosol concentrations is observed in the aerosol size distribution (ASD). The single scattering albedo (SSA) retrieved from AERONET station shows increase with higher wavelength on the dusty day, and is found to be higher compared to the days prior to and after the dust event, supported with high values of the real part and decrease in the imaginary part of the refractive index (RI). With regard to meteorological parameters, during the dusty day, CO volume mixing ratio (COVMR) is observed to decrease, from the surface up to mid-altitude, compared with the non-dusty days due to strong winds. O3 volume mixing ratio (O3VMR) enhances at the increasing altitudes (at the low-pressure levels), and decreases near the surface at the pressure levels 500–925 hPa during the dust event, compared with the non-dusty periods. An increase in the H2O mass mixing ratio (H2OMMR) is observed during dusty periods at the higher altitudes equivalent to the pressure levels 500 and 700 hPa. The mid-altitude relative humidity (RH) is observed to decrease at the pressure levels 700 and 925 hPa during sand storm days. With the onset of the dust storm event, the RH reduces at the surface level.
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1. Introduction


Dust storms are common in many countries in the Northern Hemisphere almost every year. The weather conditions, visibility, air quality, and human health are directly affected due to dust storm, and the impacts are seen for several weeks [1,2,3]. Dust storms also uproot trees and damage standing crops and fruits. Some of the regions are impacted by dust storms every year that indirectly influence long-term weather conditions, and also, the onset of monsoon. Under atmospheric circulation, dust storms have long range transport, and dust could go around the globe [4,5]. If the dust is transported over the ocean water, dust blankets the ocean water, depending upon the mineralogical composition of dust, and iron-rich dust enhances the chlorophyll bloom in the ocean water [6]. Depending upon the wind pattern and wind speed, dust blankets the snow/glaciers in the mountainous areas, affecting the melting of snow/glaciers [7].



Dust storms are frequent in northern China during spring season (March–May) [8,9]. They typically originate from Gobi and sand deserts of arid and semiarid regions in the northwest and north of China [10]. Intense frontal activities, taking place mostly during spring, provide a mechanism for injection of substantial materials into the lower and middle troposphere. The dust uplifted from arid and semiarid regions is transported to downwind regions, including northern China, Korea, Japan, and even the western parts of the United States across the North Pacific Ocean [11,12,13].



Beijing, the capital of China, is one of the most populous cities in the world, with a population of 21.7 million (as of the population census records in 2015) covering an area of 16,800 km2. It has a typical continental monsoon climate with four distinct seasons. Beijing is located at the foothills of Yan Mountains and Taihang Mountains, in the North China Plain [14], and on the pathway of dust outflows [15]. Beijing faces serious air pollution (poor air quality), which is associated with human health problems. In Beijing, the main cause of high particulate matter are industrial emissions, vehicle exhausts, dust, and coal burning [16,17,18]. Dust storms occur annually during the spring season, which cause severe air quality, even for several continuous days, and they generally originate in the primary source regions of Mongolia and Inner Mongolia [2,19]. About 53 dust episodes have impacted Beijing city during 2000–2010 [20]. Three dust storm events having visibility less than 1 km were identified over Beijing during 2005–2010 [2], and 47 dusty days were observed over Beijing during spring time in the period 2001–2014 [21].



Ground observations, including Aerosol Robotic Network (AERONET) [22], and monitoring sites from China National Environmental Monitoring Centre (CNEMC, http://www.cnemc.cn/), combined with multisatellite sensors, including Moderate Resolution Imaging Spectroradiometer (MODIS), Multiangle Imaging Spectroradiometer (MISR), and Ozone Monitoring Instrument (OMI), are capable of monitoring transport and providing optical information about the dust and changes in atmospheric parameters associated with the transport of dust. Based on the AERONET sun photometer measurements over Beijing, the seasonal averaged aerosol optical depth (AOD) at the wavelength of 440 nm during dust periods between 2001 and 2014 was 1.2, with Ångström exponent (AE) 0.44, show high aerosol loading. The single scattering albedo (SSA) on dusty days was much higher compared to other episodes, with an average value of 0.88 at 440 nm [21]. During 2001 to 2007 dust storms, the averaged value of AOD (1.7) and AE (0.48) were observed compared those of 1.26 (AOD) and 1.11 (AE) during haze–fog days. The average of SSA was found to be about 0.92 for dusty days and 0.89 for haze–fog days [23]. During dust events (2004–2006) in Beijing, real and imaginary parts of the dust refractive index (RI) in the wavelength range 440–1020 nm were 1.52–1.56, 0.007–0.010, respectively [1]. Du et al. [24] have analyzed aerosol observational data available for periods 2005–2007 from the Chinese Sun Hazemeter Network (CSHNET) to characterize aerosol particles during dusty and non-dusty days. In spring season, the mean AOD value during non-dust periods was 0.51, and increased to 0.68 during dusty days, and AE decreased from 0.82 during non-dust periods to 0.62 during dusty days. In addition, at dust-source sites, AOD increased from 0.34 during non-dust periods to 0.44 during dust periods, and AE decreased from 0.51 during non-dust periods to 0.40 during dust periods. Using eight ground-based observations from CSHNET, Xin et al. [25] have analyzed the aerosol optical properties during the strong dust event of 16–21 April 2005, and found the mean value of AOD increased from 0.37 to 0.69, and AE decreased from 1.35 to 1.07 at sites in Beijing city.



Different satellite sensors (MODIS, MISR, OMI, and Atmospheric Infrared Sounder—AIRS) are used to obtain large-scale distributions of aerosol optical properties. In addition, a multispectral algorithm for detecting dust aerosols is developed by combining measurements of MODIS reflective solar bands and thermal emissive bands [26]. Enhanced total column water vapor was observed from MODIS data showing a strong association with the AOD along the track of dust storms over Indo-Gangetic (IG) plains [27]. Pronounced changes in water vapor column and meteorological parameters were observed during dusty days, as compared to the days prior to and after dust storm events over Beijing during 2005–2010 [2]. The lidar system, like Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO), has been used widely to study the vertical variability of aerosols [28,29,30,31], and to find the vertical distribution of dust from space [32]. The vertical distribution of total attenuated backscatter (TAB), depolarization ratio (DR), and color ratio (CR) of Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard the CALPSO, have been analyzed during the severe dust events from 26 April to 3 May 2012, over Beijing. In the dust layer, the values of TAB vary in the range 0.002–0.0045 km−1sr−1, and DR and CR, respectively, vary in the range 0.1–0.5 and 0.6–1.4 [33].



Numerous studies were carried out to study long range transport, physical, chemical, and optical properties of dust, as well as its influence on meteorological parameters using ground and satellite observations [2,3,34,35,36,37,38,39,40,41,42,43,44,45]. These studies have provided a good understanding of the effect of dust storm on air quality, the global biogeochemical cycle, and environmental change. However, not much study on changes of aerosol and meteorological parameters over Beijing has been carried out. Dust hitting Beijing depends on the sources and tracks of dust, and meteorological conditions during dust events. The detailed analysis of aerosol optical properties and meteorological parameters during dust storm events using combined ground and satellite data will help to provide better understanding of mixing of dust with existing emissions within its surroundings, and qualitative and quantitative evaluation of dust impacts on surface, on various parameters on total column, and at different pressure levels.



In the present study, we have carried out detailed analysis of one of the worst dust events in the last one decade that affected Beijing city and surroundings on 15 April 2015. The main aim of our detailed analysis is to evaluate changes in the aerosol optical properties, air quality, and atmospheric and meteorological parameters. The changes in aerosol properties (AOD, AE, aerosol size distribution—ASD, refractive index—RI, and SSA from AERONET, total attenuated backscatter and depolarization ratio at 532 nm from CALIOP), atmospheric and meteorological parameters (CO, O3, relative humidity—RH, and H2O) clearly show contrast between the dusty day and non-dusty days. The characteristics of aerosol optical properties, and atmospheric and meteorological parameters on the dusty day and non-dusty days, are discussed in detail. In this paper, for the first time, we made efforts to use air quality data from ground network stations, AERONET, and multisatellites (MODIS, AIRS, CALIOP) to study characteristics and differences of aerosol, air quality, and atmospheric and meteorological parameters on the dusty day and non-dusty days.




2. Data and Methods


We have used data from AERONET station, AIRS, MODIS, and CALIOP to study changes in aerosol properties, and atmospheric and meteorological parameters. The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model analysis has been carried out to find out the source of dust reaching to Beijing city. The AERONET is a network of ground-based sun photometers to measure aerosol optical properties and validate aerosol optical properties retrieved from satellite [22]. The aerosol optical properties available in this study were derived from AERONET Beijing station (longitude = 116.317°E, latitude = 39.933°N) run by Chinese Academy of Meteorological Sciences (CAMS). The version 2 of AERONET data include AOD at the wavelength 675 nm, AE (440–870 nm), ASD, SSA, and RI. The AE is inversely related to the average size of the aerosol particles, where the larger particles correspond to lower AE [46]. The AERONET ASD, dV/dlnR (μm3/μm2) is retrieved from the Sun photometer using 22 radius size bins in the size range of 0.05–15 μm. ASD is useful to understand the effect of aerosols on the solar radiation. The amount of light absorbed by each particle is measured by SSA, the ratio between the light extinction due to scattering alone and the total light extinction from both scattering and absorption. The real    n  ( λ )     (  1.33 ≤ n  ( λ )  ≤ 1.6  )     and imaginary    k  ( λ )    (   0.0005 ≤ k  ( λ )  ≤ 0.5   ) parts of the complex RI provide information on the scattering or absorbing nature of aerosols. AERONET provides SSA and RI data for the wavelengths 440, 675, 870, and 1020 nm. We have studied diurnal and daily characteristics of aerosol parameters on the dusty day and non-dusty days using AERONET. The accuracy of aerosol parameters retrieved by AERONET is described by Dubovik et al. [47]. For aerosols dominated by coarse particles or desert dust, the accuracy of ASD measurements is 15–25% for the radius ≥0.5 μm, 25–100% for radius <0.5 μm, and the accuracy of SSA is 0.03% and 50% for both    n  ( λ )     and    k  ( λ )    . The accuracy of    n  ( λ )     at 870 nm and 1020 nm is 0.05 and 0.04, respectively [47].



The hourly mass concentration of trace gases (CO and O3) and particulate matter (PM2.5 and PM10) in ground-monitoring sites in Beijing are taken from China National Environmental Monitoring Centre (CNEMC, http://www.cnemc.cn/). CO measurements use a non-dispersive infrared (NDIR) gas filter correlation CO analyzer. The ultraviolet (UV) photometric method was applied for O3 monitoring. Both PM2.5 and PM10 are continuously measured using the gravimetric method [18].



CO and ozone are both important atmospheric trace gases, and are retrieved from AIRS sensors onboard NASA’s Aqua satellite. Both trace gases are considered as greenhouse gases; higher concentrations have serious impacts on human health. CO is produced from biomass burning and industrial emissions, and is also a precursor of the tropospheric ozone in the atmosphere. Ozone is a highly reactive form of oxygen. AIRS provides vertical profile information of CO, ozone, and water vapor on the fixed pressure levels. AIRS products (CO volume mixing ratio—COVMR, O3 volume mixing ratio—O3VMR, RH, H2O mass mixing ratio—H2OMMR) and MODIS products (AOD and AE) were downloaded from NASA Giovanni tools (http://disc.sci.gsfc.nasa.gov/giovanni), and the daily AIRS products were used. Usually, AIRS provides data at different pressure levels, but on the dust days, AIRS does not provide any data product at the surface level, due to the dust storm event. The volume mixing ratio is the ratio of the number density of the gas to the total number density of the atmosphere (density is the number of molecules per unit volume). COVMR and O3VMR are the density of CO and O3, respectively, divided by the density of all constituents in a unit volume. Both of them are given in unit as parts per billion by volume, or ppbv. H2OMMR is the ratio of the mass of water vapor to the mass of only the dry air in the air sample, and units are expressed as grams water per kilogram dry air. As AIRS products are sorted into 1° × 1° cells, the central area of Beijing (longitude 115.4°E–117.5°E, latitude 39.4°N–41.0°N), is studied from 116° to 117° E, and from 40° to 41° N. Preliminary comparisons to in situ aircraft profiles indicate AIRS CO retrievals are approaching the 15% accuracy target set by pre-launch simulations [48]. The AIRS ozone profile retrieval biases with global ozonesonde are less than 5% for both the stratosphere and the troposphere. The root mean square (RMS) differences are less than 20% for the upper stratosphere, and are close to 20% for the lower stratosphere and the troposphere [49]. AIRS retrievals of relative humidity are within the uncertainty of in situ observations based on dedicated radiosondes. This illustrates that AIRS RH retrievals are of high quality, even for difficult conditions in the upper troposphere [50]. The water vapor retrievals from AIRS are in good agreement with the radiosonde measurements. The RMS difference is close to the expected goal accuracies, better than 15% in 2 km layers for the water vapor in the troposphere [51].



CALIOP have provided an unprecedented way to examine the aerosol vertical distribution extensively [29,52], especially for sand-dust storms [53]. The orbit period of CALIPSO is 99 min, with a repeat cycle of 16 days. CALIOP total attenuated backscatter, in km−1sr−1, and volume depolarization ratio at 532 nm of level 1 version 4.1 aerosol layers, were retrieved to study the aerosol vertical characteristics for this dust storm event [54]. Total attenuated backscatter is the sum of the parallel and perpendicular components of attenuated backscatter profiles. CALIOP depolarization ratio is the ratio of perpendicular to parallel polarization components of aerosol scattering. The CALIOP data were obtained from the NASA Langley Research Center Atmospheric Sciences Data Center (https://earthdata.nasa.gov/about/daacs/daac-asdc).



We have run HYSPLIT model (http://ready.arl.noaa.gov/HYSPLIT.php) to study the long-range transport of air mass. The use of surface meteorological variables (ambient temperature, rainfall, relative humidity, and solar radiation flux) on the day of event reduces the uncertainty in HYSPLIT model [55]. The HYSPLIT model [56,57] was used to study the origin of air mass (dust) and track its movements at different altitudes. The executable and meteorological data are provided by the NOAA’s air resources laboratory (ARL) for free for back trajectory analysis, and we have used meteorological archive from the global data assimilation system (GDAS) with 1° by 1° grid in this study.




3. Dust Storm Event of 15 April 2015


On 15 April 2015, Beijing was hit by one severe dust storm. China’s environmental monitoring center issued a “yellow” sandstorm warning about the poor visibility (below 1000 m). Figure 1 shows hourly variations of particulate matter (PM2.5 and PM10), carbon monoxide (CO) and ozone (O3) concentrations at the ground level in Dongsi station, which is one of the 12 state-controlled ground-monitoring sites in Beijing. With the onset of the dust storm event in Beijing, both PM10 and PM2.5 showed pronounced increases (respectively, above 1000 and 280 μg/m3) around 19:00–20:00 h on 15 April 2015. The concentration of coarse particles increases with the dust storm, furthermore, dust storm particles mix with the local and surrounding emissions of the major city. Recently, Chauhan et al. [58] have shown strong mixing of emissions from a forest fire and dust episode over Bakersfield, California. In the dust event observed over Beijing on 15 April 2015, PM10 and PM2.5 reduced to 35 and 4 μg/m3, respectively, at around 8:00 h on 16 April. As the dust storm began, the surface CO concentration decreased (CO reduced to 0.2 mg/m3 at 19:00 h on 15 April 2015).



The back trajectories (Figure 2) clearly show the source of dust storm and its track 48 h before the dust arrived in Beijing (17:00 h, 15 April 2015) at three different heights, 500, 1500, and 3000 m. The dust storm mainly originated from the northwest (Inner Mongolia, the border of China and Mongolia regions), which has an arid climate, and is covered by large areas of sandy, Gobi (gravel) deserts and sandy lands [59,60]. Up to more than 80% of the annual dust storm frequency in China occurs during spring (March–May). The large quantities of dust are generated in the northern China by cyclonic activities and cold surges that emerge from Siberia [61].



The dust track passes through the city of Ulanqab and Zhangjiakou, before it arrives in Beijing. Two boxes shown in Figure 2 are considered to study the variations of aerosol and meteorological parameters due to dust event. Box 1 (112°E–113°E, 41°N–42°N) is located in Ulanqab city, and Box 2 (114°E–115°E, 40°N–41°N) is located in Zhangjiakou city. The area-averaged AOD and AE acquired from MODIS Level 3 products for the period 12–21 April are shown in Figure 3. Daily AOD and AE in these two regions show similar trends, with the highest AOD and lowest AE on April 15, and clearly indicate the dusty day and the days prior to and after dust event. In addition, the ground observations inside these two boxes are acquired. The hourly variations of PM2.5, PM10, and CO concentrations on 15 April 2015 at the ground level in these two boxes are shown as Figure 4. In Ulanqab (Figure 4a), both PM10 and PM2.5 reached the maximum around 14:00 h, with the value of 632 and 134 μg/m3, respectively. CO shows decrease since 11:00 h, and reduced to 0.2 mg/m3 at 20:00 h. In Zhangjiakou (Figure 4b), both PM10 and PM2.5 have the highest value around 16:00 h, with the value of 967 and 131 μg/m3, respectively, while CO concentration had a fast downward trend (0.9 mg/m3 decreased to 0.2 mg/m3) between 12:00 and 16:00 h.



Following the portion of CALIPSO orbit track (i.e., yellow line in Figure 2) passing Mongolia, Inner Mongolia, Gansu, and Qinhai, we have acquired the total attenuated backscatter (Figure 5a) and depolarization ratio (Figure 5b) for the bounding area (20.89°N, 94.9°E) and (68.7°N, 116.72°E) at 19:24 on 14 April 2015 (UTC). Attenuated backscatter is one of the main parameters of CALIOP reflecting the ability of aerosol scattering. The attenuated backscatter is defined as


    β λ ′  =  [   β  λ ,   m    ( r )  +  β  λ ,   p    ( r )   ]   T λ 2   ( r )  =    X λ   ( r )     C λ    ,   








where     β  λ ,   m    ( r )     and     β  λ ,   p    ( r )     are the backscatter coefficients due to molecular scattering and particulate scattering, at range   r   and the laser wavelength   λ   (1064 nm or 532 nm), respectively.     T λ 2   ( r )     is the two-way atmospheric transmittance,     X λ   ( r )     is the range-corrected lidar backscatter signal, and     C λ     is the calibration coefficient [53,62].



Clouds have larger backscatter coefficients compared to aerosols [63]. The total attenuated backscatter at 532 nm in the range 0.0001–0.0008 km−1sr−1, 0.0008–0.0045 km−1sr−1, and 0.0045–0.0100 km−1sr−1, respectively, represent gas molecules, aerosols, and clouds [53]. The red–gray–white color features in Figure 5a are clouds, and green–yellow–orange features are aerosols. Depolarization ratio, one parameter of CALIOP, can distinguish spherical aerosols from non-spherical aerosols. The depolarization ratio for dust aerosol is relatively high due to asymmetry (non-sphericity) and comparatively large size [64,65]. Shen et al. [33] found that in the dust layer, the values of total attenuated backscatter vary in the range 0.002–0.0045 km−1sr−1, and the values of depolarization ratio vary in the range 0.1–0.5 during the dust storm event over Beijing in 2012. In this study, the letter “D” in Figure 5a,b designates the dust layer in CALIOP over Mongolia areas (42.00°N, 100.65°E~50.00°N, 103.63°E). The vertical extent of the dust layer is from 2–4 km.




4. Results and Discussion


4.1. Characteristics of Aerosol Parameters


4.1.1. Aerosol Optical Depth at 675 nm (AOD675) and Ångström Exponent (AE)


The diurnal and daily variations of AOD at the wavelength 675 nm and AE (440–870 nm) are shown in Figure 6. Due to the weather and data calibration, data show gaps due to non-availability of data in some intervals. High AOD and low AE are found during outbreaks of dust episodes. The diurnal variations shown in Figure 6a, clearly shows highest AOD (2.15), and the lowest AE (0.31) on 15 April 2015. On arrival of the dust storm, AOD rapidly increased to 1.11, which is very high compared to prior to and after the dust storm, with daily average AOD values (0.09–0.36) (Figure 6b), while the AE shows an opposite trend. The extinction of incoming solar radiation at the visible and near-infrared wavelengths by dust particles could result in the rapid decrease of AE to small and even negative values [66]. The pronounced difference in AE values during dusty and non-dusty days could be clearly seen in Figure 6. The minimum value of AE occurred on the dusty day, with an average value of 0.43, much lower compared to 1.02 observed on non-dusty days; such low values reflect a high ratio of coarse aerosol particles to small aerosol particles. These results are in good agreement with the observations reported by many studies [2,21,67]. Yu et al. [21] found the averaged AOD and AE, respectively, around 1.2 and 0.44 for different dust episodes over Beijing during 2001–2014.




4.1.2. Aerosol Size Distribution (ASD)


Figure 7 shows daily average variations of ASD in the range 0.05–15 μm during dusty and non-dusty days. The ASD shows bimodal modes with peaks in the range of 0.5–10 μm for coarse and 0.05–0.5 μm for fine modes, respectively. The ASD on 11 April on non-dusty day, shows bimodal mode distribution with a relatively large fraction of fine mode particles. The sources of the fine aerosol particles during non-storm periods are normally the anthropogenic emissions (automobiles and industrial emissions) [17,18]. Whereas, the fine mode was found to shift toward the coarser particles during the outbreak of dust episode. Fractions of coarse mode particles were found to enhance with AOD, due to the dust storm event mainly from the dominance of mineral dust particles. This is consistent with the PM2.5 and PM10 variation during the dust storm event in Beijing (Figure 1), where PM10 shows a pronounced increase. The maximum peak of ASD (dV/dlnR, μm3/μm2) in coarse mode on the dusty day (red line) was observed to be 0.457 at a radius 2.2 μm. However, the maxima peak of ASD prior to and after dust storm was, respectively, 0.193 and 0.137 at the corresponding radius 0.26 and 5.06 μm, on 11 and 17 April 2015. Table 1 provides ASD retrieved from AERONET stations during dusty and non-dusty days.




4.1.3. Single Scattering Albedo (SSA)


SSA shows a distinct variation with wavelengths for different episodes, providing valuable insight into the scattering and absorption properties of aerosols. Figure 8 shows the daily variation of SSA at four wavelengths (440, 675, 870, and 1020 nm) during a dust storm event. Table 2 summarizes the SSA values during dust storm event. An increasing trend in SSA with higher wavelength was observed during the storm events (red line in Figure 8), showing that aerosol particles are predominantly scattering in nature, instead of absorbing particles [68]. In contrast, as the strong aerosol mixing for dust with anthropogenic aerosol derived from biomass burning and fossil fuel combustion, the SSA was enhanced with lower wavelength prior to and after the dust storm on 13 and 20 April 2015, that shows as a difference on dusty and non-dusty days. In addition, the total model SSA clearly shows enhancement during dusty days compared with non-dusty days. On 15 April 2015, SSA varies in the range 0.930 to 0.983 at the four wavelengths, with an average value of 0.966, much larger than those of 0.933, 0.922, 0.930, 0.909, and 0.915, respectively, on 13, 14, 16, 17, and 20 April. The increase in SSA, and decrease in AE and corresponding increase in AOD, support the presence of coarser scattering particles (mineral dust). For the higher wavelength (   λ ≥ 675   nm   ), SSA was found to be >0.97 during the dusty days, greater than the average of SSA during the dust storm events (0.89 on on 28 April 2005, 0.96 on 17 April 2006, and 0.92 on 20 March 2010) in an earlier study [2], and systematically lower values during non-dusty days reflect the presence of scattering and larger size particles.




4.1.4. Refractive Index (RI)


The real    n  ( λ )     and imaginary    k  ( λ )     parts of the RI are dependent on the chemical composition of aerosols. In the visible region, mineral dust typically shows    n  ( λ )     values 1.53 ± 0.05 and    k  ( λ )     less than 0.006 [69]. Higher    k  ( λ )     represents the absorbing type of aerosols, and higher    n  ( λ )     represents scattering type of aerosols [70]. Figure 9 shows daily variations of real and imaginary parts of RI during dust storm event. Table 3 clearly shows the distinction of RI during the dust and non-dusty days. The real    n  ( λ )     shows high values in the range 1.5–1.6, and the imaginary    k  ( λ )     part decreases rapidly for the dusty day compared with non-dusty days. The    k  ( λ )     was >0.004 for non-dusty days. With the occurrence of dust storm event, the    k  ( λ )     gradually decreased to less than 0.004, indicating the dominance of mineral dust aerosols attributed to the decrease in fraction of anthropogenic aerosols. In addition, during the dusty day, the    k  ( λ )     value at 440 nm wavelength was 2–4 times larger compared to those at higher wavelength, which is a characteristic of mineral dust compared to absorbing aerosols, and is in good agreement with the pattern in an earlier study [27,65,71]. Prasad et al. [27] found    k  ( λ )     values are less than 0.005 during dust events over the Indo-Gangetic (IG) plains, and decrease at higher wavelengths. On 11 June 2005, over the IG plains, due to dust storm events,    k  ( λ )     decrease from 0.003 at 440 nm wavelength, to 0.001 at 1020 nm wavelength. The pronounced changes in    n  ( λ )     and    k  ( λ )     characterize the dominance of mineral dust particles due to relatively low fraction of anthropogenic aerosols during the dusty day, which is also reflected by the distinct pattern of SSA (Figure 8).





4.2. Characteristics of Meteorological Parameters


4.2.1. CO Volume Mixing Ratio (COVMR)


The vertical profiles of COVMR (Figure 10) show an increase in COVMR values with the pressure levels. The maximum value of COVMR (146 ppbv) was observed at the pressure level, 925 hPa, and no data was available at the surface level (1000 hPa) on the dusty day. Due to strong winds during the dust storm event, favorable for the diffusion of trace gases, including CO and O3, the COVMR was observed to be lower at higher pressure levels (>400 hPa), compared to the days prior to and after the dust event. Prior to the dust storm, near-surface (925 hPa) COVMR was found to be over 150 ppbv, with the maximum value of 168 ppbv on 13 April 2015. After the dust storm, the COVMR value was found to be over 151 ppbv, with the maximum value of 168 ppbv on 18 April, while with onset of dust storm COVMR decreased to 146 ppbv. Dust storms are an energetic phenomenon, resulting in strong vertical motion and upward convective activities in their surrounding area. The characteristic of COVMR and its vertical distribution (low values at lower troposphere) is found to be consistent with rapid convective upward movements, which are typical for dust storm events, as reported in early studies [36,72].




4.2.2. O3 Volume Mixing Ratio (O3VMR)


The vertical profiles of O3VMR (Figure 11) show a decline with the increasing air pressure. During the dusty day, the maximum O3VMR was found to be 108 ppbv at 300 hPa pressure level, while the minimum was 49 ppbv at 925 hPa, and no data was available at the surface level (1000 hPa). The dust may be present near the surface; as a result, the signal is obscured, and the information is only available up the top of the dust layer. With the onset of the dust storm event, the O3VMR was obviously lower at the pressure levels 500–925 hPa, which may be due to the strong winds. The daily average of O3VMR at near surface (925 hPa) during the dusty day was found to be 49 ppbv, lower than values 52–56 ppbv observed during the non-dusty periods.



Strong winds and low temperatures have been considered to be the main factors that result in O3VMR declines during dust storm events. Low temperatures weaken the photochemical reaction, showing less O3 production. The adsorption of O3 by dust aerosols may also be responsible for the decrease in O3 concentrations [73]. In addition, dust storm events could reduce the concentration of O3 by means of the reaction (1), and reduce the concentration of NOx, which is the O3 precursor, through heterogeneous reactions [74].


    O 3  + X  ( i )   →   H 2  O    O 3   ( i )    



(1)








4.2.3. Relative Humidity (RH)


Figure 12 shows vertical profiles of RH, and a decrease in the RH with the increasing air pressure was observed during the dusty day at pressure levels 700–925 hPa. With the onset of the dust storm event, the RH was obviously lower (0.25) at the surface level (925 hPa) during the dusty day, compared to 0.47 to 0.77 observed prior to and after the dust storm. This represents lowering of moisture content due to onset of the dust storm, and likely could be due to arrival of dust aerosol air mass from deserts in Inner Mongolia and Mongolia, and dust aerosol contains more hygroscopic chemical components during the dust storm [75].




4.2.4. H2O Mass Mixing Ratio (H2OMMR)


The vertical profiles of H2OMMR during dust storm event are shown in Figure 13. Presence of dust aerosols play an important role in radiative heating at short wavelengths, and cooling at long wavelengths, which in turn, influence the thermodynamics and temperature profile in the atmosphere [76]. The change of temperature profile will cause the change of water vapor profile in the atmosphere. The H2OMMR increased during the dust episode at higher atmospheric pressure. An enhancement in the H2OMMR was observed during the dusty day at pressure levels 500–700 hPa. The H2OMMR reached a value of 1.97 g/kg at 600 hPa pressure level during the dusty day, in contrast a lower value (<0.71 g/kg) at the same pressure level prior to and after the dust storm. The near surface (925 hPa) H2OMMR during the dust storm day was about 3.45 g/kg. On the contrary, the H2OMMR value reached to the maximum value of 3.09 g/kg during the non-dusty days. The possible source of water vapor at corresponding pressure levels could be due to advection of ground surface moisture during the dust storm event.






5. Conclusions


In this paper, we have used ground-based AERONET and satellite data (MODIS, AIRS, and CALIOP), and have analyzed the characteristics of aerosol and meteorological parameters during the dust event (15 April 2015) over Beijing, China, which is the worst dust storm event in the last one decade. With the onset of the dust storm event, PM10 and PM2.5 show pronounced increases greater than 1000 and 280 μg/m3, respectively, in Beijing. The back trajectory clearly shows the source of dust particles over Beijing originated from the Inner Mongolia, the border of China and Mongolia regions. Along the dust track (Ulanqab city and Zhangjiakou city), pronounced changes in aerosol and meteorological parameters were observed. With CALIOP total attenuated backscatter and depolarization ratio, airborne dusts are clearly observed over Mongolia regions.



When the dust storm occurs, AOD rapidly increased, while AE shows an opposite trend with the presence of larger fraction of coarser particles. The results show dominance of coarse particles in bimodal distribution of ASD during the dusty day. The SSA shows higher values (>0.93) with higher wavelengths during the dusty day compared to the days prior to and after the dust event, showing the typical nature of desert dust and scattering particles. During the dust storm episode, the real    n  ( λ )     of the RI shows high values in the range 1.5–1.6, and imaginary    k  ( λ )     is found to decrease (<0.004), showing the dominance of mineral dust aerosols attributed to the relatively low fraction of anthropogenic aerosols. Various aerosol parameters (AOD, AE, ASD, SSA, and RI) during the dust storm event support the presence of desert mineral dust.



During the dusty day, the value of COVMR increases with the increasing air pressure, and it is obviously lower at the pressure levels above 400 hPa, particularly at the surface level, which may be due to strong winds. Meanwhile, the O3VMR values decrease with the increasing air pressure. With the dust storm, the O3VMR is obviously lower at the pressure levels 500–925 hPa. Strong winds and low temperature have been considered to be the main contributors that reduce the O3VMR values during the dust storm event. Specifically, the dust storm event reduces the concentration of NOx, which is the O3 precursor through heterogeneous reactions. The value of H2OMMR shows a prominent increase at the pressure levels 500–700 hPa. A decrease in the RH is observed during the dusty day at pressure levels between 700 and 925 hPa, due to the dust aerosols from desert regions, absorbing moisture content. From Figure 10, Figure 11, Figure 12 and Figure 13, it is clear that on the dusty day, AIRS fails to measure CO volume, O3 volume, and H2O mass mixing ratio and RH at surface level (1000 hPa), whereas on non-dusty days, AIRS is sensitive to these parameters.



Previous dust studies in Beijing mainly focus on the changes of a few parameters with limited data, without any information about the vertical distributions of atmospheric and meteorological parameters. For the first time, we have made efforts to integrate ground and multisatellite data to study obvious changes in the atmospheric parameters (such as aerosol optical properties and meteorological parameters) at the surface and at different pressure levels during a severe dust storm, which need to be further investigated, in detail, accounting for all other dust storms. An extensive database of aerosol and meteorological parameters from ground and satellite data during dust storm events will be of great help to quantitative evaluation of its effect on the regional weather and climate and changes in atmospheric and meteorological parameters. The present results will be of great use to the modelling community to refine air quality models [77], and to compute radiative budget [78] during dust events, which are frequently observed in Beijing and surrounding areas. The ground-based active remote sensing, such as lidars and ceilometers, have been proven to be powerful tools for monitoring the vertical distribution of atmospheric aerosols with high temporal resolution [79,80,81,82]. The vertical extent of the dust layer together with the profiles of meteorological parameters will be more helpful for air quality monitoring and analysis.
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Figure 1. Hourly variations of PM2.5, PM10, CO, and O3 concentrations in Dongsi station, Beijing during the dust storm event. 
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Figure 2. HYSPLIT 2 days back trajectory of air masses (dots) at three heights arriving at Beijing at 17:00 h on 15 April 2015 (local standard time), the yellow line represents the portion of CALIPSO orbit track on 14 April 2015 (UTC), the orange and pink box, respectively, represents the dust track passing through the city of Ulanqab and Zhangjiakou. 
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Figure 3. MODIS, AOD, and AE in the two boxes located in the city of Ulanqab and Zhangjiakou. 
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Figure 4. Hourly variations of PM2.5, PM10, and CO concentrations in the city of Ulanqab (a) and Zhangjiakou (b) on 15 April 2015 (local standard time). 
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Figure 5. Total attenuated backscatter and depolarization ratio at 532 nm wavelength in the range of (20.00°N, 94.69°E)~(68.00°N, 115.88°E) on 14 April 2015 (UTC). The horizontal coordinate represents the latitude and longitude, the vertical coordinate represents the altitude. The letter “D” designates the dust layer. (a) Total attenuated backscatter, and the blue to white color bar represents the value of the total backscatter at 532 nm wavelength; (b) Depolarization ratio and the black to white color bar represent the value of the depolarization ratio at 532 nm wavelength. 
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Figure 6. Diurnal (a) and daily (b) variations of AERONET AOD675 and Ångström exponent during dusty and non-dusty days. The red column represents AOD675, and the blue dot refers to Ångström exponent. 
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Figure 7. Variation of aerosol size distributions during dusty and non-dusty days. 
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Figure 8. Variations of total mode single scattering albedo during dust storm event. 
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Figure 9. Variations of real (a) and imaginary (b) parts of refractive index during dusty and non-dusty days. 
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Figure 10. CO volume mixing ratio (COVMR) during dusty and non-dusty days. The red line represents profile during the dusty day. 
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Figure 11. O3 volume mixing ratio on dusty day and non-dusty days. The red line represents vertical profile on dusty day. 
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Figure 12. Relative humidity during dusty and non-dusty days. The red line represents profile during the dusty day. 
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Figure 13. H2O mass mixing ratio during dusty and non-dusty days. The red line represents profile during the dusty day. 
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Table 1. Daily average variations of aerosol size distribution (dV/dlnR (μm3/μm2)) during dusty and non-dusty days.
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	Radius (μm)
	11 April 2015
	13 April 2015
	14 April 2015
	15 April 2015
	16 April 2015
	17 April 2015
	20 April 2015





	0.050
	0.005
	0.001
	0.001
	0.004
	0.000
	0.002
	0.001



	0.066
	0.013
	0.007
	0.006
	0.014
	0.001
	0.010
	0.007



	0.086
	0.029
	0.019
	0.015
	0.030
	0.003
	0.023
	0.022



	0.113
	0.054
	0.036
	0.024
	0.037
	0.005
	0.029
	0.041



	0.148
	0.091
	0.054
	0.025
	0.034
	0.006
	0.023
	0.049



	0.194
	0.142
	0.063
	0.020
	0.029
	0.004
	0.014
	0.037



	0.255
	0.193
	0.048
	0.013
	0.027
	0.002
	0.008
	0.019



	0.335
	0.184
	0.024
	0.008
	0.028
	0.001
	0.006
	0.009



	0.439
	0.113
	0.013
	0.007
	0.031
	0.002
	0.006
	0.006



	0.576
	0.058
	0.011
	0.009
	0.036
	0.003
	0.010
	0.007



	0.756
	0.035
	0.015
	0.013
	0.052
	0.007
	0.022
	0.012



	0.992
	0.029
	0.023
	0.021
	0.104
	0.012
	0.041
	0.021



	1.302
	0.030
	0.030
	0.030
	0.232
	0.015
	0.051
	0.031



	1.708
	0.036
	0.028
	0.032
	0.401
	0.016
	0.052
	0.038



	2.241
	0.042
	0.025
	0.032
	0.457
	0.019
	0.059
	0.048



	2.940
	0.042
	0.028
	0.037
	0.366
	0.027
	0.084
	0.072



	3.857
	0.034
	0.032
	0.045
	0.221
	0.041
	0.127
	0.108



	5.061
	0.025
	0.026
	0.043
	0.106
	0.050
	0.137
	0.114



	6.641
	0.017
	0.014
	0.027
	0.043
	0.039
	0.084
	0.067



	8.713
	0.011
	0.006
	0.011
	0.015
	0.015
	0.029
	0.024



	11.432
	0.007
	0.003
	0.003
	0.005
	0.003
	0.006
	0.006



	15.000
	0.005
	0.001
	0.001
	0.002
	0.000
	0.001
	0.001
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Table 2. Total mode single scattering albedo during dusty day and non-dusty days.
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Days

	
SSA (Total) at Wavelength (nm)




	
440

	
675

	
870

	
1020






	
13 April 2015

	
0.940

	
0.934

	
0.930

	
0.927




	
14 April 2015

	
0.907

	
0.924

	
0.928

	
0.930




	
15 April 2015

	
0.930

	
0.972

	
0.980

	
0.983




	
16 April 2015

	
0.936

	
0.927

	
0.929

	
0.927




	
17 April 2015

	
0.876

	
0.911

	
0.922

	
0.929




	
20 April 2015

	
0.918

	
0.915

	
0.914

	
0.913
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Table 3. Refractive index during dusty and non-dusty days.
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Days

	
RI (Real) at Wavelength (nm)

	
RI (Imaginary) at Wavelength (nm)




	
440

	
675

	
870

	
1020

	
440

	
675

	
870

	
1020






	
11 April 2015

	
1.454

	
1.459

	
1.462

	
1.459

	
0.003

	
0.003

	
0.002

	
0.002




	
13 April 2015

	
1.483

	
1.483

	
1.484

	
1.476

	
0.008

	
0.007

	
0.006

	
0.006




	
14 April 2015

	
1.513

	
1.521

	
1.531

	
1.524

	
0.010

	
0.006

	
0.005

	
0.005




	
15 April 2015

	
1.547

	
1.559

	
1.552

	
1.546

	
0.003

	
0.001

	
0.001

	
0.001




	
16 April 2015

	
1.548

	
1.550

	
1.566

	
1.568

	
0.003

	
0.003

	
0.004

	
0.004




	
17 April 2015

	
1.567

	
1.574

	
1.594

	
1.588

	
0.009

	
0.005

	
0.004

	
0.004




	
20 April 2015

	
1.530

	
1.543

	
1.558

	
1.555

	
0.008

	
0.006

	
0.006

	
0.005












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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