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Abstract: Atmospheric mercury species (gaseous elemental mercury (GEM), gaseous oxidized
mercury (GOM), and particulate-bound mercury (PBM)), trace pollutants (O3, SO2, CO, NO, NOY,
and black carbon), and meteorological parameters have been continuously measured since 2007 at
an Atmospheric Mercury Network (AMNet) site that is located on the northern coast of the Gulf
of Mexico in Moss Point, Mississippi. For the data that were collected between 2007 and 2018, the
average concentrations and standard deviations are 1.39 ± 0.22 ng m−3 for GEM, 5.1 ± 10.2 pg m−3

for GOM, 5.9 ± 13.0 pg m−3 for PBM, and 309 ± 407 ng m−2 wk−1 for mercury wet deposition, with
interannual trends of −0.009 ng m−3 yr−1 for GEM, −0.36 pg m−3 yr−1 for GOM, 0.18 pg m−3 yr−1 for
PBM, and 2.8 ng m−2 wk−1 yr−1 for mercury wet deposition. The diurnal variation of GEM shows
lower concentrations in the early morning due to GEM depletion, likely due to plant uptake in high
humidity events and slight elevation during the day, likely due to downward mixing to the surface of
higher concentrations of GEM in the air aloft. The seasonal variation of GEM shows higher levels in
winter and spring and lower levels in summer and fall. Diurnal variations of both GOM and PBM
show broad peaks in the afternoon likely due to the photochemical oxidation of GEM. Seasonally,
PBM measurements exhibit higher levels in winter and early spring and lower levels in summer with
rising levels in fall, while GOM measurements show high levels in late spring/early summer and late
fall and low levels in winter. The seasonal variation of mercury wet deposition shows higher values
in summer and lower values in winter, due to larger rainfall amounts in summer than in winter.
As expected, anticorrelation between mercury wet deposition and the sum of GOM and PBM, but
positive correlation between mercury wet deposition and rainfall were observed. Correlation among
GOM, ozone, and SO2 suggests possible different GOM sources: direct emissions and photochemical
oxidation of GEM, with the possible influence of boundary layer dynamics and seasonal variability.
This study indicates that the monitoring site experiences are impacted from local and regional mercury
sources as well as large scale mercury cycling phenomena.
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1. Introduction

Mercury (Hg) is a potent neurotoxin that is particularly damaging to the development of fetuses,
infants, and young children [1]. While Hg ubiquitously exists in the natural environment, anthropogenic
activities have moved previously sequestered materials (e.g., Hg in coal and metallurgical ores) into
the ecosphere and increased its bioavailability [2]. Global emissions of Hg to the atmosphere are
estimated to be approximately one-third from direct anthropogenic sources, approximately one-third
from re-emission of previously deposited anthropogenic emissions, and about one-third from natural
sources, but there are significant uncertainties in the overall amounts and proportions, as well as the
spatial, temporal, and chemical distribution of emissions [3–5]. The concentrations of Hg in the air
are usually low and they are generally not an air quality concern. It is when mercury deposits to
land and water surfaces that it becomes a potential issue. The current primary pathway of ecosystem
contamination is the emissions of Hg from both natural and anthropogenic sources to the atmosphere,
followed by Hg deposition. Once deposited to watersheds and receiving waters, Hg can be converted
to highly toxic methylmercury, which can be incorporated into the food chain and increase with trophic
levels through bioaccumulation. Humans are exposed to methylmercury, primarily through consuming
contaminated fish and other aquatic organisms. Consumption advisories for fish and other seafood
due to mercury contamination are widespread throughout the United States and worldwide [6,7].

It is important to assess the long-term trends of atmospheric mercury in order to understand the
relative contribution of Hg to ecosystems from various geographic regions and source types because
atmospheric mercury deposition is the major pathway for the input of Hg into ecosystems. Such
understanding is essential for developing and assessing regulations and control policies. Several
distinct chemical and physical forms of Hg exist in the air and there are three operationally-defined Hg
species: gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM), and particulate-bound
mercury (PBM). While GEM is ubiquitously observed in the troposphere, the distributions of GOM
and PBM are not well documented. Mercury in aquatic ecosystems mainly results from dry and wet
deposition of GOM and PBM from the atmosphere [8–10]. Thus, it is highly desirable to conduct
measurements of mercury species along with a variety of trace gases to facilitate source identification.

The northern coast of the Gulf of Mexico experiences high atmospheric wet deposition of Hg due
to unique atmospheric conditions in this region, including high rainfall amounts and relatively high
concentrations of Hg in rain [11]. The exact reasons for the high Hg wet deposition in this area are not
entirely clear, but they may include enhanced scavenging of free-tropospheric GOM by deep convective
thunderstorms [12]. Dry deposition of mercury is generally less important but not insignificant, due
to the relatively high wet deposition in the region. A recent study found that the oxidation of GEM
by bromine radical might be an important pathway for forming GOM over the southeastern United
States (U.S.) [13], while Engle et al. [14] suggest the rapid deposition of GOM and coarse PBM may
be important sources of Hg input. Previous observations of atmospheric Hg in this area show peak
ground-level atmospheric GOM concentrations in the afternoon [14,15]. The elevated GOM levels were
attributed to the photochemical oxidation of GEM by atmospheric oxidants, with the enhancement of
morning GOM being attributed to local emissions and boundary layer processes, such as the erosion
of the nocturnal inversion and subsequent vertical mixing [14]. Long-term observations of mercury
speciation can help to characterize these processes and assess the regional atmospheric budget [16]
and global cycle of mercury [17].

In this work, we present measurements of atmospheric speciated mercury collected at a coastal
site in the northern Gulf of Mexico and examine their long-term trends. Correlationships between
mercury, trace gases, and meteorological parameters were also examined. The overall goal of this
study is to develop source-receptor information for atmospheric mercury deposition to this sensitive
coastal environment and inform policies to reduce mercury loadings.
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2. Site and Measurements

2.1. Site Description

National Oceanic and Atmospheric Administration’s (NOAA’s) Air Resources Laboratory (ARL)
started to establish the mercury monitoring site at Grand Bay in 2006. The monitoring site has been
described elsewhere [18], and only a brief description is given here. The site is operated as part of the
National Acid Deposition Program’s (NADP’s) Atmospheric Mercury Network (AMNet, Site MS12)
and it is located in the NOAA Grand Bay National Estuarine Research Reserve (NERR) in Moss
Point, Mississippi (30.412◦ N, 88.404◦ W). The reserve is located in extreme southeastern Mississippi
near the Alabama state line. Figure 1 shows the location of the site and regional point sources of
mercury. The area has both wetland and terrestrial habitats that are unique to the coastal zone, such as
maritime forests.
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Figure 1. Mercury air emissions point sources in the Grand Bay region based on the Toxic Release
Inventory [19]. Symbols on the maps are scaled based on emissions in 2007 and the bar graphs near
large and/or nearby sources show the time series of annual mercury emissions from 2007–2018 (kg
yr−1). Land cover categories shown on the maps are based on 2011 National Land Cover Database [20].
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2.2. Experimental Description

2.2.1. Measurements of Speciated Mercury

Atmospheric speciated mercury, including GEM, GOM, and PBM, has been monitored at the
Grand Bay site since 2007 while using two Tekran speciation systems (Tekran Instrument Corporation,
Scarborough, ON, Canada, Figure 2). Details of atmospheric mercury measurements have been
described in previous studies [20,21]. Briefly, as ambient air flows through the mercury detection
system, large particles (diameter d > 2.5 µm) are removed by an elutriator/impactor, GOM is collected
on a KCl-coated annular denuder, PBM (with a particle diameter < 2.5 µm) is then collected on a quartz
regenerable particle filter (RPF), and GEM is collected on gold traps with sequential detection that is
based on cold vapor atomic fluorescence spectrometry (CVAFS). The collected GOM on the denuder
and PBM on the quartz filter are then sequentially thermally desorbed and quantitatively converted to
GEM, which is then analyzed by the mercury detector. AMNet standard operating protocols were
followed for mercury data collection and reduction [21,22]. Two Tekran mercury speciation systems
were deployed at the site from 2008 to 2012, which allowed for truly continuous measurements of GOM
and PBM, the collection of quality control and quality assurance data, and testing methodological
refinements [21].
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Figure 2. Left: the 10-m measurement tower at the Grand Bay site, showing two sets of Tekran
collection units for gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM), and
particulate-bound mercury (PBM). Middle: instruments to measure mercury and chemical species
inside a climate-controlled trailer adjacent to the tower. Right: precipitation collectors for National
Acid Deposition Program’s Mercury Deposition Network and National Trends Network at the site to
measure mercury wet deposition and precipitation chemistry.

Recent studies [23–26] have reported that GOM measurements with KCl-coated denuders may
underestimate the atmospheric concentrations of GOM. McClure et al. [26] found a lower collection
efficiency of GOM on KCl-coated denuders that are impacted by ozone and humidity due to the release
of GEM from the denuder. It is not clear if the results from these studies can be generalized to all of
the field measurements [16], and this issue of possible bias in the GOM measurements needs further
investigation. This bias would affect the GOM measurement, but the GOM trend that is reported here
likely remains valid. A consistent protocol has been followed for the operation of the Tekran systems
since 2007, so any biases in the GOM measurement that are caused by ozone and humidity would
remain similar over this 12-year period because there were no significant trends in humidity and ozone
only decreased at a rate of 0.3 ppb year−1.

2.2.2. Ancillary Measurements

Other measurements of atmospheric constituents were made at the same site, including ozone (O3),
sulfur dioxide (SO2), carbon monoxide (CO), nitric oxide (NO), total reactive nitrogen (NOY), and black
carbon. Meteorological parameters (temperature, pressure, relative humidity, precipitation, wind speed
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and direction, and solar radiation) were also measured. Since 2010, weekly-integrated precipitation
samples have been collected at the site for subsequent chemical analysis of total mercury, major ions,
and trace metals, according to the NADP’s Mercury Deposition Network (MDN) and National Trend
Network (NTN) protocols. Weekly mercury wet deposition was quantified by multiplying weekly
precipitation totals by the total mercury concentrations that were measured in the weekly samples.

Besides the long-term monitoring, an intensive study in two phases was also conducted with the
first phase in summer 2010 and the second phase in spring 2011 [20]. During the intensive study, some
additional measurements were added, including the measurements of halogen species (BrO, HOBr,
etc.) and mercury deposition fluxes at the surface; aircraft measurements of GEM, GOM, SO2, O3,
and particles to determine the vertical profiles of mercury aloft and interpret the subsequent data;
and, ozonesondes to identify high ozone aloft as a surrogate for downward mixing from the upper
atmosphere. The results from this intensive study have been summarized by Ren et al. [20] and show
that peak GOM levels were associated with elevated O3, BrO, and solar radiation or elevated SO2,
but with lower O3, suggesting two potential sources of GOM: photochemical oxidation of GEM and
the direct emissions of GOM from nearby sources.

3. Results

3.1. Overall Measurement Statistics

Table 1 and Figure S1 show a statistical summary of the GEM, GOM, and PBM measurements at
the Grand Bay site from 2007 to 2018. The mean concentrations and standard deviations of hourly
measurements during this 12-year period are 1.39 ± 0.22 ng m−3 for GEM, 5.1 ± 10.2 pg m−3 for GOM,
and 5.9 ± 13.0 pg m−3 for PBM. The weekly atmospheric deposition measurements show that the mean
and standard deviation of mercury wet deposition were 309 ± 407 ng m−2 wk−1 from 2010 to 2018.
There were some variations in annual mean mercury concentrations from year to year (Figure S1 and
Table 1). For example, the annual mean GEM concentration was 1.31 ng m−3 in 2017 and 2018, but was
1.44 ng m−3 in 2011. High GOM and PBM events were observed with the GOM concentration up to
256 pg m−3 in 2008 and the PBM concentration up to 970 pg m−3 in 2014. In recent years, from 2013 to
2017, the maximum hourly concentrations of GEM, GOM, and PBM have generally been decreasing,
which is likely due to emission reductions of air pollutants from power plants and other regional
sources that also reduced mercury emissions as a co-benefit [27].

Table 1. Statistics of measured hourly concentrations of GEM, GOM, and PBM at the Grand Bay site in
Mississippi. Minimum concentrations for GOM and PBM were zero (not shown). Overall statistics are
shown in bold.

Year [GEM] (ng m−3) [GOM] (pg m−3) [PBM] (pg m−3)

Min Max Median Mean ± σ Max Median Mean ± σ Max Median Mean ± σ

2007 0.85 8.0 1.40 1.41 ± 0.29 140 1.2 4.0 ± 8.7 112 1.7 2.8 ± 4.3
2008 0.79 6.1 1.40 1.40 ± 0.16 256 2.1 7.5 ± 15.2 52 2.6 3.8 ± 4.1
2009 0.71 8.1 1.37 1.37 ± 0.17 133 1.7 5.2 ± 9.4 46 2.1 3.6 ± 4.4
2010 0.92 2.8 1.40 1.39 ± 0.12 130 1.7 6.1 ± 12.1 364 4.6 9.4 ± 17.5
2011 0.79 16.0 1.45 1.44 ± 0.23 127 1.7 6.4 ± 11.7 470 2.9 4.9 ± 8.7
2012 0.83 13.8 1.37 1.38 ± 0.25 98 1.5 4.8 ± 8.9 464 2.3 4.4 ± 10.4
2013 0.86 7.8 1.41 1.43 ± 0.32 104 2.2 5.5 ± 9.7 100 2.4 4.4 ± 7.5
2014 0.70 9.7 1.39 1.41 ± 0.34 94 1.8 4.5 ± 7.6 970 5.3 12.3 ± 28
2015 0.72 9.3 1.32 1.34 ± 0.23 71 1.9 3.5 ± 4.8 192 7.1 14.1 ± 19.4
2016 0.82 3.7 1.33 1.33 ± 0.14 42 1.4 2.9 ± 4.5 61 2.3 3.9 ± 5.2
2017 0.83 2.24 1.31 1.31 ± 0.14 46 0.89 2.7 ± 4.8 34 0.6 1.2 ± 2.2
2018 0.74 2.20 1.31 1.31 ± 0.13 27 0 1.5 ± 3.0 174 2.3 5.0 ± 12.2
All 0.70 16.0 1.38 1.39 ± 0.22 256 1.6 5.1 ± 10.2 970 2.7 5.9 ± 13.0

The frequency distributions of GEM, GOM, and PBM measured at the Grand Bay site from 2007 to
2018 show that GEM exhibits a nearly normal distribution (i.e., annual median and mean concentrations
are about the same for each year (Table 1)), while significant portions of GOM (32%) and PBM (14%)
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measurements are less than 0.5 pg m−3 (Figure 3). Similar distributions of these measurements were
observed at the suburban site that is located in Beltsville, Maryland [21]. The bottom panels of Figure 3
show the cumulative concentrations for GEM, GOM, and PBM. For these plots, the set of all measured
concentrations of a given mercury form are first sorted from high to low. Subsequently, the cumulative
concentration that is associated with each measurement is calculated by adding each successive
concentration to the running total. The total cumulative concentration—or “total concentration
impact”—is equal to the average concentration times the total number of measurements. Since dry
deposition is related to concentration, the cumulative concentration is related to the cumulative dry
deposition. Each axis is then normalized to show the fraction of the total. For the y-axis, the cumulative
concentrations are normalized by the total cumulative concentration (i.e., the sum of all hourly
concentrations that were measured at the site) and the total number of measurements normalizes
the x-axis. For GOM and PBM, it can be seen that the top 10% of hourly concentrations measured
contributed more than 50% of the overall concentration impact for the 2007–2018 period. The peak
concentrations of GEM were not nearly as disproportionately significant to the overall concentration
impact. Section S2 in the Supporting Information provides more details regarding how these plots
were created and provides plots for each year of measurements (Figures S2–S4).
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Figure 3. Top panels: Frequency distributions of hourly measurements of GEM (left), GOM (middle),
and PBM (right) at the Grand Bay site from 2007 to 2018. All GEM, GOM, and PBM data, including
zero values for GOM and PBM concentrations, are plotted. The intervals of the bins are 0.05 ng m−3 for
GEM and 0.5 pg m−3 for GOM and PBM. Bottom panels: the cumulative concentration as a function
of rank for GEM (left), GOM (middle), and PBM (right) concentrations. The y-axis and x-axis are
normalized to show fractions of the total.

Inter-Annual Variation

Figure 4 shows the time series of hourly GEM, GOM, and PBM concentrations and biweekly
mercury wet deposition measured at the Grand Bay site from 2007 to 2018. A decreasing inter-annual
trend for GEM was observed at this site from 2007 to 2018: −0.009 ± 0.003 ng m−3 yr−1 or −0.6 ± 0.2%
yr−1. This trend is statistically significant (p-value < 0.01) while using a Mann–Kendall test [28,29].
Similar but stronger decreasing trends of GEM were observed at the Beltsville site (1.3 ± 0.5% yr−1

over 2007–2015) in Beltsville, Maryland and at the Piney Reservoir air monitoring site (13% over
the entire 2006–2014 period) in western Maryland, respectively, both being located downwind of
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several large coal-fired power plants in Ohio, Pennsylvania, and West Virginia [16,21]. The quarterly
mean concentrations of GEM measured at the Grand Bay site ranged from 1.5 to 1.2 ng m−3 from
2007 to 2018. This is largely because of the seasonal variation of GEM, as described in Section 3.3.
The annual mean GEM concentrations decreased from 1.45 ng m−3 in 2011 to 1.31 ng m−3 in 2017 and
2018 (Table 1). This decrease likely reflects an overall decreasing trend in the regional anthropogenic
mercury emissions (Figure 5).Atmosphere 2020, 11, x FOR PEER REVIEW 8 of 21 
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Figure 4. Time series of GEM (a), GOM (b), PBM (c), and mercury wet deposition (d) measured at the
Grand Bay site from 2007 to 2018. The individual points show hourly averaged atmospheric mercury
concentrations in (a–c) and Hg wet deposition in weekly samples in (d). The linked green circles
are quarterly mean mercury concentrations and Hg wet deposition. The red dashed lines represent
linear regressions of the quarterly means over 2007–2018. The GEM and GOM trends are statistically
significant (p-value < 0.01) but the PBM and Hg wet deposition trends are not (p-value > 0.01).
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Figure 5. Time series of point-source anthropogenic mercury air emissions in different distance ranges
away from the Grand Bay site [19] and annual mean concentrations of GEM, GOM, and PBM from
2007 to 2018. The mean concentrations of GEM minus a hypothetical background concentration of
1.2 ng m−3 is also shown.

There are considerable variations for GOM and PBM and mercury wet deposition, even for
the quarterly average values (Figure 4), mainly due to seasonal variations. However, a statistically
significant decreasing trend of −0.36 ± 0.07 pg m−3 yr−1 or −7.1 ± 1.4% yr−1 for GOM (p-value < 0.01)
was observed, similar to the decreasing trend that was observed at the Beltsville site (−7.3 ± 2.6% yr−1).
There is an apparent increase in PBM at the Grand Bay site (0.18 ± 0.22 pg m−3 yr−1 or 3.5 ± 4.3% yr−1),
but the trend is not a statistically significant trend (p-value = 0.67). Weekly measurements of mercury
wet deposition at the Grand Bay site show that its mean and standard deviation are 309 ± 407 ng m−2

wk−1 from 2010 to 2018. There is also no statistically significant trend in the mercury wet deposition
during this period (p-value > 0.01), even though there is a slight increase of 2.8 ± 10.4 ng m−2 wk−1

yr−1 or 0.9 ± 3.4% yr−1. There is a slight increase of 54 mm yr−1 or 5% yr−1 in the precipitation from
2010 to 2018, which at least partially contributes to the increase of mercury wet deposition. The rate of
increase in the mercury wet deposition is consistent with the increase in PBM measured at the same
site and the overall increase in mercury deposition at other MDN sites in the southeast US [30].

The concentrations and trends of GEM, GOM, and PBM that were observed at the Grand
Bay site are influenced by the spatio-temporal patterns of upwind emissions—including the poorly
characterized partitioning of emissions among the different mercury forms—as well as complex
atmospheric transport, dispersion, chemical transformation, and deposition phenomena that mercury
is subjected to after emission to the air. While the spatio-temporal trend of GOM emissions are not well
known, the overall interannual trend of GOM follows well with the decreasing trend of total mercury
release into air from direct, inventoried point sources in the region that surround the Grand Bay site
(Figure 5), even though the global anthropogenic mercury emissions to the air likely increased over
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this period [31,32]. The decreasing trend of GEM is not as steep, as the hemispheric background of
GEM contributes significantly, due to its relatively long atmospheric lifetime of approximately 6–12
months. If a hypothetical background GEM concentration of 1.2 ng m−3 is subtracted from the Grand
Bay annual means, a comparable reduction in this background-adjusted GEM concentration to GOM is
seen. This suggests that the overall GOM level at this site might be strongly influenced by regional
mercury emission sources, while the GEM level is influenced by both regional emissions and the global
mercury pool. Similar correlation between decreasing trends in the observed Hg species and the
reduction in local power-plant Hg emissions has been shown at rural sites in western Maryland [16,33],
the northeastern U.S. [31], and a suburban site in Maryland [21]. The interannual variations in PBM
mean concentrations do not follow the decreasing trend in the reported regional emissions. This might
be due to complexities that arise from atmospheric chemical transformations among the different
mercury forms, differences in trends between total mercury emissions and speciated mercury emissions,
and/or mercury emissions not included in the emissions inventory data shown (e.g., releases from
biomass burning).

3.2. Seasonal Trends

The seasonal variation of GEM shows that its concentration was the lowest in fall at the Grand
Bay site; the lowest monthly GEM concentration of 1.28 ng m−3 was observed in September, while the
GEM concentrations were generally constant in winter and spring and slightly lower in summer
(Figure 6). GOM concentration was highest in early summer and late fall and lowest in winter and
summer; the highest monthly [GOM] of 7.4 pg m−3 was observed in June and the lowest monthly
[GOM] of 2.9 pg m−3 in December. This is consistent with observations at several different sites in
the southeastern U.S. [15,34]. The high [GOM] that was observed at this site in early summer and
late fall might be associated to greater high pressure subsidence and a relatively long lifetime at the
surface, due to the lower humidity and smaller rainfall in early summer and late fall (Figure 6) [21].
The seasonal PBM variation shows higher levels from late fall to early spring, with a mean [PBM]
of 7.8 ± 0.8 pg m−3 from November to April, and lower levels from late spring to fall, with a mean
[PBM] of 3.4 ± 1.5 pg m−3 (Figure 6). This seasonal variation of PBM is consistent with some other
studies [15,21,35–37] and it might be, in part, due to increased gas to aerosol partitioning at lower
temperatures in winter and higher removal by precipitation in summer.

The seasonal variation of mercury wet deposition exhibits a broad peak from late spring to early
fall and the lowest values in late fall through winter, being roughly proportional to rainfall with the
highest amount in summer and the lowest amount in fall and winter (Figure 6).
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Figure 6. Boxplots showing composite seasonal variations of GEM, GOM, PBM, and Hg wet deposition
measured at the Grand Bay site from 2007 to 2018. On each box, the central mark is the median,
the edges of the box are the 25th and 75th percentiles, and the whiskers extend to the 5th and 95th
percentiles. The linked green squares are composite monthly means. The linked black circles in the
bottom panel are the composite monthly precipitation amounts (units: mm × 5).

3.3. Diurnal Trends of Hg Speciation

The average diurnal variation of GEM at the Grand Bay site exhibits a few prominent features:
decreasing levels after 21:00 Central Standard Time (CST)) with a minimum near daybreak (06:00 CST),
increasing levels after 07:00 (CST) and reaching the maximum at around 10:00 (CST), and relatively
constant levels during the day between 10:00 and 21:00 (CST) (Figure 7). The minimum GEM
concentrations between 05:00–07:00 (CST) are due to GEM depletion events under high humidity
conditions, which will be further discussed in Section 4.3. This low GEM concentration in the morning
differs from the observations at polluted sites where a morning peak was usually observed due to the
confinement of emissions in the shallow boundary layer [15,21,38].
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Figure 7. Left: Boxplots showing composite diurnal variations of GEM (top), GOM (middle), and PBM
(bottom) measured at the Grand Bay site from 2007 to 2018. On each box, the central mark is the
median, the edges of the box are the 25th and 75th percentiles, and the whiskers extend to the 5th
and 95th percentiles. The linked green circles are hourly means. Right: Mean composite diurnal
variations of GEM (top), GOM (middle), and PBM (bottom) for four seasons: spring (March–May),
summer (June–August), fall (September–November), and winter (December–February). Times are
Central Standard Time (CST).

GOM and PBM both show significant diurnal variations with broad peaks in the afternoon,
with the amplitude of PBM peak being somewhat smaller than the GOM peak. These midday peaks
are likely due to the production of reactive mercury from the photochemical oxidation of GEM
and/or downward mixing of air aloft to the surface in the convective boundary layer. The maximum
mean hourly [GOM] of 12.2 pg m−3 and the maximum mean hourly [PBM] of 8.8 pg m−3 appear at
15:00 and 13:00 (CST), respectively, thus making the peak of total reactive mercury (TRM = GOM
+ PBM) appear at 14:00 (CST, Figure S5). At night, GOM concentrations were usually 1–2 pg m−3,
while PBM concentrations remained at 4–5 pg m−3 (Figure 7). Similar diurnal variations of GEM, GOM,
and PBM were observed at three types of sites (coastal suburban, urban, and rural) in the southeast
U.S. [15,34], as well as at rural sites in St. Anicet, Québec, Canada [39] and in Beltsville, Maryland [21].
The diurnal variations of GOM and PBM can also be influenced by planetary boundary layer dynamics,
e.g., the depletion of surface layer concentrations due to atmospheric deposition from the relatively
stable and shallow night-time boundary layer and subsequent replenishment from the downward
mixing of air aloft with greater concentrations of mercury as the boundary layer expands during
midday [21,34,38].

The interpretation of coastal measurements with this lens is complicated, though, as adjacent
land and water surfaces often create conditions that dictate significantly different boundary layer
heights and the transition zone between marine and terrestrial boundary layer regimes is relatively
complex and uncertain. The sea-breeze phenomenon, which promotes flow from the ocean to the land
during the day and from the land to the ocean at night, especially during the summer, is an additional
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meteorological factor that influences diurnal variations at the site. The higher GOM and PBM levels
that were observed during the day could be, at least partially, due to the oxidation of GEM in the
marine boundary layer brought onshore due to daytime sea-breeze flow. Finally, emissions from tall
stacks, e.g., from coal-fired power plants in vicinity of the site, may sometimes be injected above the
shallow night-time boundary layer and so be meteorologically disconnected from impacting surface
measurement sites under those conditions.

Diurnal profiles in different seasons also show some interesting features (Figure 7, right-hand
panels). Diurnal GEM concentrations are higher in winter and spring than in summer and fall.
The morning GEM minimum is more prominent in fall than in other three seasons, because GEM
depletion events usually occur during fog/dew events in fall under high humidity conditions. The
daytime GOM levels are lower in winter than in the other three seasons, perhaps due to the lower
photochemical production of GOM in winter, while nighttime GOM levels are similar for all four
seasons. The PBM diurnal profile shows the lowest concentrations in summer than the other three
seasons. The daytime PBM levels in winter are similar to those in spring, while, on average, the
nighttime PBM levels are the highest in winter and the lowest in summer.

4. Discussion

4.1. Correlation between Observed Mercury Species and Other Chemical Species

The correlation between Hg species, ozone, and SO2 can be used to differentiate the mercury
sources between direct emissions (typically with narrow plumes of SO2 and Hg fumigating the site,
leading to short-term spikes) and photochemical production of GOM and PBM (typically with longer
duration increases during the day) because of some common emission sources for mercury and SO2,
and ozone being a tracer for photochemical oxidation [20,21,34].

One example is the observations on 18–21 March 2011 when elevated GOM and O3 levels together
with SO2 spikes were observed (Figure 8). On 18 March, ozone gradually increased from −10 ppbv in
the early morning to −55 ppbv at noon and remained at this high level through midnight. Broad peaks
of GOM (up to 53 pg m−3) and PBM (up to 5 pg m−3) were observed from the early morning to the late
afternoon. SO2 remained at low levels of less than 1.5 ppbv until a peak of SO2 up to 9 ppbv appeared
around midnight, with a simultaneous peak of GOM up to 30 pg m−3, while there was no significant
enhancement in GEM or PBM. On 19 March, O3, GOM and PBM gradually increased after sunrise
with broad peaks during the day, while SO2 remained at low levels below 1 ppbv and then gradually
increased starting at noon, reaching a peak up to 15 ppbv between 17:00 and 18:00 with a simultaneous
GOM peak up to 40 pg m−3. On 20 March, simultaneous peaks of SO2 (up to 5.5 ppbv) and GOM (up
to 48 pg m−3) were observed between 07:00–10:00 in the morning. After noon, SO2 dropped to below
1 ppbv, while GOM remained at high levels up to 66 pg m−3 in the afternoon. These observed features
might suggest different GOM sources contributing to ground-level concentrations at the Grand Bay
site: direct emissions, intrusion of air aloft to the surface, and in-situ photochemical production.

Scatter plots of ozone versus GEM, GOM, and PBM that are colored by SO2 concentration also
suggest these two sources of GOM. In general, high ozone and high GOM concentrations during
the day (Figure 9) might suggest the photochemical production of GOM or intrusion of air aloft to
the surface, while high GOM and SO2 concentrations at low O3 concentrations might point to direct
emissions of GOM. The relatively good correlation between ozone and GOM does not necessarily
prove that GEM is oxidized in sum or in part by ozone. There is substantial uncertainty regarding
the overall relative importance of different potential GEM oxidizing agents (e.g., O3, OH, Br) and the
spatio-temporal variability in relative importance [21,40]. In addition, the diurnal dynamics of the
planetary boundary layer or seasonal dependence might also influence the correlation between GOM
and O3, i.e., higher concentrations of GOM and O3 in spring. Finally, the correlation might simply
reflect the common production of these species by tropospheric photochemical processes.
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Figure 8. Time series of GEM, GOM, PBM, ozone, and SO2 concentrations on three days in March 2011.
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Figure 9. Scatter plot of ozone versus GEM (left) and GOM (middle) colored with ln([SO2 ppb]),
as well as SO2 versus GOM colored with NOY concentrations (right) for the daytime data (with solar
radiation greater than 20 W m−2) collected at the Grand Bay site from 2007 to 2018.

The diurnal variation of a pollutant, such as carbon monoxide (CO), which is relatively inactive
chemically, and so can be considered a quasi-conservative tracer, can be used to help understand the
impact of the boundary layer dynamics at the site. At the Grand Bay site from 2007 to 2018, the mean
CO concentration was 148 ppbv during the day (defined by with solar radiation values greater than
10 W m−2) and 183 ppbv at night (solar radiation equal to zero). While using the mean CO concentration
of 134 ppbv when the winds were from south-southeasterly (SSE) to south-southwesterly (SSW) as a
regional background, the enhancement of CO is approximately 49 ppbv at night and 14 ppbv during
the day above the background. All things being equal, this suggests that boundary layer dynamics—at
least for low-elevation emission—may contribute to a dilution of approximately, a factor of 3.5 during
the day. However, diurnal variations of local/regional CO emissions and the variation in atmospheric
transport time from sources to our site complicate the interpretation. The mean GOM concentration
that was measured at the Grand Bay site was 7.83 pg m−3 during the day, greater than the mean GOM
concentration at night (2.52 pg m−3) by a factor of 3.1. Boundary layer dynamics no doubt play a role
in the diurnal variations that were observed at this site, but other processes, such as direct emissions,
photochemical oxidation, as well as dry and wet deposition also likely affect the GOM concentrations.

There is no strong correlation between GOM and SO2 (Figure 9), possibly suggesting a mix
of primary sources of SO2 and GOM with varying emission characteristics, and different chemical
processing and removal rates of SO2 and GOM during transport. The lack of correlation between
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GOM and PBM in all four seasons with correlation coefficients less than 0.1 (Figure S6) might suggest
different sources and/or removal rates of these Hg species.

4.2. Correlation with Meteorological Parameters

Wind direction and wind speed can play an important role in enhanced GEM, GOM, and PBM
concentrations. The highest concentrations of GOM and PBM were mainly observed in air masses
from two wind sectors, as shown in Figure 10: southerly (from southeasterly to southwesterly with
marine origins) and northerly (from northeasterly/northwesterly with continental origins). This is
expected, as major mercury emission sources are mainly found in the northerly wind sectors from
the site (Figure 1), while elevated GOM and PBM in southerly air masses were likely caused by the
oxidation of GEM by halogens in the marine boundary layer [41–43].
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Figure 10. Relationships between wind direction and GEM (top) and between wind direction and
GOM or PBM (bottom). Individual data points are hourly averaged measurements at the Grand Bay
site from 2007 to 2018.

On the other hand, GEM show little dependence on wind direction for its concentrations less
than 10 ng m−3, while higher GEM concentrations (>10 ng m−3) were mainly observed in air masses
coming from north (Figure 11). Wind directions that were associated with measurements were those
measured at the site. Air masses likely did not travel a straight line in this direction, as they were
transported to the site, though, and this is an acknowledged limitation to the interpretation of these
wind-direction findings.
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Figure 11. Relationships between wind direction and GEM (left) and between wind direction and
GOM (middle) or PBM (right). Individual data points are hourly averaged measurements.

Anticorrelation between GOM and RH and between PBM and RH was observed, as we
expect, because of the high deposition removal of GOM and PBM under high humidity conditions.
Anticorrelation between Hg wet deposition and the sum of GOM and PBM due to depletion by
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precipitation scavenging but positive correlation between Hg wet deposition and rainfall were
observed, as we would expect (Figure 12).
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Figure 12. GOM (left) and PBM (middle) versus relative humidity (RH) colored by SO2 concentration.
(Right): [GOM] + [PBM] versus mercury wet deposition colored with rainfall at the Grand Bay site
from 2007–2018.

4.3. GEM Depletion Events

GEM depletion events were occasionally observed in the early morning hours under high humidity
(with relative humidity (RH) largely > 80%) and relatively calm wind (with a mean wind speed of less
than or equal to 1.5 m s−1) conditions (Figure 13). The winds were mostly from the north during these
GEM depletion events, which suggests that the marine boundary layer might not play an important
role in those events. This is different from the GEM depletion events that were observed in the marine
boundary layer at Cape Point in South Africa [44], where GEM depletion events were mostly observed
in the afternoon in air masses with a marine origin. Similar depletion events were also observed at
a suburban site in Beltsville, Maryland [21], at a rural site in New England [45], and in a forest in
Northeast China [46].
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Figure 13. An example of GEM depletion events observed on 1–2 November 2009 (left), wind rose plot
for GEM (middle) during GEM depletion events, and GEM versus RH (right) during GEM depletion
events observed at the Grand bay site from 2007–2018. Data were filtered with [GEM] less than 1.0 ng
m−3 and were limited to the early morning hours only from 02:00–08:00 (CST) when the GEM depletion
events occurred.

In polar regions, GEM can be quickly oxidized by reactive bromine species and its concentration
reduction are well correlated with enhanced GOM concentrations [47–50]. However, during the
GEM depletion events that were observed at the Grand Bay site, GOM and PBM concentrations were
very low, with a mean concentration of 0.6 pg m−3 for GOM and of 3.4 pg m−3 for PBM (Figure 13).
Observations of BrO at this site during the intensive study in 2011 show that peak BrO was observed in
the midday while nighttime BrO concentration was close to zero [20]. Mao et al. [45] has proposed that
the nighttime loss of GEM in forest areas is mainly caused by dry deposition with additional chemical
oxidation by O3, OH, and NO3. The GEM depletion events that were observed in this study might be
attributed to the plant uptake of GEM as suggested by Fu et al. [46]. Marsh grass and maritime forest
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of pine savannah in the surrounding area of the Grand Bay site could be responsible for the GEM
uptake during GEM depletion events. Given the fact that the GEM depletion events occurred with
high RH, it is possible that the plant uptake of GEM can also be enhanced by oxidation within dew or
even low-level fog at the surface layer. Further investigation is needed to confirm this mechanism.

Standard additions of GEM were conducted at the Beltsville site in Maryland during GEM
depletion events by introducing a known amount of GEM to both the sampling inlet and upstream
of the denuder of the sampling unit on the tower. The Beltsville site was equipped with a similar
mercury instrumentation as that at the Grand Bay site [21]. Figure 14 shows one example, with a
GEM depletion event at Beltsville in the early morning of 12 August 2018. During this event, standard
additions of GEM were conducted and the recovery of the GEM standard additions at the inlet on
the tower remained relatively constant, which indicated that the observed GEM depletion was not a
measurement artifact and it was not due to any potential losses of GEM in the ambient air through the
sampling system.
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Figure 14. Time series of ambient [GEM] and GEM recovery with standard additions to both the
inlet and upstream of the denuder of the sampling unit on the tower at the Beltsville site on August
11 and 12, 2018. The GEM recovery is expressed as fractions and is calculated by the equation of
([GEM]sa − [GEM]amb)* Sample Volume/(GEM amount injected), where [GEM]sa is the total [GEM]
concentration (ambient [GEM] + added [GEM]) during standard additions, [GEM]amb is the ambient
GEM concentration, which is calculated as the mean of the GEM concentrations before and after the
standard addition. The injected GEM amount is calculated from the the mercury source permeation
rate times the permeation source injection time.

5. Conclusions

Continuous observations of atmospheric speciated mercury and other chemical and meteorological
parameters were made at the Grand Bay site in Mississippi for 12 years from 2007 to 2018. The results
show that this rural site was affected by local and regional emission sources of mercury and other
primary trace species with occasional transport-related episodes of higher concentrations, as well
as photochemical processes and planetary boundary layer dynamics. During this period, the mean
concentrations and standard deviations were 1.39 ± 0.22 ng m−3 for GEM, 5.1 ± 10.2 pg m−3 for
GOM, 5.9 ± 13.0 pg m−3 for PBM, and 309 ± 407 ng m−2 wk−1 for mercury wet deposition. The GEM
and GOM concentrations at this site have been slowly decreasing during this 12-year period, with a
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decrease rate of −0.6 ± 0.2% yr−1 for GEM and −7.1 ± 1.4% yr−1 for GOM, both being statistically
significant. A slight increasing trend in PBM (3.5 ± 4.3% yr−1) was observed at this site, even though
the trend is not statistically significant, given the variability of the data. Coincident with increases in
the atmospheric PBM concentrations, Hg wet deposition has been slightly increasing at a rate of 2.8 ±
10.4 ng m−2 wk−1 yr−1 (0.9 ± 3.4% yr−1), although this trend is not statistically significant.

Lower GEM concentrations were observed in the early morning, especially during fog events with
high humidity and weak winds in fall. The GEM depletion events were mainly observed in air masses
coming from north with continental origins and likely due to the uptake by surrounding plants, which
is perhaps enhanced by oxidation within surface moisture (e.g., dew) within a shallow night-time
boundary layer. The slight elevation of GEM during the day is likely due to downward mixing of air
masses with higher concentrations of GEM aloft. Diurnal variations of GOM and PBM both show peaks
in the afternoon, likely due to the production of reactive mercury from the photochemical oxidation of
GEM, but possibly also because of development of the midday convective boundary layer entraining
air aloft. The seasonal variation of GEM shows higher levels in winter and spring and lower levels in
summer and fall. GOM measurements show high levels in spring and consistently low levels in the
other three seasons, while the PBM measurements exhibit higher levels from late fall to early spring
and lower levels from late spring to fall. As expected, mercury wet deposition was the highest in the
summer due to higher precipitation amounts.

Relationships between elevated GEM/GOM/PBM and wind direction indicate that mercury
measurements at this site may be influenced by nearby mercury sources. Relationships among
GOM, O3, and SO2 suggest different sources of GOM: direct emissions from mercury sources in situ
photochemical production, and the transport of air aloft to the surface. This study indicates that the
receptor site experienced impacts from mercury sources that are both local and regional in nature.
The long-term monitoring data at this site will be further analyzed with the HYSPLIT trajectory
and dispersion model to elucidate mercury source-receptor relationships in this coastal environment
(Cohen et al., manuscript in preparation, 2020).

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/3/268/s1,
Figure S1: Yearly variations of GEM, GOM, and PBM, Figure S2: The normalized cumulative concentration as a
function of the normalized rank for GEM for each year from 2007–2018. Figure S3: Same as Figure S2 but for
GOM, S4: Same as figure S2 but for PBM, Figure S5: Boxplots of total reactive mercury (TRM) measured at the
Grand Bay site from 2007 to 2018, Figure S6: Correlation between PBM and GOM in four seasons.
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