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Abstract

:

East Asia is the most complex region in the world for aerosol studies, as it encounters a lot of varieties of aerosols, and aerosol classification can be a challenge in this region. In the present study, we focused on the relationship between aerosol types and aerosol optical properties. We analyzed the long-term (2005–2012) data of vertical profiles of aerosol extinction coefficients, lidar ratio (Sp), and other aerosol optical properties obtained from a NASA Micro-Pulse Lidar Network and Aerosol Robotic Network site in northern Taiwan, which frequently receives Asian continental outflows. Based on aerosol extinction vertical profiles, the profiles were classified into two types: type 1 (single-layer structure) and type 2 (two-layer structure). Fall season (October–November) was the prevailing season for the Type 1, whereas type 2 mainly happened in spring (March–April). In type 1, air masses normally originated from three regional sectors, i.e., Asia continental (AC), Pacific Ocean (PO), and Southeast Asia (SA). The mean Sp values were 39 ± 17 sr, 30 ± 12 sr, and 38 ± 18 sr for the AC, PO, and SA sectors, respectively. The Sp results suggested that aerosols from the AC sector contained dust and anthropogenic particles, and aerosols from the PO sector were most likely sea salts. We further combined the EPA dust event database and backward trajectory analysis for type 2. Results showed that Sp was 41 ± 14 sr and 53 ± 21 sr for dust storm and biomass-burning events, respectively. The Sp for biomass-burning events in type 2 showed two peaks patterns. The first peak occurred within range of 30–50 sr corresponding to urban pollutant, and the second peak occurred within range of 60–80 sr in relation to biomass burning. Finally, our study summarized the Sp values for four major aerosol types over northern Taiwan, viz., urban (42 ± 18 sr), dust (34 ± 6 sr), biomass-burning (69 ± 12 sr), and oceanic (30 ± 12 sr). Our findings provide useful references for aerosol classification and air pollution identification over the western North Pacific.
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1. Introduction


Atmospheric aerosols play a crucial role in governing the regional-to-global climate change. They influence the Earth-atmosphere energy budget directly by absorbing and scattering incoming (shortwave) and outgoing terrestrial (longwave) radiation ([1]) and indirectly by modifying cloud microphysical properties ([2]). However, uncertainties in their compositions, characteristics, size distributions, concentrations, and vertical distributions throughout the atmospheric column make the exact quantification of their overall impact challenging. Several types of aerosols originate from different sources, and their physical, chemical, and optical characteristics also vary significantly ([3]). Such variations lead to large uncertainties in aerosol radiative forcing estimations. Information about vertical distributions of aerosols and their optical properties is of prime importance and crucial for quantifying the accurate radiative forcing ([4,5,6]). However, vertical aerosol distributions are unevenly distributed over the globe ([7,8,9,10,11]). Due to wide spatial and temporal variability, the understanding of the vertical structure of aerosols is still very limited [8].



The knowledge on vertical distributions—mostly gained worldwide—was from in-situ probing using rocket and balloon-borne instrumentations (e.g., [12,13]), ground-based lidar (light detection and ranging) measurements (e.g., [14,15,16,17,18,19,20,21,22,23]), and satellite remote-sensing ([24,25]). In-situ measurements on airplanes are sparse and passive remote-sensing only provides a coarse estimation of vertical aerosol distribution. However, lidar (an active remote-sensing instrument) is the most prominent tool for aerosol profiling in terms of the optical properties of aerosols ([26]). Lidar was used to characterize the vertical profiles during several field experiments, such as FIRE (First ISCCP Regional Experiment; [27]), INDOEX (Indian Ocean Experiment; [28,29]), SAFARI-2000 (Southern African Regional Science Initiative; [30]), ACE-2 (Aerosol Characterization Experiment; [31]); BASE-ASIA (Biomass-Burning Aerosols in South-East Asia: Smoke Impact Assessment; cf. http://smartlabs.gsfc.nasa.gov/; [32]), and 7-SEAS (Seven South East Asian Studies; [33]). Moreover, the variations of vertical profiles on the regional scale, such as in major cities, e.g., Los Angeles, Paris, Tokyo, and Hong Kong, have been extensively investigated by using lidar datasets ([22] and references therein).



In addition to sunphotometer (e.g., [34,35]) and passive satellite products (e.g., [36]), lidar measurements can also be used to classify different aerosol types (e.g., [37]). Measurements from depolarization lidars (ground and space-borne) can be used to separate between different aerosol types (e.g., [38,39]), and nowadays even for the calculation of aerosol number concentrations in the atmosphere ([26,40]). Among lidar measurements, lidar ratio (or extinction-to-backscatter ratio; Sp) particularly contains the information about aerosol types and provides insight into the size and absorption of aerosol particles. Sp generally depends on various factors, such as size, shape, and refractive index of aerosols (e.g., [19]) and relative humidity (RH). This can be computed as a function of wavelength of the laser light if the composition, shape, and size of aerosols are known ([40]). Spectral analyses of Sp combined with information from AERONET (Aerosol Robotic Network) inversion products serve to estimate aerosol type (e.g., [41]). Measurements of Sp combined with aerosol depolarization also serve for aerosol typing (e.g., [42,43,44,45]). Such information is also used in CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) satellite data to classify the aerosol type through the use of inversion and processing Sp. This aspect has been greatly useful for observation and modelling for the global distribution of aerosols.



In recent years, Asian pollution (e.g., haze) has attracted worldwide attention. Aerosols mainly from anthropogenic activities in East Asia are recognized as an important source of regional and global pollution ([29,46]). Moreover, depending on meteorological conditions, this pollution also affects the air quality over downwind areas through long-range transport. Some studies reported that the aerosol types in East Asia (i.e., Taiwan) were large and highly variable in seasonal trends, influenced by different aerosol delivery mechanisms, and also impacted the radiation and air quality ([47]). Long-range transport of anthropogenic emissions from mainland China, dust events from the desert regions of northern China and Mongolia, and biomass-burning from peninsular Southeast Asia significantly impact the air quality over northern Taiwan ([23,47,48]). Over the past several years, most of the air quality studies over northern Taiwan relied on sampling, ground telemetry equipment to monitor observations, and model simulations (e.g., [49,50,51,52,53]). However, those studies are not sufficient to enable one to understand the impacts of air pollutants with accuracy due to the lack of understanding of vertical pollutant distributions. In addition to monitoring the transmitted light reaching the height of the spatial structure of atmospheric pollutants, the novelty of surface telemetry tool technology is to overcome the lack of information on the vertical profile.



Therefore, this study quantitatively analyzed vertical aerosol distributions in the lower troposphere by examining the aerosol extinction profiles derived from MPL (micro-pulse lidar) measurements over a rural location in northern Taiwan. Long-term (2005–2012) data of vertical aerosol profiles and column-integrated aerosol optical properties from MPL and AERONET (Aerosol Robotic Network) observations, respectively, were derived and used in this study. The classifications of aerosol types were made on the basis of Sp value, vertical aerosol profiles, and columnar optical properties of aerosols. The Sp values for several major air pollutants that affect northern Taiwan were determined and further compared with previous studies, to identify the pollutant phase between Sp corresponding numerical relationships. The major issues studied in depth in the present study were (a) seasonal variation of optical properties and vertical distribution of aerosols; (b) single and two-layered structures of aerosols; (c) the typical Sp values associated with different aerosol types, particularly over northern Taiwan.




2. Methodology


2.1. Site Description


Aerosol observation data used in this current study were acquired at the National Central University (NCU), Taoyuan city (24.97°N, 121.18°E; 133 m above sea level, a.s.l.) in northern Taiwan. This site is located at the western edge of Taoyuan city, situated 50 km south of Taipei, the national capital of Taiwan, and serves as a rural site with no significant near-source emissions. The northern part of Taiwan belongs to subtropical climate zone. The site stays normally under the influence of south-westerly Asian monsoon in summer (June–August) and north-easterly monsoon in late autumn to winter (October–February). The weather over northern Taiwan is normally cloudy and humid during the summer, but relatively cloud-free and dry during the winter ([23]). Several studies have reported that northern Taiwan is positioned on the pathway of continental Asian outflow to the west Pacific during the pollution outbreaks ([54,55,56,57,58]).




2.2. Ground-Based Remote Sensing Observations


MPL is an effective instrument to provide both high vertical and temporal-resolution aerosol distribution, mainly based on the principle of elastic back-scattering of the emitted low-power high repeatability, eye-safe laser [59]. It consists of a solid crystal (ND: YLF, neodymium-doped yttrium lithium fluoride crystals) laser which emits radiation at 1064 nm wavelength and its second harmonic generation is at 527 nm wavelength (green light) with a pulse repetition rate of 2500 Hz. The receiver section consists of a telescope (Cassegrain-type) with a coaxial optical lens diameter of 20 cm, and the back scattered light detected by the telescope is made to fall on an avalanche photodiode (a semiconductor photomultiplier tube) to count the back scattered photons, and finally records the number of photons per second into the computer. Data are recorded in the format of a time resolution of 1 min, spatial resolution of 75 m. The NCU MPL system is a member of the NASA Micro-Pulse Lidar Network (MPLNET; http://mplnet.gsfc.nasa.gov; [60]) project. The instrument maintenance, calibration and data processing were following well to the MPLNET portal.



Direct-sun measurements of aerosol optical depth (AOD; τ) at different spectral wavelengths (440, 500, 675, 870, and 1020 nm), recorded by a Cimel sun–sky radiometer at EPA-NCU site, were obtained from AERONET (http://aeronet.gsfc.nasa.gov). A more in-depth description of AERONET data can be found elsewhere ([61]). In the present study, we used AERONET Level 2 and MPLNET beta level 2a data ([23]) for analysis and discussion. Measurements from co-located AERONET and MPLNET can provide accurate aerosol products such as the aerosol backscattering coefficient profile and lidar ratio (Sp) at 527 nm (hereafter all Sp calculated in this study refer to this wavelength). The Sp was obtained through the best agreement of AERONET Level 2 AOD and MPL vertically integrated AOD retrieved by Fernald’s method ([62]). This parameter contains the information of aerosol type in optical properties sense, which varied with the laser’s wavelength, aerosol particle size distribution, and composition (i.e., physicochemical properties of refractive index) significantly ([63,64]). It is noted that the data used in this study only represent clear-sky conditions.




2.3. Source Identification Through Back Trajectory Analysis


In order to identify the source origin of aerosol transport, 5-day back trajectory calculations were carried out using the Hybrid Single-Particle Lagrangian Integrated Trajectory Version 4 (HYSPLIT; Draxler and Rolph, 2003) model. HYSPLIT is an air parcel trajectory and dispersion model maintained by the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory and this model uses wind fields to trace air parcel transport through the atmosphere ([65,66]). In its backward mode, HYSPLIT integrates back in time the path of travel of an air parcel arriving at a receptor location defined by horizontal and vertical coordinates at a given time. Meteorological input data for the back-trajectory calculation were from the NCEP Global Data Assimilation System (GDAS) at 1° × 1° resolution.





3. Results


3.1. Long-Term Data Analysis of Aerosol Optical Properties


The long-term optical properties of aerosols at NCU station (EPA-NCU as the official name shown in AERONET and MPLNET) are shown in Figure 1. Figure 1a shows the monthly variations in AOD at 500 nm (τ500). The observed annual average τ500 was 0.41 ± 0.25 (range of 0.2–1). High values (greater than annual average) of τ500 were observed from February to May, and low values (less than or equal to annual average) during the remaining months. The standard deviation of τ500 was about 0.2 to 0.3, indicating a clue on the high variability of columnar aerosol loading. High τ500 values were found to be similar to the nearby AERONET station (i.e., Taipei_CWB; 25°N, 121°E; 26 m a.s.l.; ≈25 km northeast of EPA-NCU site) in Taipei city, and low values of τ500 were similar to a high-altitude background AERONET site at mountain Lulin (23.51°N, 120.92°E; 2862 m a.s.l.; ≈100 km southeast of EPA-NCU) in central Taiwan. This indicates relatively higher aerosol loading over the study region and made it a complex aerosol environment. The monthly mean τ500 was the highest in March (0.72 ± 0.28), followed by April (0.58 ± 0.22). This was mainly due to the long-range transport of biomass-burning from Indochina region and dust aerosols from arid region in China [23]. It was further confirmed that the EPA-NCU stations have frequent long-range transport events, and to strengthen the transport mechanism, the vertical profiles of aerosol extinction coefficient and trajectories for origin of aerosols were analyzed.



The long-term analysis of the angstrom exponent between 440 nm and 870 nm (α440/870), which stands for aerosol particle sizes (higher value for smaller particle and vice versa), has been plotted in Figure 1b. Annual average of α440/870 was 1.26 ± 0.11 (ranged from 1.34 to 1.05). The maximum value ≈1.4 was found in February followed by the low in April (1.12 ± 0.32), and the minimum was found in September (1.05 ± 0.42). The smallest size of particle observed in February and March is due to the long-rang transported biomass-burning aerosols in the free atmosphere ([67]). Higher values of τ500 in April with lower values of α440/870 indicated the presence of dust aerosols due to Asian dust transport from the Gobi Desert.



Figure 1c shows the monthly Sp averaged from MPLNET data set during 2005–2012. The annual average Sp was 47 ± 21 sr. Sp was the highest in March (54 ± 23 sr), followed by 51 ± 23 sr in April, and the lowest value was observed during May (37 ± 17 sr). As aforementioned, the Sp is mainly dependent on aerosol physicochemical properties and can be further interpreted to aerosol types.




3.2. Monthly Aerosol Extinction Profiles


Figure 2 shows the vertical profile of aerosol extinction coefficient for each month averaged for the period of 2005–2012. As is clearly seen in Figure 3, the extinction coefficient extended from the surface to ≈6 km during March, April, and May, whereas the extinction coefficient was almost zero at ≈4 km during other months. A small aerosol layer at 2–4 km was observed over the region during March. This type of aerosol layer is mainly attributed to the dry convicting lift of air pollutants from far-off regions and subsequent horizontal transport of aerosols ([23,68]). On average, the vertical aerosol distribution follows the scale height, higher aerosol extinction near the surface and decreases as height increases.




3.3. Aerosol Vertical Distribution, Source Region, and Optical Properties


According to the discussion in Section 3.2, the air masses in the PBL and free atmosphere could be from different source origins and imply different aerosol types. In order to clearly define the impacts of vertical distribution on the optical properties (i.e., τ500, α440/870, and Sp), we divided the classification of vertical distribution into two categories based on [23], i.e., single-layer (type 1) and two-layer (type 2) aerosol structures of the aerosol extinction coefficient.



3.3.1. Characteristics of Single-Layer Aerosol Structure


The averaged aerosol extinction along with one standard deviation for single aerosol layer structure (type 1) is shown in Figure 3a. The aerosols are concentrated in the lower troposphere within 2 km altitude and the averaged extinction coefficient value is less than 0.2 km−1 at the near surface. This confinement of aerosols was attributed to boundary layer dynamics and inversion layer below free atmosphere. The total number of days corresponding to type 1 was 55 days (total number of data points = 649) and there were a maximum of 15 days in October, followed by a total of 11 days in September (Figure 4c). The single-layered structure of aerosols mainly occurred in the autumn and winter, especially in September and October, as shown in Figure 3c.



In order to explore the possible sources and types of aerosols, the backward trajectory simulations were employed. Five-day back trajectories (Figure 4a) made at a height of 500 m represent the occurrence height of maximum aerosol extinction. The back trajectories for type 1 showed disorder and originated from all the directions. We further divided the total area into three regions (Figure 4b), viz., the Asia continental region (AC; Mongolia, Tibet, Xinjiang, North China and Central China region, Japan, and South Korea), the Pacific Ocean region (PO; Northwestern Pacific), and the Southeast Asia region (SA; Southeast Asia and southern China). Back trajectory analysis showed that a total of 28 day (number of data points = 458), 12 day (number of data points = 59), and 21 day (number of data points = 154) air masses were coming from AC, PO, and SA regions to EPA-NCU site, respectively (Figure 4c,e). It is important to note that few trajectories passed through more than one region, which resulted in double counting of data numbers in Table 1.



Combining information of α440/870 and Sp can help us to distinguish the aerosol types. Figure 5a shows the scatter plot of α440/870 and Sp with code denoting τ500 together with the histograms representing spread of samples and color magnitude of for type 1. The τ values were in the range of 0.1 to 0.6, with an average value of 0.21; α440/870 was between 0.6 and 1.8, with an average value of 1.26 ± 0.31. The Sp is concentrated between 30 and 60 sr with an average of 39 sr. Previous studies reported that the Sp values of (37 ± 9) sr and (33 ± 6) sr were for dust and marine aerosols, respectively [69].



Table 1 presents the aerosol optical properties of type 1, and for the values in different source sectors. The τ500, α440/870, and Sp for AC region were 0.24 ± 0.11, 1.34 ± 0.19, and (39 ± 16) sr, respectively. The real part (nr = 1.45) of the refractive index was small and relatively close to the urban aerosol refractive index (nr = 1.46). The τ500, α440/870, and Sp for PO source region were 0.19 ± 0.1, 1.24 ± 0.31, and (30 ± 12) sr, respectively. The moderate high value of α440/870 suggests that the mixture of coarse mode sea salt aerosol and fine mode urban aerosol. The similar value of Sp about 33 ± 6 sr was also reported by [28] in the Indian Ocean. For the SA region, the average τ500 and α440/870 were 0.19 ± 0.08 and 1.32 ± 0.32, respectively, indicating the abundant fine mode particle aerosol compared to other source regions. The average of Sp was 38 ± 17 sr in the SA region; however, the data histogram (not shown) exhibited two distinguished peaks: the first peak ranged between 20 and 40 sr, whereas the second peak ranged between 45 and 60 sr. The median value of the first peak was about 30 sr corresponding to marine type aerosols, while the second peak was similar to the results from local pollutants. The complex of emission sources (i.e., marine, ship, local Taiwan island) in the SA region might need further study in the future when more data becomes available. Regarding to the AERONET derived single-scattering albedo at 440 nm wavelength (ω440) and asymmetry factor at 440 nm wavelength (g440), aerosols from AC and SA regions show similar values and suggest a moderate absorption compared to that from PO regions. The result implies the segment of source sector with backward trajectory may not be sufficient to aerosol classification for majority of data.




3.3.2. Characteristics of Two-Layer Aerosol Structure


Two-layer structured vertical profiles have been classified as type 2 ([23]). In this type, we found another peak with an aerosol extinction coefficient at 2–4 km in addition to the extinction coefficient peak that appears at the near surface. Lower than 2 km, the aerosol vertical profile has a similar impact as type 1, but at the 2–4 km range, the average extinction coefficient is 0.25 km−1 in type 2, whereas it is only less than 0.1 km−1 in type 1. The two-layered structure mainly occurs in spring and winter seasons, and a few days in other months, as shown in Figure 3d.



The τ500, α440/870, and Sp for all observations (total number of data points = 503) under the spread and histograms for two-layer aerosol structure (type 2) are shown in Figure 5b. From the Figure 5b it can be observed that τ500 is between 0.1 and 1.5, with an average of 0.51 ± 0.26; α440/870 is between 0.34 and 1.85, with an average of 1.23 ± 0.26; and Sp ranges between 30 and 80 sr with an average of 52 ± 23 sr.



These two-layered aerosol structures high-up and low-down are caused by the different delivery mechanisms; therefore, they can be tracked by the use of air mass back trajectories analysis in the HYSPLIT model (e.g., [23]). In addition, according to a database (https://airtw.epa.gov.tw/CHT/Forecast/Sand.aspx) provided by the Taiwan Environmental Protection Agency (EPA) which determines the date for a sandstorm event, we can classify dust transport as taking place down low. The dust and biomass-burning cases for two-layer aerosol structure are defined as follows:




	
Two-layer aerosol structure (dust case): Sandstorm pollution recorded by the EPA on the same day and the main source of air mass from the AC region (mainly from the elevated regions over northern China and Mongolia and covered the longest distance along China’s coast). Those mineral dust particles usually transport near the surface behind of a frontal system, and occasionally intrude to higher levels via frontal dynamics.



	
Two-layer aerosol structure (biomass-burning case): Transport of springtime biomass-burning emissions from the source regions over SA (comprising Cambodia, Laos, Myanmar, and Thailand). Those aerosols mainly transport in free atmosphere and arrive in Taiwan at higher elevation.










3.4. Dust Case


From the vertical profile of the aerosol extinction coefficient, it can be seen that dust mainly transports in the height region of 500–2000 m (Figure 6a). We carefully checked the airflow source with backward trajectories; it was found that low in the atmosphere (500 m), the aerosol sources were from the northern desert regions of China. In addition, we also found that three dust events (on 18 March, 28 March, and 25 November in 2005) had influences on biomass-burning transport from Indochina through the backward trajectory analysis at 2500 m. A recent publication by [70] also demonstrated a long-range transport event with concurrent dust and biomass-burning aerosol layers based on EPA-NCU lidar observation. More study related to the coexisting of dust and biomass-burning over the west Pacific can be explored in the future.



The τ500 for the dust events over the years was at about 0.45 ± 0.16 with the averaged α440/870 of about 1.10 ± 0.24. Coarse particle size was higher when compared to other regions, and Sp was found in the range of 20 to 60 sr with an average of 40 ± 16 sr (Figure 7a), and followed the normal Gaussian distribution with the median value of 40 sr. The estimation Sp of dust aerosols in African region was 37 ± 9 sr, and it also found that it changed in the course of dust transportation when mixed with urban pollutants ([71]).




3.5. Biomass-Burning Case


The vertical distribution of aerosol extinction coefficient shows a significant secondary peak 0.1 km−1 in the height range of 3–4 km approximately (Figure 6b). Based on the back trajectory at the height of 3000 m above sea level, we found that the air mass sources were from the SA region (taken over 22 days; total number of data points = 313). The analyzed averaged optical characteristics for biomass-burning were τ500 of 0.58 ± 0.20, α440/870 of 1.22 ± 0.33, and Sp of 53 ± 21 sr (Table 2). The distribution of Sp shows double peaks, the first peak in the range of 20 to 50 sr and the second peak in the range of 60 to 70 sr (Figure 7b). Compared to the mean Sp value of 47 ± 21 sr in northern Taiwan, it was found that the first peak could be linked to mixture of anthropogenic and biomass-burning aerosols. When the air by the burning of biomass and other outside influences affects the area, it gives rise in Sp to a more apparent second peak (60 to 70 sr) due to high absorption of light by the high altitude aerosols. The similar value of Sp as 63 ± 10 sr for African savannah biomass-burning was also reported by [17].





4. Discussion


In this section, we further discuss the Sp of urban, dust, and biomass-burning aerosols representing the subtropical region of East Asia based on aforementioned analysis with additional estimations. In the previous section, based on statistics of long-term (2005–2012) EPA-NCU MPL dataset, we found that the average value of Sp is 47 ± 21 sr. The results report a mixture of dust and biomass-burning aerosols. In order to quantify the Sp value of urban aerosols, we selected cases with two constraints: (1) type 1 vertical profile and only from AC source region, (2) no dust events. We estimated the mean Sp of urban aerosols to be 42 ± 18 sr, which is in agreement with the value of 45 ± 10 suggested by [19] (see Table 3). For oceanic aerosols, we suggested that the Sp value can be estimated from PO source region in type 1, which is 30 ± 12 sr. This value is very similar to the values (32–33) provided by [72]. It should be noted that a higher value observed in our study may have been due to the mixing of local urban aerosols during the transport to northern Taiwan.



Regarding dust aerosol, we selected cases that met the criteria of type 1 classification and EPA dust event dates. Only one dust event was recorded on 29 January 2007, and comprises 37 profiles. As shown in Figure 8a, the dust plume was transported near the surface and constrained within 1.4 km height. The maximum aerosol extinction coefficient was 0.2 ± 0.04 km−1 observed at 1 km. Figure 8b shows the scattering plot of Sp and α440/870 for all type 1 data points, in which red dots highlight the dust signature. The α440/870 was about 1.05, suggesting a slightly coarser particle for transported dust when compared to the mean α440/870 value of 1.29 for type 1 at EPA-NCU station. The number distribution of Sp for dust data is shown in Figure 8c. The Sp ranged between 25 and 50 sr with an average of 34 ± 6 sr. The value shows good agreement with previous studies ([71,73]) that measured dust particles (Table 3). It is worth mentioning that a large portion of dust events may have a mixture of anthropogenic aerosols during the transport. Those mixed events can have a higher lidar ratio of up to 40 sr, as described in dust cases of type 2 profile.



The transport of biomass-burning aerosols to Taiwan is often characterized by upper-level transport, which makes it difficult to separate the biomass-burning Sp value from the total columnar mean Sp value (as obtained from the EPA-NCU MPLNET). The histogram of Sp number distribution for biomass-burning cases in type 2 shows a bimodal distribution (Figure 7b), where the first peak ranged from 30 to 50 sr and the second peak ranged from 60 to 80 sr. In type 2, the aerosol type contributing to the surface layer can be urban, oceanic, or dust, whereas biomass-burning aerosols are attributed to the upper level. Large portions of aerosols are suspended within the surface layer. As listed in Table 3, the mean Sp values for urban, oceanic, and dust are between 30–42 sr, and correspond to the first peak of Figure 7b. That suggests the domination of surface layer transport. In other words, the second peak of Figure 7b may represent the domination of upper-level transport, which is mainly attributed to biomass-burning aerosols. The mode Sp of the second peak was 69 ± 12 sr, representing biomass-burning aerosols originating from Indochina. Our result shows a little higher value compared to the literature value of 63 ± 10 sr for African biomass-burning ([17]).




5. Conclusions


Lidar ratio (Sp) is a distinctive aerosol optical property and can be used for aerosol type classification, which is important for pollution source identification and radiative forcing assessment. This study analysed the long-term (2005–2012) observations of MPLNET and AERONET from a rural site (EPA-NCU) in northern Taiwan located in the western North Pacific. Those observations, consisting of aerosol optical characteristics, extinction coefficient profiles, and lidar ratios, in conjunction with air mass trajectories, were further used to investigate the relationship between aerosol types and aerosol optical properties over the region. The important findings are as follows:




	
The long-term average values of τ500, α440/870, and Sp were found to be 0.41 ± 0.28, 1.25 ± 0.33, and (47 ± 21) sr, respectively.



	
The highest τ500 (0.72 ± 0.28) and Sp (54 ± 23 sr) values in the month of March were primarily attributed to the long-range transport of biomass-burning aerosols from Indochina.



	
Two types of aerosol structure were classified based on the vertical cross-sections of aerosols. Type 1 aerosol structure (near-surface aerosol transport mainly prevails during October–November) showed low values τ500 and Sp and mainly originated from the AC region (τ500: 0.24 ± 0.11; Sp: 39 ± 8 sr), PO region (0.19 ± 0.10; 30 ± 12 sr), and SA region (0.19 ± 0.11; 38 ± 17 sr).



	
Type 2 aerosol transport (mainly during March–April at an altitude of 3 to 6 km) was associated with high τ500 (0.51 ± 0.22), α440/870 (1.23 ± 0.26), and Sp (52 ± 23 sr).



	
For type 2 dust case, the estimated τ500, α440/870, and Sp were found to be 0.45 ± 0.16, 1.10 ± 0.24, and (40 ± 16) sr, respectively. For type 2 biomass-burning case, the estimated τ500, α440/870, and Sp were found to be 0.58 ± 0.20, 1.22 ± 0.33, and (53 ± 21) sr, respectively.



	
Sp values, for four major aerosol types over northern Taiwan, were estimated to be 42 ± 18 sr (urban), 34 ± 6 sr (dust), 69 ± 12 sr (biomass-burning), and 30 ± 12 sr (oceanic).








The findings of this study offer a reference for future attempts to monitor the sources of aerosol over Taiwan and western North Pacific. Results of Sp value provide useful references for aerosol classification and air pollution identification in this region. This kind of study is also important for resolving aerosol-perturbed atmospheric circulation (e.g., [74,75,76]) and temporal changes in regional air quality (e.g., [77,78]). Nevertheless, due to the principle of Mie elastic lidar, the Sp value only represents a columnar integrated number by using a retrieval method. The newly available lidar ratio datasets with data fusion technology, such as AERONET version 3 product (e.g., [34,79]), MPLNET version 3 depolarization ratio product, Raman lidar ([72]), and high spectral resolution lidar (e.g., [42,43,44,45]) do also give an aspect of aerosol classification. More observation and data analyses are needed to further explore the relationship between aerosol types and aerosol optical properties over the region.
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Figure 1. Monthly averaged (a) τ500, (b) α440/870, and (c) Sp at EPA-NCU site during 2005–2012. Vertical red bars indicate ±1 standard deviation from the mean. 






Figure 1. Monthly averaged (a) τ500, (b) α440/870, and (c) Sp at EPA-NCU site during 2005–2012. Vertical red bars indicate ±1 standard deviation from the mean.



[image: Remotesensing 12 02769 g001]







[image: Remotesensing 12 02769 g002 550] 





Figure 2. Vertical profiles of monthly averaged aerosol extinction along with ±1 standard deviation during 2005–2012. The number of profiles for monthly average is denoted in the figure. 
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Figure 3. Averaged aerosol extinction profiles for (a) single-layer structure (type 1) and (b) two-layer structure (type 2). (c,d) indicate the number of days in the month corresponding to type 1 and type 2, respectively. 
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Figure 4. (a) Five-day back trajectories for all cases of single-layer aerosol structure (type 1). (b) Aerosol source origins at EPA-NCU from (c) Asia continental (AC), (d) Pacific Ocean (PO), and (e) Southeast Asia (SA). 
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Figure 5. Scatter plot and data spread distribution histograms of aerosol optical properties for (a) single-layer (type 1) and (b) two-layer (type 2) versions. 
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Figure 6. Averaged aerosol extinction profiles for (a) type 2 dust source and (b) type 2 biomass-burning source. In the subplots, the respective air mass backward trajectories for dust (ended at the height of 500 m) and for biomass-burning (ended at the height of 3 km) cases are illustrated. 
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Figure 7. Scatter plot and data spread distribution histograms of aerosol optical properties for (a) type 2 dust cases and (b) type 2 biomass-burning cases. 






Figure 7. Scatter plot and data spread distribution histograms of aerosol optical properties for (a) type 2 dust cases and (b) type 2 biomass-burning cases.



[image: Remotesensing 12 02769 g007]







[image: Remotesensing 12 02769 g008 550] 





Figure 8. Single-layer dust transfer cases: (a) aerosol extinction profiles, (b) scatter plots of Sp and α440/870 for type 1 (blue triangles) and dust (red diamonds) events, and (c) histogram of Sp number distribution. 






Figure 8. Single-layer dust transfer cases: (a) aerosol extinction profiles, (b) scatter plots of Sp and α440/870 for type 1 (blue triangles) and dust (red diamonds) events, and (c) histogram of Sp number distribution.
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Table 1. Aerosol optical properties for single-layer aerosol structure (type 1) with respect to different source regions. Data were averaged for 2005–2012 collected at the MPLNET EPA-NCU site. AERONET derived ω440, g440, nr, ni stand for single-scattering albedo at 440 nm wavelength, asymmetry factor at 440 nm wavelength, and real part and imaginary part of refractive index, respectively.






Table 1. Aerosol optical properties for single-layer aerosol structure (type 1) with respect to different source regions. Data were averaged for 2005–2012 collected at the MPLNET EPA-NCU site. AERONET derived ω440, g440, nr, ni stand for single-scattering albedo at 440 nm wavelength, asymmetry factor at 440 nm wavelength, and real part and imaginary part of refractive index, respectively.





	
Aerosol Optical Property

	
Type 1

	
Source Region of Type 1




	
PO

	
AC

	
SA






	
Data Number

	
649

	
59

	
458

	
154




	
τ500

	
0.21 ± 0.1

	
0.19 ± 0.1

	
0.24 ± 0.11

	
0.19 ± 0.08




	
α440/870

	
1.29 ± 0.30

	
1.24 ± 0.31

	
1.34 ± 0.19

	
1.32 ± 0.32




	
Sp [sr]

	
39 ± 17

	
30 ± 12

	
39 ± 16

	
38 ± 17




	
ω440

	
0.93 ± 0.02

	
0.96 ± 0.03

	
0.91 ± 0.06

	
0.91 ± 0.07




	
g440

	
0.77 ± 0.03

	
0.77 ± 0.02

	
0.72 ± 0.04

	
0.72 ± 0.03




	
nr

	
1.46 ± 0.06

	
1.46 ± 0.05

	
1.45 ± 0.06

	
1.46 ± 0.06




	
ni

	
0.0055 ± 0.002

	
0.0033 ± 0.0037

	
0.0031 ± 0.0037

	
0.0054 ± 0.0036








± denotes the one standard deviation.
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Table 2. Same as Table 1 but for aerosol optical properties of a two-layered aerosol structure (type 2) with respect to different emission sources. Due to the layer being decoupled, the dust and biomass-burning layer can co-occur, which causes the double count issue of data number.






Table 2. Same as Table 1 but for aerosol optical properties of a two-layered aerosol structure (type 2) with respect to different emission sources. Due to the layer being decoupled, the dust and biomass-burning layer can co-occur, which causes the double count issue of data number.





	
Aerosol Optical Property

	
Type 2

	
Emission Source of Type 2




	
Dust

	
Biomass Burning






	
Data Number

	
503

	
256

	
313




	
τ500

	
0.51 ± 0.22

	
0.45 ± 0.16

	
0.58 ± 0.20




	
α440/870

	
1.23 ± 0.26

	
1.10 ± 0.24

	
1.22 ± 0.32




	
Sp [sr]

	
52 ± 23

	
40 ± 16

	
53 ± 21




	
ω0

	
0.93 ± 0.02

	
0.96 ± 0.03

	
0.93 ± 0.02




	
g

	
0.77 ± 0.03

	
0.77 ± 0.02

	
0.76 ± 0.02




	
nr

	
1.46 ± 0.06

	
1.46 ± 0.05

	
1.48 ± 0.03




	
ni

	
0.0055 ± 0.0020

	
0.0033 ± 0.0037

	
0.0054 ± 0.0036
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Table 3. Comparison of Sp values (unit in sr) in the literature.






Table 3. Comparison of Sp values (unit in sr) in the literature.





	Aerosol type
	This Study
	Literature
	References





	Urban
	42 ± 18
	45 ± 10
	[19]



	Oceanic
	30 ± 12
	33 ± 6, 32 ± 6
	[72]



	Dust
	34 ± 6
	37 ± 9, 35 ± 5
	[71,73]



	Biomass-burning
	69 ± 12
	63 ± 10
	[17]











© 2020 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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