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Abstract

:

The concentrations of atmospheric gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM), and particle-bound mercury (particles with diameter smaller than 2.5 μm; PBM2.5) were continuously observed for a period of over 10 years at Cape Hedo, located on the north edge of Okinawa Island on the border of the East China Sea and the Pacific Ocean. Regional or global scale mercury (Hg) pollution affects their concentrations because no local stationary emission sources of Hg exist near the observation site. Their concentrations were lower than those at urban and suburban cities, as well as remote sites in East Asia, but were slightly higher than the background concentrations in the Northern Hemisphere. The GEM concentrations exhibited no diurnal variations and only weak seasonal variations, whereby concentrations were lower in the summer (June–August). An annual decreasing trend for GEM concentrations was observed between 2008 and 2018 at a rate of −0.0382 ± 0.0065 ng m−3 year−1 (−2.1% ± 0.36% year−1) that was the same as those in Europe and North America. Seasonal trend analysis based on daily median data at Cape Hedo showed significantly decreasing trends for all months. However, weaker decreasing trends were observed during the cold season from January to May, when air masses are easily transported from the Asian continent by westerlies and northwestern monsoons. Some GEM, GOM, and PBM2.5 pollution events were observed more frequently during the cold season. Back trajectory analysis showed that almost all these events occurred due to the substances transported from the Asian continent. These facts suggested that the decreasing trend observed at Cape Hedo was influenced by the global decreasing GEM trend, but the rates during the cold season were restrained by regional Asian outflows. On the other hand, GOM concentrations were moderately controlled by photochemical production in summer. Moreover, both GOM and PBM2.5 concentrations largely varied during the cold season due to the influence of regional transport rather than the trend of atmospheric Hg on a global scale.
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1. Introduction


Toxic trace metals, including mercury (Hg), cadmium (Cd), and lead (Pb), that are emitted from anthropogenic and natural sources, exist in the natural environment for long periods of time without degradation. A large part of atmospheric Hg is present as gaseous elemental mercury (GEM), but gaseous oxidized mercury (GOM) and particle-bound mercury (PBM) also exist in the atmosphere [1,2,3]. These forms of Hg are emitted from various sources, including power plants, depending on the flue cleaning systems [4]. Gaseous elemental mercury has a long atmospheric residence time because it does not readily dissolve in atmospheric water, including rain and snow, and has a slow oxidation and possible GOM reduction [4]. Therefore, GEM is readily transported in the atmosphere and deposited to regions farther from the emission sources compared to GOM and PBM. On the other hand, GOM and PBM are easily deposited via wet and dry deposition processes [1,5]. Gaseous oxidized mercury is mainly produced by photochemical reactions between GEM and oxidants, such as O3, and OH and Br radicals in the atmosphere [6,7]. In addition, the adsorption of GEM and GOM onto the surfaces of atmospheric suspended particles also leads to PBM formation [8,9,10]. Then, they concentrate within organisms that inhabit exposed lands and oceans because of specific behaviors, such as gas exchange through the stoma of vegetation, in situ methylation in various environmental mediums, and bioaccumulation of methyl mercury in the aquatic nutritional chain.



Currently, the three types of Hg species in the atmosphere can be measured using an automated Tekran instrument [11] and some monitoring networks, including CAMNet (Canadian Atmospheric Mercury Network), AMNet (Atmospheric Mercury Network), and GMOS (Global Mercury Observation System). These systems have been continually used for the atmospheric Hg monitoring mainly in North America and European regions [1,12,13,14,15]. In these networks, there are background sites that store monitoring data for more than a few decades in order to evaluate the global Hg cycle, as well as the long-term trends of Hg levels in the atmosphere. For example, total gaseous mercury (TGM, is similar to GEM) levels have been measured at Mace Head, Ireland since September 1995; the monitoring data collected here revealed that there has been a decrease in TGM concentrations globally at a rate of 1.6–2.0% per year since 1996 [16,17], although atmospheric Hg concentrations increased in the late 1970s and 1980s [18]. In addition, a significant decrease in annual GEM concentrations was observed at Alert, Canada, at a rate of 0.6% year−1 from 1995 to 2007 [19]. At Cape Point in South Africa, TGM was measured by a manual sampling method using a gold amalgamation trap for about 10 years from September 1995, and GEM was measured using an automated Tekran 2537B monitor since March 2007 [20,21]. The data thus obtained on TGM (GEM) concentrations at this station revealed a decreasing trend of concentrations from 1995 to 2005 and an increasing trend since 2007; seasonal variation in these concentrations indicated the influence of biomass burning in South America and southern Africa [21]. On the other hand, GEM concentrations at Zeppelin station, Ny-Alesund, Svalbard showed no distinct annual trend during the period from 2000 to 2009 [22]. These flat and/or decreasing trends of atmospheric Hg concentrations are inconsistent with the slightly increasing trend of anthropogenic emissions worldwide [23]. This emission trend is, however, consistent with the increasing trend of atmospheric Hg concentrations at Cape Point since 2007. One of the reasons for the decreasing atmospheric Hg concentrations in the world is proposed to be its reduced re-emission from the legacy of historically deposited mercury in oceans and soil reservoirs [24]. In addition, Soerensen et al. [25] suggested that the decline in atmospheric Hg concentrations, at least in the Northern hemisphere, was caused by the decreasing Hg concentrations in the subsurface of the North Atlantic Ocean. Moreover, an improved global Hg emission inventory for the period from 1990 to 2010 revealed that the observed decline in atmospheric Hg concentrations can be explained by the decrease in the anthropogenic Hg0 emissions, with much larger reductions in Europe and North America [26]; this is considering the decline in atmospheric release of Hg mainly from commercial products and the prevalence and improvement of emission controls on coal fired utilities. Meanwhile, the global anthropogenic Hg emissions increased from the year 2000 to 2010 with 68% of the emissions being released from Asia and Oceania in 2010 [26]. In addition, the anthropogenic Hg emissions in Asia have constantly increased from 1995 until now; Asia was responsible for more than 50% of the global anthropogenic emissions in 2010 [27]. Thus, long-term monitoring activities are necessary for evaluation of the continuous influence of Asian emissions and to gauge the magnitude of the outflow of atmospheric Hg from Asia. However, such data is scarce from many Asian regions. The Lulin Atmospheric Background Station (LABS) in Taiwan is the only background site in Asia that has been continuously measuring the concentrations of GEM, GOM, and PBM in the atmosphere for more than 10 years [28].



In this study, we conducted measurements of atmospheric Hg at the station in Cape Hedo, Okinawa since October 2007 and recorded the data for about 10 years. Cape Hedo is located on the north edge of Okinawa Island on the border of the East China Sea and the Pacific Ocean (Figure 1). The northwestern monsoon prevails at this site during the cold season from late fall to early spring, implying that the air pollutants emitted from the Asian continent are easily transported here. Many researchers have reported the regional air pollution events of O3 [29], carbon monoxide [30], black carbon [31,32,33], polycyclic aromatic hydrocarbons (PAHs) [34], PM2.5 [35,36], metallic elements [36,37], and GEM [5,38] etc. at this site. We investigated the long-term trends of atmospheric speciated Hg at Cape Hedo as it is one of the background sites in Asia; we used our data from this site to reveal the relationship between Hg emissions and long-range transport on a regional scale in East Asia.




2. Materials and Methods


2.1. Site Information


A map showing the location of the sampling site in Cape Hedo, Okinawa is shown in Figure 1. The Cape Hedo Atmosphere and Aerosol Monitoring Station (CHAAMS; 26.87° N, 128.26° E, 60 m above sea level) is a national monitoring site established and operated by the National Institute for Environmental Studies (NIES) in order to study transboundary air pollution. The site is surrounded by the sea on three sides. Within 25 km radius of this site, there are no local stationary emission sources, such as coal-fired electric power plants, municipal waste incinerators, or factories. Air masses come to this site more frequently from mainland China and the Korean Peninsula, especially during cold seasons, i.e., from December to May. In addition, air masses from the Philippines and/or the Pacific Ocean arrive at the site, especially during the warm season (June–November). Therefore, it is a suitable location for investigating the distribution and transportation properties of hazardous metals in the East Asia region. Meteorological parameters, including wind direction and speed, air temperature, relative humidity, air pressure, and rainfall were monitored using a WXT520 (Vaisala Co. Ltd., Helsinki, Finland) at this site. Carbon monoxide (CO) and O3 were also measured by Thermo Environmental Instruments Model 48C and 49i, respectively [30].




2.2. Atmospheric Speciated Hg Measurements


Continuous measurements of atmospheric GEM concentrations were started in October 2007 using an automated ambient air mercury monitor manufactured by Tekran Inc. (Model 2537B or 2537X, Toronto, Canada). In addition, from October 2009 to December 2018, the concentrations of GOM and particle-bound mercury of particles with diameter smaller than 2.5 μm (PBM2.5) were also measured by using the Tekran speciation units (Model 1130, and Model 1135). However, the GEM observation data was not recorded from mid-May 2008 to July 2008 due to some troubles in the monitor. Ambient air containing GEM, GOM, and PBM2.5 was drawn at a flow rate of 10 L min−1 through an air inlet with an impactor to remove coarse particles larger than 2.5 µm. Firstly, GOM was adsorbed on the interior surface of a KCl-coated annular denuder and any PBM2.5 were captured by a quartz fiber filter present downstream of the denuder. During the sampling of GOM and PBM2.5, GEM was measured every 5 min using two gold cartridges that alternately collected and thermally desorbed Hg, which was subsequently measured by cold-vapor atomic fluorescence spectrometry (CVAFS). The speciation system was operated on a 3-h cycle that comprised steps of GEM measurement and pre-concentration of GOM and PBM2.5 for 2 h, followed by GOM and PBM2.5 analysis for an hour. The CVAF spectrometer was automatically calibrated once a day using an internal permeation tube. The method detection limit (MDL) for GEM is less than 0.1 ng m−3 [39]; all measured values were more than 10 times higher than the MDL. The MDLs for GOM and PBM2.5 were approximately 1 pg m−3 as determined based on their blank values recorded from the third reading during the zero-air flush. The MDLs fluctuated depending on system stability. The measured concentrations of GOM and PBM2.5 were, in some instances, less than or equal to their MDLs, accounting for over 70% of the GOM and about 30% of the PBM2.5 of the total measurements. Therefore, their mean and median concentrations were calculated by substituting the values that were less than the MDLs with half the values of MDLs, i.e., 0.5 pg m−3. Temporal trends in GEM concentrations were calculated using a least-squares method and the rates were obtained from the slope of the regression line.




2.3. QA/QC Program for Speciated Hg


To implement quality assurance and quality control on the measurement of atmospheric Hg via the Tekran Hg speciation system, we prepared our own standard operating procedure (SOP) based on US Environmental Protection Agency’s (EPA’s SOP). Briefly, to maintain stable operation under conditions of high temperature and humidity in Cape Hedo, Okinawa, a high-power air dryer was installed to prevent dropwise condensation in the supply route of zero air, and the flappers of the speciation units were sealed using an aluminum tape to eliminate highly humid incoming air. In addition, operation was shut down to prevent incoming seawater and/or sea salts from entering the system just before typhoons approached; it was re-started as quickly and safely as possible when they passed away. The detector was automatically calibrated once a day using an internal permeation tube for GEM. In addition, to checking the auto-calibration system, external manual injections using a saturated Hg standard gas (MB-1, Nippon Instruments Co. Ltd., Takatsuki, Japan) were performed twice in a year. Moreover, the measured GEM values by the Tekran system were compared with those obtained by an official manual method by the Ministry of the Environment, Japan (MOEJ) [40] with some modification to ensure the quality of data derived from the Tekran monitoring system. In our manual method, a soda lime column was installed upstream of a gold amalgamation trap to prevent moisture during air sampling. Figure 2a shows a scatter plot of both the data, depicting their good correlation. In addition, to compare the atmospheric concentration of GOM and PBM2.5 obtained by Tekran monitoring system and the offline manual method [11], a scatterplot is shown in Figure 2b. In the manual method, a thermal desorption-gold amalgamation-CVAFS (RA-FG+, Nippon Instruments Co. Ltd.) and a thermal desorption-gold amalgamation-cold-vapor atomic absorption spectrometry (CVAAS) CVAAS (MA-2, Nippon Instruments Co. Ltd., Mumba, India) were used for GOM and PBM2.5 analyses, respectively. The correlations between the two datasets were in line with each other.




2.4. Back Trajectory Analysis


To identify the transport patterns of air masses arriving at the observation site, the hybrid single-particle Lagrangian integrated trajectory (HYSPLIT) model [41] was used to obtain five-day backward trajectories based on meteorological data available at the Global Data Assimilation System (GDAS). Trajectories were made out at the starting height of 250 m above the observation site at Cape Hedo, beginning at the time when the maximum concentrations of GEM, GOM, and PBM2.5 were observed during each pollution event defined below (Section 3.2). In addition, the calculation was carried out at 1 h intervals.





3. Results and Discussion


3.1. Concentrations of GEM, GOM, and PBM2.5


The mean concentrations (±1σ) of GEM, GOM, and PBM2.5 during the entire observation period from the year 2007 to 2018 were 1.81 ± 0.43 ng m−3 (hourly mean values for 5 min intervals, N = 53,840), 1.7 ± 2.9 pg m−3 (N = 22,071) and 2.6 ± 3.6 pg m−3 (N = 22,058), respectively (Table 1). The mean GEM concentrations were lower than those reported for urban, suburban, and remote sites in the East Asian region [15,42,43,44,45], but were slightly higher than the background concentrations recorded in the Northern hemisphere (1.3–1.6 ng m−3) and in the Southern hemisphere (around 1.0 ng m−3) [14,46]. Thus, it was inferred that the concentrations of Hg at Cape Hedo were elevated due to regional pollution because there are no local Hg stationary emission sources around this site. On the other hand, the mean concentrations of GOM and PBM2.5 at the site were lower than those in Fukuoka in Japan [44], the Bohai Sea, and Yellow Sea areas [47]; they were less than one-tenth of concentrations observed in Asian urban cities, such as Seoul in Korea [48], and at remote sites in China [49]. The mean fractions of GOM and PBM2.5 in the total atmospheric Hg (GEM + GOM + PBM2.5) at Cape Hedo were both less than 1.0%. The dominant species of Hg in the atmosphere was GEM at this site as observed for other ground-based observation sites.




3.2. Seasonal Variations in the Concentrations of GEM, GOM, and PBM2.5


The monthly mean and median values of GEM, GOM, and PBM2.5 during the entire observation period are shown in Figure 3. The GEM concentrations were slightly higher in winter (December–February), spring (March–May), and fall (September–November) as compared to those in summer (June–August). The PBM2.5 concentrations were also higher during the cold season than during the warm season, whereas the GOM concentrations were higher in summer than in other seasons.



Figure 4 shows the frequency of the pollution events of GEM, GOM, and PBM2.5 that were defined as events, where their concentrations exceeded the mean + 3× standard deviation value. Based on this definition, 176, 172, and 144 events of GEM, GOM, and PBM2.5 pollution were identified during the entire observation period, respectively. Figure 5, Figure 6 and Figure 7 present the results of the back-trajectory analysis for each season in which the GEM, GOM, and PBM2.5 pollution events had occurred. Furthermore, 60.5% of the total GOM pollution events occurred during the warm season. It is well known that GOM is produced by the photochemical oxidation of GEM with O3, and BrO, OH, Br, and Cl radicals [50]. In the marine boundary layer, the Br and BrO radicals that originate from sea salt aerosols act as the dominant oxidants for GEM [50,51]. As shown in Figure 6, the air mass came from oceanic regions when the GOM pollution events were observed in summer. Figure 8 also shows the frequency of typhoon passage through the Okinawa region [52]. A lot of typhoons come to this region in summer and early fall; the strong typhoon winds disturb the sea surface, which leads to a more abundant spread of sea salt aerosols into the atmosphere and above land surfaces. At the time that the typhoons approached during our study, Hg measurements were stopped for system preservation and no data was recorded. However, after the typhoons passed, sea salts pervaded the atmosphere and land surfaces around the site. Once they are dried by the strong sunlight, large amounts of oxidants, such as Br and Cl radicals are thought to be released into the atmosphere, resulting in GEM conversion to GOM. Therefore, the seasonal variations in GOM concentrations were consistent with the meteorological conditions at Cape Hedo.



On the other hand, 67.6% of all GEM pollution events (119 events) and 88.9% of the PBM2.5 events (128 events) occurred during the cold season. The GOM pollution events were also observed in this season, although they were less frequent than during the warm season. During the cold season (winter and spring) and fall, air masses were transported from the Asian continent more frequently than in summer. The concentrations of GEM, GOM, PBM2.5, CO, O3, and other meteorological parameters from December 2013 to January 2014 are shown in Figure 9 as a typical time-series depicting examples of variations in these parameters.



The concentrations of GEM, GOM, PBM2.5, CO, and O3 had similar variations. They showed remarkably synchronous increases several times, when the air pressure decreased, along with reduced air temperature and relative humidity; thereafter, the wind direction gradually changed from south to north and the wind speed increased. These meteorological changes indicated that the cold front accompanying an extratropical cyclone—that carried cold and dry air from the Asian continent—had passed over the site. The back trajectories also demonstrated that air masses had come from the Asian continent during almost all such events. In most of these pollution events, the concentrations of GEM, GOM, and PBM2.5 had a significant positive correlation with CO and O3, indicating regional Hg transport from the Asian continent [5,28,38,44]. The correlation between GOM and O3 during the pollution events also indicated that aged air masses with photochemical formation of O3 and possibly of GOM was transported from the continent. The pollution events associated with the passage of the cold front or cyclones have been observed at other sites in Japan, such as the GEM event at Fukuoka and the TGM event at Minamata in the Kyushu Islands [44], and events for other air pollutants, such as PM2.5 [53,54].




3.3. Long-Term Trends of Atmospheric GEM, GOM, and PBM2.5 Concentrations


Figure 10 shows the time series of the monthly median GEM concentrations between October 2007 and December 2018. A distinct decreasing trend of GEM concentrations at Cape Hedo was recorded during the observation period. The rate of decrease in the median values was −2.1% ± 0.36% year−1. This value was almost comparable to concentrations reported in North America (−1.5% ± 0.15% year−1) and Western Europe (−2.0% ± 0.46% year−1) for the time period between 1990 and 2010 [26], although an increasing trend of GEM concentrations was observed at Cape Point in South Africa between 2007 and 2015 [21]. Soerensen et al. [25] suggested that the decline in atmospheric Hg concentrations in the Northern hemisphere was caused by the decrease in oceanic evasion from the North Atlantic, that is accompanied by a decrease in oceanic Hg concentrations in the subsurface layer. Using a coupled global atmosphere–ocean model, they also found out that the decline in oceanic Hg concentrations in the North Atlantic affects the global Hg budget. On the other hand, using an improved global Hg emission inventory, Zhang et al. [26] found that the decrease in global anthropogenic Hg emissions affects the decline in atmospheric Hg. The Japan Coast Guard investigated the total Hg concentrations in surface water in the East China Sea in recent years. Figure 11 shows the annual trend of Hg concentrations [55]. The oceanic Hg concentrations decreased in recent years at a rate of −0.032 ng L−1 year−1 (−15.7% year−1) in the East China Sea. This rate was steeper as compared to the atmospheric GEM decline, probably because of the shorter observation period and small sample size (three sites in each year). In addition, the analytical method to measure Hg used in this survey was slightly different from the one recommended by international standard methods, such as the EPA method 1631 [56]. However, this indicates that a similar phenomenon can occur not only in the North Atlantic Ocean but also in the East China Sea.



The results of the seasonal trend analysis for every month based on daily median data on GEM concentrations at Cape Hedo are presented in Figure 12. A negative slope indicates a decreasing trend during each month from 2008 to 2018. At this site, a decreasing trend, ranging from −0.0695 ± 0.0065 ng m−3 year−1 (September) to −0.0115 ± 0.0069 ng m−3 year−1 (April) was observed for all months. In addition, the months in the cold season had weaker decreasing trends than those in the warm season. As mentioned before, during the cold season, air masses that carry some air pollutants from the Asian continent are transported to our monitoring site by westerlies and northwestern monsoons. In the East Asian region, China is one of the major contributors of atmospheric Hg emissions [57], although the estimated emission amounts [58] and emission outflow [59] have been reported to have slightly decreased due to emission controls in recent years. In addition, the Hg emissions in East Asia slightly increased in the period between 2010 (901.4 Mg) and 2015 (1012.3 Mg), although its growth rate has slowed in recent years [60]. Higher GEM concentrations at Cape Hedo are still observed more frequently during the cold season due to the Asian outflows as previously mentioned. Therefore, it is suggested that the annual GEM concentrations at Cape Hedo decreased due to the global decreasing trends, especially those recorded in Europe and North America; the magnitude of this decrease was restrained by the outflow from the Asian continent.



The annual trends of GOM and PBM2.5 could not be calculated because 70% of the GOM values and 30% of the PBM2.5 values were below their MDLs (see Section 2.2). In addition, a negative bias on Tekran measurements has been reported for Hg loads below 10 pg [61,62,63]. The bias occurred due to the instrument’s default integration of Hg peaks at Hg loads, which was exacerbated with deceasing Hg loads [62]. As shown in Figure 2b, even if the Hg loads were below 10 pg, our two datasets obtained by the Tekran instrument and the offline manual method using the different CVAFS and CVAAS detectors were in good agreement. Thus, it was expected that the bias probably did not affect the precision of our GOM and PBM2.5 measurements. However, their concentrations at Cape Hedo were very low. Furthermore, as mentioned above, the GOM concentrations varied due to the photochemical reactions between GEM and oxidants in the marine boundary layer in the summer and in anthropogenic plumes transported from the Asian continent during the cold season. The PBM2.5 concentrations were also elevated majorly as per the regional transport from the Asian continent. Therefore, the seasonal and diurnal variations in the GOM and PBM2.5 concentrations were larger than the variation in GEM concentrations. In addition, it is well known that their atmospheric residence times are short as compared to that for GEM. Therefore, it seems to be more difficult to detect their long-term trends compared to GEM.





4. Conclusions


Atmospheric GEM is recognized as a major global pollutant because of its capability to be transported over long distances and to be deposited into marine and terrestrial surfaces far from its emission sources after the conversions to GOM and PBM. The monitoring of atmospheric Hg concentrations started at several sites in Western Europe and North America in the 1980s; since then, the activity has expanded all over the world. In recent years, some researchers reported the long-term trends of GEM or TGM concentrations that spanned over several decades. Decreasing trends were observed in Europe and North America, whereas no significant or weak decreasing trends were observed in the Arctic regions. In this study, we continuously measured the concentrations of atmospheric GEM, GOM, and PBM2.5 for more than 10 years at Cape Hedo in the Okinawa islands that are located at the marginal sea area adjacent to the eastern part of the Asian continent, where anthropogenic Hg emissions are the largest. The overall downward trend in GEM concentrations at Cape Hedo was comparable to the trends observed at other sites in Europe and North America. In addition, the rate of decrease was weaker during the cold season than during the warm season. Meanwhile, we could not find the long-term trends on GOM and PBM2.5 concentrations. During the cold season, the GEM, GOM, and PBM2.5 concentrations increased due to the regional transport from the Asian continent. Therefore, these findings suggest that such decline of the GEM concentrations at Cape Hedo was caused by the influence of a decreasing trend at the global-scale. Furthermore, this influence was restrained during the cold season by the regional transport from the Asian continent. However, further investigations with long-term observations of oceanic Hg in the East China Sea and the North Pacific Ocean and long-term trend analyses using global models are needed in order to delineate the atmospheric Hg trends and the interaction between atmospheric and oceanic Hg. Since the Minamata Convention came into force in 2017, each country is responsible for the reduction of Hg use and emissions. As Asia is one of the main contributors to global Hg emissions, monitoring of atmospheric and oceanic Hg in this part of the world is of particular concern. Therefore, Hg monitoring activities have to be continued in the next decades to understand fate and cycle of Hg at regional and global scales and to evaluate the effectiveness of the Minamata Convention.







Author Contributions


K.M. analyzed and interpreted the data and wrote the paper. N.S., Y.S., A.T., A.T., N.F., K.K., and A.M. interpreted the data, provided advice for data analysis, and revised the paper. S.K. provided the data on CO and O3 and provided advice for data analysis. T.Y. and J.C. performed data reduction and analyses. T.H. and H.N. carried out the operation and maintenance of the speciated Hg monitoring system. M.S. defined the research theme and interpreted the data. All authors approved the final draft paper and agreed to be accountable for all aspects of this work.




Funding


This research received no external funding.




Acknowledgments


The atmospheric speciated mercury data used in this study were acquired from the “Background Monitoring Survey for Atmospheric Mercury and Other Metal Element Concentrations in Aerosols” conducted by the Ministry of the Environment, Japan. We thank Aya Iwasaki in Okinawa Prefecture Institute of Health and Environment for helping with CO and O3 measurements.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Schroeder, W.H.; Munthe, J. Atmospheric mercury-an overview. Atmos. Environ. 1998, 32, 809–822. [Google Scholar] [CrossRef]

	



Lindberg, S.E.; Stratton, W.J. Atmospheric mercury speciation: Concentration and behavior of reactive gaseous mercury in ambient air. Environ. Sci. Technol. 1998, 32, 49–57. [Google Scholar] [CrossRef]

	



Rutter, A.P.; Snyder, D.C.; Stone, E.A.; Schauer, J.J.; Gonzalez-Abraham, R.; Molina, L.T.; Marquez, C.; Cardenas, B.; de Foy, B. In situ measurements of speciated atmospheric mercury and the identification of source regions in the Mexico City Metropolitan Area. Atmos. Chem. Phys. 2009, 9, 207–220. [Google Scholar] [CrossRef]

	



United Nations Environmenta Programme (UNEP). The Global Atmospheric Mercury Assessment: Sources, Emissions and Transport; UNEP Chemicals Branch, DTIE: Geneva, Switzerland, 2013. [Google Scholar]

	



Chand, D.; Jaffe, D.; Prestbo, E.; Swartzendruber, P.C.; Hafner, W.; Weiss-Penzias, P.; Kato, S.; Takami, A.; Hatakeyama, S.; Kaiji, Y. Reactive and particulate mercury in the Asian marine boundary layer. Atmos. Environ. 2008, 42, 7988–7996. [Google Scholar] [CrossRef]

	



Lin, C.-J.; Pehkonen, S.O. Two-phase model of mercury chemistry in the atmosphere. Atmos. Environ. 1998, 32, 2543–2558. [Google Scholar] [CrossRef]

	



Hedgecock, I.M.; Pirrone, N. Chasing Quicksilver: Modeling the atmospheric lifetime of Hg0(g) in the marine boundary layer at various latitudes. Environ. Sci. Technol. 2004, 38, 69–76. [Google Scholar] [CrossRef] [PubMed]

	



Rutter, A.P.; Schauer, J.J. The impact of aerosol composition on the particle to gas partitioning of reactive mercury. Environ. Sci. Technol. 2007, 41, 3934–3939. [Google Scholar] [CrossRef] [PubMed]

	



Rutter, A.P.; Schauer, J.J. The effect of temperature on the gas-particle partitioning of reactive mercury in atmospheric aerosols. Atmos. Environ. 2007, 39, 8647–8657. [Google Scholar] [CrossRef]

	



Sakata, M.; Marumoto, K. Formation of atmospheric particulate mercury in the Tokyo metropolitan area. Atmos. Environ. 2002, 36, 239–246. [Google Scholar] [CrossRef]

	



Landis, M.S.; Stevens, R.K.; Schaedlich, F.; Prestbo, E.M. Development and characterization of an annular denuder methodology for the measurement of divalent inorganic reactive gaseous mercury in ambient air. Environ. Sci. Technol. 2002, 36, 3000–3009. [Google Scholar] [CrossRef]

	



Zhang, L.; Wright, L.P.; Blanchard, P. A review of current knowledge concerning dry deposition of atmospheric mercury. Atmos. Environ. 2009, 43, 5853–5864. [Google Scholar] [CrossRef]

	



Sprovieri, F.; Pirrone, N.; Ebinghaus, R.; Kock, H.; Dommergue, A. A review of worldwide atmospheric mercury measurements. Atmos. Chem. Phys. 2010, 10, 8245–8265. [Google Scholar] [CrossRef]

	



Sprovieri, F.; Pirrone, N.; Bencardino, M.; D’Amorel, F.; Carbone, F.; Cinnirella, S.; Mannarino, V.; Landis, M.; Ebinghaus, R.; Weigelt, A.; et al. Atmospheric mercury concentrations observed at ground-based monitoring sites globally distributed in the framework of the GMOS network. Atmos. Chem. Phys. 2016, 16, 11915–11935. [Google Scholar] [CrossRef] [PubMed]

	



Fu, X.W.; Zhang, H.; Yu, B.; Wang, X.; Lin, C.-J.; Feng, X.B. Observations of atmospheric mercury in China: A critical review. Atmos. Chem. Phys. 2015, 15, 9455–9476. [Google Scholar] [CrossRef]

	



Ebinghaus, R.; Jenning, S.G.; Kock, H.H.; Derwent, R.G.; Manning, A.J.; Spain, T.G. Decreasing trends in total gaseous mercury observations in baseline air at Mace Head, Ireland from 1996 to 2009. Atmos. Environ. 2011, 45, 3475–3480. [Google Scholar] [CrossRef]

	



Weigelt, A.; Ebinghaus, R.; Manning, A.J.; Derwent, R.G.; Simmonds, P.G.; Spain, T.G.; Jennings, S.G.; Slemr, F. Analysis and interpretation of 18 years of mercury observations since 1996 at Mace Head, Ireland. Atmos. Environ. 2015, 100, 85–93. [Google Scholar] [CrossRef]

	



Slemr, F.; Brunke, E.-G.; Ebinghaus, R.; Temme, C.; Munthe, J.; Wangberg, I.; Schroeder, W.; Steffen, A.; Berg, T. Worldwide trend of atmospheric mercury since 1977. Geophys. Res. Lett. 2003, 30, 1516. [Google Scholar] [CrossRef]

	



Cole, A.S.; Steffen, A. Trends in long-term gaseous mercury observations in the Arctic and effects of temperature and other atmospheric conditions. Atmos. Chem. Phys. 2010, 10, 4661–4672. [Google Scholar] [CrossRef]

	



Slemr, F.; Brunke, E.-G.; Labuschagne, C.; Ebinghaus, R. Total gaseous mercury concentrations at the Cape Point GAW station and their seasonality. Geophys. Res. Lett. 2008, 35, 11. [Google Scholar] [CrossRef]

	



Martin, L.G.; Labuschagne, C.; Brunke, E.-G.; Weigelt, A.; Ebinghaus, R.; Slemr, F. Trend of atmospheric mercury concentrations at Cape Point for 1995–2004 and since 2007. Atmos. Chem. Phys. 2017, 17, 2393–2399. [Google Scholar] [CrossRef]

	



Berg, T.; Pfaffhuber, A.; Colu, A.S.; Engelsen, O.; Steffen, A. Ten-year trends in atmospheric mercury concentrations, meteorological effects and climate variables at Zeppelin, Ny-Alesund. Atmos. Chem. Phys. 2013, 13, 6575–6586. [Google Scholar] [CrossRef]

	



Streets, D.G.; Devane, M.K.; Lu, Z.; Bond, T.C.; Sunderland, E.M.; Jacob, D.J. All-time releases of mercury to the atmosphere from human activities. Environ. Sci. Technol. 2011, 45, 10485–10491. [Google Scholar] [CrossRef] [PubMed]

	



Slemr, F.; Brunke, E.-G.; Ebinghaus, R.; Kuss, J. Worldwide trend of atmospheric mercury since 1995. Atmos. Chem. Phys. 2011, 11, 4779–4787. [Google Scholar] [CrossRef]

	



Soerensen, A.L.; Jacob, D.J.; Streets, D.G.; Witt, M.L.I.; Ebinghaus, R.; Mason, R.P.; Andersson, M.A.; Sunderland, E.M. Multi-decadal decline of mercury in the North Atlantic atmosphere explained by changing subsurface seawater concentrations. Geophys. Res. Lett. 2012, 39. [Google Scholar] [CrossRef]

	



Zhang, Y.; Jacob, D.J.; Horowitz, H.M.; Chen, L.; Amos, H.M.; Krabbenhort, D.P.; Slemr, F.; StLouis, V.L.; Sunderland, E.M. Observed decrease in atmospheric mercury explained by global decline in anthropogenic emissions. Proc. Natl. Acad. Sci. USA 2016, 113, 526–531. [Google Scholar] [CrossRef] [PubMed]

	



Streets, D.G.; Horowitz, H.M.; Jacob, D.J.; Lu, Z.; Levin, L.; Schure, A.; Sunderland, E.M. Total mercury released to the environment by human activities. Environ. Sci. Technol. 2017, 51, 5969–5977. [Google Scholar] [CrossRef]

	



Sheu, G.-R.; Lin, N.-H.; Wang, J.-L.; Lee, C.-T.; Ou Yang, C.-F.; Wang, S.-H. Temporal distribution and potential sources of atmospheric mercury measured at a high-elevation background station in Taiwan. Atmos. Environ. 2010, 44, 2393–2400. [Google Scholar] [CrossRef]

	



Lee, S.; Akimoto, H.; Nakane, H.; Kurnosenko, S.; Kinjo, Y. Lower tropospheric ozone trend observed in 1989–1997 at Okinawa, Japan. Geophys. Res. Lett. 1998, 25, 1637–1640. [Google Scholar] [CrossRef]

	



Suthawaree, J.; Kato, S.; Takami, A.; Kadena, H.; Toguchi, M.; Yogi, K.; Hatakeyama, S.; Kaiji, Y. Observation of ozone and carbon monoxide at Capr Hedo, Japan: Seasonal variation and influence of long-range transport. Atmos. Environ. 2008, 42, 2971–2981. [Google Scholar] [CrossRef]

	



Handa, D.; Nakajima, H.; Arakaki, T.; Kumata, H.; Shibata, Y.; Uchida, M. Radiocarbon analysis of BC and OC in PM10 aerosols at Cape Hedo, Okinawa, Japan, during long-range transport events from East Asian countries. Nucl. Instrum. Methods Phys. B 2010, 268, 1125–1128. [Google Scholar] [CrossRef]

	



Verma, R.L.; Kondo, Y.; Oshima, N.; Matsui, H.; Kita, K.; Sahu, L.K.; Kato, S.; Kaiji, Y.; Takami, A.; Miyakawa, T. Seasonal variation of the transport of black carbon and carbon monoxide from the Asian Continent to the western Pacific in the boundary layer. J. Geophys. Res. Atmos. 2011, 116, D21307. [Google Scholar] [CrossRef]

	



Matsui, H.; Koike, M.; Kondo, Y.; Oshima, N.; Moteki, N.; Kanaya, Y.; Takami, A.; Irwin, M. Seasonal variations of Asian black carbon outflow to the Pacific: Contribution from anthropogenic sources in China and biomass burning sources in Siberia and Southeast Asia. J. Geophys. Res. 2013, 118, 9948–9996. [Google Scholar] [CrossRef]

	



Sato, K.; Li, H.; Tanaka, Y.; Ogawa, S.; Iwasaki, Y.; Takami, A.; Hatakeyama, S. Long-range transport of particulate polycyclic aromatic hydrocarbons at Cape Hedo remote island site in the East China Sea between 2005 and 2008. J. Atmos. Chem. 2008, 61, 243–257. [Google Scholar] [CrossRef]

	



Pani, S.K.; Lee, C.-T.; Chou, C.-K.; Shimada, K.; Hatakeyama, S.; Takami, A.; Wang, S.-H.; Lin, N.-H. Chemical characterization of wintertime aerosols over islands and mountains in East Asia: Impacts of the continental Asian outflows. Aerosol. Air Qual. Res. 2017, 17, 3006–3036. [Google Scholar] [CrossRef]

	



Shimada, K.; Yang, X.; Araki, Y.; Yoshino, A.; Takami, A.; Chen, X.; Meng, F.; Hatakeyama, S. Concentrations of metallic elements in long-range-transported aerosols measured simultaneously at three coastal sites in China and Japan. J. Atmos. Chem. 2018, 75, 123–139. [Google Scholar] [CrossRef]

	



Itoh, A.; Oshiro, Y.; Azechi, S.; Somada, Y.; Handa, D.; Miyagi, Y.; Nakano, K.; Tanahara, A.; Arakaki, T. Long-term monitoring of metal elements in total suspended particle aerosols simultaneously collected at three islands in Okinawa, Japan. Asian J. Atmos. Environ. 2018, 12, 326–337. [Google Scholar] [CrossRef]

	



Jaffe, D.; Prestbo, E.; Swartzendruber, P.; Weiss-Penzias, P.; Kato, S.; Takami, A.; Hatakeyama, S.; Kaiji, Y. Export of atmospheric mercury from Asia. Atmos. Environ. 2005, 39, 3029–3038. [Google Scholar] [CrossRef]

	



Tekran Inc. MODEL 2537A Mercury Vapor Analyzer User Manual; Tekran Inc.: Toronto, ON, Canada, 2002. [Google Scholar]

	



Ministry of the Environment, Japan. Manual Method of Hazardous Air Pollutants, Air Environmental Division of the Environmental Management Bureau for Water and Air Environmental Fields; MOEJ: Tokyo, Japan, 2011. (In Japanese)

	



Draxler, R.R.; Rolph, G.D. HYSPLIT (Hybrid. Single-Particle Lagrangian Integrated Trajectory) Model. Access via NOAA Arl Ready Website; NOAA Air Resources Laboratory: Silver Springs, MD, USA, 2010. [Google Scholar]

	



Kim, K.-H.; Brown, R.J.C.; Kwon, E.; Kim, I.-S.; Sohn, J.-R. Atmospheric mercury at an urban station in Korea across three decades. Atmos. Environ. 2016, 131, 124–132. [Google Scholar] [CrossRef]

	



Lee, G.-S.; Kim, P.-R.; Han, Y.-J.; Holsen, T.M.; Seo, Y.-S.; Yi, S.-M. Atmospheric speciated mercury concentrations on the island between China and Korea: Sources and transport pathways. Atmos. Chem. Phys. 2016, 16, 4119–4133. [Google Scholar] [CrossRef]

	



Marumoto, K.; Hayashi, M.; Takami, A. Atmospheric mercury concentrations at two sites in the Kyushu Islands, Japan, and evidence of long-range transport from East Asia. Atmos. Environ. 2015, 117, 147–155. [Google Scholar] [CrossRef]

	



Qin, X.; Wang, X.; Shi, Y.; Yu, G.; Zhao, N.; Lin, Y.; Fu, Q.; Wang, D.; Xie, Z.; Deng, C.; et al. Characteristics of atmospheric mercury in a suburban area of east China: Sources, formation mechanisms, and regional transport. Atmos. Chem. Phys. 2019, 19, 5923–5940. [Google Scholar] [CrossRef]

	



Slemr, F.; Angot, H.; Dommergue, A.; magand, O.; Barret, M.; Weigelt, A.; Ebinghaus, R.; Brunke, E.-G.; Plaffhuber, K.A.; Edwards, G.; et al. Comparison of mercury concentrations measured at several sites in the Southern Hemisphere. Atmos. Chem. Phys. 2015, 15, 3125–3133. [Google Scholar] [CrossRef]

	



Wang, C.; Ci, Z.; Wang, Z.; Zhang, X.; Guo, J. Speciated atmospheric mercury in the marine boundary layer of the Bohai Sea and Yellow Sea. Atmos. Environ. 2016, 131, 360–370. [Google Scholar] [CrossRef]

	



Kim, S.-H.; Han, Y.-J.; Holsen, T.M.; Yi, S.-M. Characteristics of atmospheric speciated mercury concentrations (TGM, Hg(II) and Hg(p)) in Seoul, Korea. Atmos. Environ. 2009, 43, 3267–3274. [Google Scholar] [CrossRef]

	



Fu, X.; Feng, X.; Sommar, J.; Wang, S. A review of studies on atmospheric mercury in China. Sci. Total Environ. 2012, 421–422, 73–81. [Google Scholar] [CrossRef] [PubMed]

	



Horowitz, H.M.; Jacob, D.J.; Zhang, Y.; Dibble, T.S.; Slemr, F.; Amos, H.M.; Schmidt, J.A.; Corbitt, E.S.; Marais, E.A.; Sunderland, E.M. A new mechanism for atmospheric mercury redox chemistry: Implications for the global mercury budget. Atmos. Chem. Phys. 2017, 17, 6353–6371. [Google Scholar] [CrossRef]

	



Holmes, C.; Jacob, D.; Mason, R.; Jaffe, D. Sources and deposition of reactive gaseous mercury in the marine atmosphere. Atmos. Environ. 2009, 43, 2278–2285. [Google Scholar] [CrossRef]

	



Japanese Meteorological Agency. 2019. Available online: https://www.jma.go.jp/fcd/yoho/typhoon/index.html (accessed on 20 May 2019).

	



Kaneyasu, N.; Takeuchi, K.; Hayashi, M.; Fujita, S.; Uno, I.; Sasaki, H. Outflow patterns of pollutants from East Asia to the North Pacific in the winter monsoon. J. Geophys. Res. Atmos. 2000, 105, 17361–17377. [Google Scholar] [CrossRef]

	



Kaneyasu, N.; Yamamoto, S.; Sato, K.; Takami, A.; Hayashi, M.; Hara, K.; Kawamoto, K.; Okuda, T.; Hatakeyama, S. Impact of long-range transport of aerosols on the PM2.5 composition at a major metropolitan area in the northern Kyushu area of Japan. Atmos. Environ. 2014, 97, 416–425. [Google Scholar] [CrossRef]

	



Japan Coast Guard. Report of Marine Pollution Surveys No.42-No.45, Hydrographical and Oceanographic Department; Japan Coast Guard: Tokyo, Japan, 2016–2019. (In Japanese)

	



U.S. EPA. Method 1631, Revision E: Mercury in Water by Oxidation, Purge and Trap, and Cold Vapor Atomic Fluorescence Spectrometry; US Environmental Protection Agency: Washington, DC, USA, 2002; EPA-821-R-02-019.

	



Obrist, D.; Kirk, J.L.; Zhang, L.; Sunderland, E.M.; Jiskra, M.; Selin, N.E. A review of global environmental mercury processes in response to human and natural perturbations: Changes of emissions, climate, and land use. Ambio 2018, 47, 116–140. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Q.; Wang, S.; Li, G.; Liang, S.; Lin, C.-J.; Wang, Y.; Cai, S.; Liu, K.; Hao, J. Temporal trend ans spatial distribution of speciated atmospheric mercury emissions in China during 1978–2014. Environ. Sci. Technol. 2016, 50, 13428–13435. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Lin, C.-J.; Feng, X.; Yuan, W.; Fu, X.; Zhang, H.; Wu, Q.; Wang, S. Assessment of regional mercury deposition and emission outflow in Mainland China. J. Geophys. Res. Atmos. 2018, 123, 9868–9890. [Google Scholar] [CrossRef]

	



Streets, D.G.; Horowitz, H.M.; Lu, Z.; Levin, L.; Thackray, C.P.; Sunderland, E.M. Global and regional trends in mercury emissions and concentrations, 2010–2015. Atmos. Environ. 2019, 201, 417–427. [Google Scholar] [CrossRef]

	



Swartzendruber, P.C.; Jaffe, D.A.; Finley, B. Improved fluorescence peak integration in the Tekran 2537 for applications with sub-optical sample loadings. Atmos. Environ. 2009, 43, 3648–3651. [Google Scholar]

	



Slemr, F.; Weigelt, A.; Ebinghaus, R.; Kock, H.H.; Bödewadt, J.; Brenninkmeijer, C.A.M.; Rauthe-Schöch, A.; Weber, S.; Hermann, M.; Becker, J.; et al. Atmospheric mercury measurements on board the CARIBIC passenger aircraft. Atmos. Meas. Tech. 2016, 9, 2291–2302. [Google Scholar] [CrossRef]

	



Ambrose, J.L. Improved methods for signal processing in measurements of mercury by Tekran® 2537A and 2537B instruments. Atmos. Meas. Tech. 2017, 10, 5063–5073. [Google Scholar] [CrossRef]








[image: Atmosphere 10 00362 g001 550]





Figure 1. A map of the observation site. 
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Figure 2. Scatterplots of the (a) gaseous elemental mercury (GEM) concentrations recorded using the Tekran monitoring system and the total gaseous mercury (TGM) obtained using the method outlined in the official Ministry of the Environment, Japan (MOEJ) manual and (b) gaseous oxidized mercury (GOM) and particle-bound mercury for particles with diameter smaller than 2.5 μm (PBM2.5) concentrations recorded using the Tekran monitoring system and the offline method. 
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Figure 3. Box-whisker plots of the concentration distributions of GEM, GOM, and PBM2.5 at Cape Hedo. The middle line in the box and the black circles shows median and mean concentrations, respectively. The box represents the range between the 25th and 75th percentiles and the whisker above and below indicates maximum and minimum concentrations, respectively. The numbers represent the maximum concentrations of GOM and PBM2.5 in each month. 
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Figure 4. Seasonal variations in the frequency of the pollution events of GEM, GOM, and PBM2.5. The pollution events are defined as their values above the mean value plus 3× SD. 
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Figure 5. Seasonal changes in the pathway of the air mass arriving at Cape Hedo when GEM pollution events were observed in (a) winter, (b) spring, (c) summer, and (d) fall. 
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Figure 6. Seasonal changes in the pathway of the air mass arriving at Cape Hedo when GOM pollution events were observed in (a) winter, (b) spring, (c) summer, and (d) fall. 
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Figure 7. Seasonal changes in the pathway of the air mass arriving at Cape Hedo when PBM2.5 pollution events were observed in (a) winter, (b) spring, (c) summer, and (d) fall. 
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Figure 8. Frequency of the typhoon passage through the Okinawa region. 
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Figure 9. Typical examples of time series observed in the concentrations of GEM, GOM, PBM2.5, CO, and O3 and meteorological parameters, including air temperature (AT), relative humidity (RH), air pressure (AP), rainfall, wind direction (WD) and wind speed (WS) during the period from December 2013 to January 2014. 
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Figure 10. Long-term variations in the monthly mean GEM concentrations. The slope of the least-square regression represents its annual trend. 
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Figure 11. The variations in the total Hg concentrations in surface seawater of the East China Sea between 2014 and 2017. The slope of the least-square regression represents its annual trend. 
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Figure 12. Annual trends in the slope of the least-squares regression based on the daily mean of GEM concentrations in each month. 
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Table 1. Mean ± standard deviation (SD), median, minimum and maximum concentrations of GEM, GOM, and PBM2.5 at Cape Hedo in the entire period from October 2007 to December 2018.
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	GEM (ng m−3)
	GOM (pg m−3)
	PBM2.5 (pg m−3)





	N
	53,840
	22,071
	22,058



	Mean ± S.D.
	1.81 ± 0.43
	1.7 ± 2.9
	2.6 ± 3.6



	Minimum
	0.8
	0.5
	0.5



	25 percentile
	1.5
	0.5
	0.5



	Median
	1.7
	0.5
	1.4



	75 percentile
	2.0
	1.8
	3.1



	Maximum
	7.3
	58
	71
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