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Abstract

:

Atmospheric transport and in situ oxidation are important factors influencing mercury concentrations at the surface and wet and dry deposition rates. Contributions of both natural and anthropogenic processes can significantly impact burdens of mercury on local, regional and global scales. To address these key issues in atmospheric mercury research, airborne measurements of mercury speciation and ancillary parameters were conducted over a region near Tullahoma, Tennessee, USA, from August 2012 to June 2013. Here, for the first time, we present vertical profiles of Hg speciation from aircraft for an annual cycle over the same location. These airborne measurements included gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM) and particulate bound mercury (PBM), as well as ozone (O3), sulfur dioxide (SO2), condensation nuclei (CN) and meteorological parameters. The flights, each lasting ~3 h, were conducted typically one week out of each month to characterize seasonality in mercury concentrations. Data obtained from 0 to 6 km altitudes show that GEM exhibited a relatively constant vertical profile for all seasons with an average concentration of 1.38 ± 0.17 ng∙m−3. A pronounced seasonality of GOM was observed, with the highest GOM concentrations up to 120 pg∙m−3 in the summer flights and lowest (0–20 pg∙m−3) in the winter flights. Vertical profiles of GOM show the maximum levels at altitudes between 2 and 4 km. Limited PBM measurements exhibit similar levels to GOM at all altitudes. HYSPLIT back trajectories showed that the trajectories for elevated GOM (>70 pg∙m−3) or PBM concentrations (>30 pg∙m−3) were largely associated with air masses coming from west/northwest, while events with low GOM (<20 pg∙m−3) or PBM concentrations (<5 pg∙m−3) were generally associated with winds from a wider range of wind directions. This is the first set of speciated mercury vertical profiles collected in a single location over the course of a year. Even though there are current concerns that the KCl denuders used in this study may under-collect GOM, especially in the presence of elevated ozone, the collected data in this region shows the strong seasonality of oxidized mercury concentrations throughout the low to middle free troposphere.
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1. Introduction


Airborne measurements of mercury speciation in the free troposphere are rare due to the expense of aircraft operation, the sensitive nature of the sampling and the need to pre-concentrate the mercury species. Swartzendruber et al. [1] conducted five summertime flights over Washington State and measured the vertical distributions of gaseous elemental mercury (GEM) and gaseous oxidized mercury (GOM). GOM concentrations were determined both by using the difference between total gaseous Hg (TGM) and GEM and by GOM collection onto KCl coated quartz denuders. For both techniques, the GOM concentration was lowest close to the surface (<1 km) and had a broad peak between 2 and 4 km altitude. The two techniques for measuring GOM concentrations were well correlated, but there was a nearly consistent factor of two difference in concentrations, with KCl denuders showing lower GOM concentrations. Over the five flights, the maximum GOM concentrations at 2–4 km altitude were ~150 and 75 pg∙m−3 for the difference and denuder methods, respectively.



Murphy et al. [2] and, most recently, Lyman and Jaffe [3] conducted aircraft campaigns showing that Hg in the tropopause and lower stratosphere is predominately in an oxidized form. Lyman and Jaffe [3] reported GEM depletions near the tropopause and lower stratosphere, suggested in situ oxidation of GEM to GOM and particulate bound mercury (PBM) and reported that subsidence was likely a significant source of oxidized mercury in the free troposphere.



Long-term ground-based measurements near mountain peaks suggest that under certain conditions sampling of free tropospheric air is possible. Fain et al. [4] at Storm Peak Laboratory, Colorado, observed episodic elevated GOM concentrations to levels of 137 pg∙m−3. These events were attributed to deep vertical mixing to the ground level of middle tropospheric air enriched in GOM [4]. Similarly, Swartzendruber et al. [5] at Mt. Bachelor Observatory, Oregon, attributed observed nighttime decreases in GEM concentration and enhancements in GOM concentration to air transported from the free troposphere during nocturnal down slope winds. Most recently, at the Mauna Loa Observatory, Hawaii, enhancements of GOM up to ~400 pg∙m−3 have been observed and attributed to transport from the free troposphere [6].



Vertical modeling of GEM and GOM in the troposphere over North America was summarized by Bullock et al. [7]. The various models included were the Atmospheric and Environmental Research (AER), Inc., Global Chemical Transport Model for Mercury (CTM-Hg) [8], the Goddard Earth Observing System (GEOS-Chem) model [9] and the global/regional atmospheric heavy metals model (GRAHM) [10]. Over our study area in Tennessee, the three models predict low GOM concentrations (<20 pg∙m−3) in the near-surface air with enhancements beginning above the boundary layer with concentrations in the range of ~30 to 120 pg∙m−3 at an altitude of 3 km [7]. Other modeling by Holmes et al. [11] suggests that 47% of GEM tropospheric oxidation takes place above 5.5 km, 32% in the middle troposphere between 2.1 and 5.5 km and 21% below 2.1 km.



In this paper, we present, for the first time, monthly vertical profiles of Hg speciation and ancillary measurements from aircraft for an annual cycle over the same location. This study was conducted to examine potential transport from the upper troposphere to the lower troposphere and potential correlations of Hg species aloft to Hg concentrations at the surface. Additional goals were to provide data to evaluate and improve models, identify potential oxidation pathways and assess the relative contributions of natural and anthropogenic processes to local, regional and global Hg burdens.




2. Results and Discussion


2.1. A Typical Flight


Daily flights, with the exception of a single nighttime flight, departed at a local time of 10:00 (am) ± 45 min. During a typical 3-h flight, GEM, ozone, SO2, condensation nuclei (CN) and meteorological parameters were measured continuously, while the GOM and PBM samples were collected for 30-min periods in altitude “blocks” during ascent and descent, as shown in Figure 1. During the flight, the average ground speed was ~69 ± 10 m∙s−1, so the distance the airplane traveled during the 30 min period was on the order of 120 km.



Typical sampling data, including GEM, GOM, PBM, O3, SO2, CN, temperature, pressure, dew point and solar radiation from a single flight on 23 November 2012, are shown in Figure 2. GOM and PBM were collected in 30-min samples on the ascent and descent. In an unpressurized aircraft, the normal rate of ascent and descent is about 150 m∙min−1; thus requiring ~40 min to climb or descend ~6 km. Given the high hourly cost of aircraft, we made use of the ascent and descent times in our sampling.




2.2. Overall Hg Speciation


An overall statistical summary of the airborne and ground-based mercury measurements during this study is shown in Table 1. Average concentrations were 1.38 ± 0.17 ng∙m−3 for GEM, 34.3 ± 28.9 pg∙m−3 for GOM and 29.6 ± 29.5 pg∙m−3 for PBM. Maximum concentrations were 2.05 ng∙m−3 for GEM, 125.6 pg∙m−3 for GOM and 194.9 pg∙m−3 for PBM.
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Figure 1. Time series of flight altitude during a typical flight on 13 November 2012. Denuder and regenerable particulate filter (RPF) samples were collected while the airplane was ascending or descending with 30-min sampling intervals for each denuder/RPF set. Samples were usually collected above the boundary layer. 
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Figure 2. Time series of altitude, gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM), particulate bound mercury (PBM), O3, and SO2 (Left), as well as condensation nuclei (CN), temperature, pressure, dew point and photosynthetically active radiation (PAR) (Right) during the flight on 13 November 2012. 
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Table 1. Statistical summary of airborne and ground measurements of mercury species.







Table 1. Statistical summary of airborne and ground measurements of mercury species.







	
Species

	
Sample #

	
Max (pg∙m−3)

	
Min (pg∙m−3)

	
Mean ± SD (pg∙m−3)

	
Median (pg∙m−3)






	
GEM_air *

	
1813

	
2050

	
750

	
1380 ± 174

	
1400




	
GOM_air *

	
106

	
125.6

	
3.1

	
34.3 ± 28.9

	
22.5




	
PBM_air *

	
53

	
194.9

	
4.4

	
29.6 ± 29.5

	
25.3




	
GEM_gnd **

	
26

	
1610

	
1170

	
1350 ± 109

	
1320




	
GOM_gnd **

	
27

	
12.3

	
0.6

	
2.3±2.4

	
1.80








* Airborne measurements; ** ground measurements.







2.2.1. GEM


The GEM vertical profile for each month showed relatively uniform vertical profiles from August 2012 to February 2013, from the surface to 6 km (Figure 3). Three individual GEM profiles for April, May and June 2013, represented just a single flight per month and showed decreasing GEM above the boundary layer (>1.5 km). However, the GEM range of these three flights was within the variation of some individual flights during other months, and therefore, the GEM difference of these three months from other months could be due to normal day-to-day variation (Figure 3). Also of note is the substantial GEM enhancement above 4 km for two flights in September 2012, which was coincident with enhanced condensation nuclei (CN). This might be due to regional or long-range transport of air pollution rich in both CN and GEM at this altitude. More measurements and modeling work would be needed in order to confirm this speculation.
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Figure 3. Vertical profile of GEM concentrations: all data points with 2.5 min intervals (Left) and mean vertical profile for each month of flights (Right). The black line represents mean GEM levels in 0.5-km altitude bins. 
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2.2.2. GOM


In contrast to GEM, vertical profiles of GOM show large variations (Figure 4). Each KCl denuder collected GOM over a block of altitude over a 30-min time period. With the exception of January 2013, which showed little vertical variation, GOM concentration maxima were consistently measured between 2 and 4.5 km (Figure 5).
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Figure 4. Vertical profile of GOM concentrations. All GOM measurements had a duration of 30 min. Each symbol line represents the GOM concentration of a 30-min sample over the corresponding altitude range. The linked black circles represent the mean vertical profile for all measurements. 
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Figure 5. (Left) Mean vertical profile of GOM for each month of flights from August 2012 to January 2013 (Right) mean vertical profile of GOM for each month of flights from January 2013 to June 2013. 
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GOM showed a strong seasonal variation. Overall, GOM levels continuously dropped from August to January, were minimum in January and increased from February to June (Figure 5). We observed that GOM concentration at an altitude of ~2–4 km was 10–30-times higher than GOM concentrations in the near-surface air (shown at an altitude of 0 km in Figure 5) and that the ground measurements of GOM did not correlate with the GOM above the boundary layer (r2 = 0.13; detailed sample data not shown). The airborne GOM concentration showed a strong seasonality with “winter” minima in November to February (we did not conduct measurements in December) and “summer” maxima in April to August (we did not conduct measurements in July and only one flight was performed each month in April, May and June 2013). The spring/summer maximum observed in this study is consistent with other measurements made in the southeastern United States (e.g., [12]). GOM during the “summer” (April to August) showed lower concentrations below ~2 km, which is often the summertime midday boundary layer height.




2.2.3. PBM


Measurements of PBM began in October 2012, two months after the study started. Similar to GOM, each University Research Glassware (URG) filter tube downstream of a KCl denuder collected PBM over a block of altitude over a 30-min time period. The URG filter tube we used was essentially the same as the regenerable particulate filter (RPF) used in the commercial Tekran 1135 instrument. The slight difference of our filter tube was in the inlet/outlet connectors in order to fit the aircraft configuration. No PBM measurements were conducted at the ground level, due to resource constraints. As shown in Figure 6, PBM showed “winter” minima in January and February and “summer” maxima in June through October. Little vertical variations were noted in the winter months; however, during summer months, a significant peak occurred in the range of 3–4.5 km with lower PBM at higher altitudes.
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Figure 6. Vertical profile of PBM concentrations. (Left) All PBM measurements with 30-min intervals. Each symbol line represents the PBM concentration of a 30-min sample over the corresponding altitude range. The linked black diamonds represent the mean vertical profile of all measurements; (Right) the mean vertical profile for each month of flights from October 2012 to June 2013. 
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Surprisingly, our results from a single nighttime flight (11 pm–2 am local time) on 18 October 2012, did not differ significantly from our mid-day measurements earlier that same day. Due to logistical difficulties and the lack of differences in Hg concentrations between the midday and midnight flights on 18 October 2012, we did not conduct any additional nighttime flights.





2.3. Other Supporting Measurements


Figure 7 shows vertical profiles of the ancillary measurements of ozone (O3), sulfur dioxide (SO2) and condensation nuclei (CN). O3 concentrations were relatively low in the boundary layer and relatively constant in the free troposphere. In general, ozone was elevated during the summer months with peak values in August and September, as would be expected. SO2 was occasionally elevated in the boundary layer, but was near-zero above the boundary layer. Condensation nuclei were generally low with episodic peaks within the boundary layer and at 5–6 km. Overall, the vertical profiles of GEM and GOM were not significantly correlated with ozone (r2 = 0.01 and sample number N = 4,371 for GEM and r2 = 0.06 and N = 107 for GOM), sulfur dioxide (r2 = 0.002 and N = 3,042 for GEM and r2 = 0.006 and N = 107 for GOM) or condensation nuclei (r2 = 0.002 and N = 3,874 for GEM and r2 = 0.02 and N = 107 for GOM) with all p-values greater than 0.1.
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Figure 7. Vertical profiles of ancillary measurements of ozone (a), sulfur dioxide (b), and condensation nuclei (c) for the entire study. Individual symbols represent 1-min data points, and the linked black circles are averages in 0.5-km altitude bins. 
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2.4. Oxidation of GEM via Hydroxyl Radical


Major uncertainties in current atmospheric mercury models arise from calculated GEM oxidation rates via ozone, hydroxyl radical (OH) and Br [13]. The hydroxyl radical (OH) is a major oxidizing agent in the troposphere and, with ozone, was the first oxidizer postulated for GEM in the troposphere [14]. Model estimates of the GEM lifetime with respect to OH oxidation [15,16] were approximately 120 days in the troposphere. The OH oxidation mechanism then fell out of favor when [17] and [18,19] concluded that the product of GEM + OH → Hg(OH) was too shorted-lived to be atmospherically relevant. Calvert and Lindberg [20] further suggested that OH oxidation of GEM might be too slow to account for the observed atmospheric lifetime of GEM. A review by Hynes et al. [21] determined that the OH initiated oxidation of GEM was unlikely, but that more direct observations of HgOH lifetime and reactivity were needed to resolve its potential atmospheric importance. In spite of these arguments against OH, current atmospheric Hg models (e.g., [22,23]) include ozone, OH and Br as oxidizing agents. Holmes et al. [13] concluded that Br is likely more influential over the ocean and the polar regions, but that OH and/or ozone may be more significant over regions, such as the southeastern continental USA where Br levels are low.



To a first approximation, OH can be considered to be a product of sunlight, ozone and water vapor. The primary tropospheric production of OH at temperate latitudes is:


O3 + hv → O2 + O(1D)



(1)






O(1D) + H2O(g) → 2 OH



(2)







In the first reaction, the formed O(1D) can be quenched by collisions with molecular oxygen and nitrogen to the lower-energy O(3P) state while a smaller fraction (1%–20%) reacts with water vapor, producing OH via the second reaction. The primary loss mechanisms for OH at temperate latitudes are the oxidation of CO and CH4, giving OH a tropospheric lifetime of 0.1 to 1.0 s. With this short of a lifetime, OH concentrations are determined by local chemical processes rather than transport [24,25].



Approximate, modeled OH profiles are shown in Figure 8, adapted from Fishman and Crutzen [24], for average [OH] concentrations at solar-noon for our study location on January 1, April 1, July 1 and October 1. The Fishman and Crutzen [24] model is a quasi-steady state photochemical numerical simulation developed to calculate the tropospheric distribution of OH. The OH concentrations are highest in the summer (July) and lowest in the winter (January). The modeled OH vertical gradient over our profile altitudes (0–6 km) was minimal in winter (January) and maximum (decreasing with height) in summer (July), roughly consistent with our observed gradients of GOM and PBM in winter and above 4 km in summer. We speculate that below ~3 km, removal processes, related to deep summertime boundary layer entrainment, downward mixing and surface sinks, deplete GOM and PBM at a rate exceeding their production via oxidation. In additional to the seasonality of GOM concentration, its monthly profile averages were strongly correlated (r2 = 0.83; maximum OH versus averaged GOM concentration to our modeled hydroxyl radical concentrations, as were maximum OH versus average PBM (r2 = 0.67). In addition, for the months when both GOM and PBM were measured, the total oxidized mercury (averaged monthly peak GOM + PBM) and maximum OH showed a correlation of r2 = 0.94 (Figure 8). The summertime decrease of GOM concentrations at altitudes below ~3 km could be due to entrainment into the atmospheric boundary layer followed by relatively rapid dry or wet deposition.
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Figure 8. (Left) Modeled OH at solar noon over the study location 1 January, 1 April, 1 July and 1 October (adapted from Fishman and Crutzen [24]); (Right) peak GOM + PBM from the monthly mean profiles from the months when both were collected versus the monthly modeled OH maxima. 






Figure 8. (Left) Modeled OH at solar noon over the study location 1 January, 1 April, 1 July and 1 October (adapted from Fishman and Crutzen [24]); (Right) peak GOM + PBM from the monthly mean profiles from the months when both were collected versus the monthly modeled OH maxima.
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The significant correlation between maximum monthly GOM + PBM and our modeled maximum monthly OH (Figure 8) certainly does not prove that OH plays a major role in GEM oxidation, as correlation does not prove causation. As noted above, Hynes et al. [21] and others have argued against OH being a significant oxidizer of GEM. Other explanations might include cloud processes, typically at the top of the summertime boundary layer (~1–1.5 km), or GEM oxidation by halogens, none of which were measured or modeled in this study.




2.5. HYSPLIT back Trajectory Analysis


Two examples of back trajectories for GOM concentration >70 pg∙m−3 and PBM concentration >30 pg∙m−3 are shown in the left and middle panels of Figure 9, respectively. We found that back trajectories for GOM concentration >70 pg∙m−3 or PBM concentration >30 pg∙m−3 were largely associated with air masses coming from west/northwest, while samples with lower GOM and PBM were generally associated with winds from a wider range of directions. It can also be seen in Figure 9 that the trajectories for different starting altitudes are relative flat, suggesting that there was little downward or upward vertical mixing during those period with enhanced GOM and PBM concentrations. A detailed source-receptor analysis is beyond the scope of this paper. Additional back-trajectory and/or forward dispersion modeling will be necessary to determine the extent to which local/regional sources may have contributed to the levels of mercury seen.
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Figure 9. HYSPLIT two-day back trajectories during the flight hours with a starting location of Tullahoma, TN, and starting altitudes at the mid-point of each altitude blocks where airborne GOM and PBM samples were collected. (Left) Back trajectories for samples with measured GOM concentration >70 pg∙m−3; (Middle) back trajectories for samples with measured PBM concentration >30 pg∙m−3; (Right) back trajectories for all GOM/PBM samples. Blue circles show the locations of large mercury point source emissions in the region, based on the U.S. EPA’s 2011 National Emission Inventory. The size of each circle is proportional to the emission rate. The black square at the end of trajectories in each plot represents the flight area. 
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3. Experimental Section


3.1. Study Area


The study was conducted over an area near Tullahoma (35°23′N, 86°14′W), TN, USA, which is located about 110 km southeast of Nashville, TN, USA. To simplify the flight track and to easily accommodate the air traffic control in this region, we requested a square flight area centered on Tullahoma with a length of ~50 km for each side. The U.S. Environmental Protection Agency (EPA) 2011 National Emission Inventory (NEI) shows that there are no significant anthropogenic mercury emission sources within the flight area (within ~100 km) (Figure 10). However, regionally, there are many Hg point sources, mainly power plants and industrial facilities.
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Figure 10. Regional anthropogenic mercury point emissions near Tullahoma, TN, USA, as indicated by the open circles with total mercury emission rates greater than 10 kg Hg∙yr−1, based on the U.S. EPA’s 2011 National Emissions Inventory (NEI). The size of each circle is proportional to the emission amount. The red square in the middle indicates the flight region. 
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3.2. Measurements


3.2.1. Aircraft Measurements


The University of Tennessee Space Institute (UTSI) Piper Navajo airborne science research aircraft (N11UT) was used in this study to conduct airborne vertical profiling of speciated mercury and other pollutants at altitudes up to ~6 km above ground level in the Tullahoma region. The aircraft was based at Tullahoma Regional Airport (35°23′N, 86°14′W). Airborne measurements of GEM, GOM, PBM, ozone (O3), sulfur dioxide (SO2), condensation nuclei (CN) and meteorological parameters (temperature, pressure, dew point and solar radiation) were made (Figure 11). The study was conducted from August 2012 to June 2013, with typically one week of flights during each month (typically 3–5 flights each month) to characterize seasonality in mercury concentrations. The flight dates are listed in Table 2. Flights were conducted away from clouds in order to minimize potential scavenging of GOM and PBM into cloud drops and to avoid wetting the walls of the forward-facing inlet, with possible attendant losses. On the two occasions when the airplane flew through thin cloud layers during descent, GEM concentrations were not noticeably affected. GOM and PBM samples were conducted through these cloud layers; however, the duration of the flight through the thin cloud layers was only a few minutes, and the impacts appeared to be insignificant.



An advantage of using a twin-engine aircraft with outboard engines is that the forward fuselage area is free of exhaust contamination. Here, we extended the sampling inlets through the fuselage near the middle window on the starboard side. Sample air for the mercury speciation was brought into the onboard mercury system through a forward-facing 30 cm-long, 2 cm-diameter Teflon-coated aluminum tube protruding 15 cm into the free stream flow, with a volumetric flow rate of 20 L∙m−1. Due to its very short length (30 cm), the tube was left unheated. Sample air for the Tekran 2537, ozone and SO2 instruments were obtained through a rear-facing Teflon tube protruding 8 cm into the free stream. A rear-facing inlet instead of a forward-facing inlet was used for the Tekran 2537 to minimize the effects of pressure changes due to speed changes during flight. Another advantage of using different inlets for GEM and GOM/PBM was to have continuous GEM measurement during flight because the air flow was blocked intentionally by the valves shown in Figure 11 during some ascent/descent periods when all valves were closed. For the GOM/PBM sampling, a flow of 20 L∙m−1 (i.e., 2 × 10 L∙m−1) was needed, so a forward-facing inlet was used, so the ram air could assist in meeting the flow requirements. Sample air for the CN counter was obtained through a rear-facing stainless steel tube (conductive, to avoid static charge buildup and loss of aerosols on the inlet. Tube lengths were minimized to avoid adsorptive loses. During the campaign, the Hg inlet tube was removed and periodically rinsed with DI water, which was subsequently analyzed for total mercury. The total mercury quantity in the rinsed water was found to be negligible. We concluded that oxidized Hg was not trapped by this short inlet tube.
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Figure 11. Pictures showing the University of Tennessee Space Institute (UTSI) Navajo airplane, sample inlets through a window and the instrumentation inside the airplane. On top of the instrument rack is a box assembled with 8 denuders and 4 regenerable particle filters (RPFs) used to sample GOM and PBM, respectively. 
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Table 2. Measurement flight months and dates.
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Month

	
# of Flights

	
Dates






	
August, 2012

	
5

	
3,6,7,8 and 9 August




	
September, 2012

	
5

	
10,11,12,13 and 14 September




	
October, 2012

	
5

	
15,16,17,18 (day), 18 (night) October




	
November, 2012

	
4

	
13,14, 15 and 16 November




	
January, 2013

	
2

	
18 and 31 January




	
February, 2013

	
4

	
1,4,5 and 6 February




	
April, 2013

	
1

	
10 April




	
May, 2013

	
1

	
14 May




	
June, 2013

	
1

	
4 June




	
Total

	
28 Flights

	









GEM was measured with an on-board Tekran ambient mercury vapor analyzer (Model 2537) based on cold vapor atomic fluorescence spectrophotometry (CVAFS) with a pressure controller on the cell vent to maintain a constant detection cell pressure (~780 Torr) at different altitudes. The instrument was operated with a sample cycle time of 2.5 min with a detection limit of about 0.1 ng m3. Ozone was measured with a UV photometer constructed from components of a commercial detector (Model 49, Thermo Environmental Corporation, now Thermo Fisher Scientific, Waltham, MA, USA) mated to custom electronics for enhanced stability and response speed [26,27]. Sulfur dioxide was measured with a similarly modified pulsed fluorescence detector (Model 43s, Thermo Electron Corporation, Waltham, MA) optimized to minimize interferences posed by aromatic hydrocarbons and zeroed periodically with a carbonate-impregnated cellulose filter [28]. The number concentration of particles ranging in size from approximately 0.01 to 3 μm was measured with a TSI condensation nucleus counter (Model 3760). The particles are detected by condensing n-butanol on the particles, which allow them to grow to a size to be detected and counted by a laser-diode optical detector. All data were recorded at a 1-Hz frequency. The Tekran 2537 analyzer was calibrated using its internal Hg permeation source before each flight and periodically checked with an Hg calibrator (Tekran 2505) using manual injections. The O3 detector was calibrated before and after the field campaign with a primary ozone standard. The SO2 detector was calibrated weekly at concentrations ranging from 0–40 ppbv by dynamic dilution of a NIST-traceable compressed gas standard. No direct calibration for the CN counter is required, because particle pulses are well above the electronics noise level, and each pulse corresponds to exactly one particle. The detection limits were 1 ppbv for O3 and 0.07 ppb for SO2. The uncertainty for 1-min average concentrations is estimated to be ± (2 ppbv + 2% of reported concentration) for O3 and ± (0.07 ppbv + 6% of reported concentration) for SO2. GOM and PBM samples were collected on each flight using eight potassium chloride (KCl)-coated University Research Glassware (URG®) Corporation quartz denuders and four URG® regenerable particulate filters (RPFs), respectively, similar to those used in a Tekran Model 1130 Speciation Unit and a Model 1135 Particulate Mercury Unit, respectively. The volumetric sample flow rate through each denuder and RPF was maintained at 10 L∙min−1 to ensure a constant residence time in the denuder. Each denuder pair/RPF assembly sampled air for about 30 min through a given altitude block (Figure 2). After each flight, denuder and RPF samples were immediately analyzed by heating them in a temperature-controlled tube furnace (set at 500 °C for denuder analysis and 800 °C for RPF analysis) and measuring the resulting, liberated mercury with a Tekran Model 2537 ambient mercury vapor analyzer. Concentrations of GOM and PBM were calculated based on the integrated elemental mercury driven off during heating and total sample volume corrected to standard conditions (i.e., 0 °C and 1 atm). Field blank denuders (for GOM) and RPFs (for PBM) were deployed by installing them exactly the same as the sample denuders and RPFs, but with no air flow allowed. Both GOM and PBM blanks were very low and close to the detection limit of the Tekran 2537. During the normal sampling, denuders and RPFs were typically loaded with mercury amounts at least an order of magnitude greater than the blank levels. The average blank Hg level was about 0.8 pg for both GOM and PBM samples, and the detection limits were 2–3 pg∙m−3. The GOM concentration differences between the replicate denuders collected for all samples at all altitudes averaged 13% with a standard deviation of 8.6%.



There are recent concerns that KCl denuders significantly underestimate GOM, particularly in the presence of high ozone [29,30]. This will be discussed further in the Conclusions section. Another bias inherent in the collected dataset is a “sunny and clear” weather bias. Due to regulatory restrictions and safety concerns, the aircraft was not operated in rain, poor visibility or anytime there were significant cloud layers below about 7 km. Particularly in the summer months, this precluded many potential flight days.




3.2.2. Ground-Based Measurements


Measurements of GEM and GOM at a ground site at the airport were also made during the flight periods utilizing a Tekran 2537/1130 system (Toronto, ON, Canada) with the inlet ~1.3 m above the airport tarmac surface. The system was operated according to National Atmospheric Deposition Program Atmospheric’s (NADP) Mercury Network (AMNet) protocol [31], except a shorter sample/analysis period (2.5 min) was used. The system was located next to a hangar where the aircraft parked. The system did not start to sample the ambient air until the aircraft was in the air, and there were few other airplanes around the hanger that were operated during ground-level sampling, so the risk of the sampling airplane exhaust was eliminated. A particulate mercury sample unit was not available for the ground-based measurements, due to resource constraints.





3.3. HYSPLIT Trajectory Model


Five-day back trajectory calculations were conducted for each high GOM and PBM event to establish the transport history of the associated air masses. The back trajectories were calculated using a PC version of the NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT, v4.9) [32] and the Eta Data Assimilation System (EDAS40) archive, having a horizontal resolution of 40 km × 40 km covering the continental United States, and 3-h time resolution. Trajectories were initialized from Tullahoma at 5 different altitudes (100 m, 1800 m, 3000 m, 4200 m and 5400 m) for the hours when the flights were conducted. These altitudes represent the surface and the typical middle altitudes of four altitude blocks where airborne GOM and PBM samples were collected.





4. Conclusions


Vertical profiling flights primarily for mercury species from the surface to ~6 km were conducted between August 2012 and June 2013, over central Tennessee, USA. Profiles were predominantly characterized by high spring/summer concentrations of gaseous oxidized mercury (GOM) up to 126 pg∙m−3 (mean: 46 ± 30 pg∙m−3 and range: ~6–126 pg∙m−3) and low fall/winter concentrations, ~10–20 pg∙m−3. The predominant vertical variation was low concentrations of GOM at the surface (1–5 pg∙m−3), peak concentrations at 2–4 km and decreasing concentrations extending to the highest altitude (6.1 km) at which measurements were conducted. The profiles of particulate bound mercury (PBM) showed some of the same general variations as observed for GOM, but were far less pronounced. The vertical and seasonal variation for gaseous elemental mercury (GEM) varied the least with concentrations ~1.4 ng·m−3 ± 10% for the entire vertical range and annual cycle.



Comparing our summer GOM profiles (Figure 5) to those airborne GOM measurements previously conducted by Swartzendruber et al. [1] (Supplemental Materials Figure S2) in July and August over Washington State, DC, USA, we see the same variation of low GOM concentrations in the boundary layer (<1–2 km), peak GOM concentrations in the 2–4 km range and decreasing GOM concentrations above ~4 km. The technique used in Swartzendruber et al. [1] was based on the difference method (TGM-GEM), which they determined to be well correlated to the denuder method with a nearly consistent factor of two difference in concentrations (with KCl denuders showing less GOM concentrations). Over their five flights in July (one flight) and August (four flights), the maximum mean GOM concentrations at 2–4 km altitude were ~150 and 75 pg∙m−3 for the difference and denuder methods, respectively [1]. This latter concentration is remarkably close to our (denuder) mean August (four flights) GOM concentration of 73 pg·m−3 at 2–4 km.



For future measurement of oxidized mercury Gustin et al. [30] recommends total pyrolyzer methods over the use of KCl-coated denuders. We could not take the suggestions from this 2013 publication, because our measurement began in 2012. There are current concerns that the KCl denuders used in this study may significantly under-collect GOM, especially in the presence of enhanced ozone [29,30]. GOM collections also suffer from a lack of calibration standards [33]. However, there are challenges with both the denuder and total pyrolyzer techniques. Despite these concerns, KCl denuders are currently utilized by the Tekran model 1130 and by the National Atmospheric Deposition Program Atmospheric Mercury Network (AMNet). In light of the above, the GOM concentrations reported here may be biased low, particularly in the summer months, when ozone is elevated. We feel that this potential bias does not significantly affect our main findings regarding the vertical profiles of the Hg species profiles and their seasonality. Swartzendruber et al. [1] utilized KCl denuders and a pyrolyzer unit concurrently on their aircraft and determined a roughly consistent factor of ~2 difference in concentrations, with KCl denuders showing less GOM. As presented, our GOM results match well with Swartzendruber et al.’s [1] KCl denuder GOM results. If we doubled our oxidized mercury reported results, then these revised results would closely match the pyrolyzer (TGM-GEM) results of Swartzendruber et al. [1]. Results from CTM-Hg, GEOS-Chem and GRAHM are consistent with our observations up to 4 km, predicting low GOM concentrations in the near surface air with enhancements beginning above the boundary layer and concentrations in the range of ~30 to 120 pg∙m−3 at an altitude of 3 km [7]. However, none of these models predict our and Swartzendruber’s et al.’s [1] observed decrease in GOM concentrations above 4 km. All of these models show a positive (increasing) GOM concentration gradient at 4–5 km. Here, we find these modeled results of the increased oxidation rate above ~4 km to be inconsistent with our “summer” GOM profiles and the previous mean summer GOM concentration profile of Swartzendruber et al. [1]. It is possible that these current models overestimate the GEM oxidation in the 4–6 km range.



Our GOM concentration profiles are consistent with other indirect measurements of free-tropospheric GOM. Greatly elevated GOM concentrations in the free troposphere relative to normal ground-based measurements have been reported from mountain peak measurement sites under special conditions where free tropospheric air has been rapidly mixed downward [4,5].



Our measurements over Tullahoma showed generally that GOM concentrations peaked at an altitude of ~2–4 km, where it was 10–30-times higher than GOM concentrations in the near surface air. GOM and PBM concentrations showed their lowest concentrations at the lowest altitudes where boundary layer entrainment leads to surface deposition. Ground-based GOM concentration was not significantly correlated (r2 = 0.13) to the maximum GOM concentration in the profile, making assessment of the GOM column difficult from just ground-based measurements. GOM concentrations showed a strong seasonality with “winter” minima in November to February and “summer” maxima in April to August. PBM concentration, similar to GOM concentration, showed “winter” minima in January and February.



We find that some current models (e.g., CTM-Hg, GEOS-Chem and GRAHM) [11] appear to “miss” the summer decrease in GOM concentration above 4 km observed here and by Swartzendruber et al. [1]. We suggest that possibly these current models overestimate the GEM oxidation rate in the 4–6 km range.



Here, we have presented for the first time a set of speciated mercury profiles at a single location over the course of a year. Users of these data are cautioned that these measurements are biased towards “clear sunny days” due to safety concerns of flying in the rain, poor visibility or cloud layers below 7 km.
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