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Abstract Mercury is a global toxin that can be introduced to ecosystems through atmospheric deposition.
Mercury oxidation is thought to occur in the free troposphere by bromine radicals, but direct observational
evidence for this process is currently unavailable. During the 2013 Nitrogen, Oxidants, Mercury and
Aerosol Distributions, Sources and Sinks campaign, we measured enhanced oxidized mercury and bromine
monoxide in a free tropospheric air mass over Texas. We use trace gas measurements, air mass back
trajectories, and a chemical box model to conﬁrm the origin and chemical history of the sampled air mass. We
ﬁnd the presence of elevated oxidized mercury to be consistent with oxidation of elemental mercury by
bromine atoms in this subsiding upper tropospheric air mass within the subtropical Paciﬁc High, where dry
atmospheric conditions are conducive to oxidized mercury accumulation. Our results support the role of
bromine as the dominant oxidant of mercury in the upper troposphere.

1. Introduction
Atmospheric chemistry and transport are fundamental in determining the introduction of mercury (Hg) to
terrestrial and aquatic ecosystems. While gaseous elemental mercury (Hg(0)) may remain in the atmosphere
for months, chemical conversion to the more soluble oxidized form facilitates atmospheric deposition [Selin,
2009; Driscoll et al., 2013]. Deciphering the mechanism for atmospheric Hg(0) oxidation is therefore critical to
fully understanding the global Hg cycle.
Modeling studies suggest that atomic bromine (Br) is the primary global oxidant of Hg(0) [Holmes et al., 2006;
Holmes et al., 2010; Hynes et al., 2009; Shah et al., 2015]. Although oxidation of Hg(0) by ozone (O3) and the
hydroxyl radical (OH) has also been proposed [Calvert and Lindberg, 2005], the gas-phase reactions of Hg(0)
with these oxidants are probably too slow to be the dominant oxidation mechanism in the atmosphere
[Hynes et al., 2009; Subir et al., 2011; Driscoll et al., 2013]. Bromine-initiated Hg(0) oxidation likely proceeds
by a two-step mechanism, in which Hg(0) reacts with atomic Br to produce the unstable product HgBr that
can either dissociate or react with other species (Br, OH, BrO, HO2, or NO2) to form inorganic oxidized Hg
(Hg(II)) compounds [Holmes et al., 2010; Goodsite et al., 2004, 2012; Dibble et al., 2012, 2013]. The experimentally
and theoretically determined reaction rate constants for this mechanism vary widely [Subir et al., 2011], creating
one source of uncertainty around atmospheric Hg(0) oxidation and this mechanism’s global relevance.
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Another major limitation is the lack of observational data, speciﬁcally simultaneous observations of Hg species and Br radicals (BrOx = Br + BrO) in the atmosphere [Subir et al., 2011]. In situ observations in the marine
boundary layer (MBL) [Sprovieri et al., 2010], and during Hg depletion events over the Dead Sea [Obrist et al.,
2011] and at polar sunrise [Steffen et al., 2008] provide evidence for Hg(0) oxidation by BrOx, but it has been
unclear how these observations extend to the midlatitudes or the middle to upper troposphere [Subir et al.,
2011]. Chemical transport models (CTMs) suggest that Hg(0) oxidation by Br takes place predominantly in the
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free troposphere [Holmes et al., 2006, 2010; Seigneur and Lohman, 2008]. Yet the available high-elevation and
airborne-speciated Hg observations [Swartzendruber et al., 2006; Fain et al., 2009; Sheu et al., 2010; Lyman and
Jaffe, 2012; Timonen et al., 2013; Brooks et al., 2014; Weiss-Penzias et al., 2015] provide insufﬁcient constraints
on the sources and chemistry of Hg(II) in the global atmosphere due to the episodic nature of observed Hg(II)
enhancements, the relatively small spatial scale of data coverage [Shah et al., 2015], and concerns over measurement methods [Jaffe et al., 2014].
To quantify the role of BrOx in free tropospheric Hg(0) oxidation, we measured atmospheric Hg and BrO on
board the National Science Foundation/National Center for Atmospheric Research (NSF/NCAR) C-130 aircraft
during the 2013 Nitrogen, Oxidants, Mercury and Aerosol Distributions, Sources, and Sinks (NOMADSS) campaign over the central and eastern U.S. Overall during NOMADSS, Hg(II) concentrations were higher in the free
troposphere (1–7 km above sea level (asl)) than in the continental or marine boundary layers (<1 km asl) [Shah
et al., 2015]. We report here the measurements obtained during Research Flight 6 (RF-06) on 19 June 2013 over
Texas. Compared to other NOMADSS ﬂights, RF-06 provides a unique opportunity to explicitly investigate free
tropospheric Hg(0) oxidation in an isolated air mass in which both BrO and Hg(II) were above their respective
detection limits.

2. Methods
2.1. Measurements
2.1.1. Mercury
We measured total Hg (THg) and Hg(0) at 2.5 min integrated sample frequency using the University of
Washington’s Detector for Oxidized Hg Species (DOHGS) [Lyman and Jaffe, 2012; Ambrose et al., 2013;
Ambrose et al., 2015]. Ambrose et al. [2015] describe the DOHGS instrument and its application during
NOMADSS in detail. In short, the DOHGS uses a dual-channel method in which sample air in the THg channel
passes through a continuously heated pyrolyzer to convert all Hg(II) compounds to Hg(0); simultaneously,
sample air in the Hg(0) channel passes through an Hg(II) scrubbing material such that only Hg(0) reaches the
downstream analyzer. Mercury concentrations on both channels are quantiﬁed using Tekran® 2537B Hg vapor
analyzers. Oxidized Hg is quantiﬁed by the difference between THg and Hg(0) measurements; thus, Hg(II)
concentrations represent the sum of the gaseous and particle-bound forms. We sampled ambient air through a
rear-facing heated perﬂuoroalkoxy (PFA) inlet connected to a heated PFA sample line [Lyman and Jaffe, 2012;
Ambrose et al., 2015]. The DOHGS aircraft inlet has a 50% particle cut size of 0.9 μm, and minimal wall losses of
Hg(II) are anticipated due to partitioning into the gas phase within the heated PFA inlet [Lyman and Jaffe,
2012]. We performed calibrations on the ground and in-ﬂight using a custom-built Hg(0) permeation source
[Lyman and Jaffe, 2012]. The performance of the DOHGS with respect to Hg(II) recovery was also extensively
quantiﬁed in the laboratory prior to NOMADSS [Ambrose et al., 2015] and during previous aircraft and
ground-based campaigns [Lyman and Jaffe, 2012; Ambrose et al., 2013] using HgBr2 and HgCl2 as proxies for
atmospheric Hg(II).
Mercury concentrations are reported in units of nanograms per standard cubic meter (ng m3; 0°C and 1 atm).
Overall uncertainties are estimated as the sum in quadrature of the 1σ precision and the systematic uncertainty,
both of which are described by Ambrose et al. [2015]. For RF-06, the overall uncertainties in THg and Hg(0)
measurements are ±7% and ±8%, respectively. For Hg(II), the 1σ precision is determined as the maximum of
0.024 × [Hg(0)] and 0.025; the systematic uncertainty is the sum in quadrature of 0.047 × [Hg(II)] and
0.024 × [Hg(0)] [Ambrose et al., 2015]. The 3σ limit of detection (LOD) for Hg(II) is 0.114 ng m3.
2.1.2. Bromine Monoxide
We quantiﬁed BrO mixing ratios using the UCLA’s airborne limb-scanning Differential Optical Absorption
Spectroscopy (Mini-DOAS) instrument [Platt and Stutz, 2008]. For this analysis, we used measurements in
the limb (0°) of scattered solar radiation in the ultraviolet (300–380 nm) channel. We analyzed BrO using
the DOAS technique with a wavelength range of 346.2–360.3 nm following the approach by Aliwell et al.
[2002]. The results of DOAS retrievals are Differential Slant Column Densities (DSCD), which are the pathintegrated trace gas concentrations along the optical path in the atmosphere, relative to a solar reference.
To convert the BrO DSCD to mixing ratios, we employed the McArtim Monte Carlo Radiative Transfer
Model (RTM) [Deutschmann et al., 2011] constrained by in situ observations of meteorological parameters
and aerosol properties on board the C-130. Model outputs of BrO are reported in parts per trillion by volume
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(pptv) with 2σ LODs of 0.5–1 pptv. Additional details on the UCLA Mini-DOAS instrument, analysis of spectral
retrievals, and application of the RTM are provided in the supporting information.
2.1.3. Other C-130 Measurements
We measured O3 mixing ratios in parts per billion by volume (ppbv) using a fast-response chemiluminescence
instrument [Pollack et al., 2012] at 1 s frequency with an uncertainty of 5%. Meteorological and state measurements on board the C-130 were also collected at 1 s frequency. Ozone and water vapor (WV) mixing ratios were
averaged to 2.5 min intervals for comparison with DOHGS concentrations. Additional measurements from the
C-130 used for the chemical box model (section 2.2.2), including nitrogen oxides (NOx), carbon monoxide,
methane, organic Br species (CH2Br2, CHBr3, CHBr2Cl, and CHBrCl2), aerosol number concentration, and photolysis frequencies, are described in the supporting information. Details on instruments used on board the C-130
during NOMADSS are provided at https://www.eol.ucar.edu/content/nomadss-c-130-documentation.
2.2. Model Analyses
We use several tools to interpret the airborne observations, including backward air mass trajectories, a
detailed chemical box model describing the processes during the air mass transport, and the GEOS-Chem
global Hg model. These tools are described below.
2.2.1. HYSPLIT
We calculated 14 day air mass back trajectories using the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model [Draxler and Hess, 1998]. Meteorological inputs were derived from National
Centers for Environmental Prediction’s Global Data Assimilation System (GDAS) archived at 3 h intervals on
a 1° × 1° latitude-longitude grid and 23 vertical levels, each 25–50 hPa high.
2.2.2. Chemical Box Model
We ran the RCAT 8.2 1-D model [Geyer and Stutz, 2004; Tsai et al., 2014] as a box model by setting vertical
exchange coefﬁcients to very low values at a constant altitude of 7 km, effectively turning off vertical transport. We held temperature and pressure constant at 250 K and 367 hPa, corresponding to mean values
along the 14 day HYSPLIT back trajectories. We ﬁrst optimized the model performance for simulation of
the observed BrO (Tables S1–S4 in the supporting information). Initial concentrations of trace gases, inorganic Br (Bry), and organic Br were either iterated to match available C-130 measurements or were chosen
to be consistent with values in the literature (Table S4) as follows. The initial condition for inorganic Br
(Bry = Br + 2Br2 + BrO + HBr + HOBr + BrONO2 + BrNO2 + BrCl) was 6.9 pptv, which we adopted in agreement
with available MBL measurements [Pszenny et al., 2004]. This led to an initial noontime BrO level on day 1 of
around 1 ppt, not unlike observations reported by Volkamer et al. [2015]. For organic Br compounds measured on board the C-130, initial mixing ratios were iterated until the model output matched available
measurements. A total organic bromine (CH3Br + CH2Br2 + CHBr3 + CH2BrCl + CHBr2Cl + CHBrCl2) mixing
ratio of 10.5 pptv was then used, which compared well to measurements and simulations reported by
Saiz-Lopez et al. [2012]. The Br-speciﬁc reactions and photolysis rates are shown in Table S2. Aerosol surface
area per volume of air was 0.5 μm cm3 based on aircraft observations by the Ultra-High Sensitivity Aerosol
Spectrometer instrument. We utilized reactive uptake coefﬁcients for H2SO4 solutions, assuming a sulfate background aerosol in the Paciﬁc free troposphere, to describe heterogeneous aerosol chemistry. Bromine-speciﬁc
uptake coefﬁcients are shown in Table S3. Other initial trace gas inputs were iterated so that the model outputs
matched the measurements on the C-130 within reasonable uncertainty (Table S4). Photolysis frequencies
measured at solar noon by the High-performance Instrumented Airborne Platform for Environmental Research
(HIAPER) Airborne Radiation Package (HARP) [Petropavlovskikh et al., 2007] were used to constrain the photolysis
frequencies for the days prior to our observations. Other photolysis frequencies were adopted from Landgraf and
Crutzen [1998] or calculated based on available absorption cross sections. The diurnal variation of photolysis rates
was simulated using a sinusoidal behavior and the length of the day of our BrO and Hg(II) observations.
The reaction kinetics implemented for Hg(0) oxidation by atomic Br follow the GEOS-Chem Hg model
described by Shah et al. [2015] as described in section 2.2.3. Although temperature and pressure were held
constant in the model, we recognize that changes in atmospheric conditions during transport could inﬂuence the chemical mechanisms, especially given the temperature dependence of the Hg oxidation kinetics.
We therefore performed sensitivity analyses at the minimum and maximum temperatures (239 K and 261 K)
and pressures (299 hPa and 457 hPa) along the trajectory histories to determine a range of transport times
required to produce the observed Hg(II) concentration.
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2.2.3. GEOS-Chem
GEOS-Chem (www.geos-chem.org, model version v9-02) is a global three-dimensional CTM [Bey et al.,
2001] that includes an atmosphere-ocean-land Hg simulation [Selin et al., 2008]. Assimilated meteorological inputs for GEOS-Chem are from the NASA Global Modeling and Assimilation Ofﬁce’s Goddard Earth
Observing system (GEOS). We used a nested grid conﬁguration [Zhang et al., 2012] with a 4° latitude by 5° longitude global grid and a 0.25° × 0.3125° grid over North America, each with 47 vertical levels. Anthropogenic Hg
emissions are taken from the Arctic Monitoring and Assessment Programme/United Nations Environment
Programme (AMAP/UNEP) [Arctic Monitoring and Assessment Programme/United Nations Environment
Programme, 2013] and U.S. EPA 2011 NEI [Environmental Protection Agency, 2014] inventories.
The GEOS-Chem global model for Hg is described in the literature [Holmes et al., 2010; Zhang et al., 2012; Shah
et al., 2015]. The oxidant concentrations (Br, OH, BrO, HO2, and NO2) were obtained from a model simulation
with HOx-NOx-VOC-O3-BrOx tropospheric chemistry [Bey et al., 2001; Parrella et al., 2012]. Although
GEOS-Chem does consider gas-to-particle partitioning of oxidized Hg [Amos et al., 2012], for the purposes
of our analyses we summed the modeled concentrations of gaseous and particulate oxidized Hg to generate
a single Hg(II) model concentration for comparison with the Hg(II) measured by the DOHGS instrument.
In the GEOS-Chem global Hg model, and in the box model described above, we used the following oxidation
mechanism for Hg(0):


T 1:86 6
Hgð0Þ þ Br þ M → HgBr þ M k 1 ¼ 1:46 1032 
cm molecule2 s1
(1)
298


7292 1
M
HgBr → Hgð0Þ þ Br k 2 ¼ 4:0 109  exp
s
(2)
T


T  0:57
10
cm3 molecule1 s1
HgBr þ X → HgðIIÞ k 3 ¼ 2:5 10 
(3)
298
ðX ¼ Br; OH; BrO; HO2 ; NO2 Þ
where T is the temperature (K). These rate constants were obtained from recent laboratory and theoretical
calculations [Goodsite et al., 2004, 2012; Donohoue et al., 2006; Dibble et al., 2012, 2013].

3. Results and Discussion
During RF-06, we sampled over Texas at an average cruising altitude of 7 km asl for more than 1.5 hours
(Figures 1 and 2). This air mass was marked by very low average WV (0.2 g kg1) and O3 (39 ppbv) mixing
ratios (Figure 2). The low O3 indicates that the air mass was not of stratospheric origin. The O3 and WV altitude
proﬁles indicate a clear transition when entering this air mass above approximately 5 km asl (Figure S1a),
implying that little mixing had occurred and that the dry air mass at this altitude had been isolated from
the inﬂuence of the lower troposphere for many days.
Consistent with our observations, HYSPLIT 14 day back trajectories show distinctly different transport
patterns between the free tropospheric air mass at 7 km asl (Figure 3a) and the boundary layer air we
sampled prior to our ascent (Figure S2). The free tropospheric air mass spent several days circulating and subsiding within the Paciﬁc anticyclone at altitudes of 9–12 km asl before being advected toward North America,
farther descending by 2–3 km asl (Figure 3a). Prior to this, the air mass was likely inﬂuenced by convection
from the subtropical Paciﬁc lower free troposphere and/or boundary layer, which is supported by the occurrence of a strong convective cloud region in the Intertropical Convergence Zone (ITCZ) (Figure 3b). In contrast, air in the boundary layer was inﬂuenced by a mix of southeasterly ﬂow and transport over the
continent at much lower altitudes (Figure S2).
This clear separation in air masses is reﬂected in the measured Hg concentrations (Figures 2a, S1, and S3)
and BrO mixing ratios (Figure 2b). For example, THg concentrations inside the free tropospheric air mass
(1.27 ± 0.06 ng m3) were considerably lower than concentrations in the boundary layer, likely due to the
inﬂuence of continental Hg sources on the air at lower altitudes. Similarly, Hg(0) concentrations in the free
tropospheric air mass (1.02 ± 0.08 ng m3) were lower than concentrations measured prior to our ascent,
due in part to the overall lower THg levels but also due the formation of Hg(II) in the free tropospheric air
mass. Oxidized Hg increased as we ascended to 7 km asl and was consistently elevated in the air mass (mean ± 1σ:
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0.266 ± 0.038 ng m3; range: 0.182–
0.347 ng m3). Bromine monoxide
was similarly below the detection limit
in the boundary layer and increased to
1.9 ± 0.35 pptv inside the air mass during the ascent.
In summary, the chemical composition and back trajectories suggest a
chemically aged air mass in the
Texas free troposphere that was
transported in the upper troposphere of the Paciﬁc High over the
previous approximately 2 weeks.
The stable, dry conditions of largeFigure 1. C-130 ﬂight track for NOMADSS Research Flight 6 (RF-06) on 19 June
scale anticyclones result in a lack of
2013. The ﬂight track color corresponds to the aircraft altitude in kilometers
above sea level (km asl). The black box indicates the region where we observed Hg(II) removal by wet deposition or
in-cloud reduction and are thus ideal
the Hg(II)- and BrO-rich air mass.
for Hg(II) accumulation. Additionally,
the Hg(0) oxidation rate is presumably enhanced in the upper troposphere due to low temperatures that prevent thermal decomposition of the HgBr intermediate [Holmes et al., 2010]. The transitions in WV and O3
observed over Texas above ~5 km asl also indicate that this air mass did not experience much vertical mixing
with surrounding air, providing a unique opportunity to investigate Br-induced Hg(0) oxidation.

Figure 2. Observations from the NSF/NCAR C-130 during Research Flight 6 (RF-06) on 19 June 2013, when we sampled a
dry free tropospheric air mass over Texas at a constant altitude of 7 km asl from 18:02:30 to 19:47:30 UTC. (a) Measured
(black circles) and GEOS-Chem-modeled (green line) Hg(II) concentrations. Open circles represent Hg(II) concentration
3
measurements below the limit of detection (LOD = 0.114 ng m for RF-06); these measurements have been replaced with
½ LOD. Error bars represent the overall uncertainty in each Hg(II) measurement. (b) Bromine monoxide Differential Slant
Column Densities (DSCD) measured during RF-06. Black dots represent the DOAS BrO DSCD with measurement errors
13
3
shown as described in the supporting information. Measurements below the mini-DOAS LOD (2.8 × 10 molecules cm )
have been replaced with ½ LOD. The blue, black, and red lines represent the DSCD calculated using the McArtim Radiative
Transfer Model (RTM) for a 4 km wide BrO layer with mixing ratios of 1.55, 1.90, and 2.25 pptv centered at 7 km, respectively.
(c) Flight altitude (solid black line), water vapor (WV) mixing ratios (dashed light blue line), and ozone (O3) mixing ratios
(dotted magenta line) during RF-06. Altitude, WV, and O3 measurements are averaged to 2.5 min frequency corresponding
to the Hg measurements.
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Figure 3. (a) HYSPLIT 14 day air mass back trajectories initiated every 2.5 min from 18:02:30 to 19:47:30 UTC along the C-130
ﬂight track for NOMADSS RF-06 on 19 June 2013. The C-130 ﬂight track is shown as a brown line. The color gradient of the
trajectories corresponds to the trajectory altitudes (km asl). (b) GOES-15 IR satellite imagery (http://www.ncdc.noaa.gov/gibbs)
on 6 June 2013 at 18:00 UTC (13 days prior to aircraft sampling over Texas during NOMADSS RF-06) showing strong
convection in the ITCZ over the tropical Paciﬁc Ocean. Colors in the satellite imagery correspond to cloud top altitudes.

We use the chemical box model to demonstrate that elevated BrOx could persist and that sufﬁcient Hg(II)
could be produced during subsidence and long-range transport in the Paciﬁc upper troposphere
(Figure 4). The use of a box model is appropriate given the limited vertical mixing experienced by this air
mass. By day 13 the model generates 1.9 pptv of BrO at 18:00–19:00 UTC (local solar noon) and the ﬁrst hour
of our measurement period. We ﬁnd that the degradation of organic Br species provides a slow source of Bry
over the course of the simulation but cannot alone explain our BrO observations, and an initial Bry source is
needed. We speculate that this Bry originated in the tropical Paciﬁc MBL, where strong convection in the ITCZ
lofted air into the free troposphere (Figure 3b). Such strong convection is common in the tropical Paciﬁc and
may be a source of halogen-rich air to the troposphere. We assume that precipitation desiccated the air mass
as it ascended into the cold upper troposphere where, following the Hadley circulation, it was transported

Figure 4. Hourly outputs from the chemical box model for (a) Hg(0) and Hg(II) and (b) Bry and BrO. For comparison with the
model output, vertical bars on the right-hand side of the plot show the mean and range of measured Hg(0) (gray), Hg(II)
3
3
(green), and BrO (blue) in the free troposphere during RF-06; (mean values of 1.02 ng m (Hg(0)), 0.266 ng m (Hg(II)), and
1.9 pptv (BrO)). Major x axis tick marks for the box model output represent solar noon on each corresponding day of the
simulation. Mixing ratios were calculated from the model concentrations using the air molecule concentration at the time of
the C-130 observations to simplify comparison with our measurements; mixing ratios of Hg(0) and Hg(II) were then converted
3
3
to ng m at standard conditions of 0°C and 1 atm to match the observations (for Hg(0), 1 ng m = 111.73 ppqv). Dashed
lines represent results for each species from the base model run (T = 250 K and P = 367 hPa). Shading around each line
represents the range of results from the temperature and pressure sensitivity simulations. Temperature and pressure in the
“TP sensitivity” runs range from 239 K to 261 K and 299 hPa to 457 hPa, respectively.
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northward to the subtropical Paciﬁc High. However, because of uncertainty in the complex heterogeneous Br
chemistry during convective uplift, we also acknowledge the alternative hypothesis that considerable Bry
may be present in the background tropical free troposphere [Volkamer et al., 2015].
After optimizing the model performance for simulation of the observed BrO, we implemented the two-step
mechanism for Hg(0) oxidation by atomic Br. We used an initial Hg(0) concentration of 1.27 ng m3 (equivalent
to the mean observed THg concentration) and an initial Hg(II) concentration of 0 ng m3 to determine how
much Hg(II) could be produced within the air mass during transport. We assumed conservation of THg throughout the simulation as follows. First, given the dry nature of the observed air mass, we neglected Hg(II) losses
due to wet deposition or in-cloud reduction. This is supported by the back trajectory meteorological
histories, which indicate that the mean transport time since the air mass over Texas encountered moderate
rates of precipitation (>1 mm h1) was 11.8 days. Second, we neglected Hg removal by dry deposition
assuming that the air mass was never in the boundary layer within the past 7–10 days. Finally, we ignored
gas-to-particle Hg(II) partitioning given that the DOHGS Hg(II) measurements represent the sum of Hg(II) in
both phases. These assumptions are consistent with the HYSPLIT back trajectories and our airborne
observations.
We obtain the observed Hg(II) concentration on day 10 in the base model simulation, with 0.271 pg m3
simulated at 18:00–19:00 UTC, while the sensitivity analyses suggest a range of 8 to 13 days required to produce the observed Hg(II) (Figure 4a). Over these same transport times the model also generates between 1.6
and 1.9 pptv of BrO at local solar noon (Figure 4b), conﬁrming the ability for BrOx to persist in the sampled air
mass and thus for atomic Br to act as the dominant Hg(0) oxidant. These transport times are consistent with
the back trajectories, and the box model results conﬁrm the ability for Hg(II) to accumulate in the air mass in
the absence of removal processes.
We use the GEOS-Chem output along the RF-06 ﬂight track to determine whether the global model captures
the observed Hg(II) enhancement. We ﬁnd that model-simulated THg concentrations in the free tropospheric
air mass (1.39 ± 0.01 ng m3; Figure S3) agree with our measured values; however, modeled Hg(II) concentrations (0.150 ± 0.019 ng m3) are signiﬁcantly lower than the observations (Figure 2a). Thus, while GEOS-Chem
correctly predicts the presence of an Hg(II)-rich air mass in the free troposphere over Texas, it substantially
underestimates the magnitude of the enhancement. Notably, modeled BrO mixing ratios (0.40 pptv) are also
signiﬁcantly lower than measurements from the Texas free troposphere (1.9 pptv). One source of bias in the
model oxidation mechanism is an underestimate in tropospheric BrOx. Currently, modeled BrOx in
GEOS-Chem is based on best estimates for precursor emissions and up-to-date chemical mechanisms
[Parrella et al., 2012]. However, in the tropical free troposphere modeled BrO column densities are two to four
times lower than satellite observations [Parrella et al., 2012]. Shah et al. [2015] tested the impact of this bias on
Hg oxidation in GEOS-Chem by tripling BrOx in the subtropical free troposphere (45°S to 45°N and 750 hPa to
the tropopause) and comparing the output with Hg(II) measurements from all NOMADSS ﬂights. For RF-06, in
the simulation with three times more BrOx, Hg(II) concentrations (0.290 ± 0.063 ng m3) agree very closely
with our observations. These results, together with our box model simulation, not only support the importance of the Br-oxidation mechanism in this region but demonstrate the need to better constrain the origins
and levels of free tropospheric BrOx in order to better understand the global Hg cycle.
Recognizing that uncertainties remain with respect to the potential role of other oxidants, we ran the base
box model with Hg(0) oxidation by OH and O3 (excluding the two-step Br oxidation mechanism) using rate
constants reported by Sommar et al. [2001] and by Hall [1995] to be consistent with other modeling studies
[Selin et al., 2007, 2008; Shah et al., 2015]. We ﬁnd that Hg(0) oxidation by OH/O3 alone only explains ~20% of
the observed Hg(II) during RF-06 (Figure S4). Shah et al. [2015] also found that the OH/O3 oxidation pathway
in GEOS-Chem has only a minor impact on the Hg(II) generated in the upper troposphere. This is qualitatively
in agreement with our observations showing higher THg and no detectable Hg(II) in the lower free troposphere for RF-06, despite the fact that O3 mixing ratios were considerably higher there (Figures 2c and S1).
Shah et al. [2015] additionally performed sensitivity tests to evaluate the GEOS-Chem response to a faster
Hg(0) + Br oxidation rate constant and determined that, like in the aforementioned GEOS-Chem simulation
with increased free tropospheric BrOx, the model bias with respect to observations is signiﬁcantly decreased.
In other words, these two sensitivity tests by Shah et al. [2015] suggest that Hg(0) oxidation in the upper
troposphere is substantially faster than in the base GEOS-Chem Hg model. However, given the enhanced
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BrO measurements from RF-06, we attribute the GEOS-Chem model bias predominantly to an underestimate
in the oxidant concentration. Considering our observations and the corresponding model analyses, we
conclude that our results are consistent with Br as the dominant oxidant in the sampled air mass.

4. Conclusion
We report here an observational case study of signiﬁcantly enhanced Hg(II) and BrO in the free troposphere,
where much of the global oxidation of Hg(0) by Br is anticipated to take place. Using a box model that was
optimized for observed BrO mixing ratios, we demonstrate that the observed Hg(II) can be reproduced by the
two-step Br-initiated oxidation mechanism described by Shah et al. [2015]. Given the ﬁndings described here,
we propose that Br is the main oxidant of Hg(0) in the subtropical free troposphere. We also propose that subtropical high-pressure systems are key locations in the global Hg cycle, where continuous large-scale subsidence and the absence of precipitation scavenging permits the presence of elevated BrOx over extended
periods and sustains Hg(II) accumulation. These unique meteorological conditions support the development
of a large free tropospheric reservoir of Hg(II) that can be transported globally. Future measurements of Bry
and Hg(II) in the subtropical Paciﬁc free troposphere would further elucidate the sources, sinks, and global
budgets of these important atmospheric constituents.
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