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Abstract: The purpose of this study was to increase our understanding of the gaseous elemental
mercury (GEM, Hg◦) fluxes between the atmosphere and soils. Moreover, we wanted to quantify the
annual GEM flux, identify the controls, and compare the GEM flux to annual rates of gaseous oxidized
mercury (GOM) dry deposition and wet deposition of total mercury. We measured GEM fluxes using
the modified Bowen ratio (MBR) technique from 6 July 2009 to 6 July 2010 in western Maryland.
The annual hourly mean (±std. dev.) GEM flux was −0.63 ± 31.0 ng·m−2·h−1. Hourly mean GEM
fluxes were not strongly correlated with atmospheric trace gases, aerosols, or meteorology. However,
hourly mean GEM emissions (15.3 ± 27.9 ng·m−2·h−1) and deposition (−14.6 ± 26.6 ng·m−2·h−1)
were correlated with ultraviolet-B radiation (UV-B), wind speed (WS), ozone (O3), and relative
humidity (RH). The annual net GEM flux was−3.33 µg·m−2·year−1 and was similar to the annual dry
deposition rate of GOM (2.5 to 3.2 µg·m−2·year−1), and 40% less than the annual mean wet deposition
(8 µg·m−2·year−1) of total mercury. Thus, dry deposition of GEM accounted for approximately 25%
of the total annual mercury deposition (~14 ug·m−2·year−1) measured at our study site.

Keywords: gaseous elemental mercury; atmospheric mercury; dry deposition; atmospheric fluxes;
background soils; annual fluxes

1. Introduction

Surface-atmosphere exchange of GEM can be important to the overall biogeochemical cycling
of mercury [1–4]. Studying this exchange is often difficult due to the relatively small concentration
gradients, low surface-atmosphere fluxes, and rapid changes in the direction of the flux. GEM, which
comprises up to 95% of total atmospheric gaseous mercury, can be emitted from and deposited to
soils [3,5]. This bi-directional movement can happen quickly, with a site switching between being a
source and a sink of GEM within a few hours [6,7]. This important flux has been measured with flux
chambers and micrometeorological techniques. However, few studies have measured this flux for
an entire year [4,7,8]. Due to the high variability of GEM fluxes, it is necessary to make long-term
measurements in order to determine the factors controlling these fluxes, which may vary widely
throughout the year [3].

Many environmental parameters have been shown to influence this surface—atmosphere
GEM exchange. Some of these factors include UV-B radiation, WS, and O3 concentrations [9–13].
UV-B radiation is thought to increase the photo-reduction of GOM (Hg2+) to GEM in the shallow
soil layers [9,12]. This GEM is volatile and may be readily emitted to the atmosphere. Therefore,
increased UV-B radiation may lead to increased GEM emissions. Higher wind speeds and turbulence
near the soil surface have also been shown to increase the turbulent transfer of GEM, leading to
higher exchange at higher wind speeds [13,14]. Ambient air O3 may increase GEM deposition in
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some environments or increase GEM emissions in others. For example in Polar Regions, atmospheric
mercury depletion events are believed to be caused by the oxidation of GEM to GOM by species,
such as O3 or bromine [15–17]. However, in one lab study with soils amended with GEM and Hg2+,
oxidizers such as O3 were shown to increase the conversion of GOM to GEM and/or increase the
volatilization of GEM from soils [10]. The variability of these factors that control GEM fluxes also
contributes to the erratic nature of the atmospheric fluxes.

Due to the variability of GEM fluxes and limited field measurements, we know very little about
long-term variations and the importance of this flux in the mercury biogeochemical cycle. We also still
do not fully understand how different factors influence these fluxes. Therefore, one goal of our study
was to continuously measure GEM fluxes for one year at a site in western Maryland. The second goal
was to put our annual GEM flux into perspective with other annual mercury fluxes measured at the
same site. A third goal was to identify factors that strongly influenced the GEM fluxes.

2. Experimental Section

2.1. Site Description

GEM fluxes were measured almost continuously from 6 July 2009 to 6 July 2010 at the Piney
Reservoir ambient air monitoring station (PRAAMS) in Garrett County Maryland (39◦42′21.29′ ′N,
79◦0′43.21′ ′W). PRAAMS is located on a relatively flat, high elevation (781 m) ridge top adjacent to
the Piney Creek Reservoir and is surrounded primarily by deciduous forests (Figure 1). In 2004, we
cleared the ridge top, and we now measure a diverse suite of atmospheric trace gases, aerosols and
meteorological parameters (Table 1). For this study, we also measured soil redox, soil temperature,
soil moisture, leaf surface wetness, total UV, UV-B, net solar radiation, albedo, wind speed and wind
direction. Our flux tower was located 30 m to the west of the equipment shelters (Figure 1). We chose
this location in order to have the greatest amount of fetch (upwind distance of uniform roughness)
from the west to north, which is the predominant wind direction. PRAAMS is also known as MD08,
a monitoring station in the National Atmospheric Deposition Program’s National Trends Network
(NADP NTN), NADP’s Mercury Deposition Network (NADP MDN) and the Atmospheric Mercury
Network (AMNet). A detailed description of PRAAMS can be found in [18]. There are relatively few
atmospheric mercury sources within 50 km of PRAAMS, but several sources within 150 km [19].
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Figure 1. The Piney Reservoir Ambient Air Monitoring site (PRAAMS). Figure 1. The Piney Reservoir Ambient Air Monitoring Station (PRAAMS).
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Table 1. Measurements made at PRAAMS.

Parameter Frequency Equipment

Soil Temperature 10 Minutes Decagon Devices 5TE
Soil Moisture 10 Minutes Decagon Devices 5TE

Soil Redox 10 Minutes Platinum wire probe
Total UV 10 Minutes Apogee Instruments SU-100

UVB 10 Minutes Skye Instruments SKU 430
Net Solar Radiation 10 Minutes Kipp and Zonen CNR-1

Albedo 10 Minutes Kipp and Zonen CNR-1
Ozone 1 Hour Thermo Electron 49C

CO 1 Hour Thermo Electron 58i-Tle
OCEC 1 Hour Sunset Labs 3F

SO2 1 Hour Eco Tek EC9850t
NO 1 Hour Eco Tek EC9843
NO2 1 Hour Eco Tek EC9843
NOy 1 Hour Eco Tek EC9843
SO4 1 Hour 5020 SPA Thermo

PM2.5 1 Hour Met One Instruments BAM 1020 PM2.5

Wind Speed (10 m) 1 Hour Vaisala WXT 520
Wind Direction (10 m) 1 Hour Vaisala WXT 520

Relative Humidity (RH) 1 Hour Vaisala WXT 520
Air Temp (10 m) 1 Hour Vaisala WXT 520

Dew point 1 Hour Calculated from Air Temp (10m) and RH
Rain 1 Hour Vaisala WXT 520

Barometric Pressure 1 Hour Vaisala WXT 520
Surface Wetness 1 Hour Cambell Scientific 237-L

Wind Speed (3 m) 1 Hour RM Young 05103 Wind Monitor
Wind Direction (3 m) 1 Hour RM Young 05103 Wind Monitor

GEM 1 Hour Tekran 2537
GOM 2 Hour Tekran 1130

Particulate Mercury 2 Hour Tekran 1135

Mean annual air temperature for the entire campaign was 8.5 ◦C, roughly equal to the long-term
(1972–2010) annual mean temperature of 8.8 ◦C [20]. For our measurement period, precipitation
was 136.0 cm, the 5th highest since 1972 and snowfall was 260.9 cm, the 13th highest since 1972 (20).
The long-term annual average precipitation and snowfall for PRAAMS was 114.2 cm, and 212.6 cm,
respectively. PRAAMS was at least partially snow covered from 20 December 2009 to 25 March 2010.
Soils were classified as Dekalb and Gilpin very stony loams and had a mean total mercury concentration
of 0.05 µg of mercury per g of soil [21,22].

2.2. Modified Bowen Ratio

The MBR method was used to measure the GEM fluxes [4,7,13,23–25]. This is a
micrometeorological technique that combines high-speed (10 Hz) eddy correlation and GEM
concentration gradient measurements. The eddy correlation measurements were used to measure
the kinematic heat flux with a 3D ultrasonic anemometer (R.M. Young 81000VRE). The ultrasonic
anemometer was mounted at 2 m and was between two sets of thermistors that were mounted at 1 m
and 3 m above the ground. We then used the kinematic heat flux and the temperature gradient
measured between the thermistors at 1 and 3 m to calculate a vertical transport term (K) that was
applied to the GEM gradient to determine the flux. In this way we were using heat as a reference scalar
in order to determine the movement of GEM. By using heat as a reference scalar, we assumed that
the transport of GEM was controlled by the same vertical mixing phenomena as the transport of heat.
We chose temperature and heat flux as the reference scalars instead of CO2 or water vapor, to eliminate
some of the problems experienced by others under dry and low CO2 conditions [7]. K was calculated
with Equation (1):

K =
w′T′

∆T
(1)

where w’T’ was the kinematic heat flux (K·m·s−1) and ∆T (K) was the hourly difference in temperature
between 1 and 3 m.
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The GEM flux was then determined with Equation (2):

FGEM = K∆CGEM (2)

where FGEM was the GEM flux (ng·m−2·h−1) and ∆CGEM was the hourly GEM concentration gradient
between 1 m and 3 m. To determine the hourly GEM and temperature gradients, the hourly mean at
the lower height was subtracted from the hourly mean at the upper height.

The dry deposition velocity (Vd) for GEM was then determined using Equation (3):

Vd =
FGEM
CGEM

(3)

where FGEM was the GEM flux (ng·m−2·h−1) and CGEM is the concentration of GEM at the 3 m height.
This deposition velocity was used for comparison with previous estimates.

GEM concentrations were measured with a Tekran 2537A Mercury Vapor Analyzer (2537A)
located in a temperature-controlled building approximately 30 m from the flux tower. The 2537A
continuously measured GEM concentrations by switching between two gold traps. Mercury was
collected on one gold trap (A channel) for five minutes, then while the mercury was being desorbed
and analyzed from the A channel, mercury was being collected by another gold trap (B channel).
The 2537A had a detection limit of <0.1 ng·m−3 [26]. To determine the GEM concentrations at 1
and 3 m, two identical-length 3/16” ID Teflon tubing, one from each height, were attached to a Tekran
Model 1110 synchronized two port sampling system, which was attached to the 2537A. The 1110
automatically switched between the two inlets every 15 min (three 5 min sampling periods). The first
five-minute sample was discarded during data analysis to prevent skewing of the data due to stagnant
air in the 30 m Teflon tubing. Flows into the 2537A were maintained at 1.0 L·min−1 using a mass flow
controller and were checked monthly with a Bios DryCal Definer 220 flow meter.

The temperatures at each height were measured every minute with two 1000 Ω platinum resistance
thermistors (PRTs) inside Met One 076B aspirated shields. These shields allowed consistent air flow
across the PRTs and removed them from direct sunlight and precipitation. The precision of the PRTs
was ±0.01 ◦C. The temperature gradient was calculated by subtracting the hourly mean of the two
PRTs at 3 m from the hourly mean of the two PRTs at 1 m.

2.3. GEM Measurements

The 2537A was automatically calibrated from an internal calibration system every 49 h.
The analyzer was closely monitored and taken offline or serviced if the difference between the
gold traps (channels A and B) rose above 7.5%. The 2537A was offline 749 of 9234 h over our
annual measurement period for calibration, maintenance, power failures, or use on other projects.
Twice during the year, the accuracy of the internal calibration source was examined by several injections
of GEM from a Tekran 2505 mercury calibration unit and a digital syringe (1702RN, 25 µL, Hamilton Co.,
Reno, NV, USA). Both times, the accuracy of internal calibration system was within the uncertainty of
the permeation rate. The sample inlet on the back of the 2537A had a 2 µm Teflon filter, which removed
particles and gaseous oxidized mercury. Therefore, GEM was the only gaseous species of mercury that
entered the analyzer.

To be certain we were measuring real GEM gradients with our flux tower, we set both sampling
inlets at 1 m, six times throughout the measurement campaign (Table 2). This allowed us to compare
data from periods of collocated inlets to periods when inlets were separated by 2 m. This comparison
was necessary in order to determine the GEM concentration gradient threshold that was caused by
real variation in the GEM concentrations rather than measurement uncertainties. We also placed the
PRTs at the same 1 m height during these six periods. By doing this, we were able to determine that
one of the four PRTs was measuring 0.1 ◦C higher than the three other PRTs. Therefore, 0.1 ◦C was
always subtracted from this PRT before any flux calculation.
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Table 2. Mean GEM concentration when both sampling inlets were located at 1 m.

Start End
Mean (GEM)

Inlet 1
(ng·m−3)

Mean (GEM)
Inlet 2

(ng·m−3)

Mean
Difference

Maximum
Gradient

Magnitude

Minimum
Gradient

Magnitude

Collocated 26 June 2009 2 July 2009 1.199 1.190 0.009 0.086 0.000
Collocated 2 August 2009 9 August 2009 1.093 1.094 0.001 0.134 0.000
Collocated 29 August 2009 2 September 2009 1.024 1.008 0.016 0.125 0.000
Collocated 18 September 2009 23 September 2009 1.029 1.028 0.001 0.122 0.000
Collocated 6 November 2009 14 November 2009 1.532 1.534 0.008 0.110 0.000
Collocated 1 February 2010 5 February 2010 1.809 1.809 0.000 0.098 0.002
Separated

(above 0.009
threshold)

2 July 2009 6 July 2010 - - −0.004 0.570 0.009

2.4. Statistical Analyses

All statistical analyses were performed using the R Project for statistical computing (version 2.10.1)
on hourly mean values. Pearson Product Moment correlations were significant at an α = 0.05.
ANOVA was used to determine significant differences in mean GEM fluxes by season and wind
direction sector and the differences in mean emission and deposition by season. A Tukey’s HSD test was
used with the ANOVA results to test for significant differences amongst seasons. Spectral and partial
autocorrelation function analyses were used to evaluate our filtered GEM fluxes. Spectral analysis
was used to identify any characteristic time frequency of variation in GEM fluxes. The partial
autocorrelation function analysis was used to determine if subsequent hours were correlated.
In order to perform the spectral and partial autocorrelation function analysis, we performed linear
interpolations to fill in missing data for 749 h out of our total sampling of 9234 h. These data were
missing due to the 2537A being offline for calibration periods, flow measurements, routine maintenance,
or the weather prevented the ultrasonic anemometer from working properly.

2.5. Flux Footprint

The flux footprint is the upwind area that contributes to the GEM flux measured at our tower.
We estimated the flux footprint using the model developed by [27]. This model has been widely used
by other researchers to estimate flux footprints [4,28–30]. Input for this model included our hourly
measurements of sensible heat flux (H), air temperature, and friction velocity (u*). Canopy height, zero
plane displacement, and momentum roughness were defined as 0.5 to 1.0 m (depending on season),
0.335 m, and 0.05 m, respectively. Zero plane displacement and momentum roughness were estimated
from [31].

We used this model to calculate the direction and fetch where 80% of the GEM flux occurred.
The last 20% of the footprint can extend for hundreds to thousands of meters with only a small
contribution to the flux. The model results were separated into periods of stable, neutral, and unstable
atmospheric conditions. Unstable conditions occurred when the Monin-Obukhov lengths (z·L−1) were
less than −0.02. In contrast, stable conditions occurred when the Monin-Obukhov lengths were greater
than 0.02. Neutral conditions were the transition period between stable and unstable [27]. Note that z
is the measurement height and L is the Obukhov length [27,31].

2.6. GEM Flux Validation

Our GEM fluxes were calculated, in part, from the GEM concentration gradient between the 1
and 3 m measurement heights (Equation (2)). We wanted to determine the GEM concentration gradient
threshold caused by real differences in GEM concentrations between these two heights, rather than
measurement uncertainties. In other words, we wanted to define a GEM concentration difference
threshold to discard data caused by measurement uncertainties. To do this, we examined the variation
in the GEM concentrations when the two inlets were collocated at 1 m (Table 2). The overall mean
difference for these collocated periods was 0.006 ng·m−3 and the range was −0.004 to 0.016 ng·m−3
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(Table 2). From these collocation periods, we selected two possible gradient thresholds, 0.009 ng·m−3

and 0.016 ng·m−3.
To determine the more effective threshold, we examined the absolute value of the GEM

concentration difference between the two inlets for the entire measurement campaign. By using
the absolute value we avoided comparing GEM gradients that could have been biased low by the
many positive and negative values. To demonstrate this, the mean GEM gradient when the inlets were
separated was −0.003 ± 0.045 ng·m−3 and ranged from −0.281 to 0.570 ng·m−3. On the other hand,
the mean absolute value for the same data was 0.034 ± 0.029 ng·m−3. For the entire data set, there
was no significant difference (p = 0.5232) between the mean absolute values (0.034 ± 0.029 ng·m−3

vs. 0.035 ± 0.029 ng·m−3) when the inlets were apart and co-located at 1 m. When we removed
concentration gradients less than 0.009 ng·m−3, the difference in mean absolute values became
significant (p = 6.83 × 10−6). The mean GEM gradient, during separated periods, increased to
0.040 ± 0.030 ng·m−3. As a result, all fluxes with concentration gradients less than 0.009 ng·m−3 were
removed from our data set (18% of total data). Filtering at a threshold of 0.016 ng·m−3 also produced
a significant difference between collocated and separated periods but would have removed 32% of
the fluxes. The later threshold was not used because it removed more data than the 0.009 ng·m−3

threshold. Below we refer to our unfiltered and filtered fluxes. Our unfiltered fluxes contain the entire
data set and the filtered fluxes include only the fluxes from GEM concentration gradients greater than
the 0.009 ng·m−3 threshold.

To be more certain that the GEM fluxes were not simply random noise, we performed a time series
analysis on our filtered data. The partial autocorrelation function (PACF) of the annual time series
revealed that the fluxes were correlated for five hours (Figure 2). This indicated that even though the
fluxes were noisy, subsequent hours, up to 5 h, were correlated. If the fluxes had been noise alone, then
they would not have been autocorrelated. We also performed a spectral analysis on the fluxes. We did
not find a characteristic frequency of variation, such as every 24 or 168 h that would indicate a distinct
daily or weekly variation. However, the spectrum was not a flat line, which would have indicated
random noise. Collectively, our filtered data contained real fluxes generated by real differences in the
GEM concentration gradient.
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Figure 2. The partial autocorrelation function (ACF) diagram of hourly GEM fluxes for the entire
campaign. The dotted lines indicate the 95% confidence interval above or below hours significantly
correlated with hour zero. The time lag on the x-axis is in units of hours and the Partial ACF on the
y-axis in units of percent (%).

Finally, there were two buildings located 30 m east of our flux tower. To determine the effects
of these buildings on our measurements, we divided the fluxes into eight wind direction sectors (45
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degree sections of the 360 degree wind rose). We looked for significant differences in the average flux
for each sector. For the entire measurement campaign, GEM fluxes were not significantly different
among the eight wind direction sectors. This indicated that the buildings did not artificially bias our
GEM fluxes.

3. Results and Discussion

3.1. GEM Fluxes

Hourly GEM fluxes were highly variable, switching between emission and deposition (Figure 3).
The mean hourly GEM flux was −0.63 ± 31.0 ng·m−2·h−1 (n = 5259). In addition, our seasonal mean
GEM fluxes were consistently negative, indicating that GEM dry deposition was common at PRAAMS
(Table 3). The range (−346.1 to 379.8 ng·m−2·h−1) of our measured fluxes over the year was much
larger than other studies especially in the winter (Table 3). The only other study to come close to this
range was over a mixed wetland, vegetation, and open water system [5]. This could indicate that the
vegetation, topography, land uses and/or unknown processes within our flux footprint sporadically
caused large variations in the GEM fluxes. In addition, previous studies with short measurement
periods, may not have sampled enough to capture these extreme variations.

The net GEM flux for the year was −3.33 ug·m−2·year−1 for the filtered fluxes. The net GEM flux
for the unfiltered fluxes (all GEM gradients included) was −3.74 ug·m−2·year−1. This indicates that
the GEM fluxes below our threshold made a small contribution to the overall net flux. Note that the
net negative fluxes occurred because the dry deposition (negative fluxes) of GEM at PRAAMS was
greater than the emissions (positive fluxes) of GEM into the atmosphere. Our filtered seasonally mean
GEM fluxes were not significantly different amongst seasons. However, the greatest and most frequent
GEM emissions and deposition tended to occur in fall and early winter. From February through April,
GEM emissions and deposition at PRAAMS were much lower compared to other times of the year.
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light blue. The black line represents a 48-h moving average of the hourly fluxes.
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Table 3. A comparison of GEM fluxes measured at PRAAMS and other locations.

Mean TGM Flux
(ng·m−2·hr−1)

Min Flux
(ng·m−2·hr−1)

Max Flux
(ng·m−2·hr−1) Time of Year Ecosystem Study

PRAAMS:

−1.21 ± 29.3 −224.0 353.6 Summer Upland Meadow surrounded
with deciduous forest This study

−0.31 ± 30.9 −271.3 316.8 Fall Upland Meadow surrounded
with deciduous forest This study

−0.23 ± 33.3 −346.1 379.8 Winter Upland Meadow surrounded
with deciduous forest This study

−0.84 ± 22.3 −129.7 217.7 Spring Upland Meadow surrounded
with deciduous forest This study

Other Studies:

2.5 ± 19.1 −124.8 82.4 6–12 August 2009 High elevation meadow [7]
0.3 ± 16.8 −77.1 67.6 7–14 November 2008 High elevation meadow [7]
4.1 ± 25.7 −112.0 119.1 11–17 February 2009 High elevation meadow [7]
−4.8 ± 25.5 −125.7 71.0 11–19 May 2009 High elevation meadow [7]

NR −5.4 4.2 2–10 June 1994 Forest Floor [32]
−4.3 ± NR −42.0 20.0 26 August–23 November 2005 Grassland [23]
−1.7 ± NR −35.0 34.0 27 March–30 August 2006 Grassland [23]
0.3 ± NR −34.0 29.0 24 November 2005–26 March 2006 Grassland with snow [23]
9.67 ± NR −91.7 190.5 7–14 May and 31 May–8 June 2001 Agricultural Field [33]
−4.3 ± NR −27.0 14.0 7 June–20 July 2006 Grassland [34]
−1.6 ± NR −14.0 14.0 7 June–20 July 2006 Grassland [34]
−2.1 ± NR −41.0 26.0 14–29 June 2006 Grassland [34]
−0.5 ± NR −76.0 37.0 14–29 June 2006 Grassland [34]
0.2 ± NR −33.0 29.0 14–26 September 2006 Managed Farmland [34]
0.3 ± NR −18.0 30.0 14–26 September 2006 Managed Farmland [34]

32.1 ± 55.6 −110.0 278.0 23 August–3 September 2002 Wetlands, open water,
mixed vegetation [35]

To determine the source area of our GEM flux measurements throughout the year, we examined
our flux footprint model results. For our entire measurement campaign, the atmospheric stability
conditions were 25.7% unstable, 45.7% neutral and 28.6% stable. During unstable conditions, the mean
footprint for 80% of the GEM flux was within 200 m of our flux tower. During neutral conditions,
the mean footprint for 80% of the GEM flux was within 300 m of flux tower. During stable conditions,
mean footprint for 80% of the GEM flux was within 2000 m from our flux tower. For 71.4% of our
entire sampling campaign, 80% of the GEM flux was within 300 m of our tower. The vegetation within
that 300 m was mostly grasses and brush with a few dispersed trees (Figure 1).

In order to put our study into perspective with others, we calculated the GEM deposition
velocity (Vd). The Vd is often used by modelers to estimate atmospheric deposition of GEM [36].
Our annual mean Vd was 0.33 ± 0.61 cm·s−1 and ranged from 0 to 8.08 cm·s−1. Our mean Vd was
in agreement with the mean Vd reported for vegetated surfaces and wetlands (0.1 to 0.4 cm·s−1) [36].
In spring, Vd (0.22 ± 0.33 cm·s−1) was significantly lower than summer (0.38 ± 0.71 cm·s−1), fall
(0.38 ± 0.63 cm·s−1) and winter (0.31 ± 0.66 cm·s−1). Summer, fall and winter were not significantly
different from each other. This pattern was also reported by the authors of [7]. The range of GEM fluxes
at PRAAMS was also smaller in spring (Table 3). This indicated that there was less exchange of GEM
between the surface and atmosphere during this season. The vegetation may have been less effective at
removing GEM from the atmosphere during the onset of the growing season. Our range of Vd values
were also more consistent with the range of Vd for forest canopies (0.0003 to 1.88 cm·s−1) than bare
soils (0.002 to 0.064 cm·s−1) [36]. This could indicate that the forests at PRAAMS were important sinks
for atmospheric GEM.

Mean hourly GEM fluxes were significantly but weakly (r < 0.05) correlated with mean hourly
NO2, NOy, soil redox at 5 cm into the E horizon and total UV. The fluxes were not related to any of
the 25 other variables measured. Therefore, we were not able to identify any factors that consistently
influenced the GEM fluxes.

3.2. GEM Emission and Deposition

Due to the low correlation coefficients between the GEM fluxes and all of the other measured
variables, we examined the GEM emission and deposition separately [13]. Annual mean GEM emission
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was 15.3 ± 27.9 ng·m−2·h−1 (n = 2453). Mean GEM emissions in spring (12.9 ± 21.1 ng·m−2·h−1),
summer (16.8 ± 29.8 ng·m−2·h−1) and winter (13.9 ± 29.8 ng·m−2·h−1) were not significantly
different. However, mean GEM emissions fall (17.8 ± 29.4 ng·m−2·h−1) were significantly higher
than the mean GEM emission in spring. GEM emissions were also greater under unstable
atmospheric conditions (23.8 ± 28.4 ng·m−2·h−1) than under neutral (21.5 ± 33.1 ng·m−2·h−1) or
stable (3.00 ± 5.43 ng·m−2·h−1) conditions. Our mean GEM emission was slightly higher than the
emission (7.5 ± 7.0 ng·m−2·h−1) from the Walker Branch Watershed in Oak Ridge, TN [13]. However,
this study was limited to short daytime sampling periods from May through November 1994.

Annual mean GEM deposition was−14.6± 26.6 ng·m−2·h−1 (n = 2806). Mean GEM deposition in
the spring (−11.4± 17.3 ng·m−2·h−1) was significantly lower than summer (−15.5± 27.3 ng·m−2·h−1),
fall (−16.6 ± 21.1 ng·m−2·h−1) and winter (−15.2 ± 32.5 ng·m−2·h−1). Deposition for the year was
also significantly higher under unstable atmospheric conditions (−23.0 ± 29.7 ng·m−2·h−1) than
under neutral (−17.5 ± 29.3 ng·m−2·h−1) or stable (−3.3 ± 10.5 ng·m−2·h−1) atmospheric conditions.
Our GEM deposition was also higher than the mean daytime GEM deposition (−2.2± 2.4 ng·m−2·h−1)
at the Walker Branch Watershed [13].

Separating the fluxes into emission and deposition revealed that several variables were influencing
the fluxes. However, most of the correlation coefficients were still below 0.25 (Table 4). By looking at
only the variables with the highest correlation coefficients in each season, we were able to draw a few
conclusions. UV-B was correlated with emission in summer, fall and spring and with deposition in
summer and spring (Table 4). Although more strongly related than other parameters, UV-B still only
explained 22% of the variation of the GEM emissions (in summer) and 17% of the deposition (in spring).
However, we did find that as UV-B increased, emissions increased and deposition decreased. This was
consistent with the findings of others and may indicate that UV-B photo-reduction of GOM to GEM at
the soil surface may have been influencing the GEM fluxes [9,12,37]. This was also in agreement with
our findings that high soil pore concentrations of GEM were causing a concentration gradient driven
GEM flux [22]. It was possible that the conversion between GOM and GEM occurring at or near the
soil surface was an important factor influencing GEM fluxes throughout the year.

The importance of the conversion between GOM and GEM occurring at the soil surface was
also supported by correlations with ambient air O3 concentrations in summer. As O3 concentrations
increased, GEM emission increased and deposition decreased. This relationship was consistent with
the findings of the authors of [10], who reported that GEM emissions increased from soils enriched
in bound Hg2+ under higher ambient air O3 concentrations (up to ~70 ppb). Although they did not
determine the exact mechanism, they speculated that the O3 was oxidizing sulfur species, such as
HgS, and this oxidation was counterbalanced by the reduction of Hg2+ (gaseous or bound) in the soil
matrix to GEM. The GEM was then emitted to the atmosphere. It was possible that this process was
occurring at PRAAMS. However, we could not rule out the fact that higher UV-B also produced more
local O3. Ozone can be produced in the troposphere from a photochemical reactions driven by UV-B
radiation [38].

There were also higher GEM emissions and lower GEM deposition at higher wind speeds.
The influence of wind speed on GEM fluxes indicates that greater air turbulence above the soil surface
most likely altered the GEM gradient near the surface which in turn resulted in greater GEM emissions
into the atmosphere. This would agree with our findings that both emissions and deposition were
higher under unstable atmospheric conditions. As turbulence near the surface increased, the physical
movement of the GEM increased. This further emphasized the importance of the soil surface even
during periods when UV-B and O3 were lower, like in the fall and winter.

RH appeared to be a factor controlling emission and deposition during the warmer spring and
summer months. Higher RH led to lower emissions and higher deposition. This was similar to that
seen by other studies [7,39–41]. This relationship may indicate that increased moisture in the air could
facilitate the oxidation of GEM to GOM and increase deposition.
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Table 4. The variables most highly correlated with GEM emission and deposition. Only those variables
with a correlation coefficient (r) greater than 0.25 are reported unless no variables were above 0.25 then
only the variable with the highest r-value is reported.

Emission Deposition

Season Parameter Correlation
Coefficient Parameters Correlation

Coefficient

Summer

Relative Humidity 0.44
UVB 0.47 WS (3 m) −0.42

Relative Humidity −0.36 Ozone −0.40
Ozone 0.31 Total UV −0.40

WS (3 m) 0.27 UVB −0.38
Total UV 0.26 Surface Wetness 0.35

Albedo 0.28

Fall UVB 0.28 WS (3 m) −0.29

Winter WS (10 m) 0.24 WS (10 m) −0.26

Spring

Net Solar Radiation −0.47
Net Solar Radiation 0.37 UVB −0.41

UVB 0.31 Total UV −0.28
WS (10 m) −0.28

Oe-A soil Horizon WS (3 m) −0.26
Soil Temperature 0.30 Relative Humidity 0.25

3.3. Comparison with Other Measurements at PRAAMS

Our MBR measurements of GEM flux were part of a larger study to better understand the
atmospheric mercury cycle at PRAAMS. Other studies measured GEM fluxes with dynamic flux
chambers [22], GOM deposition with ion exchange membranes [18], total mercury in litter fall
deposition [42], and total mercury in wet deposition [43]. One of these projects also modeled GOM
deposition [18]. Here, we present a comparison of our two GEM flux measurement campaigns
(dynamic flux chambers vs MBR), and then we put these fluxes into perspective with the other mercury
measurements made at PRAAMS.

The net annual GEM flux was very different between our dynamic flux chambers and the MBR
method [22]. Using our flux chambers, we estimated a net emission of 5 to 12 µg·m−2·year−1.
With the MBR method, we estimated a net deposition of 3.33 µg·m−2·year−1. This emphasized
the differences between the measurement techniques. Fluxes measured with the MBR method were
representative of a large area (footprint up to 2000 m2). The MBR fluxes were a summation of the
soil, vegetation, and snow surfaces, and each surface may have had different factors controlling the
GEM flux. Our chambers measured fluxes over a much smaller area (<0.5 m2). Flux chamber GEM
fluxes could vary by two orders of magnitude within a single day in the forest and grass areas [22].
Additionally, there were periods when the soils beneath the chambers would switch from source
to sink of GEM. This indicated that the landscape consisted of spatially variable GEM fluxes. As a
result, to capture the variability within the MBR footprint, we would need to make many flux chamber
measurements. The spatial variability of GEM fluxes may have been the reason we were not able to
identify the factors correlated with MBR GEM fluxes. Therefore, we must be careful when scaling up
fluxes measured with flux chambers to be representative of a large area. Our efforts verify the findings
of others that micrometeorological and chamber fluxes do not agree [24].

Annual estimates of GOM deposition measured with ion exchange membranes and modeled using
the multi-layer inferential model were 2.5 µg·m−2·year−1 and 3.2 µg·m−2·year−1 [18], respectively.
These two estimates were essentially equal to the GEM dry deposition (3.3 ug·m−2·year−1) measured
with the MBR technique. This indicates that dry deposition of GEM was as important as GOM
deposition at PRAAMS. Historically, dry deposition of GEM was thought to be much smaller than the
dry deposition of GOM [18,42]. Our measurements, however, suggest that the annual rates of GEM
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and GOM dry deposition are roughly equal at PRAAMS. Thus, dry deposition of GOM and GEM
together accounted for about 5.8 to 6.5 ug·m−2·year−1 of mercury at PRAAMS.

Our dry deposition estimates of GOM and GEM together (5.8 to 6.5 µg·m−2·y−1) were roughly
equal to the mean mercury wet deposition (7.6 µg·m−2·year−1) from 2004 to 2009 [43] at PRAAMS.
Other studies have suggested that wet and dry deposition of mercury could be equal [44–46].
Our study verifies this assumption. Thus, the total mercury deposition at PRAAMS from GOM,
GEM and wet deposition was around 14 ug·m−2·year−1, which is consistent with litterfall mercury
(15 ug·m−2·year−1) inputs, and GEM accounted for approximately 25% of the total measured mercury
deposition [42]. Thus, GEM plays an important role in mercury biogeochemical cycling at PRAAMS.
Note, we did not include the dry deposition of particulate bound mercury in our calculations.

4. Conclusions

GEM fluxes at PRAAMS were very dynamic and not strongly correlated with atmospheric trace
gases, aerosols, or meteorological variables. After separating our fluxes into periods of emission and
deposition, we were able to determine that UV-B, O3, WS and RH influenced our GEM fluxes. However,
even these relationships explained less than 22% of the variation in the GEM fluxes. This could
indicate that parameters other than those measured were influencing the GEM fluxes at PRAAMS.
These factors could include biological processes, variables that change on a shorter than one hour time
scale, or variables that change substantially within the footprint of the flux tower. The few correlations
could also indicate that we need to make higher resolution measurements of the possible GEM flux
controls within the MBR flux footprint. Our comprehensive studies of mercury cycling at PRAAMS
indicated that GEM deposition was as large as GOM deposition, and accounted for close to 25% of the
total mercury deposition.

We suggest that future work should focus on improving our understanding of the role of O3 in
GEM deposition and the importance of humidity on the atmospheric dynamics of GEM. In addition,
we also suggest that future work focus on untangling the complexity of the variability of GEM fluxes
within the MBR footprint.
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