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Abstract. Oxidized mercury (Hg(II)) is chemically produced
in the atmosphere by oxidation of elemental mercury and
is directly emitted by anthropogenic activities. We use the
GEOS-Chem global chemical transport model with gaseous
oxidation driven by Br atoms to quantify how surface depo-
sition of Hg(II) is influenced by Hg(II) production at differ-
ent atmospheric heights. We tag Hg(II) chemically produced
in the lower (surface–750 hPa), middle (750–400 hPa), and
upper troposphere (400 hPa–tropopause), in the stratosphere,
as well as directly emitted Hg(II). We evaluate our 2-year
simulation (2013–2014) against observations of Hg(II) wet
deposition as well as surface and free-tropospheric observa-
tions of Hg(II), finding reasonable agreement. We find that
Hg(II) produced in the upper and middle troposphere con-
stitutes 91 % of the tropospheric mass of Hg(II) and 91 % of
the annual Hg(II) wet deposition flux. This large global influ-
ence from the upper and middle troposphere is the result of
strong chemical production coupled with a long lifetime of
Hg(II) in these regions. Annually, 77–84 % of surface-level
Hg(II) over the western US, South America, South Africa,
and Australia is produced in the upper and middle tropo-
sphere, whereas 26–66 % of surface Hg(II) over the east-
ern US, Europe, and East Asia, and South Asia is directly
emitted. The influence of directly emitted Hg(II) near emis-
sion sources is likely higher but cannot be quantified by
our coarse-resolution global model (2◦ latitude× 2.5◦ longi-
tude). Over the oceans, 72 % of surface Hg(II) is produced
in the lower troposphere because of higher Br concentra-
tions in the marine boundary layer. The global contribution
of the upper and middle troposphere to the Hg(II) dry depo-
sition flux is 52 %. It is lower compared to the contribution
to wet deposition because dry deposition of Hg(II) produced
aloft requires its entrainment into the boundary layer, while

rain can scavenge Hg(II) from higher altitudes more read-
ily. We find that 55 % of the spatial variation of Hg wet de-
position flux observed at the Mercury Deposition Network
sites is explained by the combined variation of precipitation
and Hg(II) produced in the upper and middle troposphere.
Our simulation points to a large role of the dry subtropical
subsidence regions. Hg(II) present in these regions accounts
for 74 % of Hg(II) at 500 hPa over the continental US and
more than 60 % of the surface Hg(II) over high-altitude ar-
eas of the western US. Globally, it accounts for 78 % of the
tropospheric Hg(II) mass and 61 % of the total Hg(II) depo-
sition. During the Nitrogen, Oxidants, Mercury, and Aerosol
Distributions, Sources, and Sinks (NOMADSS) aircraft cam-
paign, the contribution of Hg(II) from the dry subtropical re-
gions was found to be 75 % when measured Hg(II) exceeded
250 pg m−3. Hg(II) produced in the upper and middle tropo-
sphere subsides in the anticyclones, where the dry conditions
inhibit the loss of Hg(II). Our results highlight the impor-
tance the subtropical anticyclones as the primary conduits for
the production and export of Hg(II) to the global atmosphere.

1 Introduction

Atmospheric deposition of mercury (Hg) is the main source
of Hg to most aquatic ecosystems. Methylmercury concen-
trations in fish in an ecosystem are strongly linked to the
local Hg deposition rate (Hammerschmidt and Fitzgerald,
2006; Harris et al., 2007). Dry deposition and wet deposi-
tion are both significant contributors to the global deposi-
tion flux of Hg (e.g., Bergan et al., 1999; Seigneur et al.,
2001; Dastoor and Larocque, 2004; Jung et al., 2009; Amos
et al., 2012). Models suggest that the global dry deposition
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fluxes of gaseous elemental mercury (Hg(0)) and oxidized
mercury in the gas and particle phases (Hg(II)) are compara-
ble (Seigneur et al., 2001; Amos et al., 2012). Wet deposition
of Hg occurs almost entirely through precipitation scaveng-
ing of Hg(II). Hg(II) is co-emitted with Hg(0) from several
anthropogenic sources, but the predominant source of Hg(II)
in the atmosphere is in situ oxidation of Hg(0) (Pirrone et
al., 2010; Selin and Jacob, 2008; Holmes et al., 2010). Br
is likely the main oxidant of Hg(0) (Ebinghaus et al., 2002;
Laurier et al., 2003; Donohoue et al., 2006; Obrist et al.,
2011; Gratz et al., 2015), but the importance of O3 and OH
is unclear (Hynes et al., 2009; Sprovieri et al., 2010; Subir et
al., 2011; Ariya et al., 2015).

Hg(II) concentrations in the planetary boundary layer are
typically about 50 pg m−3 (Valente et al., 2007; Gay et al.,
2013) but could be as high as 1000 pg m−3 in urban areas
with large anthropogenic sources (Poissant et al., 2005; Fu
et al., 2012) and in the Arctic during springtime mercury de-
pletion events (Cobbett et al., 2007). The free troposphere is
thought to hold a global pool of elevated Hg(II) (Selin, 2009),
but few Hg(II) observations have been made in the free tropo-
sphere. At high-elevation ground sites, back-trajectory anal-
ysis and simultaneous measurements of H2O and O3 were
used to identify free-tropospheric air masses which contained
higher Hg(II) concentrations compared to air masses trans-
ported from the planetary boundary layer (Swartzendruber et
al., 2006; Faïn et al., 2009; Lyman and Gustin, 2009; Sheu et
al., 2010; Timonen et al., 2013; Weiss-Penzias et al., 2015;
Fu et al., 2016a). Lyman and Jaffe (2012) conducted aircraft-
based measurements of Hg(II) in the upper troposphere and
lower stratosphere and inferred that Hg(II) concentrations are
highest at the tropopause. Other aircraft-based studies have
also found increasing Hg(II) concentrations at 2–5 km alti-
tude in the free troposphere (Sillman et al., 2007; Swartzen-
druber et al., 2009; Brooks et al., 2014). During the Nitrogen,
Oxidants, Mercury, and Aerosol Distributions, Sources, and
Sinks (NOMADSS) aircraft campaign, the highest Hg(II)
concentrations (300–680 pg m−3) were observed in clean and
dry air (CO < 75 ppbv and relative humidity (RH) < 35 %)
originating in the subsiding air masses of the Pacific and the
Atlantic subtropical anticyclones (Gratz et al., 2015; Shah et
al., 2016). Furthermore, higher concentrations of Hg in pre-
cipitation are observed in thunderstorms reaching higher al-
titudes (Guentzel et al., 2001; Shanley et al., 2015; Holmes
et al., 2016; Kaulfus et al., 2017), and higher Hg wet and dry
deposition fluxes are associated with transport from the free
troposphere (Weiss-Penzias et al., 2011; Gustin et al., 2012;
Huang and Gustin, 2012; Sheu and Lin, 2013).

The influence of free-tropospheric Hg on deposition has
been evaluated with regional and global chemical transport
models. Using the global GEOS-Chem model, Selin and Ja-
cob (2008) estimated that 59 % of the annual Hg(II) wet
deposition over the US is from Hg(II) scavenged from al-
titudes above 850 hPa. In another study (Myers et al., 2013),
Hg present at the upper boundary (5.4 km) of the regional

CMAQ model was found to contribute about 40 % to dry
deposition and about 80 % to wet deposition in July over
the US. Coburn et al. (2016) estimated that most of the sur-
face Hg(II) over Florida in April 2010 was produced above
700 hPa. However, these model estimates are limited to spe-
cific regions and seasons.

In this study, we use the GEOS-Chem global chemi-
cal transport model to quantify the regional contributions
of Hg(II) produced at different heights in the atmosphere
to the annual deposition of Hg(II). We have added a tag-
ging method to the GEOS-Chem model to track Hg(II) pro-
duced in the lower (LT; surface–750 hPa), middle (MT; 750–
400 hPa), and upper troposphere (UT; 400 hPa–tropopause),
Hg(II) produced in the stratosphere (STRAT), and Hg(II)
emitted by anthropogenic activities. This simulation is de-
scribed and evaluated with ground-based observations of
Hg(II) concentrations and wet deposition (Sect. 2). In Sect. 3,
we present the distribution of the tagged Hg(II) and calculate
their contributions to wet and dry deposition fluxes in dif-
ferent regions of the world. We also examine the sensitivity
of our results to different model assumptions for Hg chem-
istry and anthropogenic emission speciation. We use our sim-
ulation to examine the role of the subtropical anticyclones
as global reservoirs of Hg(II)-rich air (Sect. 4) and evaluate
the role of tagged Hg(II) tracers in explaining the observed
variability of Hg(II) concentrations and wet deposition fluxes
(Sect. 5). Finally, we discuss the implications of our study in
Sect. 6 and present conclusions in Sect. 7.

2 Observations and model used in this study

2.1 Observations of Hg wet deposition and
atmospheric concentrations of Hg(II)

Hg wet deposition fluxes over North America and Europe
are measured by the Mercury Deposition Network (MDN;
http://nadp.sws.uiuc.edu/mdn/) and the European Monitor-
ing and Evaluation Programme (EMEP; http://www.nilu.no/
projects/ccc/index.html), respectively. These networks mea-
sure precipitation depth and Hg concentrations in precipita-
tion weekly (MDN), biweekly (EMEP), or monthly (EMEP).
In this study, we use the 2013–2014 monthly-mean and
annual-mean wet deposition flux and volume-weighted
mean (VWM) Hg concentrations. The VWM concentration
for any period is the total Hg wet deposition flux for that pe-
riod divided by the total precipitation depth. All sites in the
MDN network use standard instruments and protocols, and
all samples are analyzed at the same laboratory (Prestbo and
Gay, 2009). The measurement precision in MDN observa-
tions, estimated from collocated sampling, is less than 15 %
(Wetherbee et al., 2007). A field intercomparison of instru-
ments and methods used in the EMEP network found the
measurement precision for the EMEP network to be about
40 % (Aas, 2006).
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To calculate monthly means, we discard sites with fewer
than 3 weeks of measurements in any given month. For an-
nual means we require at least 8 months of valid measure-
ments. The MDN network had 80 stations over the continen-
tal US that met the above data completeness criteria during
2013–2014, whereas the EMEP network had 9 stations over
Europe (Table S1 in the Supplement).

The Atmospheric Mercury Network (AMNet; http://
nadp.sws.uiuc.edu/amn/) monitors surface concentrations of
Hg(0), reactive gaseous mercury (RGM), and particle-bound
mercury (PBM). The sum of RGM and PBM is considered to
represent Hg(II). RGM and PBM measurements are made on
a 2 or 3 h cycle, depending on the site. All AMNet stations
use the Tekran®2537-1130-1135 speciation system and fol-
low operational procedures described in Gay et al. (2013).
There is no standard calibration method for Tekran RGM
and PBM measurements, and the uncertainties in these mea-
surements are not fully quantified. A few studies have found
that the AMNet instruments underestimate RGM by a fac-
tor of 2–3 in the presence of ambient water vapor and O3
(Lyman et al., 2010; Ambrose et al., 2013; McClure et al.,
2014). Here, we use the 2009–2012 AMNet observations, as
these data are publicly available. AMNet had 23 sites over
the continental US and eastern Canada (Nova Scotia) opera-
tional during this period (Table S2 in the Supplement). The
annual and monthly statistics for each station are calculated
by aggregating 2 or 3 h measurements made during 2009–
2012.

Ground-based measurements of Hg wet deposition and
Hg(II) surface concentration have been made as part of
the Global Mercury Observations System (GMOS) network
(Angot et al., 2014; Wängberg et al., 2016; Sprovieri et al.,
2016, 2017; Travnikov et al., 2017) and at sites in Europe
(Weigelt et al., 2013), Canada, and East Asia (Sheu et al.,
2010; Sheu and Lin, 2013; Fu et al., 2015, 2016b). We use
the 2013-2014 measurements wherever available but use all
sites with 1 year or more of observations. We exclude sites
in China classified as urban because of proximity to large
Hg(II) sources. We include 14 sites with annual-mean mea-
surements of Hg wet deposition (Table S1 in the Supple-
ment) and 14 sites with annual-mean measurements of sur-
face Hg(II) (Table S2 in the Supplement).

The NOMADSS aircraft campaign took place over the
eastern US from 1 June to 15 July 2013. Total Hg and Hg(II)
observations were made with the University of Washington
Detector of Oxidized Hg Species (DOHGS) instrument (Am-
brose et al., 2015; Swartzendruber et al., 2009; Lyman and
Jaffe, 2012). The detection limit of the DOHGS instrument
for Hg(II) measurements during the campaign was between
57 and 228 pg m−3, and we use the robust regression on or-
der statistics (ROS) to estimate values for measurements be-
low detection limit, as described by Shah et al. (2016). We
also include aircraft-based measurements of Hg(II) carried
out near Tullahoma, Tennessee, USA, from August 2012 to
June 2013 (Brooks et al., 2014).

2.2 GEOS-Chem model

GEOS-Chem is a global chemical transport model that simu-
lates the emissions, transport, chemistry, and deposition of
Hg(0), gas-phase Hg(II), and particle-phase Hg(II) (Selin
et al., 2007). The model is driven by meteorological fields
from the NASA Global Modeling and Assimilation Of-
fice (GMAO) Goddard Earth Observing System Model For-
ward Processing (GEOS-FP) modeling system. The GEOS-
FP system consists of a general circulation model coupled
with a data assimilation system (Reinecker et al., 2008) and
has a native horizontal resolution of 0.25◦ latitude× 0.3125◦

longitude with 72 vertical levels up to 0.01 hPa. We average
the meteorological fields to a coarser resolution of 2◦ lati-
tude × 2.5◦ longitude and 47 vertical levels for the GEOS-
Chem simulations in this study. We use GEOS-Chem v9-02
(http://acmg.seas.harvard.edu/geos/). Global anthropogenic
emissions of Hg are from the global United Nations En-
vironment Programme (UNEP)/Arctic Monitoring and As-
sessment Programme (AMAP) 2010 inventory (http://www.
amap.no/mercury-emissions/datasets). We assume that stack
emissions (emission height > 50 m) of Hg consist of 90 %
Hg(0) and 10 % Hg(II) (see Sect. 2.2.1). Natural emissions
are simulated using a slab ocean model (Strode et al., 2007;
Soerensen et al., 2010) and a land emissions model (Selin
et al., 2008). Emissions from biomass burning and geogenic
activity are prescribed as in Holmes et al. (2010). Transport
processes simulated in the GEOS-Chem model include ad-
vection (Lin and Rood, 1996), convective transport (Wu et
al., 2007), and turbulent mixing in the boundary layer (Lin
and McElroy, 2010).

The redox chemistry of Hg consists of oxidation of Hg(0)
by Br, as described below, and aqueous-phase reduction in
the presence of sunlight (Holmes et al., 2010). Gas–particle
partitioning of Hg(II) on sea-salt aerosols is simulated as a
kinetic process (Holmes et al., 2010), while partitioning on
other aerosols is simulated as an equilibrium process (Amos
et al., 2012). The oxidation of Hg(0) to Hg(II) is simulated as
follows (Goodsite et al., 2004; Balabanov et al., 2005; Dibble
et al., 2012):

Hg(0)+Br
M
↔ HgBr (R1)

HgBr+Br−→ Hg(0)+Br2 (R2)

HgBr+X−→ Hg(II)

(X= NO2,HO2,BrO,Br,OH) (R3)

with reaction rates of

k1f = 1.46× 10−32
×

(
T

298

)−1.86

× [M]cm3molecule−1s−1

k1r = 2.67× 1041
× exp

(
−7292

T

)
×

(
T

298

)1.76

× k1f s−1
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k2 = 3.9× 10−11 cm3 molecule−1 s−1

k3 = 2.5× 10−10
×

(
T

298

)−0.57

cm3 molecule−1 s−1.

Concentrations of Br, BrO, NO2, HO2, and OH are ob-
tained from the archived monthly-mean output of the 4◦ lat-
itude× 5◦ longitude HOx–NOx–O3–VOC–Br GEOS-Chem
simulation for 2013 (Bey et al., 2001; Parrella et al., 2012).
In our previous work (Shah et al., 2016), we found that
the GEOS-Chem Br concentrations simulated by Parrella et
al. (2012) were insufficient in explaining Hg(II) concentra-
tions observed during the NOMADSS aircraft campaign at
5–7 km altitude. We found improved agreement with NO-
MADSS Hg(II) observations when we increased Br concen-
trations by a factor of 3 between 45◦ S and 45◦ N and be-
tween 750 hPa and the tropopause. Schmidt et al. (2016) have
recently updated the GEOS-Chem bromine simulation by ex-
panding the multiphase chemistry of bromine to include reac-
tions with chlorine and ozone. These updates result in faster
recycling of HBr to BrOx and a factor of 2.5 increase in tro-
pospheric Br concentrations for 45◦ S–45◦ N above 2.5 km,
improving agreement with satellite and in situ observations
of BrO. This is consistent with our assumption that Br con-
centrations are 3 times higher than those simulated with the
previous mechanism. In addition, these updates by Schmidt
et al. (2016) have resulted in a factor of 2.3 increase in
free-tropospheric Br concentrations at higher latitudes (45–
90◦ N). To maintain consistency with our previous work, we
continue to use the Parrella et al. (2012) Br fields with the
factor of 3 scaling in this study too but note that Br concen-
trations north of 45◦ N may be too low.

The GEOS-Chem model includes wet deposition of Hg(II)
and dry deposition of Hg(0) and Hg(II). Wet deposition in-
cludes in-cloud scavenging (rainout) and below-cloud scav-
enging (washout) in convective and large-scale precipitation
(Liu et al., 2001). Within clouds, the dissolution of gas-
phase Hg(II) in liquid droplets is modeled as an equilib-
rium process, while particle-phase Hg(II) is assumed to be
fully dissolved (Amos et al., 2012). We assume that rain-
out of gas-phase Hg(II) does not occur during ice nucle-
ation (T < 248 K). Below clouds, gas-phase Hg(II) is washed
out by dissolving in falling raindrops (T > 268 K) but not
in falling snow and ice (Amos et al., 2012). Particle-phase
Hg(II) is washed out in collisions in falling rain, snow, and
ice with different efficiencies (Wang et al., 2011). Dry depo-
sition of gas-phase Hg(II) and particle-phase Hg(II) on par-
ticles other than sea-salt aerosols is based on the resistance-
in-series model (Wesely, 1989; Wang et al., 1998; Zhang et
al., 2001). The surface resistance of gas-phase Hg(II) is as-
sumed to be negligibly small (Selin et al., 2007; Amos et al.,
2012). The dry deposition of particle-phase Hg(II) present
on sea-salt aerosols is parameterized using results of a box
model simulating the chemistry and deposition of Hg(II) in
the marine boundary layer (Holmes et al., 2009, 2010).

2.2.1 Model uncertainties

Uncertainties in mercury modeling and chemistry have been
recently reviewed by Gustin et al. (2015), Ariya et al. (2015),
and Kwon and Selin (2016). Here we briefly discuss uncer-
tainties which are pertinent to our study: uncertainties in the
assumption of Br as the sole oxidant of Hg(0), in reduction
kinetics of Hg(II), and in the assumed speciation of Hg(0)
and Hg(II) in anthropogenic emissions.

While Br, O3, and OH have been identified as possibly
important oxidants of Hg(0), there is growing evidence from
theoretical (Goodsite et al., 2004; Dibble et al., 2012), labo-
ratory (Ariya et al., 2002; Donohoue et al., 2006) and field
studies (Ebinghaus et al., 2002; Lindberg et al., 2002; Lau-
rier et al., 2003; Obrist et al., 2011; Gratz et al., 2015) that
Br may be the most relevant oxidant of Hg(0) in the atmo-
sphere. Ab initio calculations have suggested that HgO, the
product of gas-phase oxidation of Hg(0) by O3 and OH, is a
weakly bound molecule and that oxidation of Hg(0) by O3
and OH is an endothermic reaction of little importance in the
atmosphere (Hynes et al., 2009).

The pathways for reduction of Hg(II) to Hg(0) in the at-
mosphere are poorly characterized. Laboratory experiments
suggest that photoreduction of Hg(II) can occur in the aque-
ous phase in the presence of organic compounds or on dry
aerosol surfaces at atmospherically relevant rates (Si and
Ariya, 2008; Tong et al., 2013), and field studies have found
some evidence for in situ reduction of Hg(II) (Edgerton et al.,
2006; Landis et al., 2014; de Foy et al., 2016). Most global
atmospheric mercury models include at least one pathway of
Hg(II) reduction in order to simulate realistic Hg(0) concen-
trations (Ariya et al., 2015). The reduction rate of aqueous-
phase Hg(II) in GEOS-Chem is parameterized based on the
simulated NO2 photolysis rate (Holmes et al., 2010). We ad-
just the reduction rate to best match aircraft- and ground-
based observations of Hg(0) over the midlatitudes.

We have assumed an emission speciation of 90 % Hg(0)
and 10 % Hg(II) for anthropogenic emissions from stacks,
as opposed to the UNEP/AMAP speciation of 55 % Hg(0) :

45 % Hg(II) for stack sources. Zhang et al. (2012) and Kos
et al. (2013) found that a speciation scheme with 10–15 % of
Hg(II), and the rest Hg(0), best explains the spatial variability
in Hg(II) wet deposition observed over the US. However, the
speciation of Hg emissions can vary considerably based on
the type of source, type of pollution control devices, and the
availability of oxidants in the flue gas (Kim et al., 2010).

2.2.2 Simulations performed for this study

We have added a tagging technique to the GEOS-Chem
model to identify the production regions of Hg(II). We di-
vide the atmosphere vertically into LT (surface–750 hPa),
MT (750–400 hPa), UT (400 hPa–tropopause), and STRAT
to track the Hg(II) produced in each of these regions as sepa-
rate Hg(II) tracers. Hg(II) emitted directly to the atmosphere
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Figure 1. (a) Annual Hg(II) wet deposition fluxes and (b) volume-weighted mean (VWM) mercury concentrations over the US for 2013–
2014. The map backgrounds show the GEOS-Chem results and the filled circles show the Mercury Deposition Network (MDN) measure-
ments. The bottom two rows (c, d) show the seasonal variations in wet deposition and VWM concentrations for the four regions marked
by white boxes in (a) and (b): west (WE), central (CE), northeast (NE), and southeast (SE). Black circles and error bars show the observed
means and standard deviations. The red lines and orange shading are for the modeled means and standard deviations. Each panel displays
the normalized mean bias (NMB) and the percentage of model–observation pairs within a factor of 2 of each other (FAC2). The number of
stations in each region (N_STA) is also shown. Note the different scales on the y axis for the WE region relative to the other regions (c and
d).
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Figure 2. Same as Fig. 1 but for European Monitoring and Evalua-
tion Programme (EMEP) sites.

is also tagged separately (E–Hg(II)). Each of these tagged
tracers undergo the same physical and chemical processes as
the total Hg(II) tracer. Hg(II) loss by deposition or reduc-
tion in a model grid cell is divided among all tagged tracers
present in the grid cell in proportion to their masses. We per-
form a simulation with the tagged tracers for the years 2013
and 2014 following a model spin-up period of 15 years.

We perform an additional simulation to quantify the role
of the dry subsidence regions of the subtropical anticyclones
in the global transport of Hg(II). We identify the dry sub-
tropical subsidence areas as those that lie between 45◦ S and
45◦ N and between 750 hPa and the tropopause and where
the monthly-mean relative humidity is less than 20 %. The
relative humidity threshold is based on the definition of dry
subtropical areas of Cau et al. (2007). We introduce dupli-
cate Hg(II) tracers that are produced and lost exactly as the
original Hg(II) tracers, but at each time step we set to zero
the concentrations of these tracers within the dry subtropi-
cal areas. The amount of Hg(II) originating in the dry areas
(dry-air Hg(II)) is then calculated by difference between the
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Figure 3. (a) Annual surface Hg(II) concentrations over the
US. The map backgrounds show the GEOS-Chem concentrations
(2013–2014), and the filled circles show the observations at Atmo-
spheric Mercury Network (AMNet) sites (2009–2012). (b) Monthly
surface Hg(II) concentrations at the AMNet sites in the eastern US
(white box in panel a). Black circles and error bars show the mean
and standard deviation of the monthly-mean observations. Red lines
and orange shading indicate the modeled means and standard devi-
ations.

original and the duplicate Hg(II) tracers. This simulation is
performed for the years 2013–2016.

In addition, we perform three 1-year (2013) sensitivity
simulations with the tagged tracers addressing uncertainties
in mercury oxidation and Hg(0) : Hg(II) partitioning in an-
thropogenic emissions (Sect. 2.2.1).

2.2.3 Comparison of modeled and measured Hg(II)

Figures 1–3 compare the modeled Hg(II) concentra-
tions and wet deposition fluxes to observations from
the MDN, EMEP, and AMNet networks. The mod-
eled annual wet deposition flux at the MDN sites
(10.4± 4.2 µg m−2 a−1; mean± standard deviation) is in
close agreement with observations (10.2± 4.0 µg m−2 a−1)
(Fig. 1a). The model reproduces the observed spatial pat-
tern in annual wet deposition fluxes (r2

= 0.67). Wet de-
position is lowest in western US (MDN: 6.9 µg m−2 a−1;
GEOS-Chem: 6.2 µg m−2 a−1), higher in the northeast US
(MDN: 8.5 µg m−2 a−1; GEOS-Chem: 8.4 µg m−2 a−1) and
in the central US (MDN: 11.2 µg m−2 a−1; GEOS-Chem:
13.2 µg m−2 a−1), and largest in the southeastern US (MDN:
15.4 µg m−2 a−1; GEOS-Chem: 15.2 µg m−2 a−1). The ob-
served monthly-mean wet deposition fluxes exhibit a sea-
sonal maximum in summer, particularly in the central, north-
eastern, and southeastern regions (Fig. 1c). This season-
ality is driven by an increase in precipitation and an in-

crease in mercury concentrations in precipitation (Prestbo
and Gay, 2009; Selin and Jacob, 2008). The model repro-
duces the observed seasonal variations in the central and
northeast regions but underestimates the summer deposi-
tion fluxes in the southeast because of a factor of 2 un-
derestimate in summertime precipitation by the GEOS-FP
meteorological fields (not shown). Overall, 66–88 % of the
modeled wet deposition fluxes are within a factor of 2 of
the observations (FAC2; FAC2= percentage of points where
0.5≤Mi/Oi ≤ 2, where Oi and Mi are observed and simu-
lated values, respectively) for the four regions, and the nor-
malized mean bias (NMB;NMB=

∑
i

(Mi −Oi)/
∑
i

Oi ×

100%) ranges between −7 and +20 %.
The model also captures the observed annual VWM

concentrations (MDN: 10.0± 4.3 ng L−1; GEOS-Chem:
9.7± 4.7 ng L−1) (Fig. 1d). Higher VWM concentrations
are observed in the western and central US (11.6 and
14.1 ng L−1, respectively) compared to the northeast and
southeast (7.9 and 10.6 ng L−1, respectively), indicating the
presence of higher atmospheric concentrations of Hg(II) over
these regions. Modeled VWM concentrations show a spa-
tial pattern similar to observations: higher values in west-
ern (8.7 ng L−1) and central (14.4 ng L−1) US and lower val-
ues in northeast (6.7 ng L−1) and southeast (13.6 ng L−1).
In western and central US the observed and modeled
VWM concentrations show a pronounced summer maxi-
mum (Fig. 1d), while in the northeast and southeast the sea-
sonal cycle is weaker. We find that 65–96 % of the modeled
monthly VWM concentrations are within a factor of 2 of the
observations, with a NMB ranging between−22 and+33 %.
Over southeastern US, modeled VWM concentrations are
higher than observations during winter and spring, suggest-
ing a model overestimate in atmospheric Hg(II) concentra-
tions in that region or an overestimate in the amount of Hg(II)
scavenged by precipitation.

Over Europe (Fig. 2a), the modeled wet deposition
flux (3.5± 1.4 µg m−2 a−1) underestimates observations at
EMEP sites (6.1± 3.1 µg m−2 a−1). Similarly, modeled
VWM concentrations (3.6 ± 1.0 ng L−1) are significantly
lower than observations (6.0± 1.8 ng L−1) (Fig. 2b). The
summertime underestimate is partially explained by a 40 %
underestimate of observed summertime precipitation by the
GEOS-FP meteorological fields, but the discrepancy exists
year-round. The remaining discrepancy could indicate an un-
derestimate in the modeled Hg(II) concentrations over the
region, likely because the upward scaling of the Br concen-
trations in our simulation did not extend north of 45◦ N and
covered only parts of southern Europe (Sect. 2.2). The mod-
eled seasonal cycle in wet deposition shows higher fluxes
from April to August, following qualitatively the observed
seasonal cycle (Fig. 2c). We find that 55 % of the modeled
monthly-mean wet deposition fluxes are within a factor of
2 of the observations, with a NMB of −46 %. Model and
observations display a similar seasonal cycle in VWM, with
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Figure 4. Modeled zonal mean (a) Hg(II) concentrations (pg m−3), (b) Hg(II) production rates (pg m−3 month−1), and (c) lifetime (days) for
2013–2014. Panels (d–h) show the percent contributions of Hg(II) tagged tracers produced in the upper troposphere (UT), middle troposphere
(MT), lower troposphere (LT), stratosphere (STRAT), and directly emitted (E-Hg(II)). Dotted lines indicate our boundaries for STRAT, UT,
MT, and LT.

higher concentrations in April through August (Fig. 2d). The
FAC2 and NMB statistics for the modeled VWM concen-
trations are 63 and −41 %, respectively, suggesting that the
modeled oxidation rate is too slow over this region.

In Fig. 3 we present a comparison of modeled surface
Hg(II) concentrations with observations at AMNet sites.
Modeled Hg(II) surface concentrations (11.7± 8.3 pg m−3)
are comparable to observations (15.0± 8.2 pg m−3)
(Fig. 3a). The fact that the observations and the simulations
are for different periods adds additional uncertainty from
interannual variations. From 4 years of model simulation
(2013–2016), we estimate this uncertainty at ±30 %. The
model simulates enhanced Hg(II) surface concentrations
(25–40 pg m−3) over the intermountain region of the western
US, consistent with AMNet observations in Utah. During
summer, observed and modeled Hg(II) concentrations reach
a minimum in the eastern US (Fig. 3b). This is due to
multiple factors: larger losses of Hg(II) by wet deposition
and reduction induced by increasing low cloud coverage
and precipitation, as well as decrease in Hg(II) production
following the seasonal cycle in Hg(0) concentrations (Amos
et al., 2012; Zhang et al., 2012). Overall, we find that
70 % of monthly-mean modeled concentrations are within a
factor of 2 of AMNet observations in the eastern US, with
a NMB of −21 %. If we assume that the reported RGM
is underestimated by factor of 3 due to interferences (see
Sect. 2.1), we find a model NMB of −57 %.

Supplement Figs. S1–S3 present further evaluation of the
model with observations at other ground-based sites as well
as with aircraft observations. The modeled Hg wet deposition
fluxes and VWM concentrations are in reasonable agreement
with the observations (NMB: 48–52 %; FAC2: 64–78 %), and
show a high correlation (r = 0.86–0.93) (Fig. S1a, b in the
Supplement). This suggests that the model is able to capture
patterns of Hg deposition observed at sites in different parts
of the world. The comparison of the model with Hg(II) sur-
face concentrations also shows moderate agreement (NMB:
−9 %; FAC2: 50 %; r: 0.46) (Fig. S2 in the Supplement).
The model is also able to broadly capture the increase in
Hg(II) concentrations with altitude observed in aircraft mea-
surements over Tullahoma, TN, US (Fig. S3a in the Supple-
ment), and during the NOMADSS campaign (Fig. S3b in the
Supplement). The NMB at higher altitudes (> 3 km for Tul-
lahoma, TN, and > 4 km for NOMADSS) is between −29
and 14 %, and a FAC2 of about 50 %. The model is unable
to capture the higher Hg(II) concentrations in the 1–3 km re-
gion that were observed during one flight of the NOMADSS
campaign as previously discussed in Shah et al. (2016).

www.atmos-chem-phys.net/17/8999/2017/ Atmos. Chem. Phys., 17, 8999–9017, 2017



9006 V. Shah and L. Jaeglé: Subtropical subsidence and surface deposition of oxidized mercury

(a) Hg(II) surface 
concentration

[pg m−3] [µg m−2 a−1] [µg m−2 a−1] [µg m−2 a−1]

(b) Hg(II) wet
deposition

(c) Hg(II) dry
deposition

(d) Hg(II) total
deposition

U
T 

tra
ce

r
M

T 
tra

ce
r

LT
 tr

ac
er

E
-H

g(
II)

 tr
ac

er

(e) Contribution to 
Hg(II) surface 
concentration

(f) Contribution to 
Hg(II) wet 
deposition

(g) Contribution to 
Hg(II) dry
deposition

(h) Contribution to 
Hg(II) total
deposition

 

45° S

0°

   
 100  

7550250

45° N

90° W 0° 90° E

 

45° S

0°

    
 20  

151050

45° N

90° W 0° 90° E

 

45° S

0°

    
 20  

151050

45° N

90° W 0° 90° E

 

45° S

0°

    
 40

  
3020100

45° N

90° W 0° 90°E

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

50 70 9010 30 50 70 9010 30 50 70 9010 30 50 70 9010 30

Figure 5. (a) Annual-mean surface Hg(II) concentration, (b) wet deposition flux, (c) Hg(II) dry deposition flux, and (d) total (wet+dry)
deposition flux simulated for 2013–2014. Contributions from tagged Hg(II) tracers to (e) surface Hg(II) concentrations, (f) wet deposition
flux, (g) dry deposition flux, and (h) total deposition flux.

 (a) Region boundaries 

W.US E.US EUR

E.As
S.As

S.Am
AFR AUSPAC

N.At

(b) Surface Hg(II) concentration

 

W
.U

S

(c) Hg(II) wet deposition

(d) Hg(II) dry deposition (e) Hg(II) total deposition
UTMTLT STRATE-Hg(II)

E
.U

S
E

U
R

E
.A

s
S

.A
s

S
.A

m
A

FR
A

U
S

P
A

C
N

.A
t

W
.U

S
E

.U
S

E
U

R
E

.A
s

S
.A

s
S

.A
m

A
FR

A
U

S
P

A
C

N
.A

t

 

W
.U

S
E

.U
S

E
U

R
E

.A
s

S
.A

s
S

.A
m

A
FR

A
U

S
P

A
C

N
.A

t

W
.U

S
E

.U
S

E
U

R
E

.A
s

S
.A

s
S

.A
m

A
FR

A
U

S
P

A
C

N
.A

t

C
on

tri
bu

tio
n

[%
]

0
25

50

75
100

C
on

tri
bu

tio
n

[%
]

0
25

50

75
100

C
on

tri
bu

tio
n

[%
]

0
25

50

75
100

C
on

tri
bu

tio
n

[%
]

0
25

50

75
100

Figure 6. (a) Boundaries and names for regions used in panels (b–e). Regional contributions of tagged Hg(II) tracers to (b) Hg(II) surface
concentrations, (c) Hg(II) wet deposition, (d) Hg(II) dry deposition, and (e) Hg(II) total (wet+ dry) deposition. For continental regions the
averages are calculated over land only.
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3 Tagged simulation results

3.1 Global distribution of tagged Hg(II) tracers

The annual zonal mean distribution of modeled Hg(II) con-
centrations is shown in Fig. 4a. Hg(II) concentrations in-
crease from 10 pg m−3 near the surface to 1000 pg m−3 in
the upper troposphere and exhibit local maxima in the sub-
tropical middle troposphere, within the descending Hadley
branches. The chemical production rate of Hg(II) (via Re-
actions (R1)–(R3), Fig. 4b) increases by an order of mag-
nitude between the lower and upper troposphere. This in-
crease is driven by increasing Br concentrations coupled with
colder temperatures (hence slower thermal decomposition of
HgBr in Reaction R1) (Holmes et al., 2010). Regions of high
Hg(II) production rates also occur near the surface in the
Arctic due to springtime release of Br in bromine explosion
events (Holmes et al., 2010). The elevated Southern Ocean
production rates are associated with high emissions of sea-
salt aerosol, which are assumed to release bromine (Parrella
et al., 2012). Note that the sharp gradients in Hg(II) produc-
tion rates at 45◦ N and 45◦ S reflect the boundaries of the Br
scaling in the model.

The lifetime of Hg(II) increases from less than 1 day in
the lower troposphere to over 3 years in the tropical upper
troposphere. Hg(II) in the lower troposphere is subject to dry
deposition, as well as in-cloud reduction and scavenging by
precipitation in the lower and middle troposphere. Thus, de-
spite higher production rates, Hg(II) concentrations over the
Arctic and the Southern Ocean are low. The long lifetimes
of Hg(II) in the upper troposphere and in the descending
branches of the Hadley circulation are due to infrequent oc-
currence of reduction within clouds and wet scavenging. As
summarized in Table 1, we find that the tropospheric lifetime
of Hg(II) decreases from 43 days for the STRAT tracer and
22 days for the UT tracer down to 0.6 days for the LT tracer.
This is consistent with expectations, as most of the UT tracer,
for example, resides in the upper troposphere, where deposi-
tion is slower.

The large production rates of Hg(II) in the upper and mid-
dle troposphere combined with a longer lifetime result in the
large contributions of the UT and MT tracers to the tropo-
spheric mass and deposition of Hg(II). Overall, the tropo-
spheric burden of Hg(II) is dominated by Hg(II) produced
in the UT (84 %), with contribution of 8 % from the strato-
sphere and the MT and less than 1 % from the LT and direct
emissions (Table 1). The UT and MT tracers each contribute
35–40 % of the Hg(II) burden in the lower troposphere (Ta-
ble 1 and Fig. 4d and e). The contribution of the LT tracer
increases to > 50 % near the surface over the Arctic and the
Southern Ocean (Fig. 4f), where local production of Hg(II)
in the polar and marine boundary layers is larger. We also
find that most of the Hg(II) in the lowermost stratosphere
is comprised of the UT tracer (Fig. 4d), because Hg(0) is
rapidly oxidized in the upper troposphere and is almost com-

pletely depleted before reaching the stratosphere, as shown
by observations (Talbot et al., 2007; Lyman and Jaffe, 2012).
The E-Hg(II) tracer accounts for 5 % of the Hg(II) burden in
the lower troposphere (Table 1), but its contribution increases
to > 10 % over the northern midlatitudes (Fig. 4h).

81 % of the tropospheric Hg(II) production happens in the
upper and middle troposphere (Table 1). Together, the UT
and MT tracers account to 91 % of global surface wet de-
position (60 % from UT and 31 % from MT) and 52 % of
dry deposition (24 % from UT and 28 % from MT). Their
higher contributions to wet deposition are because precipita-
tion scavenging can directly remove these tracers from higher
altitudes, while dry deposition requires the transport of these
tracers to the planetary boundary layer.

3.2 Origin of Hg(II) in surface deposition and
concentrations

As shown in Fig. 5a, the highest surface Hg(II) concentra-
tions (> 50 pg m−3) are simulated over high-elevation areas
(e.g., western US, the Andes, and the Tibetan plateau), in
polar regions, near emission sources (e.g., East Asia), and
in dry subtropical areas (e.g., the Sahara desert, southern
Africa, and Australia). Modeled Hg(II) concentrations are
generally low over the oceans because of fast removal by
sea-salt aerosols. Together, the UT and MT tracers account
for 63 % of surface Hg(II) over the continents (Figs. 5e and
6b). Hg(II) over most of the oceans is predominantly from
the LT tracer (Fig. 5e). In the subtropical anticyclones, free-
tropospheric air is entrained in the marine boundary layer due
to large-scale subsidence causing higher contributions from
the MT. For western US, South America, Africa, and Aus-
tralia, UT and MT each make a contribution of about 40 % to
surface Hg(II), whereas for the Pacific and the North Atlantic
oceans 57 % of surface Hg(II) is from the LT tracer (Fig. 6b).
The contribution of E-Hg(II) to surface Hg(II) concentrations
is limited to regions with high anthropogenic emissions. We
calculate that 27–69 % of surface Hg(II) in eastern US, Eu-
rope, and East and South Asia consists of E-Hg(II) (Fig. 6b).
The contribution of E-Hg(II) is > 80 % in areas close to emis-
sion sources (Fig. 5e) and is likely to be higher within tens
of kilometers of the sources. However, the near-source con-
tribution of emitted Hg(II) cannot be estimated with our 2◦

latitude × 2.5◦ longitude global model.
The global distribution of the Hg(II) wet deposition flux

(Fig. 5b) largely follows the spatial distribution of precipita-
tion, with high wet deposition along the Intertropical Con-
vergence Zone (ITCZ) and in the midlatitude storm tracks.
Globally, the UT tracer accounts for 60 % of Hg(II) in wet
deposition, but in some areas over South America, Africa,
and Asia it exceeds 70 % (Fig. 5f). The MT tracer makes
up most of the remaining fraction of wet deposition, with a
global average contribution of 31 % (Table 1). The contribu-
tion from the LT tracer is significant only at high latitudes,
while the contribution from E-Hg(II) reaches values greater
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Table 1. Tropospheric budgets of Hg(II) and individual tagged Hg(II) tracers.

Total Hg(II) Tagged Hg(II) tracersa

UT MT LT STRAT E-Hg(II)

Tropospheric mass of Hg(II)b (Mg) 618 517 48 4 48 1
Mass located in UT (Mg) 480 432 3 0 45 0
Mass located in MT (Mg) 118 79 36 0 3 0
Mass located in LT (Mg) 20 7 8 4 0 1
Hg(II) productionb (Mg a−1) 15 790 8560 4190 2460 410 170
Hg(II) reduction (Mg a−1) 9740 5750 2390 1260 290 50
Hg(II) wet deposition (Mg a−1) 3740 2250 1150 230 80 30
Hg(II) dry deposition (Mg a−1) 2310 570 640 970 40 90
Hg(II) tropospheric lifetime (days) 14 22 4.1 0.6 43 2.2

a Regions are defined as follows: UT (upper troposphere: 400 hPa – tropopause), MT (middle troposphere: 750–400 hPa), LT
(lower troposphere: surface – 750 hPa), STRAT (stratosphere), and E-Hg(II) (directly emitted anthropogenic Hg(II)).
b 1 Mg= 106 g and 1 Mg a−1

= 106 g yr−1.

than 10 % mainly over East Asia. The relative wet deposi-
tion contributions of the tagged Hg(II) tracers remain fairly
uniform across the 10 regions summarized in Fig. 6c.

The Hg(II) dry deposition flux (Fig. 5c) maximizes in
the subtropical anticyclones, where subsidence provides a
source of free-tropospheric Hg(II) to the planetary bound-
ary layer. In addition, local maxima occur downwind of the
emission regions of the eastern US and East Asia, over high-
elevation regions in western US and the Himalayas, and over
the Southern Ocean. In terms of the tagged tracers, their spa-
tial contribution to dry deposition (Fig. 5g) is similar to their
contribution to surface Hg(II) concentrations (Fig. 5e). We
find that 79–82 % of the Hg(II) dry deposition over western
US, South America, Africa, and Australia is from the UT
and MT tracers. The E-Hg(II) tracer contributes 21–62 % to
dry deposition over eastern US, Europe, and South and East
Asia (Fig. 6d). Over the Pacific and North Atlantic oceans,
the UT, MT, and LT tracers each contribute about 30 % to the
dry deposition flux (Fig. 6d).

In Sect. 2.2.3 we saw that the model overestimated ob-
served wet deposition of Hg(II) over southeastern US during
winter and spring. As a result, our estimate of the contribu-
tion of UT and MT tracers is likely an overestimate for this
region and season. From our model evaluation, we had also
concluded that our free-tropospheric Hg(II) production was
too slow over Europe and, possibly, other regions north of
45◦ N. This suggests an underestimation of the concentra-
tions of modeled UT and MT tracers in these regions.

Our estimate that 92 % of Hg(II) wet deposition and 73 %
of dry deposition over the US is contributed by production
in the upper and middle troposphere is qualitatively consis-
tent with the estimates of Selin and Jacob (2008). They cal-
culated that 59 % of the Hg(II) wet deposited over the US
was scavenged above 1.5 km, and that 70 % of the Hg(II) be-
low 1.5 km was transported from elsewhere. For comparison,
with our simulation we find that 85 % of the Hg(II) wet de-

posited over the US is scavenged above 1.5 km (note that to
be consistent with Selin and Jacob (2008), we are compar-
ing here the contribution of Hg(II) present above 1.5 km and
not the Hg(II) produced above 1.5 km). While Selin and Ja-
cob (2008) also used the GEOS-Chem model, their simula-
tion was based on Hg(0) oxidation by OH and O3, while ours
is based on oxidation by Br. In Sect. 3.3, we quantify the sen-
sitivity of our results to the oxidation pathway assumed.

3.3 Model sensitivity to oxidation chemistry and
emission speciation

We now assess the sensitivity of our results to our assump-
tions about mercury oxidation and Hg(0) : Hg(II) partition-
ing in anthropogenic emissions. We perform three addi-
tional 1-year (2013) sensitivity simulations with the follow-
ing changes with respect to the base simulation: (i) use of
the original GEOS-Chem Br concentrations instead of the 3
times Br concentrations in the base simulation, (ii) use of O3
and OH as the Hg(0) oxidants (rate constants of Hall, 1995,
and Sommar et al., 2001) instead of Br, and (iii) with the
default UNEP/AMAP Hg(0) : Hg(II) emission speciation of
55 % : 45 % instead of the modified speciation. We summa-
rize the results of these three sensitivity simulations relative
to the base simulation in Table 2.

When we use the original GEOS-Chem Br concentration,
the contribution of the UT and MT tracers to the tropospheric
Hg(II) burden decreases to 78 % (base: 92 %), while the con-
tribution to total deposition decreases to 64 % (base: 77 %;
see Table 2). In the O3 and OH oxidation simulation, we find
that Hg(II) production shifts to lower altitudes, leading to an
increase in the contributions of the LT and MT tracers to tro-
pospheric Hg(II) mass (base: 8 %; O3/OH: 22 %) and depo-
sition flux (base: 49 %; O3/OH: 76 %). The change in the
Hg(0) : Hg(II) emission speciation results in a doubling of
the contribution of E-Hg(II) tracer to total deposition, but the
contribution of the UT and MT tracers to deposition remains
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Table 2. Contribution of tagged Hg(II) tracers to the tropospheric mass and total deposition of Hg(II) for the base case and the sensitivity
simulations.

Simulation Tagged Hg(II) tracer contribution (%)

UT MT LT STRAT E-Hg(II)

Base 84 8 < 1 8 < 1
Contribution to Hg(II) Lower UT+MT Bra 71 7 1 21 < 1
tropospheric mass (%) O3 / OH oxidationb 61 18 4 17 < 1

Higher Hg(II) emissionsc 84 8 < 1 8 < 1

Base 47 30 19 2 2
Contribution to Hg(II) Lower UT+MT Bra 43 21 27 6 3
deposition (%) O3 / OH oxidationb 20 38 38 2 2

Higher Hg(II) emissionsc 49 28 17 2 4

a Simulation using the original GEOS-Chem Br concentrations instead of the 3 times Br concentrations in the base simulation.
b Simulation using O3 and OH as the Hg(0) oxidants instead of Br as in the base simulation.
c Simulation using the default UNEP/AMAP Hg(0) : Hg(II) emission speciation of 55 % : 45 % instead of the 90 % : 10 %
speciation as in the base simulation.

 Surface Hg(II)

500 hPa Hg(II)

Hg(II) wet deposition

Contribution of dry-air Hg(II)

10 30 50 70 90 % %

  

(a) Mean (b) Anomaly

45° S

0°
45° N

90° W 0° 90° E
45° S

0°
45° N

90° W 0° 90° E

(c) Mean (d) Anomaly

(e) Mean (f) Anomaly

5 10 15 20 25

Figure 7. Mean and anomaly (maximum deviation from the mean)
of the contributions of dry-air Hg(II) to (a, b) surface Hg(II) concen-
trations, (c, d) 500 hPa Hg(II) concentrations, and (e, f) Hg(II) wet
deposition flux for 2013–2016. The white contours in (c, d) show
the boundaries at 500 hPa for areas with RH less than 20 % for a
minimum of 4 months of the year.

nearly unchanged (Table 2). In all three sensitivity simula-
tions, we find that the UT+MT tracers together contribute
significantly to the tropospheric mass (78–90 %) and the sur-
face deposition flux (57–76 %) of Hg(II), and thus our overall
conclusions remain robust.

4 Role of the subtropical dry regions

In this section, we focus on the specific role of subtropi-
cal anticyclones as a global reservoir of Hg(II). The large-
scale sinking motion in the subtropical anticyclones trans-
ports Hg(II) produced in the upper and middle troposphere
downwards and suppresses cloud formation and precipi-
tation, thereby inhibiting Hg(II) loss of by reduction and
wet deposition. The subtropical anticyclones, therefore, act
as global reservoirs of Hg(II), as we presented in Shah et
al. (2016). Here, we further quantify how much Hg(II) is
transported from the subtropical anticyclones (dry-air Hg(II)
tracer) with a simulation where we artificially set to zero
the Hg(II) present in the subtropical dry areas (defined as
RH < 20 % and latitude < 45◦). Figure 7 shows the means
and the anomaly of the contributions of dry-air Hg(II) to sur-
face Hg(II), 500 hPa Hg(II), and Hg(II) wet deposition for
2013–2016. The anomaly is defined here as the maximum
deviation of the contribution of dry-air Hg(II) for individ-
ual years from the 4-year mean. Areas at 500 hPa where the
2013–2016 monthly-mean RH was less than 20 % for mini-
mum of 4 months out of 12 are shown in Fig. 7c and d. Based
on this definition, we find that the dry areas contain 8 % of
the tropospheric mass of air.

We see from Fig. 7a that dry-air Hg(II) exerts a dispropor-
tionate influence on surface Hg(II) concentrations between
40◦ S and 40◦ N, where its contribution is 45± 25 %. The
influence is higher over the continents (64 %) than over the
oceans, where the local production of Hg(II) in the ma-
rine boundary layer is larger. More than 80 % of the surface
Hg(II) over dry areas in Africa, the Middle East, and Aus-
tralia and in the high-elevation regions of western US, Ti-
betan Plateau, and South America consists of dry-air Hg(II).
The influence of dry-air Hg(II) on surface Hg(II) concentra-
tions is < 20 % in anthropogenic Hg(II) source regions such
as eastern US and East Asia and in regions that experience
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deep convection such as the ITCZ in the Pacific, Atlantic,
and Indian oceans, South Asia, and the Maritime Continent.
The interannual variation of the dry-air Hg(II) contribution
is generally less than 5 % (Fig. 7b). Hg(II) can also be trans-
ported to the surface from higher altitudes in transient large-
scale eddies in the midlatitudes. Over Canada and Russia, for
example, the UT+MT tracer contribution to surface Hg(II)
is 50 %, but the influence of dry-air Hg(II) is < 10 % (Figs. 5e
and 7a).

90 % of the mass of Hg(II) present at 500 hPa in the 40◦ S–
40◦ N band is made up of dry-air Hg(II) (Fig. 7c), with lit-
tle interannual variation (Fig. 7d). The contribution of dry-
air Hg(II) extends far beyond the boundaries of the dry ar-
eas, suggesting that these regions act as global suppliers
of Hg(II). Our model simulation suggests that 74 % of the
Hg(II) present at 500 hPa over the continental US is trans-
ported from the dry subsidence band over the Pacific Ocean.
The contribution of dry-air Hg(II) decreases north of 40◦ N
but is still larger than 25 % over most parts of Canada, Eu-
rope, and northern Asia. The contribution of dry-air Hg(II)
to Hg(II) wet deposition falls in-between the contributions
of dry-air Hg(II) to the surface and 500 hPa concentrations
(Fig. 7e), as most precipitation scavenging of Hg(II) occurs
between the surface and 500 hPa. The interannual variabil-
ity reaches 10–20 % over the western and southeastern US,
Eastern Europe, and Eastern Asia (Fig. 7f). In areas of the
globe with large deposition fluxes (the ITCZ and the midlat-
itude storm tracks) at least 50 % of the deposition consists
of dry-air Hg(II). Globally, dry-air Hg(II) accounts for 78 %
of the tropospheric Hg(II) mass and 61 % of the total Hg(II)
deposition (wet 69 % and dry 48 %).

During the 2013 NOMADSS aircraft campaign, high
Hg(II) concentrations were observed and simulated above
5 km altitude (observations: 189± 103 pg m−3; model:
165± 104 pg m−3) (Shah et al., 2016). Back-trajectory cal-
culations indicated that these air masses were transported
from even higher altitudes within the Pacific and the At-
lantic anticyclones (Gratz et al., 2015; Shah et al., 2016).
We sample the GEOS-Chem model along the NOMADSS
flight tracks to determine the contribution of dry-air Hg(II)
to the Hg(II) concentrations measured during the cam-
paign. We find that dry-air Hg(II) accounted for 75 %
of Hg(II) when observed Hg(II) concentrations exceeded
250 pg m−3 (Fig. 8). The dry-air Hg(II) contribution de-
creased for observations with lower Hg(II) concentrations:
58 % for 200–250 pg m−3 and 10–20 % for concentrations
below 200 pg m−3. The association between NOMADSS ob-
servations of high Hg(II) concentrations and higher contri-
bution of dry-air Hg(II) adds support to our finding that the
subsidence regions act as a large source of Hg(II) present and
deposited over the US.

Our finding is consistent with ground-based Hg(II) obser-
vations in western US, an area heavily influenced (> 60 %)
by Hg(II) present in the dry subtropical regions (Fig. 7).
Weiss-Penzias et al. (2009) reported that occurrence of

higher (∼ 50 pg m−3) RGM concentrations in Nevada dur-
ing June–August were associated with subsiding air in the
anticyclone located over the Pacific Ocean, and Huang and
Gustin (2012) found higher than mean Hg(II) deposition in
Nevada under similar patterns of air transport. Timonen et
al. (2013) showed that the highest concentrations of RGM
(700 pg m−3) observed at the Mt. Bachelor Observatory in
Oregon (2.7 km altitude) corresponded to air masses trans-
ported from the subtropical Pacific Ocean.

5 Tagged tracer contributions at MDN and AMNet
sites

Our tagged simulation show that the upper and middle tropo-
sphere are the predominant regions of production of Hg(II).
Thus, areas where wet deposition is strongly influenced
by Hg(II) produced in these regions can be expected to
have higher wet deposition flux of Hg(II). We now exam-
ine whether such an enhancement in Hg wet deposition flux
is indeed observed at MDN sites. Figure 9 shows the rela-
tionship between observed MDN annual Hg wet deposition
fluxes to precipitation and modeled contribution of the UT
and MT tracers to the wet deposition flux at the site loca-
tions. As expected, we see that Hg wet deposition fluxes in-
crease with increasing precipitation (e.g., Prestbo and Gay,
2009; Selin and Jacob, 2008). In addition, we find that the
Hg wet deposition fluxes increase with increasing contribu-
tion of the UT and MT tracers to the wet deposition flux. Us-
ing multiple linear regression, we derive the following rela-
tionship between the observed Hg flux (µg m−2 a−1), precip-
itation amount (mm a−1), and contribution of UT+MT (%):
flux= a1× precipitation+ a2×UT+MTcontribution+ a3,
where a1 = 0.004µgL−1, a2 = 0.8× 10−2 µgm−2a−1, and
a3 =−68. The regression parameters are statistically sig-
nificant (p < 0.001, two-sided t test, N = 80), implying that
both higher precipitation amounts and higher contribution of
UT+MT tracers to wet deposition result in higher Hg flux.
Precipitation amounts and the contribution of UT and MT
together explain 55 % of the spatial variation in the observed
Hg flux, while individually they explain 25 and 42 % of the
spatial variation, respectively. This is consistent with previ-
ous studies that have shown higher Hg wet deposition flux in
convective thunderstorms that can scavenge Hg(II) present
at high altitudes (Guentzel et al., 2001; Shanley et al., 2015;
Holmes et al., 2016; Kaulfus et al., 2017).

AMNet sites in the eastern US are close to regional Hg(II)
emission sources and are thus more likely to be influenced
by Hg(II) directly emitted rather than by Hg(II) produced
aloft. Figure 10 shows that the 2009–2012 median Hg(II)
concentrations observed at the AMNet sites in the eastern US
are higher at sites where the contribution of E-Hg(II) tracer
is higher. For example, the surface Hg(II) concentrations at
sites NY06, WV99, and MD08 are ∼ 10 pg m−3, with 60–
65 % of the Hg(II) due to the E-Hg(II) tracer. In contrast,
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at the remote site NS01, Hg(II) concentration are 3 pg m−3

and the contribution of E-Hg(II) tracer is less than 10 %.
We find that spatial variation in the contribution of the E-
Hg(II) tracer explains 27 % of the variation in observed sur-
face Hg(II) concentrations at the AMNet sites (excluding the
outlier NY95) in the eastern US (Fig. 10b). A statistically
significant linear relationship (p = 0.018, two-sided t test,
N = 20, NY95 excluded) between Hg(II) concentrations and
the contribution of the E-Hg(II) tracer is obtained from or-
dinary least-squares regression. This suggests that although
Hg(II) produced in the free troposphere makes up a large part

(a) Contribution of E-Hg(II) to surface Hg(II)

(b) Contribution of E−Hg(II) to 
surface Hg(II) at AMNet sites
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Figure 10. (a) Simulated surface concentration of Hg(II) for 2013–
2014. Also shown are the locations of the AMNet stations mapped
to the model grid. (b) Relationship between the 2009–2012 median
Hg(II) concentrations observed at the AMNet sites and the contribu-
tion of E-Hg(II) tracer to surface Hg(II) concentrations. The black
line is the best-fit line from ordinary least-squares regression. The
text displays the regression equation and the square of the correla-
tion coefficient (r2). The outlier NY95 is excluded from the regres-
sion calculation.

of Hg(II) in the planetary boundary layer, spatial variations in
Hg(II) concentrations in areas close to Hg(II) sources reflect
variations in the amount of directly emitted Hg(II).

6 Implications

Our modeling study indicates that even in areas with large
anthropogenic sources of Hg(II) most of the mercury wet de-
position flux consists of Hg(II) produced in the upper and
middle troposphere. This implies that regional decreases in
anthropogenic Hg emissions do not lead to a proportional re-
gional decrease in wet deposition. Indeed, numerous stud-
ies have demonstrated the importance of intercontinental
transport to mercury wet deposition (see Pirrone and Keat-
ing, 2010, and references therein). For example, Jaeglé et
al. (2009) found that a 20 % decrease in regional anthro-
pogenic mercury emissions in the GEOS-Chem model leads
to between 3 % (North America) and 12 % (East Asia) de-
crease in mercury deposition. Moreover, observed long-term
temporal trends in mercury wet deposition reflect trends in
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the global emissions of Hg(0) (Zhang et al., 2016; Weiss-
Penzias et al., 2016; Zhang and Jaeglé, 2013). Our study
shows that oxidation of Hg(0) in the upper and middle tro-
posphere is the key to linking global emissions to deposition
of mercury.

We also find that a large fraction of the upper- and mid-
tropospheric Hg(II) over the US is transported from the sub-
siding subtropical anticyclone over the Pacific Ocean. Thus,
we expect that variability in the location of the Pacific anti-
cyclone, the synoptic wind patterns transporting Hg(II) to the
US, and the heights of the precipitating clouds, in addition to
the amount and type of precipitation, can affect Hg wet depo-
sition flux over a particular area. These meteorological con-
ditions vary in response to natural variability associated with
multiyear phenomena, such as the El Niño–La Niña cycle
(Gratz et al., 2009), and can confound the interpretation of
spatial and temporal trends in wet deposition at MDN sites.

Our results support the idea of a global pool of Hg(II) in
the free troposphere. We find that this global pool of Hg(II)
is concentrated in the upper troposphere (above 7 km) and
extends to lower altitudes in the subsidence areas of the sub-
tropical anticyclones. These regions of the atmosphere are
where most of the production of Hg(II) takes place and where
the lifetime of Hg(II) against reduction and deposition is the
longest, making them ideal target regions for future aircraft-
based campaigns to understand the chemistry of mercury in
the atmosphere.

7 Conclusions

We have added to the GEOS-Chem mercury model a Hg(II)
tagging method following regions where Hg(II) is produced.
We have performed a 2-year simulation (2013–2014) with
the tagged Hg(II) tracers and have found that Hg(II) pro-
duced in the upper and middle troposphere constitutes 91 %
of the tropospheric mass of Hg(II), 91 % of the annual Hg(II)
wet deposition flux, and 52 % of the annual Hg(II) dry de-
position flux. The disproportionately high contribution of the
Hg(II) produced in these regions is the result of higher pro-
duction of Hg(II) in the upper and middle troposphere com-
bined with a longer lifetime of Hg(II) and the large-scale
subsidence of Hg(II) in the troposphere. Hg(II) produced in
the upper and middle troposphere contributes 63 % to sur-
face Hg(II) over the continents and 74–82 % over western US
South America, Africa, and Australia. Over the oceans, how-
ever, surface Hg(II) is formed locally in the marine boundary
layer because of Br released from sea-salt aerosols. Directly
emitted anthropogenic Hg(II) makes up a significant frac-
tion (27–69 %) of surface Hg(II) concentrations near source
regions in eastern US, Europe, and South and East Asia.
However, the wet deposition flux in these regions is largely
(∼ 90 %) the result of Hg(II) produced in the upper and mid-
dle troposphere. The contribution of directly emitted Hg(II)
can be higher within tens of kilometers of a source but can-

not be quantified by our coarse-resolution global model. We
examined the sensitivity of our results by performing ad-
ditional simulations with lower Br concentrations, different
oxidants (O3 and OH), and different Hg(0) : Hg(II) anthro-
pogenic emission speciation. In these simulations, too, we
found that Hg(II) produced in the upper and middle tropo-
sphere together contribute significantly to the tropospheric
Hg(II) mass (78–90 %) and the global Hg(II) surface deposi-
tion flux (57–76 %).

We examined the consistency of our modeling results with
measurements at the MDN, EMEP, and AMNet sites. We
found reasonable agreement between the modeled and ob-
served Hg wet deposition flux at the MDN sites (NMB: −7
to +20 %; FAC2: 66 to 88 %) and surface Hg(II) concentra-
tion at AMNet sites in the eastern US (NMB: −21 %; FAC2:
70 %), but poorer agreement for Hg wet deposition flux at
EMEP observations (NMB: −46 %; FAC2: 55 %). We also
found that the Hg wet deposition flux at the MDN sites in-
creases with increase in precipitation and the contribution of
Hg(II) produced in the upper and middle troposphere. To-
gether, they explain 55 % of the spatial variation in the wet
deposition flux across the MDN network. For AMNet sites
in the eastern US, we find that 27 % of the spatial variation
is explained by the contribution of emitted Hg(II) to surface
Hg(II) concentrations.

We quantified the role of Hg(II) in dry subtropical anticy-
clones and found it exerts a strong influence on Hg(II) con-
centrations at the surface (44 % contribution) and 500 hPa
(90 % contribution) between 40◦ S and 40◦ N. Globally, dry-
air Hg(II) accounts for 78 % to the tropospheric Hg(II) mass
and 61 % of the total Hg(II) deposition. About > 60 % of
the surface Hg(II) over dry areas, such as the western US,
is transported from these subtropical regions, while 74 %
of Hg(II) at 500 hPa over the continental US originated
in the subtropical anticyclones. We also found that 75 %
of the observations with Hg(II) concentrations greater than
250 pg m−3 observed during the NOMADSS aircraft cam-
paign were transported from the subsidence regions com-
pared to only 10 % for samples with Hg(II) concentrations
less than 100 pg m−3. Our results highlight the importance of
the subtropical anticyclones as the primary conduits for the
production and export of Hg(II) in the global atmosphere.

8 Data availability

The GEOS-Chem model results are available from the cor-
responding author upon request. The measurement data are
available in the cited literature or at the network’s web sites.
MDN: http://nadp.sws.uiuc.edu/data/MDN/;
EMEP: http://ebas.nilu.no/default.aspx;
AMNet: http://nadp.sws.uiuc.edu/data/amnet/; GMOS: http:
//www.gmos.eu/sdi/.
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