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Abstract

:

In January 2016, a measurement campaign was carried out by the China Meteorological Administration, the Beijing Research Institute of Telemetry, and the Physics Department of the University of Naples “Federico II” in the Yulong Naxi Autonomous County (China) at 3200 m above sea level to evaluate the air quality in the high mountains with the lidar technique. Here we report on an interesting event that occurred on 16 January between 12.00 and 00.00 UTC, when a striking aerosol stratification was observed on the site. Aerosol transport events are studied starting from lidar characterization of different aerosol masses. From lidar signals at 355 and 532 nm, integrated on 30 min, the aerosol characterization is done in terms of aerosol depolarization ratio with a spatial resolution of 60 m and color ratio; these parameters allow for highlighting a phenomenon of aerosol transport from the Tibetan plateau planetary boundary layer and from northern India. The initial layer is composed of a mixture of aerosols characterized by average values of the aerosol depolarization ratio and the color ratio of (30 ± 2)% and (0.9 ± 0.2), respectively, indicating a large non-spherical aerosol composition. Then, the deposition of this aerosol load ensues, and aerosols with such features are progressively observed at lower altitudes.
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1. Introduction


Atmospheric aerosol particles play an important role in many atmospheric processes impacting air quality, human activity, and life [1,2]. The presence of atmospheric aerosols can produce a direct alteration of Earth’s radiation balance, scattering and absorbing particles for the incident sunlight rays; moreover, aerosols also produce an indirect effect, modifying the radiative and microphysical properties of clouds, depending on their amount and properties. For these reasons, the characterization of spatial and temporal variation of aerosol properties is critical for quantifying their impact on climate and air quality and for reducing uncertainties in the knowledge of atmospheric processes and the radiation balance of Earth.



Most atmospheric aerosols are confined within the planetary boundary layer (PBL) [3]. Nevertheless, aerosol masses can also reach higher altitudes, in the troposphere and even the stratosphere [4,5,6], as a consequence of convective motions or extraordinary aerosol input events, such as volcanic eruptions, dust outbreaks, wildfires, and so forth. The limited aerosol deposition occurring in these atmospheric layers, especially in the stratosphere, leads to a long residence time of the aerosol particles. Therefore, both tropospheric and stratospheric aerosols can be characterized by more defined features and provide a significant contribution to long and medium-range transport phenomena [7].



High-altitude mountain observation provides an excellent way to study aerosol transport. The atmospheric environment in mountain areas is substantially different from that in flatter regions due to their typical lower average temperature, more intense solar radiation, and higher relative humidity [8]. Moreover, measurements carried out at high-altitude observational sites offer the possibility of continuous and cheaper investigations compared to those involving balloons or airborne systems [9]. Thanks to characteristic atmospheric stability, aerosol observation in the high mountains can be used for various purposes, e.g., the characterization of important trace gases, such as carbon monoxide [10] and primary and secondary carbonaceous aerosols [11,12], calibration of instruments, as well as aerosol long-range transport analysis [13]. In addition, high-altitude stations not only allow characterizing the aerosol background features of specific regions but also offer the possibility to gain information on exceptional transport events, as illustrated in [14], which reports 22 months of statistics of photometric data collection at the Central Tibetan Plateau. Here, we report an interesting observation that occurred in January 2016, during a monthly campaign aiming at studying atmospheric aerosol at high altitudes. This campaign was carried out in the Chinese province of Yunnan in the frame of a scientific collaboration between the China Meteorological Administration (CMA), the Beijing Research Institute of Telemetry (BRIT), and the Physics Department of the University of Naples Federico II. A ground-based station was set up on the Yulong Naxi Autonomous County plateau, located at an altitude of ≈3200 m above sea level (ASL). Among others, the purpose of the measurement campaign was the real-time monitoring of atmospheric aerosol vertical variability and optical properties by means of remote sensing lidar (light detection and ranging) techniques. During the first week of the measurement campaign, a long aerosol transport event was observed on the evening of 16 January. Various aerosol layers persisting throughout a night of acquisition, between 20.00 and 08.00 local time (LT), corresponding to UTC + 8, were observed and will be illustrated hereafter. The lidar measurements were carried out by using a multi-wavelength lidar system, and aerosol lidar echoes at two wavelengths were registered to characterize the optical features of the aerosol transported above the measurement area. In particular, the color ratio (CR) and aerosol depolarization ratio (δa) were exploited; furthermore, atmospheric aerosol air masses back-trajectories were calculated using the Air Resources Laboratory’s HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) [15] model provided by NOAA, gaining information on the possible sources contributing to the aerosols transported at the observational site. HYSPLIT is one of the most complete models for aerosol atmospheric transport and dispersion. In the model, the pollutant air transport and concentrations are based on a hybrid approach between the Lagrangian and the Eulerian methodology [16,17].




2. Materials and Methods


2.1. Data Campaign and Site Description


The measurement campaign took place from 15 to 30 January 2016 at the CMA radio-sounding station (26°43′40.3″N 100°02′34.7″E) located at ≈3200 m ASL in the mountains of Yulong Naxi Autonomous County in the state of Yunnan, in western China (see Figure 1). The county is located at an average height of 4000 m and presents mountains and plateaus. It extends in the southwest of the Yunnan province at an aerial distance of about 140 km from the borders with Myanmar and acts as a preamble to the Tibetan Plateau. The observational site is located at the end of the main natural geographical corridor created by the presence of the Himalayan chain to the north, and the highlands of the northern regions of India, to the south. This corridor represents one of the main entrances for the introduction of atmospheric aerosols in the internal regions of China. Aerosols originating beyond the Pacific Ocean and transported for more than one complete tour around the world can reach this region through long-range transport phenomena, as indicated by aerosol satellite observations [18]. Given its strategic position, the site provides an excellent location for monitoring long-travel aerosol masses in the free troposphere. Most of the days of the measurement campaign were dominated by dense clouds and snow, which degraded the lidar signal. Interestingly in the early days of measurement, from the evening of 16 January, aerosol stratification was observed in the atmosphere at lower altitudes which persisted throughout the night and over the following days. Hereafter, we will illustrate and characterize the aerosol evolution occurring between 12.00 and 00.00 UTC on 16 January.




2.2. Experimental Setup


The characterization of the atmospheric aerosol particles was obtained through vertical lidar measurements carried out using the AMPLE (Aerosol Multiwavelength Polarization Lidar Experiment) system. This lidar was designed and developed by the China-Italy Laser Remote Sensing Joint Research Center within a cooperation agreement between CNISM (National Inter-university Consortium for the Physical Sciences of Matter (Rome, Italy)) and BRIT (Beijing Research Institute for Telemetry (Beijing, China)).



AMPLE is a mobile and multi-wavelength lidar system with scanning capabilities. At the observational site, the temperature varied from −15 °C to +25 °C (night/day); hence the AMPLE system was located in a thermal stabilizer allowing only vertical measurements. The AMPLE transmitter is based on a high repetition rate (1 kHz) laser source that allows the measurements of thick aerosol layers [19,20]. The lidar is based on a diode-pumped Nd:YAG laser doubled and tripled in frequency with an average optical power of 1 W, 1.5 W, and 0.6 W at 1064 nm, 532 nm, and 355 nm, respectively. The receiver system is based on a Cassegrain telescope in Dall–Kirkham configuration, with an elliptical primary mirror (Ø 250 mm) and a spherical secondary one, with a total focal length of 1125 mm. A detailed description of the lidar system was reported earlier [19,21,22]. Briefly, the optical parameters of the atmospheric aerosols were characterized by registering elastic lidar returns at 532 nm and 355 nm; in particular, we retrieved the backscattering profiles at 532 nm and 355 nm and the depolarization ratio at 532 nm. Data were collected with raw spatial and temporal resolutions of 15 m and 60 s, respectively. To improve the signal-to-noise ratio, the data were integrated over 30 min. Hence, the final optical products have typical spatial and temporal resolutions of 60 m and 30 min, respectively.



The backscattering coefficients, β, were retrieved using the Klett–Fernald [23,24] algorithm considering typical lidar ratios of 50 sr [25,26] and 100 sr for coarse and fine particles [27,28], respectively, related to the main Tibetan Plateau aerosols and to the black carbon-based aerosols as determined from the air masses back trajectories studies. A Monte Carlo method was used to evaluate the errors on backscattering coefficients as treated in [29]. Typical uncertainties in the backscattering coefficient final values are of the order of 20–40% at 2.7 km altitude. The β profiles were used for the estimation of the CR, expressed by:


   CR =    log    β  355      / β    532       log    532 / 355       



(1)







Mean values of the CR were calculated in the various intervals identified by two subsequent local minima in the Range Corrected Signal (RCS) profiles (not shown) that contained the structure. Then, it was used to study the dependence of β with the wavelength and to gain information on the dimension of the prevalent aerosol type [30,31].



Vertical profiles of the aerosol depolarization ratio δa obtained by the inversion of the polarized backscattered light component at 532 nm [32] were also used to distinguish spherical/non-spherical particles in the sounded atmosphere. Uncertainty of the measured parameter, based on the error propagation procedure already described in [33], resulted in the order of 13–49% at 2.7 km of altitude.





3. Results


Figure 2 reports a color map of the temporal series of the lidar RCS at 532 nm registered on the evening of 16 January between 12.00 and 00.00 UTC. The signal shows a clear aerosol stratification up to 4000 m AGL. The different aerosol layers are more clearly distinguished in Figure 3, which is a map illustrating the time variability of the aerosol depolarization ratio. From 12.00 to 13.00 UTC, a dense layer extends up to ≈2000 m AGL. In the following hours, from 13.00 to 17.00 UTC, the maps of Figure 2 and Figure 3 highlight various layers at different altitudes that evolve as a function of time.



In an attempt to gain more information on the aerosol forming the various layers, we resort to the spatial profiles of β and δa at two exemplificative times, namely 13.00 and 16.00. These profiles are displayed in Figure 4. For the sake of comparison, profiles of β and δa registered at the end of the aerosol transport event, when a gradual return to background conditions of the observational site takes place, namely on the evening of 18 January at 21.00, are reported.



We illustrate first the profiles registered at 13.00 UTC. The lidar RCS shows three stratifications, not completely spatially resolved. From the backscattering and aerosol depolarization ratio profiles in Figure 4 (black squares), it is possible to identify three clear stratifications with backscattering maximum values located at ≈1000 m, ≈1900 m, and ≈2500 m AGL, respectively. As for the situation observed at 16.00 UTC, 2 main layers peaking at ≈2900 m and ≈1500 m are observed in the backscattering (a) and aerosol depolarization ratio (b) profiles in Figure 4 (red triangles). Moreover, a third tiny aerosol layer can be recognized at a higher altitude of ≈3800 m.



The characteristic mean values of δa and CR for the aerosol layers discussed above are summarized in Table 1. The smaller CR values registered at 13.00 UTC suggest the presence of relatively large particles in all the layers. The corresponding average values of δa are (8 ± 5)%, (14 ± 2)%, and (30 ± 2)%, respectively. These values point to a prevalence of non-spherical aerosol particles, especially in the upper layer. At 16.00 UTC, the average depolarization ratio values of (19 ± 3)% and (12 ± 2)% reported in Table 1 for the higher and lower layers, respectively, are suggestive of a less spherical particulate matter for the layer located at higher altitude.




4. Discussion


In order to identify the possible sources of the aerosols observed, air masses back trajectories were calculated for each of the time intervals, at the average heights of the aerosol layers, over a time period of 240 h prior to their arrival at the measurement site.



As regards the event at 13.00 UTC at ≈1000 m, ≈1900 m, and ≈2500 m AGL, the results are reported in Figure 5.



As for the back trajectories reaching 1900 m AGL, displayed in panel b of Figure 5, one can observe that the aerosol layer comes from the ground level (black line) of the border areas between Myanmar and the regions of Assam and Nagaland in northern India. These regions are renowned for being among the most polluted areas in the world and are characterized by poor air quality [34,35], mainly caused by high rates of black carbon (BC).



Instead, the back trajectory shown in Figure 5c suggests that the aerosol layer located at ≈2500 m AGL has a different provenance. At the beginning of its temporal evolution, it originates at a rather high altitude. Then, it overpasses the Tibetan Plateau (TP) at the height of about 3000 m from the ground, entering the planetary boundary layer (PBL). In fact, many studies dedicated to the uniqueness of the TP PBL height and more recent reports show even more clearly how, during the winter season, the PBL is much deeper than expected and extends for more than 5000 m AGL (9400 m ASL) [36], therefore, well above the altitude of the trajectory passage. The passage inside the PBL of the TP involves a probable additional transport of its typical aerosol, such as ice, organic carbon [37], as well as dust from the close Taklimakan desert [38]. Successively, the air mass progressively lowers towards the ground level, passing in the same areas crossed by the other layer located at 1900 m AGL, before arriving at the observation site. A similar back trajectory characterizes the lower layer located at ≈1000 m (see Figure 5a).



Therefore, one should expect that the types of aerosols observed in the three layers at 13.00 UTC are characterized by a broad size spectrum, going from a few hundred nm of the BC [39] to several hundred μm of desert dust [40].



The back trajectories corresponding to the two lower layers at ≈1500 and ≈2900 m AGL are reported in Figure 6. They suggest that the air masses remain at a very high altitude along the entire route to the observational site. Therefore, the layers evidenced by the lidar signals can be reliably ascribed to previous aerosol arrivals.



Even if an exact identification of the aerosol type is hindered by the mix of particles originating from different sources, the observed values of δa and CR (Table 1) result in fairly good agreement with those reported in [41], where the TP aerosol was characterized using the CALIOP satellite lidar data, finding average values of 21% for δa and 0.83 for CR.On the other hand, the CR values at 16.00 UTC suggest a greater diversification between the two layers. This can be ascribed to a gradual descent towards lower heights of the coarser aerosol particles, as expected in a fallout phenomenon. Some studies indicate CR values of large particles in the range of 0.6–1.2 [42]; moreover, a higher CR is expected considering aerosol aging and an increase in the coarser size fraction during the long-range transport of polluted aerosol. Moreover, the lower layer has an aerosol depolarization ratio comparable, within the uncertainty, with that found at 13.00 UTC at similar altitudes, thus reinforcing the idea of deposition coming from the same aerosol event.



The progressive deposition of the aerosol without further feeding by new aerosol particles arriving at the observation site progressively brings the atmospheric condition towards its typical, cleaner situation exemplified by the profiles registered on 18 January and reported as green circles in Figure 4, for the sake of comparison.



Finally, we discuss the faint trace recognized at 16.00 UTC around ≈3800 m in Figure 2 and Figure 3. The backscattering data in the interval 3390–3990 m leads to an average CR value of (3.1 ± 0.5) that can be associated with a particulate finer than the previous ones. Unfortunately, the height of this layer, combined with the small number of particles, leads to a depolarization ratio signal characterized by a high level of uncertainties (10 ± 17)%, which does not allow the gaining of further information. However, the corresponding back trajectory (Figure 7) highlights an air mass arriving at 3800 m which is completely derived from the ground level (black line) of Uttar Pradesh and, in particular, from the Assam region, touching the regions on the banks of the Brahmaputra several times. As previously mentioned, this area is highly polluted, and the city of Guwahati (highlighted by a yellow-black asterisk in Figure 6) is one of the most polluted Indian cities and is often the subject of study due to the high rate of black carbon emission into the atmosphere [35,43].




5. Conclusions


In summary, we reported on an interesting observation of different aerosol layers in the high mountains (3200 m) during the measurement campaign at the Chinese plateau of Yulong Naxi Autonomous County. The aerosol transport event was analyzed by exploiting a multi-wavelength lidar system that allowed evidencing different types of atmospheric aerosols by means of the color ratio and aerosol depolarization ratio. The analysis of the back trajectories allowed highlighting that the atmospheric aerosols come from two different sites: northern India and PBL of the Tibetan Plateau. Studies in the literature characterize the Tibetan Plateau aerosol as coarse and non-spherical due mainly to the sands of Taklimakan and ice crystals. On the other hand, northern India, particularly the area around the city of Guwahati, is renowned for poor air quality, mainly due to black carbon emissions. The experimental findings on the aerosol features provided by lidar measurements are coherent with this scenario.



The observed phenomenon provides an interesting example of the possibilities offered by aerosol studies carried out in high mountains, and specifically in a region of growing interest, due to its proximity to glaciers and their erosion due to pollutants, where the presence of monitoring stations is still limited, and very few of them are equipped with a lidar system.
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Figure 1. The left panel reports a geographical map of the region showing the position (red star) of the observational site location. The right panel shows a picture of the instrumentation; the red arrow in the picture indicates the position of the AMPLE lidar during the measurement campaign. On the bottom is the AMPLE system. 
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Figure 2. Time series of the lidar RCS measured at 532 nm from 12.00 to 00.00 UTC on 16 January 2016. Times are shown in UTC. 
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Figure 3. Time series of the aerosol depolarization ratio retrieved at 532 nm, from 12.00 to 00.00UTC on 16 January 2016. Times are shown in UTC. 
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Figure 4. 532 nm backscattering profile (a) and aerosol depolarization ratio (b) at 13.00 (black squares) and 16.00 (red triangles) on 16 January 2016. The profiles registered at 21.00 (green circles) on 18 January, showing the gradual end of the recorded event with an integration time of 30 min and a spatial resolution of 60 m. Error bars are shown at representative quotes indicating the corresponding uncertainty on the measured quantity. 
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Figure 5. Back trajectories (red lines) calculated over 240 h prior to their arrival at the measurement site at 13.00 on 16 January for the following 3 altitudes: (a) 1000 m AGL (3396 above sea level–ASL); (b) 1900 m AGL (4319 ASL); (c) 2500 m AGL (4919 m ASL). The black line indicates the height of the ground-level ASL. 
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Figure 6. Back trajectories calculated over 240 h with arrival at the measurement site at 16.00 on 16 January at the following altitudes of 1500 (red lines) and 2900 (blue lines) m above ground level–AGL. 
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Figure 7. Back trajectories (red line) calculated over 240 h with arrival at the measurement site at 16.00 on 16 January at 3800 m AGL (6219 m ASL). The black line indicates the height of the ground. The black-yellow star shows the position of Guwahati city. 
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Table 1. Values of the color ratio (CR) at 355/532 nm and the aerosol depolarization ratio (δa) calculated in the affected layers at 13.00 and 16.00 UTC.
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	Layer (m) @13.00 UTC
	CR
	δa (%)
	Layer (m) @16.00 UTC
	CR
	δa (%)





	1000–1400
	0.6 ± 0.1
	8 ± 5
	1000–2340
	0.9 ± 0.1
	12 ± 2



	1400–2190
	0.8 ± 0.1
	14 ± 2
	2340–3390
	1.6 ± 0.2
	19 ± 3



	2190–3030
	0.9 ± 0.2
	30 ± 2
	–
	–
	–
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