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Abstract

:

To measure the long-range transport of PCDD/Fs, a background sampling site at Mt. Lulin station (Taiwan) was selected based on meteorological information and its location relative to burning events in Southeast Asia. During regular sampling periods, a higher concentration of PCDD/Fs was recorded in 2008 at Mt. Lulin station during La Niña events, with levels reaching 390 fg I-TEQ/m3. In contrast, a higher concentration of 483 fg I-TEQ/m3 was observed in 2013 during biomass burning events. This indicates that La Niña affects the ambient PCDD/F concentrations. The ratio of ΣPCDD/ΣPCDF was 0.59, suggesting significant long-range transport contributions from 2007 to 2023. From 2007 to 2015, the predominant species was 2,3,4,7,8-PCDF, accounting for 25.3 to 39.6% of the total PCDD/Fs. From 2018 onward, 1,2,3,7,8-PCDD became more dominant, accounting for 15.0 to 27.1%. According to the results from the receptor model PMF (n = 150), the sources of PCDD/Fs were identified as dust storms and monsoon events (19.3%), anthropogenic activity (28.5%), and biomass burning events (52.2%). The PSCF values higher than 0.7 highlighted potential PCDD/F emission source regions for Mt. Lulin during biomass burning events, indicating high PSCF values in southern Thailand, Cambodia, and southern Vietnam.
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1. Introduction


Ambient particulate matter (PM) can cause a variety of health risks to the public due to the toxicity of chemical compounds, such as polychlorinated dibenzo-p-dioxin dibenzofurans (PCDD/Fs), polycyclic aromatic hydrocarbons (PAHs), water-soluble ions (WSIs), and heavy metals [1,2]. PM is emitted from primary and secondary sources, including natural and anthropogenic activities [3,4]. Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans PCDF (PCDFs), collectively known as dioxins, are persistent organic pollutants (POPs), as classified by the United Nations Environment Programme (UNEP) [5,6,7]. Polycyclic aromatic hydrocarbons (PAHs) are teratogenic and carcinogenic, capable of causing damage to the nervous and immune systems [8,9].



Previous studies have indicated that uncontrolled combustion, such as the open burning of agricultural residues, forest fires, and waste combustion, are significant potential sources of PCDD/Fs that remain unregulated [10]. Chang, et al. [11] showed that more than 70% of dioxins and furans in the atmosphere are attached to the solid phase of atmospheric particulates. Although many of these dioxin species have low toxicity, they have long half-lives and can easily diffuse in the atmosphere. PCDD/Fs are deposited through dry and wet deposition, landing in the topsoil and eventually entering the human body via the food chain [12].



Generally, biomass burning occurs during the dry season each year in the tropical areas of Asia, including Thailand, Vietnam, and Indochina [13,14,15]. This activity causes pollutants to rise to high altitudes in the atmosphere [16,17,18,19,20]. Additionally, the El Niño phenomenon significantly affected the atmosphere in 2015 [21,22]. Previous studies have noted that forest fires, including biomass burning, open burning, and agriculture burning, become more frequent during extremely dry years [23,24,25]. Between 1997 and 2004, the yearly PCDD/F emissions from open burning in mainland China were estimated to range from 1.38 to 1.52 g I-TEQ/year, accounting for about 10% to 20% of the total PCDD/F emissions in the region [10]. Recently, global-scale climate change phenomena such as El Niño (temperature increase) and La Niña (temperature decrease) are two different forms of the El Niño–Southern Oscillation (ENSO), distinguished by increased and decreased temperatures on the surface of the East Pacific Ocean [24,26,27]. The La Niña phenomenon is characterized by a large amount of rain and increased humidity in the air [28].



The main concern with these pollutants is their adverse health effects on humans and potential exposure, as some have been identified as carcinogenic and mutagenic [29,30,31,32,33]. Therefore, this study aims to evaluate the chemical compound profile and contributions of Southeast Asia biomass burning to atmospheric concentration variations in PCDD/Fs at a high-altitude sampling site at Mt. Lulin station (Taiwan). Additionally, we further assess the potential source region for the long-range transport of HAPs using receptor models such as positive matrix factorization (PMF) and potential source contribution function (PSCF).




2. Materials and Methods


2.1. The Information on the Sampling Site and Instrumentation


In this study, the sampling site was chosen to quantify the long-range transport of chemical compounds from a high altitude based on location relative to long-range transport events and meteorological data in Eastern Asia (Figure 1). The sampling station is located at the peak of Mt. Lulin in central Taiwan (23.51° N, 120.92° E; 2862 m above mean sea level). This high elevation ensures that the site is generally free of local contamination, allowing for the investigation of the influence of long-range transported air pollutants in the free troposphere in East Asia [18]. There are no significant PCDD/F emission sources near the high-altitude station. From 2007 to 2023, one sample was collected every 24 h at Mt. Lulin station during the special long-range transport seasons (spring and winter). The ambient air samples were obtained using a high-volume sampler (Sibata HV-1000R) to analyze chemical compounds [34]. The air samplers were equipped with quartz fiber filters (8 × 10 inches, Pall Corporation, NY, USA) for collecting particle-bound compounds and the flow rate was set to 1000 L/min for a typical sampling duration of one day, with the air sample volume exceeding 1400 m3 [35,36].




2.2. Analysis of Chemical Compounds


After sampling, one-eighth of each filter was used for metal component analysis and one-eighth for WSI analysis. The last three-quarters of each filter were allocated for PCDD/F analysis.



Initially, atmospheric PCDD/Fs were extracted using Soxhlet extraction by toluene for 16 h. Subsequently, the PCDD/F samples underwent purification using silica gel and active carbon with toluene. The purified sample was then evaporated to dryness under nitrogen to 100 μL, and 10 μL of 20 pg/μL recovery standards was added before analysis by HRGC. The method detection limits (MDLs) for the 17 PCDD/Fs ranged from 0.28 pg/g-dw to 1.86 pg/g-dw, achieving recovery efficiencies between 77% and 130%. Lastly, the WSIs were extracted using deionized water and the recovery rates ranged from 88% to 104% [37]. In this study, the seventeen 2, 3, 7, 8-substituted PCDD/F congeners were analyzed using high-resolution gas chromatography, HRGC (TRACE GC, Thermo Fisher Scientific, USA), coupled with high-resolution mass spectrometry (DFS, Thermo Fisher Scientific, USA) and equipped with a DB-5 MS fused silica capillary column (fused silica capillary, length: 60 m, I.D.: 0.25 mm, film: 0.25μm, DiKMA Technol. Inc., Foothill Ranch, CA, USA). The method of HRGC in the analysis of PCDD/Fs is listed in Table S1. The analysis of WSIs (Cl−, NO3−, NO2−, PO43−, SO42−, Na+, NH4+, K+, Ca2+, and Mg2+) was conducted using Dionex ICS-1000 ion chromatography, IC (Thermo Fisher Scientific, Waltham, MA, USA) [37,38,39].




2.3. Source Apportionment


In our study, the possible pollution source profile and contribution were considered by positive matrix factorization (PMF). On the other hand, the potential sources’ attributed regions were used for the potential source contribution function (PSCF). The PMF software (version 5.0), provided by the U.S. EPA (2014), was utilized to identify and quantify sources related to ambient PCDD/F concentrations at the Lulin station. To identify the potential sources of Southeast Asia biomass burning events occurring during the spring and winter seasons throughout the sampling period, back trajectories were conducted with HYSPLIT from the location of Lulin station, which is at an altitude of 3 km in central Taiwan. The spanning is from 5 to 25° N and 90 to 110° E. Additionally, to identify the potential source regions of PCDD/Fs during the biomass burning period at Lulin station, the PSCF value was calculated using PCDD/F daily concentrations and three-day backward trajectories generated with the HYSPLIT model.



PMF, a multivariate factor analysis technique, played a crucial role in identifying and quantifying pollutant sources. The PMF model (version 5.0; 2014), developed by the U.S. EPA, specifically focuses on identifying and quantifying sources of PCDD/Fs [40,41]. In brief, the receptor model was implemented as follows:


  X = G F + E  



(1)




where X is the matrix (m × n) of m measured chemical congeners in n samples. G is the matrix (n × p) of the contributions of p possible sources to the n samples. F is the matrix (m × p) of the m chemical congener profiles to the p possible sources. E is defined as the residual matrix.



The PSCF was employed to delineate potential contribution regions. PSCF calculations were based on three-day backward trajectories generated using the HYSPLIT model [42,43]. Back trajectory analyses using HYSPLIT were conducted at an altitude of 2862 m from the Lulin station.


    P S C F   i j   =   M   i j   /   N   i j    



(2)




where Mij represents the pollutant concentration exceeding the 75th percentile. Nij is the total number of trajectory endpoints in the ij cell.





3. Results


3.1. The Measurement of WSIs during El Niño and La Niña


We collected the chemical compounds from the ambient air PM during the sampling period and divided them into those present in El Niño and La Niña. The concentrations and distributions of the WSIs were 1.20 ± 0.73 and 0.72 ± 0.82 μg/m3 during El Niño and La Niña (from 2018 to 2023), respectively (Figure 2). During the regular period, the average concentrations of TSP and PM2.5 ranged from 2.00 to 55.6 μg/m3 and 5.17 to 17.8 μg/m3, respectively. In addition, we investigated the distribution of atmospheric chemical components from 2006 to 2016 in Taiwan [34]. Thus, the average concentration of WSIs ranged from 0.22 ± 0.07 to 2.27 ± 1.87 μg/m3 from 2018 to 2023. Conversely, lower concentrations of particulate matter (8.14 ± 1.47 μg/m3) and PCDD/Fs (0.74 ± 0.26 fg I-TEQ/m3) were observed during El Niño. Additionally, a lower concentration of K+ (0.006 ± 0.003 μg/m3) in El Niño was observed in our study. This finding is consistent with the components of TSP, PCDD/Fs, and K+ originating from biomass burning [15,37,44]. This indicated that the possible sources of the WSIs not only included biomass burning but also agricultural burning, coal combustion, and vehicle emissions as mixed pollution sources [20]. The components of WSIs were dominated by SO42− (39–61%), NO3− (9–25%), and NH4+ (6–22%). However, the concentration of non-sea-salt (nss) SO42− ranged from 0.13 to 0.95 μg/m3 during the observation period. As we know, aerosol chemical compounds can originate from emission sources and secondary aerosols [3,4,45,46]. There were no significant anthropogenic activities, such as stationary and mobile sources, at Mt. Lulin. Therefore, we collected the particulate chemical compounds to investigate the impact of long-range transport events. Table S2 illustrates the concentrations of WSIs during the observation years. A previous study revealed that the highest concentrations of nss SO42− (3.0 μg/m3) and NO3− (0.59 μg/m3) were transported through biomass burning events at Mt. Lulin from 2003 to 2018 [16]. However, the concentrations of nss SO42− (0.131–0.948 μg/m3) and NO3− (0.071–0.559 μg/m3) have decreased in recent years, as shown in our study. Moreover, the highest concentrations of nss SO42− (0.948 μg/m3) and NO3− (0.559 μg/m3) were observed in El Niño. This indicates that the intensity of the emission source has decreased in these years.




3.2. The Evaluation of Atmospheric PCDD/F Concentration in the Past Sixteen Years


During the observation periods, the average atmospheric concentrations of PCDD/Fs and total suspended particles (TSPs) at Mt. Lulin station in the spring from 2007 to 2023 are depicted in Figure 3. According to our previous studies, the concentration of PCDD/Fs decreased from 2007 to 2015 (Table S3) [34]. Therefore, we continued to collect TSP and PCDD/F data over the following ten years. The TSP and PCDD/F concentrations ranged from 2.00 to 55.6 μg/m3 and 0.61 to 38.4 fg I-TEQ/m3, respectively, from 2007 to 2023. Particularly noteworthy were the higher concentrations of PCDD/Fs observed in 2008 (391 fg I-TEQ/m3) and 2013 (483 fg I-TEQ/m3). A biomass burning event was observed in 2008 and resulted in a high PCDD/F concentration [47]. The median concentration of PCDD/Fs during the sampling period at Mt. Lulin station was 1.37 fg I-TEQ/m3. Recent data indicate a decrease in the PCDD/F concentrations over the past eight years (average concentration of PCDD/Fs in 2015: 0.91 ± 0.25 fg I-TEQ/m3; average concentration of PCDD/Fs in 2023: 0.77 ± 0.44 fg I-TEQ/m3). Similarly, the average concentration of TSPs decreased from 55.6 ± 20.6 to 6.30 μg/m3 during the period from 2007 to 2023.



As we know, El Niño and La Niña events have been observed in recent years. El Niño is characterized by increased temperatures in the eastern Pacific Ocean, associated with warm currents from the equator, whereas La Niña is marked by decreased temperatures. Previous studies have identified El Niño occurrences during the years 2014 to 2016, 2018 to 2019, and 2023, while La Niña events were observed in the years 2007 to 2008, 2010 to 2012, 2017 to 2018, and 2022 to 2023 [27]. Our study observed a higher concentration of PCDD/Fs, reaching 390 fg I-TEQ/m3, during the La Niña event in 2008. These findings align with previous research conducted at Mt. Lulin, which consistently links PCDD/F concentrations to El Niño and La Niña phenomena [17,26,48]. Additionally, the highest concentration of PCDD/Fs, reaching 483 fg I-TEQ/m3, was recorded during a biomass burning event in 2013 [19]. The amounts of PCDD/Fs adsorbed onto suspended particles varied between each event. An analysis of the Pearson correlation between the atmospheric PCDD/Fs and TSPs, carbon monoxide, and potassium concentrations measured at Mt. Lulin station during the sampling period revealed a strong correlation between the PCDD/Fs and other pollutants. This suggests a clear association with biomass burning events, as indicated by the elevated levels of PCDD/Fs. Furthermore, the transport of pollutants through the air mass was related to El Niño and La Niña phenomena. Additionally, the average concentrations of TSPs, WSIs, and PCDD/Fs are illustrated in Table S4. The higher concentrations of TSPs (34.8 ± 27.5 μg/m3) and PCDD/Fs (13.0 ± 53.9 fg I-TEQ/m3) were observed during La Niña. On the contrary, the concentration of WSIs was 1.71 times higher during El Niño. When the El Niño and La Niña phenomena happened, the chemical compound concentration increased through the air mass transport to the receptor region.




3.3. Variation in Atmospheric PCDD/Fs Congener from 2007 to 2023


The distribution of atmospheric ΣPCDF dominated at 63% from 2007 to 2023 (Table S5). Specifically, 2,3,4,7,8-PeCDF (23.9%), 2,3,4,6,7,8-HCDF (8.95%), and 1,2,3,4,7,8-HCDF (8.92%) were attributed to ΣPCDF in this study. A previous study has identified PCDF as the major contributor during long-range transport events [49]. The ratio of ΣPCDD/ΣPCDF observed in our study was 0.59 from 2007 to 2023, consistent with ratios (greater than 0.6) measured in Da Nang and Ho Chi Minh City, Vietnam [50]. This suggests that long-range transport events contribute significantly to atmospheric PM at Mt. Lulin during spring. Moreover, 2,3,7,8-TCDD, 1,2,3,7,8-PCDD, 1,2,3,4,6,7,8-HCDD, and ΣPCDF showed a significant difference with p-values less than 0.05 for PCDD/F congener during the sixteen years. 2,3,4,7,8-PCDF dominated, accounting for 2.30 to 39.6% during the period 2007 to 2015, while 1,2,3,7,8-PCDD became dominant, accounting for 15.0 to 27.1%, after 2018. This shift suggests a slight decrease in the PCDF contribution during recent biomass burning events, indicating variability in PCDD/F sources. Hence, ΣPCDF was the primary contributor during La Niña while ΣPCDD was the major contributor during El Niño. Specifically, the highest concentration of OCDD (2.73 ± 13.0 fg I-TEQ/m3) was found during El Niño. On the other hand, the highest concentration of 2,3,4,7,8-PeCDF (4.26 ± 17.3 fg I-TEQ/m3) was found during La Niña. This indicates the different pollution sources of atmospheric PCDD/Fs during the observation period (Figure 4).



Moreover, Table S6 shows the content of PCDD/Fs in the TSPs from 2007 to 2023. A higher content of PCDD/Fs in the TSPs was observed in 2008 (1152 ± 2718 ng/g), 2011 (7027 ± 20,781 ng/g), and 2013 (969 ± 3352 ng/g). After 2014, the content of PCDD/Fs in the TSPs showed a decreasing trend. This indicates that the emission of atmospheric PCDD/Fs at Mt. Lulin due to biomass burning weakened year by year. However, the K+ bound in the TSPs was used to identify biomass burning events in the current and previous studies [14,31,51]. The concentration of WSIs ranged from 0.22 to 2.22 μg/m3. In addition, the highest concentration of K+ was 0.063 μg/m3, in 2023 (Table S2). Finally, during the El Niño phenomenon from 2014 to 2015, species such as 2,3,4,7,8-PCDF (25.3 to 25.5%) and 2,3,7,8-TCDF (16.0 to 19.6%) predominated. Conversely, major species during El Niño events in 2019 and 2023 included 1,2,3,7,8-PCDD (23.2 to 24.1%), 1,2,3,6,7,8-HCDD (12.4%), and 1,2,3,7,8,9-HCDD (18.1%). During the La Niña periods in 2008, 2010 to 2012, 2,3,4,7,8-PCDF was predominant (33.0 to 39.6%), while 1,2,3,7,8-PCDD dominated (15.0 to 27.1%) in 2018 and 2020 to 2022.




3.4. The Source Attribute Profile and Contribution of Atmospheric PCDD/Fs


At Mt. Lulin, the sources of the Southeast Asia biomass burning episodes that occurred during spring were evaluated using backward trajectory analyses with HYSPLIT. Moreover, to identify the sources of atmospheric PCDD/Fs, PMF was employed to classify the emission sources and their contributions. According to the PMF user guide, using over 100 samples helps to control errors. Hence, this study used 150 samples collected between 2007 and 2023 to determine the possible pollution sources. The analysis using the PMF model identified three major sources of PCDD/Fs in the receptor region of Taiwan’s atmosphere: dust storm and monsoon events (19.3%), anthropogenic activities (28.5%), and biomass burning events (52.2%) (Figure S1). Factor 1 was dominated by 2,3,4,7,8-PeCDF (38.0%), 1,2,3,4,6,7,8-HpCDF (10.8%), and 2,3,7,8-TCDF (9.94%). Factor 2 was dominated by 1,2,3,7,8-PeCDD (21.3%), 2,3,7,8-TCDD (17.5%), 1,2,3,4,6,7,8-HpCDD (15.9%), and OCDD (12.1%). Factor 3 was dominated by 2,3,4,7,8-PeCDF (37.3%), 2,3,7,8-TCDF (12.4%), and 2,3,7,8-TCDD (10.1%). In addition, Figure 5 shows the results of the backward trajectory during the observation period. The trajectories indicate that 22.0% originated from India through southern China, 30.7% from Bengal through the Indo-China Peninsula, and 47.3% from the Pacific Ocean and Taiwan (Figure 5a). Based on the results of the PSCF, Figure 5b shows the maps of the potential PCDD/F emission source regions for the Mt. Lulin station during the biomass burning season from 2007 to 2023. The PSCF values are located at longitudes 50° to 145° and latitudes 10° to 60°. Obviously, the major potential contribution atmospheric PCDD/F source areas were located at the northern Asia continent, Southeast Asia, and coastal areas of the Philippines. Moreover, PSCF values with PCDD/F concentrations greater than 0.7 were observed in Mongolia, northern China and Southeast Asia (including southern Thailand, Cambodia, and southern Vietnam). This finding is consistent with the backward trajectory prediction.





4. Discussion


In this study, the data suggest that higher concentrations of air pollutants such as nss SO42− and NO3− are associated with El Niño. When the sea surface temperature and convection decreased, this led to burning events occurring on the Asian continent during El Niño. Chemical components such as CO and O3 indirectly affect transportation in the tropical troposphere. Therefore, we infer that WSIs (Na+ and NO3−) and PCDD/Fs (OCDD) have also influenced the composition of the tropical troposphere during El Niño events. Moreover, our findings highlight the significance of long-range transport in influencing air quality at Mt. Lulin in Taiwan. In addition, higher PCDD/F concentrations in 2008 were observed during La Niña. However, the highest PCDD/F concentration of 483 fg I-TEQ/m3 during a biomass burning event in 2013 was consistent with these climatic phenomena. Moreover, a strong correlation exists between PCDD/F concentrations and other pollutants such as TSPs and potassium, indicating a clear association with biomass burning events. Overall, the transport of air pollutants is influenced by El Niño and La Niña, leading to increased concentrations of chemical compounds in Taiwan. Notably, biomass burning is a major source of atmospheric PCDD/Fs, as evidenced by their high concentrations during specific events.



The difference in the dominant PCDD/F species and the variability in their concentrations during El Niño and La Niña events suggest that climatic phenomena significantly influence the distribution and transport of these pollutants. According to our results, biomass burning was the predominant source of atmospheric PCDD/Fs and contributed half of the total PCDD/F concentration. This is consistent with the backward trajectory and PSCF analyses that highlight significant contributions from southern Thailand, Cambodia, and southern Vietnam, which are known for biomass burning activities. However, there was a high probability of the PSCF value pointing to a potential region located in mainland China during specific extreme events. Lastly, the distinct congener profiles for different emission sources (e.g., biomass burning vs. anthropogenic activities) help accurately identify and quantify the contributions of various sources to the observed PCDD/F levels. In future studies, the concentration and composition of air pollutants during different scenarios could be investigated in Taiwan.




5. Conclusions


In this study, the average atmospheric PCDD/F concentrations measured at Mt. Lulin station range from 0.61 to 38.4 fg I-TEQ/m3 during the observation periods. Notably, a higher concentration of PCDD/Fs (483 fg I-TEQ/m3) was observed, which correlated with the La Niña phenomenon, indicating its significant impact on atmospheric conditions. The PSCF results were consistent with the back trajectory predictions. Specifically, 47.3% of the back trajectories originated from the Pacific Ocean and Taiwan. The PSCF values with PCDD/F concentrations greater than 0.7 were observed in southern Thailand, Cambodia, and southern Vietnam, aligning with the identified source regions. Our study spans multiple years, capturing the influence of climatic events like El Niño and La Niña on the transport and deposition of PCDD/Fs.
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Figure 1. The locations of the high-altitude sampling site (Mt. Lulin) in Taiwan. 
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Figure 2. The distribution of WSIs during El Niño and La Niña. 
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Figure 3. Atmospheric PCDD/Fs, PAHs and total suspended particles measured at Mt. Lulin station during 2007–2023. 
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Figure 4. The distribution of atmospheric PCDD/Fs in Mt. Lulin during El Niño and La Niña. 
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Figure 5. The map of PSCF value in potential emission source region from 2007 to 2023: (a) backward trajectory. (b) the value of PSCF in ambient PCDD/Fs (n = 150). 
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