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Abstract

The highest mercury (Hg) wet deposition in the United States (US) occurs along the
Gulf of Mexico, and in the southern and central Mississippi River Valley. Gaseous oxi-
dized Hg (GOM) is thought to be a major contributor due to its high water solubility and
reactivity. Therefore, it is critical to understand the concentrations, potential for wet and
dry deposition, and GOM compounds present in the air. Concentrations and dry depo-
sition fluxes of GOM were measured at Outlying Landing Field (OLF), Florida, using
a Tekran® 2537/1130/1135, and active and passive samplers using cation-exchange
and nylon membranes. Relationships with Tekran® derived data must be interpreted
with caution, since GOM concentrations can be biased low depending on the chem-
ical compounds in air, and interferences with water vapor and ozone. Only gaseous
elemental Hg and GOM are discussed here since the PBM measurement uncertain-
ties are higher. Criteria air pollutants were concurrently measured and Tekran® data
were assessed along with these using Principal Component Analysis to identify asso-
ciations among air pollutants. Based on the diel pattern, high GOM concentrations at
this site were associated with fossil fuel combustion and gas phase oxidation during
the day, and gas phase oxidation and transport in the free troposphere. The ratio of
GEM/CO at OLF (0.008 ng m~° ppbv'1) was much higher than the numbers reported
for the Western United States and central New York for domestic emissions or biomass
burning (0.001 ng m~3 ppbv‘1), which we suggest is indicative of a marine boundary
layer source.

Results from nylon membranes with thermal desorption analyses suggest five poten-
tial GOM compounds exist in this area, including HgBr,, HgO, Hg(NO;),, HgSO,, and
an unknown compound. This indicates that the site is influenced by different gaseous
phase reactions and sources. A high GOM event related to high CO but average SO,
suggests the air parcels moved from the free troposphere and across Arkansas, Mis-
sissippi, and Alabama at low elevation (< 300 m) using back trajectory analysis. We
hypothesize this is due to subsidence of Hg containing air from the free troposphere.
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It is difficult to fully understand GOM dry deposition processes without knowing the
actual GOM compounds, and their corresponding physicochemical properties, such as
the Henry’s Law constant. Overall, measured GOM dry deposition at this site ranged
from 4-23 % of total Hg wet deposition. The Aerohead sampling system for dry depo-
sition captures primarily GOM since it would only collect fine particulate bound Hg by
way of diffusion.

1 Introduction

Mercury (Hg) has been classified as a persistent, bioaccumulative toxin (PBT) (UNEP,
2013), and deposition from the atmosphere is considered the dominant pathway by
which Hg enters remote ecosystems (Lindberg et al., 2007). In some areas, scaveng-
ing by precipitation controls atmospheric Hg removal processes, such as the South-
eastern United States (US), where precipitation amounts are high (Prestbo and Gay,
2009). However, wet deposition concentrations are not necessarily correlated with pre-
cipitation amounts > 81 mm and deposition has not decreased with emission reduc-
tions as coal combustion facilities in the region have implemented control technologies
(Prestbo and Gay, 2009). A contributing factor to wet deposition in the Gulf Coast area
may be related to high atmospheric convection during thunderstorms and scaveng-
ing of gaseous oxidized Hg (GOM) from the free troposphere (Nair et al., 2013), and
down mixing of air with high GOM from the free troposphere (cf. Gustin et al., 2012).
An additional concern is that the Tekran® system measurement does not quantify all
GOM (see discussion below), and this may result in underestimation of GOM in the
atmosphere. Since GOM is considered an important form that can be rapidly removed
from the atmosphere due to high water solubility (Lindberg et al., 2007); it is important
to understand both atmospheric concentrations and chemistry (i.e. specific chemical
compounds).

The Atmospheric Mercury Network (AMNet) uses the Tekran® system (Gay et al.,
2013) to measure ambient air Hg concentrations, including gaseous elemental Hg
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(GEM), GOM, and fine-particulate bound Hg (PBM, particle size < 2.5um). There are
four AMNet sites in the Southeastern US, including AL19, GA40, MS12, and FL96 (Gay
et al., 2013). The Tekran® system has been used since 2002 (Landis et al., 2002) to
understand atmospheric reactions, behavior, and transport of GOM. However, GOM
concentrations measured by the Tekran® system have recently been demonstrated
to be significantly lower than ambient values due to lack of efficient collection of all
GOM compounds, and/or reduction of GOM on the KCl-coated denuder by ozone and
humidity (Ambrose et al., 2013; Gustin et al., 2013; Huang et al., 2013; Lyman et al.,
2010; McClure et al., 2014). New methods, including a differential method, University
of Washington Detector for Oxidized Hg (GOM method detection limit 80 pg m~; Am-
brose et al., 2013) (DOHGS), and cation exchange membranes (Ambrose et al., 2013;
Huang et al., 2013; Lyman and Jaffe, 2012) have demonstrated that there are higher
concentrations than those measured by the Tekran® in the laboratory and in the field at
high elevation (Gustin et al., 2013). Additionally, use of the University of Nevada-Reno
(UNR) active system that collects GOM on nylon membranes in tandem with cation
exchange membranes allows for compounds to be identified, and the concentration of
GOM determined, respectively (Huang et al., 2013).

Mercury has been studied in Florida for many years, initially because of the high
concentrations measured in fish and the Florida Panther. Dvonch et al. (1999) con-
cluded a major Hg source in South Florida (Broward County and Dade County, 1995—
1996) were medical waste incinerators, and this study informed decisions regarding
small individual medical waste incinerators. Detailed work has been done in Florida at
Everglades National Park and the municipalities of Pensacola, Davie (near Fort Laud-
erdale) and Tampa Bay, to understand atmospheric Hg deposition and concentrations.
These studies applied water and cation-exchange membrane surrogate surfaces, pas-
sive samplers, Tekran® speciation systems, and semi-continuous aerosol samplers
(Gustin et al., 2012; Marsik et al., 2007; Pancras et al., 2011; Peterson et al., 2012).
Annual GEM, GOM, and PBM ambient air concentrations in these areas, as measured

by the Tekran® system, were 1.2-1.4ng m'3, 2-7pg m'3, and 2-3pg m'3, respec-
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tively (Peterson et al., 2012), and reported Hg dry and wet deposition ranged from
1.8-4.7 and 13.5-20.1 ug m™2 yr'1, respectively (Marsik et al., 2007; Peterson et al.,
2012; Prestbo and Gay, 2009). Long-term GEM and GOM concentrations as mea-
sured by the Tekran® system have declined; however, PBM concentrations increased
after 2009. Given the uncertainties associated with the GOM and PBM measurements
it is possible that increasing PBM could be GOM compounds.

Engle et al. (2008) stated that elevated GOM concentrations during the day at a site
near Weeks Bay, Alabama, in April and May were related to high average ozone con-
centrations and solar radiation, and the marine boundary was not a significant GOM
source. Since the Tekran® system does not measure all compounds of GOM with
equal efficiency; it is possible that they were not capturing all the GOM. They indicated,
based on limited data, a significant component of PM was greater than 2.5um and
this size fraction is not measured by the Tekran® system. Gridded frequency distribu-
tion with back trajectories, and EPA UNMIX, have been used to understand potential
sources of atmospheric Hg concentrations in Florida (Gustin et al., 2012; Pancras et al.,
2011). Gustin et al. (2012) investigated sources in Tampa, Pensacola, and Davie. They
found direct atmospheric Hg sources in Florida included local electric power genera-
tion plants, industry, and the free troposphere, and indirect sources included mobile
and point sources of oxidants that could transform GEM to reactive Hg (RM = GOM
+ PBM). Weiss-Penzias et al. (2011) concluded that two different sources, including
free troposphere and coal-fired power plants, influenced GOM dry deposition at OLF.
Landing et al. (2010) indicated that roughly 20 % of Hg in wet deposition in Florida was
attributed to regional coal combustion and there was no evidence of a change in wet
deposition after the installation of scrubbers on Plant Crist. This indicates that a lo-
cal influence from the power plant was not detectable supporting conclusions in Gustin
et al. (2012). In summary, atmospheric Hg in Florida has many sources that range from
local to regional and global in scale, and there has been disagreement about the most
important sources.
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In this work, Hg was measured concurrently with various trace gases (CO, O3, SO,,
NO,, NO,) and meteorological data at Outlying Landing Field (OLF) located ~ 15km
NW of Pensacola, Florida. Air GEM/GOM/PBM concentrations were measured by the
Tekran® 2537/1130/1135 system. Here we focus primarily on measurement of GEM
and GOM, if we add PBM, the uncertainties increase. Tentative air pollutant sources
were identified using these data analyzed with Principal Component Analysis (PCA).

We applied the Aerohead sampler developed Lyman et al. (2007, 2009) for mea-
surement of dry deposition of GOM. The surrogate surface used is an aerodynamic
sampler housing a cation exchange membrane that collects particles and gases via dif-
fusion and thus, at OLF, collects primarily GOM. We also used the UNR active system
for measurement of GOM concentrations and chemistry. Cation-exchange membranes
in this system are used to understand GOM concentration in the atmosphere, and the
nylon membranes are used to determine the chemistry of potential GOM compounds
(cf. Huang et al., 2013). Finally, GOM dry deposition fluxes were calculated using depo-
sition velocities determined from multi-resistance model with ambient air GOM concen-
trations from the Tekran® system (adjusted by a factor of 3 due to uncertainties in the
Tekran® system; cf. Huang and Gustin, 2015a) and compared to those obtained using
surrogate surface data. The results were used to estimate the dry deposition veloc-
ity for the potential GOM compounds observed. The hypothesis for this work was that
GOM compounds vary over time, and this is due to different compounds produced by
different sources and processes. Additionally, because different compounds will have
different Henry’s law constants this will result in different dry deposition velocities and
dry deposition flux.
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2 Methods
2.1 Field site

The sampling site was located at the Outlying Landing Field (OLF, 30.550°N,
87.374°W, 44 ma.s.l.). The closest major Hg emission source is a coal-fired power
plant (Plant Crist) northeast of the site (Fig. 1). This area has been used for atmo-
spheric Hg research in previous studies (Caffrey et al., 2010; Engle et al., 2008; Gustin
et al., 2012; Peterson et al., 2012; Weiss-Penzias et al., 2011). OLF is a coastal site
(~ 25km away from Gulf of Mexico) influenced by sea breezes especially during the
summer (Engle et al., 2008; Gustin et al., 2012).

2.2 Sampling methods

Passive box and Aerohead samplers were deployed bi-weekly from June 2012 to
March 2014. The UNR active samplers were deployed biweekly from March 2013
to March 2014. Atmospheric Hg concentrations, including GEM, GOM, and PBM,
were measured using a Tekran® system (model 2357/1130/1135, Tekran® Instrument
Corp., Ontario, Canada) that was operated with one-hour sampling and one hour des-
orption with blanks of 0.1 ng m™>, 1.5, and 1.5 pg m=>, respectively. Gaseous oxidized
Hg concentrations were also measured using the UNR active system with 3 sets of two
in-series 47 mm cation-exchange membranes (ICE450, Pall Corp., MI, USA) and 3 sets
of nylon membranes (0.2 um, Cole-Parmer, IL, USA). Based on the sampler design, it
is thought this method collects primarily GOM (cf. Huang et al., 2013). Detailed infor-
mation on the UNR active GOM sampling system can be found in Huang et al. (2013).
Criteria air pollutants and meteorological data, including CO, SO,, O3, PM, 5, NO, NO,,
NO,, temperature, relative humidity, wind speed, wind direction, pressure, solar radia-
tion, and precipitation were available at this site for the sampling period, see Peterson
et al. (2012) for detailed information on these measurements.
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Passive samplers and Aeroheads were prepared at UNR, and two sets of samples
were packed in a thermal isolated cooler shipped back and forth between the labo-
ratory and site. Cation-exchange and nylon membranes for the active system were
pre-cut at UNR and stored in acid cleaned glass jars and packed in double Ziploc®
bags. Passive, Aerohead, and active samplers were deployed by the site operator ev-
ery two weeks. After collection, all membranes were stored in acid clean jars in double
Ziploc® bags and sent back to UNR. Samples were stored in a freezer (-22°C) at
UNR until analyzed. Cation-exchange membranes were then digested and analyzed
following EPA Method 1631 E (Peterson et al., 2012), and nylon membranes were first
thermally desorbed and then analyzed using EPA Method 1631 E (Huang et al., 2013).
Cation-exchange membrane blanks for passive box, Aerohead, and active samplers
were 0.32+0.15 (n = 38), 0.40+0.18 (n = 42), 0.37+£0.26 (n = 77) ng, respectively; and
for nylon membranes used in the active system blanks were 0.03 £ 0.03 (n = 69) ng.
Therefore, method detection limits (MDL, 3-sigma) for two-week sampling time (336 h)
were 1.4pg h‘1, 0.13ng m=2h~" for uptake rate and dry deposition, respectively. For
the active membrane system, the Hg amount on the back-up filters and blanks were
not significantly different (cation-exchange membrane: 0.4 +£ 0.3 vs. 0.4 £ 0.3 ng; nylon
membrane: 0.03 £ 0.03 vs. 0.02 + 0.02 ng); therefore, the back-up filters were included
in the calculation of the bi-weekly blanks. The biweekly MDL (336 h) for active system
with cation-exchange and nylon membranes were 1.8-66.9 pg m~3 (mean: 23.8 pg m'3)
and 0.01-14.6 pg m™° (mean: 2.1 pg m_3), respectively. Bi-weekly MDL was calculated
from 3 times the standard deviation of bi-weekly blanks. All samples were corrected by
subtracting the blank for the corresponding two-week period.

Hourly Tekran®, criteria air pollutants, and meteorological data were managed and
validated by Atmospheric Research and Analysis, Inc.; these were then averaged into
two-week intervals to merge with the membrane measurements.
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2.3 Principal component analysis

Principal Component Analysis is a tool that allows for reduction of a large data set to
one that is smaller, and converts a set of observations of possibly correlated variables
into a set of factors with linearly uncorrelated variables (Belis et al., 2013; Jackson,
1991). Varimax rotations are used to maximize the variance of the squared loadings of
a factor and were applied to separate all factors. Hourly air concentrations and mete-
orological data were merged to Tekran® sampling hour; data below MDL and missing
data were replaced by half of MDL and mean, respectively. To standardize data, they
were subtracted by corresponding mean and divided by standard deviation before PCA.
Data included mixing ratios of CO, SO,, O3, NO, NO,, NOy, concentrations of PM, g,
temperature, relative humidity, wind speed, pressure, solar radiation, and precipitation.
PCA factor scores were calculated using Statistica 7.0 (StatSoft, Inc.).

2.4 Dry deposition model

After potential GOM compounds in ambient air at OLF were identified (using nylon
membranes with thermal desorption), dry deposition rates associated with the specific
compounds (determined using the surrogate surface) were then applied in a multiple-
resistance model modified from Zhang et al. (2003) to calculate Hg dry deposition ve-
locities. Modeled Hg dry deposition fluxes were then determined using calculated dry
deposition velocities multiplied using adjusted GOM ambient concentrations measured
by the Tekran® system. GOM ambient concentrations from Tekran® measurements
were adjusted using each compound’s corresponding correction factor, derived in the
laboratory through comparison of cation-exchange membrane measured concentra-
tions vs. those measured using the KCIl-denuder (average: 3. HgBr, : 1.6, HgCl, : 2.4,
HgSO, :2.3, HgO: 3.7, and Hg(NOs;), : 12.6) (Gustin et al., 2015).

Predominant vegetation at this site was classified as short grass. In Lyman
et al. (2007) and Marsik et al. (2007), @ and @ values were set at 2 and 10 to inves-
tigate the effect on calculated dry deposition velocities under constant environmental
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conditions. The first is similar to HONO and the second one to HNOj. Friction ve-
locity and other meteorological data were extracted from the Eta Data Assimilation
System (EDAS) 40 km meteorological model using an interpolation method (NOAA,
2008). Daily mean temperature and RH measurements and EDAS-40 km extraction
were highly correlated (r2 = 0.83-0.95 with slope of 1, p value < 0.001). Wind speed
was slightly correlated (r2 = 0.3 with slope of 0.5, p value < 0.001), which is likely due
to poor model simulation.

2.5 Back trajectory calculations

Back trajectories were calculated using the Hybrid Single Particle Lagrangian Inte-
grated Trajectory (HYSPLIT 4.9) with EDAS 40 km, 1000 m starting height. For day and
nighttime analysis, the starting times were the Local Standard Time 1100-1300 and
100-300, 24 h simulations. For high-concentration event analyses, trajectories were
started for each day at 00:00, 04:00, 08:00, 12:00, 16:00, and 20:00 h, LST. Overall,
the uncertainties of back trajectories calculated from HYSPLIT are 20 % of the air par-
cel traveling distance (Draxler, 2013 ; Gebhart et al., 2005; Stohl, 1998; Stohl et al.,
2003). Back trajectories were then analyzed using cluster analysis (Liu et al., 2010).
Sigmaplot 14.0 (Systat Software Inc, San Jose, CA, USA) and Minitab 16.0 (Minitab
Inc., PA, US) were used to do ¢ tests and correlation analyses. Comparisons were
considered significantly different and correlations considered significant when p < 0.05.

3 Results and discussion

3.1 Overall measurements

Seasons are delineated as winter (December, January, and February), spring (March,
April, and May), summer (June, July, and August), and fall (September, October and
November). A significant seasonal pattern (the seasonal pattern discussion excludes
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March 2014) was observed for O5 being highest in the spring; however, CO concentra-
tions were high in winter due to low boundary layer and biomass burning, and low in
summer (Table 1).

Observations from 3 GOM sampling methods showed higher GOM concentrations in
spring relative to other seasons; however, the magnitudes were significantly different.
Concentrations of GOM measured by cation-exchange membranes in the active sys-
tem were significantly higher than those measured by Tekran® KCl-coated denuder
and nylon membranes that have been reported to be influenced by relative humid-
ity (Huang et al., 2013). It is important to note that Huang et al. (2013) pointed out
that the active membrane method collects GOM; therefore, data collected from active
system were only compared to GOM measured by the Tekran® system. Mean cation-
exchange membrane concentrations were higher than Tekran® derived GOM by 14,
48, 11 and 13 times in the spring, summer, fall and winter, respectively. The higher
value in the summer is likely due to higher relative humidity, which facilitates collec-
tion of GOM on the cation exchange membrane, and reduces availability or capture
of GOM by the denuder (Huang and Gustin, 2015b) (Table 1). The underestimation
of GOM concentrations using the Tekran® system is due to lack of efficient collection
by the KCl-coated denuder of different compounds, and interferences due to humidity
and O3 exposure (Gustin et al., 2013; Huang et al., 2013; Lyman et al., 2010; McClure
et al., 2014; Huang and Gustin, 2015b).

Furthermore, nylon membranes measured higher GOM concentrations than those
measured by the Tekran® in spring 2013 when the humidity was low. Nylon mem-
brane retention of GOM has been shown to be influenced by relative humidity (Huang
and Gustin, 2015b; Huang et al., 2013). Overall, air concentrations measured by the
Tekran® system and meteorological data measured in this study were similar to those
measured in 2010 (Peterson et al., 2012). Particulate-bound Hg has the same diel
trend as GOM but higher concentrations. This could be due to a positive artifact with
GOM being collected instead of PBM (Gustin et al., 2013, 2015).
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Understanding the oxidants present in air is important for understanding the poten-
tial GOM compounds. Oxidants to consider include O3, halogenated compounds, and
nitrogen compounds. Previous work has reported O3 concentrations were influenced
by halogens in the marine boundary layer, and were higher in early morning relative
to the afternoon (Dickerson et al., 1999; Johnson et al., 1990); this diurnal (daily) pat-
tern was due to reactions of O5 and halogens during high solar radiation (for example:
Br+ O3 — BrO + O,). The O diurnal pattern at OLF showed higher concentrations in
the early afternoon relative to early morning (Fig. 2). This is similar to a typical Og
diurnal cycle at inland sites. However, halogen related oxidation cannot be ruled out,
because based on our analyses of data from one year ~ 24 % of the air comes from
the marine boundary layer during the day and 60 % during the night.

Based on the Tekran® GOM measurements, Engle et al. (2008) also stated the high
GOM concentrations at OLF were related to O5 and solar radiation and from conti-
nental air, not the marine boundary layer. Concentrations of NO were high at 07:00 to
local time (LT) due to emission from mobile sources during the rush hour as reported
in previous studies (Castell-Balaguer et al., 2012; Song et al., 2011). Precursors of
Oj including NO, and volatile organic compounds (VOC) (Seinfeld and Pandis, 2006)
are emitted in the early morning rush hour (~ 07:00 LT); as solar radiation increased,
photo-chemistry dominants the atmospheric reactions to produce O3 at noon (peak O
delayed approximatey two hours after NO, peak). However, a bi-modal diel (diurnal-
nocturnal) pattern was observed for NO, and NO, (Fig. 2). During the morning and
afternoon rush hours, NO, is oxidized by OH radical and produces HNOg; however,
in the nighttime, NO is oxidized by O4 to form NO, and then NO3 can be removed by
water vapor condensing to form dew (Seinfeld and Pandis, 2006; Song et al., 2011). It
is possible that nitrogen compounds produced at night could react to form GOM com-
pounds not quantified by the denuder (cf. Gustin et al., 2013; see discussion below of
GOM compounds measured in ambient air). Therefore, O; and NO are consumed dur-
ing nocturnal conditions, and nighttime peaks of NO, and NO, are observed (Fig. 2).
Nighttime planetary boundary layer collapse also enhances the NO,, NO, and CO

12080

Jaded uoissnosiq

Jaded uoissnosiq

| Jaded uoissnosiq |

Jaded uoissnosiq

ACPD
15, 12069-12105, 2015

Understanding the
chemical forms of
gaseous oxidized
mercury in Florida

J. Huang et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/12069/2015/acpd-15-12069-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/12069/2015/acpd-15-12069-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

nighttime peaks, and these could contribute to GOM formation through direct reactions
(Gustin et al., 2015; Gustin et al., 2012; Weiss-Penzias et al., 2003) or indirect reac-
tions as nitrogen compounds react with volatile organic compounds. Thus, a variety of
oxidants are available for forming GOM from GEM.

A slight peak of SO, occurred from 07:00 to 11:00 LT, and then concentrations de-
clined over the rest of day. This pattern is due to mixing associated with the breakup
of the nocturnal stratification. The change is not as dramatic as observed in Weiss-
Penzias et al. (2011) and this is likely due to flue gas desulfurization being implemented
at Plant Crist. In addition, SO, has to be transported to the site, and there is limited
impact from Plant Crist based on the analyses done in Gustin et al. (2012). Diel con-
centrations of GOM and PBM peak at noon similar to previous observations (Gustin
et al., 2012). However, as discussed above, O at OLF does not follow the diel pattern
observed in marine boundary layer; this implies the GOM peak at noon is not related
to marine halogen species.

The average GEM/CO ratio was 0.0078 + 0.0022 ng m~2 ppbv™"; this ratio was fairly
stable over the entire sampling period (see Fig. S1 in the Supplement) and similar
to that reported for events by Weiss-Penzias et al. (2011). Looking at the monthly
variation, June and July were highest, and significantly higher than September and
October. Spring was in the moderate range. The calculated GEM/CO emission ratio
in Arkansas (AK), Mississippi (MS), Louisiana (LA) is 6.08 x 107 ton ton_1; however,
GEM/CO ratio of ambient air is 8.96 x 10~/ ppbppb™~".

Previous work has concluded GEM/CO ratio is approximately 0.0045 ng m~ ppbv™
for Asian long range transport (Weiss-Penzias et al.,, 2007) and around
~0.001ng m™3 ppbv’1 for North American emissions and biomass burning in the Pa-
cific and Midwest regions (Choi et al., 2013; Weiss-Penzias et al., 2007). However,
GEM/CO ratios in this work were similar to those reported in Gustin et al. (2012).

Looking at the ratios on a finer resolution, the ratios are higher in the mid-day. This
is because CO is lower during mid-day due to the higher planetary boundary layer and

1

12081

Jaded uoissnosiq

Jaded uoissnosiq

| Jaded uoissnosiq |

Jaded uoissnosiq

ACPD
15, 12069-12105, 2015

Understanding the
chemical forms of
gaseous oxidized
mercury in Florida

J. Huang et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/12069/2015/acpd-15-12069-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/12069/2015/acpd-15-12069-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

pulling in of clean marine boundary layer air while GEM concentrations are high from
surface emissions.

3.2 Principal Component Analysis (PCA)

Because of the high percentage of missing and below detection limit data for Hg forms
(GEM 0.04 % BDL, 26 % missing; GOM 55 % BDL, 28 % missing; PBM 23 % BDL, 28 %
missing), PCA was first done using criteria air pollutant and meteorological data without
Hg. However, in order to link the PCA factors to Hg, Hg data were added and factor
scores were re-calculated. For these analyses, it must be remembered that the GOM
concentrations are biased low and all forms are not collected with equal efficiency. From
both analyses, two major factors were resolved (Tables 2 and S1 in the Supplement),
including factor 1 that included CO, NO, , and NOy, and factor 2 that was correlated with
SO, and Og. Factors 3 and 4 were found to be related to temperature, solar radiation,
wind speed, and GEM, respectively. The first factor is identified as mobile sources due
to CO and NO, emission from vehicles as discussed above, and this is confirmed by
the diel pattern of factor 1 (Fig. S2). The factor score of factor 1 was significantly higher
at rush hour than the rest of day. Furthermore, this factor is not associated with any
Hg forms (Table 2). This could be due to the lack of capture efficiency of the GOM
form present such as Hg(NOs),, lack of capture and collection on the PBM unit, and/or
low Hg content in fuel. Huang et al. (2010) reported a similar factor pattern for mobile
sources, and Landis et al. (2007) stated direct Hg emission from mobile sources is low.
Their observations are based on Tekran® system data.

The second factor was fossil fuel combustion mixed with gas phase oxidation which
correlated with O3, SO,, GOM, and PBM. Huang et al. (2010) clearly separated coal
combustion (SO,, GOM and PBM) and gas phase oxidation (O3, GOM, and PBM) fac-
tors. However, in this study, SO, and O5 peaked at the same time (11:00-13:00 LT,
Fig. 2). In this case, it is difficult to use PCA to resolve these two co-varying factors.
This factor was correlated with high solar radiation and low humidity (Table 2). In the
middle of day high solar radiation, high temperature, and low humidity are typically
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observed. High solar radiation would enhance the photo-chemistry and increase the
radical concentrations in the atmosphere and accelerate Hg oxidation reactions. In ad-
dition, humidity enhances GOM and PBM atmospheric removal processes; therefore,
the highest GOM concentrations were found at noon. However, vertical convection dur-
ing the day needs to be considered and this would bring GOM compounds to the sur-
face from the free troposphere, where concentrations have been demonstrated to be
high in the Southeastern United States based on vertical profiles collected by aircraft
(Brooks et al., 2014). In addition, there are periods when GOM was high but O; was
not or GOM was elevated but not SO,, this suggests that parcels of air in the free tro-
posphere with different chemistry may be influencing the boundary layer in Florida (cf.
Fine et al., 2015). The third factor was related to meteorological variation and boundary
layer collapse. There is no Hg associated with this factor, and this could be due to it not
being measured by the denuder due to high relative humidity.

Back trajectories also supported these conclusions. When factor 2 dominated atmo-
spheric processes (11:00-13:00 LT, Fig. 1) 24 % of trajectories were from the Gulf of
Mexico, and the rest of the trajectories were from continental areas. However, during
the nighttime (01:00-03:00 LT), ~ 60 % of air was from the marine boundary layer, and
only ~ 35 % of air was from continental regions.

The pattern for factor 4 with GEM and wind speed indicates accumulation of GEM
nocturnally due to collapse of the boundary layer. Based on the results from PCA and
diurnal patterns of criteria pollutants, the Tekran® measured GOM concentrations usu-
ally peaked at noon associated with gas phase oxidation; however, halogen related re-
actions do not appear to be involved based on the ozone diel pattern. In addition, the
denuder more efficiently collects halogen-Hg compounds, but this would be inhibited
by the high relative humidity in Florida. Also, thermal desorption profiles discussed be-
low point to the presence of HgCl, and/or HgBr,. Lastly, based on the fact that relative
humidity was higher at night, and the recent understanding that relative humidity inter-
feres with collection of GOM, some compounds could be present at night that we are

12083

Jaded uoissnosiq

Jaded uoissnosiq

| Jaded uoissnosiq |

Jaded uoissnosiq

ACPD
15, 12069-12105, 2015

Understanding the
chemical forms of
gaseous oxidized
mercury in Florida

J. Huang et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/12069/2015/acpd-15-12069-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/12069/2015/acpd-15-12069-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

not measuring. Based on the thermal desorption profiles discussed below Hg(NO;),
and HgSO, were present.

3.3 Elevated pollution event

In spring 2013, there was a time period when high concentrations of all forms of Hg
were measured by the Tekran® system, O3, and CO (Fig. 3), and captured using
two-week integrated data. Figure 4 clearly shows that the air masses traveled over
Arkansas, Mississippi, and Alabama. The air movement pattern is similar to that found
in Gustin et al. (2012) for OLF Class 2 events which had low SO, concentrations.
Air parcels traveling to OLF moved over the surface (less than 300 m above ground
level-agl, Fig. 4). Although there are coal-fired power plants in the upwind area within
a 500km range (Fig. 1), the annual average SO, concentration implies that the ele-
vated CO, O; and GOM were not from fossil fuel combustion. Gustin et al. (2012) also
indicated that the free troposphere impacted OLF. The first few endpoints for these tra-
jectories indicate air parcels entered North America at > 1000 ma.g.l.; therefore, there
was transport of some air measured during this time from the free troposphere. Ozone
concentrations at this time were also similar to those measured in Nevada in the free
troposphere (Gustin et al., 2014). It is important to note that the back trajectories are
only for 72 h and the ones that subsided to surface levels in the Midwest were traveling
fast. We hypothesize this is a common event in the spring that represents free tro-
posphere transport. Fast transport suggests rapid movement in the free troposphere
where reactions in the air that would produce GOM could occur during long range
transport, and the chemical composition of this event suggests potential input from
Asia as suggested for Florida by Gustin et al. (2012).

3.4 Potential GOM compounds

The standard desorption profiles for GOM compounds obtained by Huang et al. (2013)
and Gustin et al. (2015) are compared to those obtained at OLF (Fig. 5). It is impor-
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tant to note that we do not know exactly what GOM compounds were being produced
by the permeation tubes or desorbed from the nylon filter, and here we refer to the
primary material in the permeation tube. Only 10 nylon membrane samples collected
a significant amount of GOM based on their bi-weekly detection limit (Fig. 5), and their
desorption profiles varied. There were 4 patterns of release observed.

One had a high residual tail that does not match our standard profiles. These oc-
curred on 2 April, 4 September and 21 May 2013. This suggests that in spring there is
a compound that is unknown based on current standard profiles. Hg(NO3), was found
on 21 May 2013 based on the desorption profile. The second pattern occurred on
19 March and 19 November 2013 and this corresponds to HgBr, with some residual
tail that is again some compound not accounted for.

The third pattern occurred on 7 May and 27 August 2013 and corresponds to
Hg(NO3), with a residual tail. The 4th pattern that occurred on 14 January 2014 and
24 September 2013 was associated with HgSO, and the error bars are small. Lastly,
the data collected on 22 and 23 October was noisy and had subtle peaks that corre-
spond with HgO, Hg(NO3),, and a high residual tail. It is interesting to note that none of
the profiles were similar to HgCl,, the form expected to be released by coal-fired power
plants.

Previous studies reported consistent desorption profiles from 3 sites in Nevada and
California without significant point sources (Huang et al., 2013). Huang et al. (2013)
presented desorption profiles from a highway, agriculture, and marine boundary layer
site. The profiles from the marine boundary layer and agriculture impacted site do not
show clear residual tails at 185 °C, but the highway impacted site did. In addition, at
OLF, a significant amount of GOM (15-30 %) was released after 160 °C; this implies
that we are missing one or more GOM compound(s) (Fig. 5). Interestingly, a peak was
found in the 9 August 2013 sample at the GEM release temperature. This information
indicates GOM compounds at OLF varied with time, and this variation is due to compli-
cated Hg emission sources and chemistry. Unfortunately, given the time resolution of
the measurement it is difficult to sort out specific sources using back trajectories.
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Atmospheric GOM concentrations measured by the Tekran® system were cor-
rected to those measured by cation-exchange membranes (HgBr,: 1.6, HgCl, : 2.4,
HgSO,:2.3, HgO : 3.7, and Hg(NO3),: 12.6). These correction factors were derived by
comparing GOM concentrations collected using the Tekran® system relative to the
cation-exchange membrane using a laboratory manifold system (Gustin et al., 2015;
Huang et al., 2013). These values were used to correct GOM concentrations measured
by the in-field Tekran® system. Before the correction, GOM concentrations measured
by cation-exchange membranes in the active system and by the Tekran® denuder had
a low slope (r2 = 0.64, n = 21, slope = 0.055, p < 0.001); however, after the correction,
the slope increased with no correlation (r2 =0.12, n=7, slope =0.23, p > 0.05). The
low correlation has several explanations: (1) the portion of GOM released at temper-
atures higher than 160°C is not correlated with a specific compound; (2) overlap of
the standard curves; and (3) complicated atmospheric chemistry. At OLF, the GOM
collected on the nylon membrane is more complicated than those collected at sites in
the Western US. The desorption curves from the nylon membranes collected at Nevada
were in the range of the standard GOM compounds that have been investigated (Huang
et al., 2013). Curves with multiple peaks in this study imply that there were at least 5
GOM compounds collected on the membranes. Alternatively, GOM could be formed or
reduced on the membrane through reactions related to HNO5 or sulfur compounds.

3.5 Passive samplers

Uptake rate of GOM collected by the box passive sampler ranged from 0-1.09 pg h'.
These values are adjusted for the blank that traveled with the samplers. Although these
are below the detection limit (1.4 pg h’1) which is 3x the standard deviation of the blank
collected during the whole study, since the sampler data was corrected by the blank
values, and the standard deviations were in most cases low we still feel the data is
good. The data were not statistically different by season (ANOVA one-way rank, p value
= 0.38) and below detection limit (1.4 pg h'1). There are 6 cases when the sampling
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rate was > 0.5 pg h™'. This suggests at these times a form of GOM was available that
would more readily diffuse into the sampler (Fig. S2). Recent work has indicated that
the sampler as configured only collects 20 % of the GOM (Huang and Gustin, 2015a).
Dry deposition of GOM measured by surrogate surfaces ranged from 0 to
0.5ng m?h~', and 83% of GOM dry deposition was higher than detection limit
(0.12ng m™2 h‘1) (Fig. S3). During two 2-week sampling intervals there were 2 peri-
ods when dry deposition was not physically measured. Higher GOM dry deposition
was observed in spring relative to winter (ANOVA one-way rank, pvalue < 0.01); GOM
dry deposition was slightly lower in summer and fall (not statistically different) than in
spring due to high wet deposition and scavenging processes. The GOM dry deposi-
tion pattern obtained was similar to that reported by Peterson et al. (2012). However,
GOM dry deposition rates were significantly higher in this study than 2010 values (0.2
vs. 0.05ng m~2 h'1). This is due to the correction of 0.2ng m=2h~" being applied in
Peterson et al. (2012) to account for contamination of the Aerohead that has been
demonstrated to be unnecessary (Huang et al., 2014). Although the highest GOM dry
deposition measured using surrogate surface and GOM concentrations measured us-
ing the UNR active system were observed in spring 2013, the value in March 2014 was
relatively low. In March 2014, atmospheric conditions were more similar to winter than
spring, with low temperatures and high CO concentrations. These results converge
from those determined using Tekran® measurements that suggest low GOM concen-
trations and high deposition velocities, and this is because the denuder measurements
are biased low (see Gustin et al., 2015). Hg dry deposition calculated for OLF using
a deposition velocity of 2cms™' and Tekran® GOM concentrations of 2.5pgm™ is
1.57 g m~2 yr'1. Deposition using the surrogate surface was 1.9 ug m~2 yr'1; the value
was ~ 10.8 % of total Hg wet deposition (17.9 ug m™2 yr'1) in 2013. However, the mod-
eled dry deposition (with Tekran air concentrations corrected, a = 6 =2 — 10) ranged
from 8.4-23.0 % of total Hg wet deposition. These numbers were higher than those in
Peterson et al. (2012) due to the 0.2 ng-blank corrections as discussed above.
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Because the measurement periods of active and passive membrane systems were
offset by a week, modeled GOM dry deposition fluxes were calculated using GOM con-
centrations measured by the Tekran® system that were multiplied by a factor of three
(cf. Huang et al., 2014). In general, measured Hg dry deposition fluxes were similar
to those modeled simulations with modeled GOM dry deposition a = 8 = 2 (Table 2)
during winter, spring, and fall (see below). However, measured Hg dry deposition was
significantly higher than modeled results (both @ = G = 2 and 10) in summer and early
fall (Fig. 6) by a fairly consistent amount (Table S2). This indicates there are com-
pounds of GOM in the summer that are poorly collected by the denuder, and this also
can help explain the higher wet deposition measured during this season (Prestbo and
Gay, 2009). Highest deposition was measured during the spring, when the input from
long range transport is greatest (Gustin et al., 2012).

Because of the low GOM concentrations and influence of humidity on the nylon
membrane measurements (Huang and Gustin, 2015b), GOM compounds were iden-
tified only in one summertime sample, which was Hg(NOs),. Measured GOM dry de-
position was ~ 6 times higher than both modeled results, and if the Tekran® correc-
tion factor of three is considered, membrane-based Hg(NO3), dry deposition flux was
~ 18 times higher than the Tekran® -model-based value. Gustin et al. (2015) indicated
Hg(NO3), collection efficiency on cation-exchange membrane zero air was about 12.6
times higher than on Tekran (KCl-coated denuder). This indicates the Hg(NO3), col-
lection efficiency on KCl-coated denuder is lower in ambient air than in zero air, due to
interferences with relative humidity and Os.

However, in May 2013, two samples were dominated by Hg(NOs), that showed lower
measured/modeled ratios (2.1—6.0 with Tekran® correction factor). The difference here
might be due to ambient air GOM chemistry (a compound that has a different dry
deposition velocity), less interference on the denuder surface, or parameters in the
dry deposition scheme. In May, GOM concentrations measured by the Tekran® were
higher than in summer due to low wet deposition (discussed above); in addition, mean
humidity was lower in the spring (Table 1). Therefore, GOM collection efficiency varies
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with environmental conditions and leads to inconsistent ratios of modeled/measured
GOM dry deposition. The dry deposition scheme needs the Henry’s Law constant to
determine the scaling factors for specific resistances for different compounds (Lyman
et al., 2007; Zhang et al., 2002).

Lin et al. (Lin et al., 2006) stated that the dry deposition velocity of HgO is two times
higher than that for HgCl,, due to the different Henry’s Law constant. The Henry’s Law
constants for HgCl,, HgBr,, and HgO presented in previous literature (Schroeder and
Munthe, 1998) have high uncertainty, for how these calculations were done is not clear
(S. Lyman, Utah State University, personal communication, 2015), and the constants
for Hg(NO3), and HgSO, are unknown. Some researchers considered that GOM is
similar to HNOg(a = B = 10), and some treated GOM as HONO (a = 8 = 2) (Castro
et al., 2012; Lyman et al., 2007; Marsik et al., 2007); however, using the parameters
of HNOj; could overestimate GOM dry deposition velocities due to the differences of
effective Henry’s law constants (HgCl, :~ 10° HNO; :~ 10"*Matm™).

If the ratios (HgBr, : 1.6, HgCl, : 2.4, HgSO, : 2.3, HgO: 3.7, and Hg(NOs), : 12.6) of
GOM concentrations measured by the Tekran® and cation-exchange membranes for
different GOM compounds (Gustin et al., 2015; Huang et al., 2013) were used to cor-
rect Tekran® GOM data in this study, modeled GOM dry deposition (Fig. 6) would not
be correlated to measurements. Ratios were measured in the laboratory with charcoal
scrubbed air; therefore, the effect of water vapor and ozone were not considered and
field measurements would be impacted by environmental conditions. For example, on
12 March 2013 and 12 November 2013 (Fig. 6), GOM was dominated by HgBr, and
HgCl, Dry deposition of HgBr, from Aerohead sampler measurements and modeling
were close as a = § = 10; however, modeled and measured HgCl, dry deposition were
matched as @ = 8 = 2. Average deposition velocity for @ = 3 = 2 was 0.78cms™", and
fora=06=10is 1.59cm 3_1, if we assume the model is right. There were three sam-
ples that were identified as Hg(NO3), using nylon membranes; however, the ratios of
measurement and modeling Hg(NO3), dry deposition were inconsistent over time. In
spring, all modeled Hg(NO3), dry deposition values were much higher than measured
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values; however, in summer, measured and modeled Hg(NO;), dry deposition were
similar as a = 8 = 5 (Table 3). If you assume the dry deposition measurements made
by the surrogate surfaces are accurate then this demonstrates there are different forms
that occur over time and these will have different deposition velocities.

4 Conclusions

Active and passive membrane samplers were applied along with Tekran® Hg and cri-
teria air pollutant measurements to understand GOM chemistry and dry deposition at
OLF, Florida, US. Based on the diel pattern in O3, marine halogen reactions have lim-
ited influence on Hg reactions during the day at OLF, and GOM and PBM are produced
by local photochemical oxidation, and derived from long range transport and delivered
to the surface. During the night and early morning when relative humidity is higher, it is
likely that GOM compounds are present that are not being measured by the Tekran®
system. The fairly constant high GEM/CO ratio is due to low CO coming from the
ocean and GEM re-emission from the soil.

In general, PCA indicated that GOM concentrations were associated with SO, and
O3 ambient air concentrations, and this indicates GOM is from fossil fuel combustion
and gas phase oxidation probably associated with precursors from mobile sources.
Additionally, since the diurnal profiles of GOM and SO, profiles are not correlated it is
possible that the association with SO, reflects down mixing of air above the boundary
layer. A pollution event with high GOM but low SO, concentrations occurred in spring
2013; the air came from the free troposphere based on back-trajectories analysis. This
implies GOM concentrations at OLF are significantly impacted by inputs from the free
troposphere as suggested by Gustin et al. (2012), and the chemical forms of GOM in
the atmosphere can vary by season.

Five potential different GOM compounds were identified at OLF using nylon mem-
branes with thermal desorption analysis, including HgBr,, HgO, Hg(NO3),, HgSO, and
a unknown compound. However, because of the complicated and overlapping des-
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orption profiles, detailed understanding of GOM composition is difficult. Comparing
modeled and measured Hg dry deposition fluxes also demonstrate there are different
forms in air, and this will affect dry deposition velocities. In order to improve our un-
derstanding of Hg air-surface exchange, physiochemical properties of different GOM
compounds need to be understood.

The Supplement related to this article is available online at
doi:10.5194/acpd-15-12069-2015-supplement.
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Table 1. Overall seasonal average of air species, GEM, PBM, GOM (measured using three
different methods) concentration, GOM dry deposition (DD), and meteorological data at OLF.

2012 2013 2014

Summer Fall Winter Spring Summer Fall Winter Mar
Ozone [ppb] 30+ 15 30+12 29+ 11 38+12 24 +£12 26+ 11 27+10 35+12
CO [ppb] 143+ 38 161+ 35 167 £ 41 165 + 36 139+35 156 + 33 167 + 35 183+ 33
SO, [ppb] 0.3+0.4 0.6+1.5 0.4+05 0.3+0.5 0.2+0.3 0.4+0.5 0.7+1.2 0.3+0.4
NO [ppb] 0.3+0.7 0.3+0.7 0.3+0.8 02+05 0.3+0.7 0.3+0.8 0.4+0.8 02+0.5
NO, [ppb] 2424 3.0+27 3.0+3.1 2023 22+21 3129 3.2+3.0 23+28
NO, [ppb] 3.6+2.9 4.3+3.1 43+3.6 3.1+28 32+25 4.4+3.3 42+3.4 3.6+3.1
GEM [ngm_e]a 1.2+0.1 1.2+0.1 1.3+0.1 1.2+0.2 1.1+0.1 1.0+0.1 12+0.3 1.2+0.1
GOM [pgm™]2 06+1.3 1.1+£28 1.0+2.2 29+5.1 0.5+1.0 1.1x21 1.3+25 2.0+36
PBM [pgm ] 24+26  36+38 73+87 59468 23+20 29423 49453  40x34
GOM [pgm~3]° - - - 43+£110 2457 14+18 1723 24£15
GOM [pgm~°[° - - - 4+10 04+13 12+1.1 0.6+0.6 0.6+0.5
GOM DD [ngm_2 h_1] 0.24+020 0.17+0.12 0.15+0.06 0.40+0.23 0.20+0.13 0.13+0.18 0.20+0.50 0.14+0.04
WS [ms™'] 2112 21+1.0 2817 29+18 20+1.1 2111 25+1.3 2515
TEMP [°C] 26+3 19+6 14+6 18+6 26+3 20+7 1M1x7 14+5
RH [%] 83+ 14 76+18 79+ 19 7321 84+13 77 £17 76 +23 78 +21
SR [Wmfz] 230 + 302 193 +271 121 +199 266 + 304 210+278 175+ 255 129+212 182+ 278
Precipitation [mm] 637 186 385 223 1010 254 357 183

& Tekran data

b Cation-exchange membrane data

° Nylon membrane data
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Table 2. Factor loading of the principal component analysis with Hg data. Bold numbers are
the variables that are considered significantly correlated.

4 factors 1 2 3 4
ozone -0.36 0.67 -0.05 -0.18
CcoO 0.59 0.09 0.39 0.01
S0O2 0.22 0.50 0.12 0.23
NO 0.74 0.09 -0.35 -0.09
NO2 0.86 -0.20 0.21 0.08
NO, 0.95 -0.07 0.12 0.06
GEM 0.03 0.06 0.12 -0.84
GOM -0.03 0.65 0.07 0.05
PBM -0.02 0.52 0.46 -0.19
WS -0.35 0.18 -0.25 -0.58
TEMP -0.23 0.00 -0.78 0.09
RH 0.07 -0.86 0.01 0.05
SR -0.05 0.66 -0.57 -0.13
Explained portion 22% 21% 12% 9%
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Table 3. The modeled (multiple-resistance model) and measured (surrogate surfaces) GOM
dry deposition (ng m=2h~" ), GOM concentrations used to calculate for modeled results are from
the Tekran® data and corrected by compounds’ corresponding ratios from Gustin et al. (2015).
The sample with unknown compound is used the Tekran® data with correction factor of three
(average ratio). The tentative GOM compounds are identified from nylon membrane results.

Start date Tentative Measured Modeled Modeled Modeled Modeled
GOM GOM dry GOMdry GOMdry GOMdry GOMdry
compound deposition flux deposition deposition deposition deposition

a=p=2 a=pf=5 a=p=7 a=p=10

12 Mar 2013  HgBr, 0.50+0.06 0.34 0.49 0.54 0.58

26 Mar 2013  unknown 0.40 £ 0.11 0.34 0.47 0.52 0.56

30 Apr2013  Hg(NOjz), 0.50+0.13 1.21 1.67 1.81 1.95

14 May 2013 Hg(NO3), 0.40+0.09 1.19 1.69 1.88 2.07

20 Aug 2013 Hg(NO;), 0.15+0.07 0.10 0.14 0.16 0.17

11 Dec 2013 HgCl, 0.08 £0.03 0.11 0.16 0.17 0.19

1 Jul 2014 HgSO, 0.19+0.03 0.18 0.24 0.27 0.29
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Figure 2. Diel patterns of all air species, mercury forms, and meteorological data. The dot and
whisker represent mean and 1 standard deviation, respectively.
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Figure 4. Results of gridded frequency distribution (left), light color indicates less endpoints in
a grid. Altitude of 72 h trajectories during the polluted event (12 March 2013-2 April 2013), light

color represents low altitude.
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Figure 5. Desorption profile from nylon membranes with standard materials in laboratory in-
vestigation (top) and field measurements. Whisker is 1 standard deviation, and only present in

the desorption peak.
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