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Abstract: Atmospheric mercury is a toxic air and water pollutant thaif isignificant
concern because of its effects on human health and ecosystems. Hanisgc
representation of the atmospheric mercury cycle is developethdostate-of-the-art
global climate-chemistry model, CAM-Chem (Community Atmosphaviadel with
Chemistry). The model simulates the emission, transport, tramsfion and deposition
of atmospheric mercury (Hg) in three forms: elemental megrdtig(0)), reactive
mercury (Hg(ll)), and particulate mercury (PHg). Emissions efaury include those
from human, land, ocean, biomass burning and volcano related sourcegnhiasibns
are calculated based on surface solar radiation flux and skin etomeerA simplified
air-sea mercury exchange scheme is used to calculate @migsdbm the oceans. The
chemistry mechanism includes the oxidation of Hg(0) in gaseous plyageone with
temperature dependence, OH;CGd and chlorine. Agueous chemistry includes both
oxidation and reduction of Hg(0). Transport and deposition of mercury spacee
calculated through adapting the original formulations in CAM-Chehe CTAM-Chem

model with mercury is driven by present meteorology to simtitetgresent mercury air

quality during the 1999-2001 periods. The resulting surface concentratiotegtabf
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gaseous mercury (TGM) are then compared with the observationsModiiwide sites.
Simulated wet depositions of mercury over the continental UniteédsSaae compared to
the observations from 26 Mercury Deposition Network stations tdheswet deposition
simulations. The evaluations of gaseous concentrations and wet depositiinm a
strong capability for the CAM-Chem mercury mechanism to siraula atmospheric
mercury cycle. The general reproduction of global TGM concentratant the
overestimation on South Africa indicate that model simulations d¥1T&Be seriously
affected by emission estimate. The comparison to wet depositdicates that wet
deposition patterns of mercury are more affected by the spatiability of precipitation.
The sensitivity experiments show that 22% of total mercury déposind 25% of TGM
concentrations in the United States are resulted from domagtiopogenic sources, but
only 9% of total mercury deposition and 7% of TGM concentrations@mn&ibuted by
transpacific transport. However, the contributions of domestic ang#aeifis sources on

the western United States levels of mercury are of comparable magnitude.

1. Introduction

Mercury is a toxic pollutant, having harmful effects on human heaittt
ecosystems. United States and many other countries have listegrynas a major air
pollutant that requires regulatory control (e.g., U.S. Clean Air 2890; EMEP, 2005).
Mercury is emitted into the air in forms of elemental merditg(0)), reactive gaseous
mercury (RGM, gaseous Hg(ll) compounds) and particulate me(&uttyg). Elemental
mercury accounts for more than 90% of total atmospheric mercutyd&der and

Munthe, 1998]. Its atmospheric lifetime (several months) is long énfmrgglobal-scale
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transport. As such, mercury is a global air pollutant and it fecudlif to attribute the
relative importance of its local and/or remote emissions souBmseral atmospheric
models such as GEOS-Chem, CMAQ, HYPLIT, GRAHM, ECHMERIT, CHil-and
MSCE-Hg have been developed and achieved successful simulations oplenmos
mercury against available observations [Bullock and Brehme, 2002; Cohén2004;
Selin et al., 2007; 2008; Bullock et al., 2008; 2009; Pirrone and Keating, 2010;
AMAP/UNEP, 2008; 2013]. However, along with the remaining issues omssemi
estimates [Lin et al., 1999, 2010], recently there have raised angsian the chemical
transformation of atmospheric mercury [Calvert and Lindberg, 2005; éfoénal., 2010;
Lyman and Jaffe, 2012; Rutter et al., 2012]. Therefore, it is necassadeyelop mercury
models that incorporate the relevant emission, transport, and deposioesges as well
as represent and test different mercury mechanisms.

The main issue about atmospheric mercury chemistry relatésetamxidation
mechanism [Hynes et al.,, 2009]. Previous atmospheric mercury modedsnveenly
based on the oxidation of elemental mercury by ozorgeg@ hydroxyl (OH) [Bullock
and Brehme, 2002; Lin et al., 2006; Selin et al., 2007, 2008]. These models have
achieved successful global and regional validations against theuréace observations
but have problems in reproducing the concentrations of mercury specibe upper
troposphere and Antarctic summer [Sprovieri et al., 2002; Temme 22G8; Lin et al.,
2006]. Based on chemical kinetics, Calvert and Lindberg [2005] pointed duththa
mercury oxidation from this mechanism in the real atmosphere rhgimuch slower
than the reported laboratory results [Hall, 1995; Sommar et al., 200Bn&aAriya,

2004a; 2004b]. However, aircraft-based measurements in the upper troposptere
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lower stratosphere show that concentrations of total mercury amtiveeanercury
rapidly respond to the variation in ozone concentrations, indicatingasability of the
ozone-OH oxidation mechanism in dominating the transformation of atnrasphe
mercury [Lyman and Jaffe, 2011]. Further experiments on rate neeasors also
strongly support the oxidation mechanism by ozone in the preséseeandary organic
aerosols and directly refute the previous comments on the laborasoil{s [Rutter et al.,
2012]. While the role for OH in the oxidation of mercury still ndadher study.
Meanwhile the chemistry for bromine (Br) oxidation of mercury hasn developed
based on theoretical kinetic calculations [Goodsite et al., 2004; ddobh al., 2006].
Holmes et al., [2010] evaluated the bromine oxidation mechanism in the GEOS-Chem Hg
model. As reviewed by Subir et al., [2011], our current status of knowledgéese
mercury reactions reflects a lack of sufficient understandinguzh mechanisms.
Additional measurements and modeling studies are needed to achidvetter
understanding of the atmospheric mercury life cycle.

Another major challenge for modeling mercury is to obtain a ghelacterized
evaluation of global emissions. The current emission inventory dstase known to
contain substantial uncertainties [Pacyna et al., 2005; Strakt 2009]. Anthropogenic
sources take up from a quarter to one third of the current mezmisgions [Mason and
Sheu, 2002; Pacyna et al., 2005; Selin et al., 2007; Soerensen et al.H2bi6s et
al.,2010; Mason et al., 2012]. These include coal-fired power production, smeghting,
and waste incineration [Mason and Sheu, 2002; Pacyna et al., 2005 Stralet 2005].
All of these sources are highly variable and total source eaenot well known, causing

large uncertainties in estimating their emission inventoriesurblasources include
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fluxes from water bodies, soil, terrestrial vegetation, volcaniptems, and biomass
burning. The difficulty in estimating natural emissions is to represent tfecsudluxes in
response to meteorological and physical conditions [Poissant andiCd€198; Zhang
et al., 2001]. The accurate estimate of the spatial and tempstrabutions of emissions
from major sources is the foundation for a successful simulation of atmosphesiwryner

In addition to the major problems above, a complete atmospheric menaatel
also requires consideration of heterogeneous chemistry, transpasggscwet and dry
deposition processes. Recent intercomparison studies have showmghatifferences
in modeled results over North America are caused mainly by iratensitreatments of
the chemical and physical processes affecting Hg tranapdrtransformation [Bullock
et al., 2008, 2009]. Starting from a simple atmospheric model, the NGHxRMDONity
Atmospheric Model with Chemistry (CAM-Chem) has been developé¢d advanced
representations of dynamical, physical, and chemical processesyés as a powerful
tool for investigating global atmospheric environment and climate aictiens
[Lamarque et al., 2005; 2011; Heald et al., 2008; Pfister et al., 2008rignmeal CAM-
Chem model does not include the chemical and physical processessangcéo
simulating the atmospheric and surface mercury distributions, pubvtdes a platform
to build a reliable atmospheric mercury model.

This study is aimed at developing and incorporating into the CAM-QOhenkel a
mercury module based on the latest available numerical raepatieas of all processes
essential to the mercury lifecycle [e.g., Subir et al., 2011; Rettal., 2012]. The basic
chemical mechanism is based on theG] oxidation, but we also test the effects of Br-

oxidation on surface mercury concentrations. We account for spatdhltemporal



121 variability of all three types of mercury (Hg(0), Hg(ll), B-emitted and re-emitted from
122 various sources over both land and oceans by modifying and incorporatirtytamic
123 parameterization models [Liss and Slater, 1974; Zhang et al., X@8@dgberg et al.,
124 2001]. The expanded CAM-Chem with the mercury mechanism simulites
125 atmospheric pathways of all forms of mercury from their soeroessions to eventual
126 deposition back to land and water surfaces through both wet and dryphénos
127 processes across a wide range of spatial and temporal Steegdability of the model,
128 hereafter called CAM-Chem/Hg, is evaluated based on multigieaulations driven by
129 representative meteorological conditions from the global obsenztreanalysis. The
130 results are compared against the best-available observations facesumercury
131 concentration and wet deposition, including data from the National Atmaspher
132 Deposition Program (NADP) [Lindberg and Vermette, 1995], major networksirope
133 (EMEP) and Canada (CAMNet), as well others from the publishechture [Friedli et
134 al., 2004; Kock et al., 2005]. The CAM-Chem/Hg model is then used to evahete
135 contributions of transpacific transport and domestic anthropogenic iensist U.S.
136 mercury concentrations.

137

138 2. Model Formulation

139 2.1. The CAM-Chem model

140 The CAM-Chem model used in this study is an integral part ofCt@munity
141 Climate System Model version 3 (CCSM3) that includes fully aadipkmospheric, land,
142 ocean, and sea ice components [Collins et al., 2006; Lamarque et al., 200&]asF

143 aerosol phase chemistry is based on the MOZART (Model of OzoneRaladed



144  Chemical Tracers) chemistry-transport model [Horowitz e2803; Tie et al., 2001; Tie
145 et al., 2005]. It has been rigorously evaluated and widely used medbat chemistry-
146 climate studies [Heald et al.,, 2008; Lamarque et al., 2005; Lamagad, 2008;
147 Murazaki and Hess, 2006, Emmons et al., 2010; Lei et al., 2012; Lei 20HEB]. The
148 chemical module includes 85 gas-phase species, 12 bulk aerosol compounds, 39
149 photolysis and 157 gas-phase reactions. The aerosol module considgs, dilidek
150 carbon, primary organic, secondary organic, ammonium nitrate, andlisfizasmrque
151 et al.,, 2005; 2008; 2012]. Wet deposition is modeled by the formulationeofaxd
152 Prather, [2011]. See Lamarque et al. [2008; 2012] for a more extensorgties of the
153 model.

154 This study adopts anthropogenic emissions mostly from the POEGu(Boes of
155 Ozone and their Effects in the Troposphere) database for 2000 [Gearakr 2005;
156 Olivier et al., 2003], including those of fossil fuel and biofuel combudiased on the
157 EDGAR-3 inventory [Olivier and Berdowski, 2001]. Biogenic emissionsopiene and
158 monoterpenes, and nitric oxide (NO) emissions from soil, are ceddubmline using the
159 Model of Emissions of Gases and Aerosols from Nature (MEGAMN)ehther et al.,
160 2006] as implemented by Pfister et al. [2008]. Biomass burningsemssare taken from
161 the Global Fire Emissions Database version 2 (GFED-v2), with nyoatldrage data
162 available for 1997-2007 [van der Werf et al., 2006].

163 A simulation for the years 1998-2001 was carried out with CAM-Chem f
164 evaluation relative to observations. The simulation is driven byaratgical fields
165 from the NCEP/DOE AMIP Il reanalysis [Kanamitsu et al., 200@2¢juding winds,

166 mixed-layer depths, temperature, precipitation, and convective maes.flThese data



167 are available at a 6-hour interval and a grid spacing of 1.9° x 252/ hybrid sigma-
168 pressure levels. The initial year 1998 is considered as a spiriesubsequent analyses
169 focus mainly on the statistics for year 2000 and the average of 199%d&latie to the
170 respective observations.

171

172  2.2. Mercury Chemistry

173 The treatment of mercury chemistry used here considers majowgys in both
174 gas and agueous phases. The gas-phase reactions include the oxidédy®) od Hg(ll)
175 by OH, ozone, and chlorine [Hall, 1995; Sommar et al., 2001; Calhoun andd?2301;
176 Pal and Ariya, 2004; Subir et al., 2011], which represents the coreamschfor CAM-
177 Chem/Hg model. The evaluations of reproducing the concentrationsmd,02H, sulfite,
178 and chlorine in CAM-Chem or MOZART with the same chemicallmmasm have been
179 carried out against a verity of measurements in CAM-Chemanmgsecommunity
180 [Emmons et al., 2010; Lei et al., 2012; Saiz-Lopez et al., 2012; Lamatcale 2012;
181 Lei et al., 2013]. The bromine oxidation reactions are not included inctteemercury
182 module due to incomplete knowledge of the bromine chemistry andiensiss CAM-
183 Chem. However, a sensitivity experiment does consider this by ti@ngjobal bromine
184 field from GEOS-Chem to test possible effects on the globatumgdistribution. Table
185 1 lists the detailed Hg chemical reactions and their rate constantsgGidqr2006; Subir
186 et al., 2011; Rutter et al., 2012]. Hg(ll) gas-particle partitionirggse shown in Table 1.
187 Hg(ll) phase patrtitioning affects both wet and dry deposition. Thetipaitig of Hg(ll)
188 is assumed to be divided equally between the gas and particle pbassglation by

189 ozone, OH, and ¥D,. The oxidation products by chlorine and Br are all reactive mercury
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For the main chemical mechanism, the gaseous reactions producén@Gssoluble in
water (with a Henry's Law constant of 1.4%M atm'%), and thus dissolves to Ffgin
aqueous aerosols and clouds [Pleijel and Munthe, 1995; Schroeder and Munthdn1998].
the aqueous phase, the reduction of'Hgto Hd has been shown to be important in
laboratory studies [Pehkonen and Lin, 1998; Lin et al, 2003]. The transfomfedim

Hg®* to H can be achieved mainly through photochemical reactions oraesatiith
SO;%, while the occurrence of reduction reactions with,iiGhe atmosphere is doubted
[Gardfeldt and Jonsson, 2003; Lin et al., 2007]. Due to the relativelysdbubility of

Hg® (with a Henry's Law constant of 1.1x10/ atm?), the oxidation of HYbased on

the dissolution of gaseous elemental mercury may not be sagrtifielowever, when
considering the reduction of Efg the aqueous mechanisms included in Table 1 can be

important for the mercury chemical equilibrium.

2.3. Mercury Deposition
The treatment for wet deposition of Hg(0), RGM and PHg followsukatl for all

other aqueously sensitive pollutants resolved in the standard CAM-Chienbased on
the formulation of Brasseur et al. [1998], considering the solution isgenge and

incorporating the main parameterization introduced by Giorgi and €bas [1985].
The wet deposition treatment includes rainout and washout fromfatratiand

convective precipitation, and scavenging in convective updrafts dtial., 2001]. In
addition, the uptake by the marine boundary layer is also regardechapr deposition
process for Hg[Hedgecock and Pirrone, 2001; Selin et al., 2007], andd&lered in the

calculation of the mercury air-sea exchange process. The aquemesation of HYis
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low relative to the total dissolved Bigand thus its wet deposition is minor compared to
that of Hg(ll) and PHg.

The treatment for dry deposition of mercury species also follinat for other
chemicals in the standard CAM-Chem. Some previous studies negtkgtel@position
of Hg(0) due to the rapid reemission from the ground [Bullock et al., 208l et al.,
2008]. Recent studies have shown that 5~40% of newly deposited mercapidly
reemitted back to the atmosphere over non-snow land surfaces [Himteéhal., 2002;
Amyot et al., 2004], and up to 60% over snow surfaces [Lalonde et al., 28004ri fet
al., 2005]. Suggested by previous isotopic field studies and empiricabtss [Amyot et
al., 2004; Graydon et al., 2006; Selin et al., 2008], the rapid reemissimerotiry in
CAM-Chem has been considered in the land emission inventory by reti#gof
total deposited Hg(ll) as Hg(0). Therefore, we determine theleposition velocities of
Hg(0) online in the model, based on the resistance-based paiaaigte of Wesely
[Walmsley and Wesely, 1996; Wesely and Hicks, 2000]. Dry depositiong(f)Hand
PHg is simulated with the scheme based on local surface type and turbulemeedi/él.,

1998; Wesely, 1989].

2.4. Mercury Emissions

Here we adopt the anthropogenic mercury emissions in 2000 from the Global
Mercury Emission Inventory [Pacyna et al.,, 2006] as the presergsiemi from
anthropogenic sources. These sources include major industrig¢érenfitom coal-fired
power production, mining, metal smelting, and waste incineration [Stezeal., 2005;

Mason and Sheu, 2002].
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Land sources include emissions from soil and vegetation, plus rapiissgens of
deposited mercury. Soil and vegetation contribute about 500-1800 Mg igdqvist,
1991; Seigneur et al, 2001; Selin et al., 2007], while the reemissiags s 260-1500
Mg yr’ [Selin et al., 2008; Smith-Downey et al., 2010], resulting in a &stdiate of
1100-3000 Mg yi. Land emissions depend on both soil temperature [Lindberg et al.,
1995; Poissant and Casimir, 1998] and surface solar radiation [Carpiraierg, 1998;
Zhang et al. 2001; Gustin et al., 2002]. Land mercury emissions are calculateacaing |
temperature, solar flux, and estimated source distribution. By tte#nGEOS-Chem soill
mercury pool, the average emission flux)(For present is distributed based on soill
mercury storage [Selin et al., 2008; Smith-Downey, et al., 201@]tlen adjusted using

the relationship suggested by Zhang et al. [2001] and Poissant and Casimir [1998]:

F, = Eexd-1.1x10* (1/T, -1/T,)] exp[1.1x10° (R, -R,)]
where E is the calculated land emission flux iR the surface solar radiation flux ang T
is the local surface skin temperature. The reference vaB#0isVm? for Ry and 288 K
for To. The parameterization is subject to calibration using the mesti-gverage (1995-
2005 monthly mean) &Rand T distributions from the NECP reanalysis. Thehs been
adjusted to constrain the global annual total emission of 2900 Mgsgimated for 2000
[Smith-Downey et al., 2010].

Ocean emissions are determined by a simplified air-sd@aege scheme that has
been tested through field campaigns for good agreement with obsesvfitiss and
Slater, 1974; Wangberg et al., 2001]. We estimate monthly mean métouat ocean

surface through the following scheme that also removes the dependetite raercury

storage in deep oceans:
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F=K,(C,-C,/H")

where F is the ocean emission flux of mercul=[Hg]/[HO]l@g IS the
dimensionless Henry's-Law constant calculated at water terapesdk,,) [Clever et al.,
1985], K, is the gas transfer velocity of a species in the watantarface based on the
empirical relation of Wanninkhof [1992], and, and C, are respectively the Hg(0)
concentration in the mixed-layer ocean (pg/L) and in the surfavesahere (ng/f). C.,
is simplified by using the monthly mean concentration data [Scameet al., 2010],
which has considered the contribution from deposition, whilésGletermined by the
atmospheric model.

Biomass burning emissions are specified as monthly means fraGlazestimate
of biomass burned and the IMAGE projection of managed forests forcaltygiar. The
approach and emission factors as a function of vegetation types aredaftopt Streets
et al. [2009].

Volcanic emissions of mercury are based on those of sulfur IGEW inventory.
The method uses a typical ratio of Hg relative to, $@lcanic emissions to estimate
mercury emissions. A similar method has been used in the previous studies[Eeatar
2000; Nriagu et al., 2003; Pyle and Mather, 2003]. Here we adopt a HgaBO of

1.5x10° for all volcanic eruptions [Aiuppa et al., 2007; Witt et al., 2008].

2.5 Global Budget
Figure 1 summarizes the partition of global mercury emission80D0 among
different sources. It shows that the oceans are the lamg@sibeitor, followed by natural

land emissions and the human-related emissions. However, the db@apier unit area

12



282 is small as the total emissions are distributed over 72% d&dh@’s surface. In contrast,
283 the average emission flux over land is 3.5 times larger thanukeofler ocean, when
284  counting the natural, anthropogenic, and biomass burning emissions together.

285 Our estimate of global total emissions from all sourceb@ut 9680 Mg yt. This
286 falls in the middle between the values of 6200 in early estinaad 11200 Mg yt
287 used in the GEOS-Chem model [Selin et al., 2007, 2008]. However, ourtestoméhe
288 ocean emissions is notably larger than the previously published val@&sv@4us 2600
289 + 300 Mg yi). This reflects our inclusion of emissions from the mixed-layegan
290 storage and deposited mercury. Some other works also estimateattiral sources
291 account for 5207 Mg yrand anthropogenic sources for nearly 2320 Mj\ason et al.,
292  2009; Pirrone et al. 2010], which overall is smaller than the emisstasedaised in this
293 study. Mason et al., 2009 estimate a volcano emission of 90 Mdowrer than our
294 estimate [Mason et al., 2009]. This comparison indicates largetaimtg among various
295 global mercury emission inventories and necessary to furthessabseemission impact
296 on model performance.

297 Dry and wet depositions of mercury are calculated separat€ghi-Chem/Hg, in
298 contrast to the net removal rate considered in some studies [Bellatk 2002]. In the
299 Earth’s surface, total estimated deposition is around 8800 My igr which dry
300 deposition accounts for 70%. About 55% of the total deposition occurs over te oce
301 and 45% over the land. Over land, total deposition is 1800 MdoyrHg(ll), 1600 Mg
302 yr! for Hg(0), and 600 Mg ¥r for PHg. The oceans are a net sink for atmospheric
303 mercury, taking up approximate 2000 Mg'ybalancing a portion of the human-related

304 and volcanic sources.
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The CAM-Chem/Hg model calculates a total mercury lifetim@.60 years in the
atmosphere against deposition, as deposition is the only sink fometalry in the
model. Our derived lifetime of mercury agrees well with thngated lifetime of 0.5 to
0.79 years determined in the GEOS-Chem model studies [Selin, &0@alz, 2008].
Previous studies had estimated the lifetime at 1.0 to 1.7 years [Berdari899; Shia et
al., 1999; Seigneur et al., 2001; and Lamborg et al., 2002]. The shortendifiet the
more recent studies may result from the modeling approacheg wiemprocesses of

deposition and reemission are treated separately.

3. Global Mercury Distribution
3.1 CAM-Chem/Hg results

Figure 2 shows the annual mean surface air concentrationslajaséus mercury
(TGM) averaged over the 1999-2001 time period as simulated by the ChavivyHg
model using the present emission. The TGM is taken as the sunsemfugaHg(0) and
gaseous Hg(ll). The major characteristic is that the mercoingentrations are greatest
over land and coastal regions. The most-polluted area occurs @) Wiere strong
surface TGM concentrations are derived along the continent boundangstitular, the
concentrations across the Middle East, India, China, and Japan are amgpwe’.3The
second most-polluted area is southern Africa, where high mermisgiens result from
the intensive development of mercury-related industries, espematipg. Mining in
Australia also results in heavy mercury deposition alongdlgheast coast. These areas
of heavy mercury pollution are identified with high human-relatms&ons over land

[Nelson, 2007]. It is noted that high TGM concentrations given byntbedel over
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upwelling regions along the west coasts of South America amitaAfThis may
associated with the sensitivity and uncertainty of the oceaniemissheme used in this
study. The emissions of Hg in upwelling regions usually contain swr&ibutions from
deep ocean storage of mercury. In responding to positive tempenatumely in surface
air, the scheme tends to predict a high emission. In contrast, the Anpaitiioon is low
because of little human-related emissions. The high concentrationthewesistern coast
of the South Atlantic are likely caused by transport of inland pollutants from South Afr
under the prevailing easterly to northeasterly winds near the surface.

The derived CAM-Chem/Hg model results share a generalasityilvith previous
modeling studies. For example, the interhemispheric total integcatecentration in the
northern hemisphere relative to that in the southern hemisphere, Mecdi@entration
ratios, for surface air were estimated to range between 1.2 ajichthBorg et al., 2002],
without considering the heavy polluted East Asia. The CAM-Chenmiddel derived
value is 1.37. The spatial pattern of TGM in our study also compariésvith that from
the GEOS-Chem model over the globe [Selin et al., 2007; Selin 20@8]. In particular,
the concentrations over land are very close between the GEOS-@hénCAM-
Chem/Hg models, while their differences (around 0.2 Agtwer oceans are largest in
the Arctic. This disagreement may partially result from tise of different driving
meteorological conditions that are important to mercury reactions and trianspor

Table 2 compares the modeled 1999-2001 mean surface TGM concentrations wit
measurements at 21 land sites worldwide with varying perioae @iverage) between
1995 and 2007 [Selin et al., 2007]. The geographic distribution of sites has gt

representativeness of global surface. The comparison shows tmabdeé captures the

15



351 general spatial pattern of global mercury air pollution. The T&centrations match
352 the range of observations at 14 out of the total 19 sites, wherd masles are smaller
353 than 0.3 ng/m Larger positive biases (3 ngdnoccur at the Cape Point site in South
354  Africa, where mining industry development dominates the regiomatury emissions,
355 accounting for a quarter of the total global anthropogenic emis$Pacyna et al., 2006].
356 The latest measurements indicate that the TGM concentratithe &ape point site is
357 around 1.25 ng/m[Slemr et al., 2008], which is much lower than our model results.
358 Slemr et al pointed out that the emission dataset used in thisisttet main reason for
359 the large bias of mercury concentration in South Africa [Leamér,al., 2009;
360 Masekoameng, et al.,, 2010; Brunke et al., 2012]. The overestimation irurgnerc
361 emissions by Pacyna et al is based on a problematic assunmgti@mtalgamation is the
362 dominant technology used in gold mining in South Africa whereas, irtyrethie cyanide
363 extraction technology is used which emits hardly any mer@mynke et al., 2012]. In
364 addition, Witt et al. [2010] show that the prevailing strong westenhds in near surface
365 layers bring cleaner marine air rather than inland polluted caithé Cape Point,
366 effectively diluting mercury pollutions. The coarse resolution CAMe@/Hg model has
367 the limited capability to simulate this westerly wind to léadarge positive biases at
368 Cape Point. On the other hand, the model tends to underestimate theohiGdvitcations
369 at 4 Asian sites (Chongging, Beijing, Tokyo, and Seoul) likely becdeserissions
370 there have likely continued to increase after year 2000. The model biasee aitde are
371 less than 20% relative to the observations [Sakata and Marumoto, 2602t Kl., 2006;

372 Wang et al., 2007; Yang et al., 2008].
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Figure 3 illustrates the CAM-Chem/Hg model simulated zonalyd annually-
averaged surface air TGM concentration variations for 1999-2001 compared to
observations at various locations worldwide, including land stations [Ehiagiiaal.,
2002; Slemr et al., 2008; Sakata and Marumoto, 2002; Kellerhals @0@8; Weiss-
Penzias et al., 2003; Environmental Canada 2003; Han et al., 2004; EMEP #008; K
al., 2006; Wang et al., 2007; Liu et al., 2007; Yang et al., 2008] and ocears ¢Befa
et al.,, 2007; Temme et al., 2003; Laurier et al., 2003; Lamborg et al.,. 1091@] that
these measurements are not necessarily representative dy-zandlannually-averaged
conditions, but are used to depict the available variations witlhidatitAll of the land
station data and the corresponding CAM-Chem/Hg model values listédhbile 2 are
also shown in Figure 3. In general, the model captures the majer ditaracteristic
variation with latitude, following the variation of mercury emisssources. In particular,
two peak values occur in the northern and southern middle latitudesothespond to
the intensive sources from industrial and mining activities. Duthé relatively even
distribution of mercury emissions from oceans, the variations of lgycaatraged TGM
concentrations tend to be associated with the amount of land frastiarfumction of
latitude.

In comparison, the GEOS-Chem model simulates a range between 1.25 afod 1.75
zonal mean surface air TGM concentrations [Selin et al., 2007]latithde. The CAM-
Chem/Hg model values are larger than this at lower and mialitiedes, but smaller at
high latitudes. As explained by Selin et al. [2007], the Artic cotmadons may be
overestimated by the GEOS-Chem model due to missing halogensttyemhhe larger

CAM-Chem/Hg model values in the northern middle latitudes are ynattibuted to
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396 high surface concentrations over East Asia as confirmed from hbenations. In
397 contrast, the results for the southern middle latitudes may be bwexesl by the CAM-
398 Chem/Hg model due to uncertainties in the southern Africanseanis and meteorology
399 (e.g., Cape Point site in Table 2).

400 Figure 4 compares the CAM-Chem/Hg modeled vertical profilél@f0) mixing
401 ratios with aircraft measurements and its standard deviati@ms fntercontinental
402 Chemical Transport Experiment-B (INTEX-B), Arctic Reseaotlthe Composition of
403 the Troposphere from Aircraft and Satellites (ARCTAS) and NOPgxnessee (TN)
404 campaigns [Talbot et al., 2008; H. Mao et al., 2010; Ren et al., 2013]collbetion of
405 measurements includes a good coverage of tropical, subtropical an@rmpélas, which
406 provides a comprehensive evaluation of model performance. Mexico anfic Pac
407 observations are made by INTEX-B during March 2006 and over tirvéh NPacific
408 Ocean during April-May 2006 [Talbot et al., 2008; Swartzendruber, 2C18; Singh et
409 al., 2009]. The INTEX-B measurements are previously used by Hadtnak, [2010]
410 with an increase of 40% based on the intercomparison by Swartzendtuder[2008].
411 The model captures the trend of vertical variation of Hg(0) overcabMexico and the
412 subtropical Pacific Ocean presented by measurements. Thalveettine in the model
413 result is generally steeper than that in measurementslaSiieatures from NOAA TN
414 measurements are also captured by CAM-Chem/Hg model. The TBuregeents are
415 operated by NOAA air resources laboratory, which provide a consestel high quality
416 dataset [Ren et al., 2013]. However, a general problem in comparistingowi and
417 middle latitude measurements is that model cannot reproduce thecomstant

418 concentrations in 2-6 km above the ground. This may be caused by stgiugions of
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elemental mercury in the ozone-oxidation mechanism based modél §swab, 2011].
ARCTAS flights provide unique observations on Arctic region, the spengcal profile

is compared with model results on the same area. We found AlM&tGhem/Hg model

well capture the vertical variation, which is not captured bynioelel based on Br-
oxidation mechanism [Holmes et al., 2010]. Due to ozone-oxidation mechasenin
present CAM-Chem/Hg model, the abundant ozone from upper troposphere @&nd low
stratosphere may play an important role in reproducing this profile.

Figure 5 compares the CAM-Chem/Hg modeled and observed seasnaabns
of surface TGM concentrations at two coastal monitoring sitesgMtead, Ireland and
Zingst, Germany (see the location information in Table 2). §ite® sites have made
continuous measurements, with well characterized accuracy andignedihe monthly
means are averaged in 1998-2004 for the observations [Kock et al., 2005] Eofbt
2001 for the model result. Both sites were observed to have TGM lagéer in winter
than summer. This seasonality is captured by the CAM-Chemmbttgl. At Zingst, the
model result is closely comparable with the observations duringu&gbAugust, but
approximately 10% (0.2 ng hlower for the other months. Model underestimations of a
similar magnitude occur at Mace Head throughout the year. tRateair pollution at
coastal sites in midlatitudes can be strongly affectecabg br sea breezes. In summer,
warmer land than ocean temperatures causes prevailing windsdtavand. As such,
measurements at coastal sites may be affected moredanio than inland mercury
levels. The winter conditions generally reverse. This effechalenging to simulate,
especially using a relatively coarse resolution model likeM&2hem that cannot

accurately represent local circulation patterns. On the other llamdyet deposition
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442 measurements suggest that the removal of atmospheric merdoighisn summer at
443 most non-coastal sites over the contiguous U.S. [NADP, 2008]. That would be a reason to
444  understand this pattern. At this time, it is not known whether the abisagreements are
445 caused by differences in local source emissions or meteorological conditions.

446 3.2 Resultsby adding Bromine Oxidation

447 In order to test how the bromine oxidation reactions affeantireury distributions,
448 we add the bromine chemical reactions in both gas and aqueous phasesvas table
449 1) in addition to the ozone-OH oxidation mechanism. The experimé@nplemented by
450 directly using the monthly averaged Br concentrations from the SSERem mercury
451 model. The evaluation of GEOS-Chem simulations of Br chemichtsvs well
452 agreement with available aircraft observations [Parreléd. &012]. The annual mean Br
453 mixing ratio from GEOS-Chem peaks in higher latitude ocean redponss generally
454 low over land. The seasonality shows high levels during March-MaySaptember-
455 November. Similar to CAM-Chem/Hg simulation, the modified modebisen by
456 NCEP reanalysis meteorology and runs for two year during 1999-266dirst year run
457 is considered as a model spin-up, and the second year (year 2000) data is used to compare
458 with CAM-Chem/Hg simulation in 2000.

459 Figure 6 shows the change in TGM concentration on surface la@teck from
460 introducing bromine reactions. Generally, adding bromine chemistryaeppe have
461 little impact on overall TGM spatial and temporal patterns wés than 0.2 ngrh
462 decrease found in most areas across the globe. The additional bre@tiens will
463 accelerate the transformation of Hg(0) to RGM, the part of lwhitl be counted into

464 TGM. We also notice that regions with large emission and pratgit tend to have
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larger TGM reduction. This is because bromine chemistry transforare Hg(0) into
RGM, which subsequently enhances the wet deposition of Hg(ll), tpédlithe reduced
TGM concentration. Theoretically, bromine may be possible to inerdas TGM in

some places where the reduction reactions become more signifnaré RGM is
reduced to Hg(0), leading to less wet deposition loss from the atmosphereyatanis

not shown in this experiment.

Overall, including the bromine chemistry does not significantigcafthe TGM
pattern, but it may affect the gaseous mercury partitioning leetwbe elemental
mercury and reactive gaseous mercury. Due to the difficultynamitoring gaseous
Hg(ll), our knowledge on Hg(0)/Hg(ll) partitioning is limited andeds further
investigation [NADP 2008]. It is also noted that kinetic coefficidotsHg(0) reactions
with OH, O; and Br are uncertain. If the coefficients are much slower &saumed in
this modeling work, then Br chemistry may have a larger impadGM and Hg cycling.
In the following sections, we continue analyses of the CAM-CHgnsimulated results

without considering the possible effects of bromine chemistry.

4. U.S. Mercury Wet Deposition
Wet deposition is mainly determined by the distribution of precipitaimount and
air pollutant concentration. Previous regional modeling studies sudgeste mercury
wet deposition over the U.S. also depended on the mercury emissioriBuigsk et al.,
2002; Gbor et al., 2005]. Table 3 compares the modeled annually-averaged wet
depositions for total mercury with the measurements at 26 monitgrieg of the

Mercury Deposition Network (MDN) within the U.S. National Atmospbddeposition
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Program (NADP). The model values are averaged over 1999-2001, whilyatloses
are given as the means of all measurements during the hoegstycmatching data
periods. The results show that the CAM-Chem/Hg simulation isstieaht 18 of the 26
sites, where differences from observations are within £20%. Howatvesome coastal
sites (FL11, WA18), model biases are as large as 6 figitrese differences are likely
caused by errors in simulating precipitation near the coa$teb@ AM-Chem model with
its coarse resolution. In addition, relative biases are largemae sites (e.g., CA72) with
low wet depositions. The differences in data periods may pgraaplain the model-
observation discrepancies.

Figure 7 illustrates the geographic distribution of wet depositanahnually-
averaged total mercury for 1999-2001 over the U.S. as derived by the @weki/Hg
model. The spatial pattern of mercury wet deposition follows mimgely to that of
precipitation [Liang et al. 2004] than of the atmospheric merconcentration. In
general, the largest wet deposition occurs in the eastern &g the peaks correspond
to the maximum annual precipitation centers over the Southeast. Althoaigb iocate
on the southwest flank of the TGM concentration maxima, more redag¢ethe oxidized
mercury (RGM and PHg). This is because the precipitation yne@gmhoves RGM and
PHg from the atmosphere, while the TGM is hardly susceptibigetascavenging. The
secondary peaks of annual total mercury wet depositions are wthutaer the
Northwest, where precipitation prevails during cold seasons.

Figure 8 presents the scatter diagrams comparing modeled mawttdlynercury
wet deposition during 1999-2001 at the four MDN sites with the bestabilay and

consistence of records, representing the Southeast (FL11), easteiiNCE5t Midwest
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(WI108), and Southwest (TX21). The temporal correlation coefficibatezeen modeled
and measured depositions are reasonably high, suggesting thatMh€l@n/Hg model
largely captures observational variations at each site. Therdsdt is obtained in the
Midwest, where the correlation reaches 0.67. The result is alsofgodide Southeast
and fair for the Southwest, with a respective correlation of 0w50a32, but relatively
poor for the east coast with a low correlation of 0.19. The modeltseends to better
capture the variability on sites in regions with less anthrapogenpacts (WI08 and
FL11), which indicates that anthropogenic emission is a signifisantce for bias.
Possible biases in model representation of precipitations and gdabs¢ model grid

would also affect this comparison.

5. Domestic versus transpacific contributionsto U.S. mercury air quality

The transpacific transport is the primary process for bringsign pollutants to the
U.S. Various ground-level observation analyses, field campaagismodel simulations
have been conducted to investigate the current pathways and chdrestesfs
transpacific transport, as well as their influence on U.S. airntgyalg., Jacob et al.,
1999; Wilkening et al., 2000; Yienger et al., 2000; Jaeglé et al., 2003; Huelnzn
2004; Parrish et al., 2004; Bertschi and Jaffe, 2005; Heald €086, Wuebbles et al.,
2007; Lin et al., 2008]. Previous sections have shown that the mercurygollutEast
Asia is severe in the world. Therefore, analysis of the coniiitfrom transpacific
transport on U.S. mercury air quality is worth investigating.

Two sensitivity experiments for the years 1998-2001 are conductecnarexthe

domestic versus international contributions to U.S. mercury condentaftlThe first
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534 sensitivity experiment (EXP1) assumes no anthropogenic emissionsthevednited
535 States and uses the current model settings elsewhere. Timel ssmsitivity experiment
536 (EXP2) assumes no anthropogenic emissions over Asia and keeps time settiags
537 elsewhere. Simulations of global mercury concentrations in thvopsesection are used
538 as the control run (CtrRun) to present the practical mercury effects on l#ly.qua

539 Figure 9 shows the CAM-Chem simulated total mercury dispersitosr(Asia-
540 Hg/Global-Hg) at the low (2-3 km) and middle (5-6 km) troposphere1©£99-2002.
541 Contributions of Asian mercury emissions to total mercury dispersioreach level are
542 calculated from CtrRun minus EXP2. The ratio on lower troposphere bastr@bution
543 rate around 0.3 at the western U.S., while the ratio on middle tropogbiwave a larger
544  contribution rate near 0.4. This result indicates that relatigélgnger transport of
545 mercury occurs at middle troposphere than that at lower tropospfteepattern also
546 suggested that the transpacific transport of mercury is strong betwiéaudd 55N.

547 Surface TGM concentrations are directly affected by trasiparansport. The top
548 plots in Figure 10 show the contributions to TGM concentrations from sta{€trRun-
549 EXP1 (TGM)) and transpacific transported (CtrRun-EXP2 (TGM))h@mogenic
550 sources respectively. Domestic anthropogenic emissions contribute 0.2 to G.€orttye
551 total surface TGM over the western U.S. and 0.2-1.1 hagwer the eastern U.S.
552 Contributions from transpacific transport mainly focus on the westeéS. with a
553 magnitude of 0.16-0.32 nginHowever, the contributions to the eastern U.S. are below
554  0.16 ngnt. This pattern is follows the expected effect of transpatiiosport on ozone

555 [Lin et al., 2008]. Relatively, domestic anthropogenic emissions areddin@inant
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anthropogenic sources, contributing around 25% of total gaseous mercurgtcatiaes
on a national basis.

The two plots on the bottom of Figure 10 show the contributions to total lannua
mercury deposition (dry and wet) by domestic (CtrRun-EXP1 (Depn}i versus
transpacific transported (CtrRun-EXP2 (Deposition)) anthropogenigsemns. Domestic
anthropogenic emissions contribute 6-12 [fgmthe total surface TGM deposition over
the eastern and generally below 7 [fgover the western United States. The highest
contributions are over the Midwest. The domestic anthropogenic emissitinggte on
average 22% to total deposition in the United States, but near ®mG%e iindustrial
regions. This result is consistent with previous modeling studi€&elgner et al., [2004]
and Selin et al., [2008]. Contributions from transpacific transport ta toercury
deposition in the U.S. are 1-4 pgraver the western, but below 2 pgrover the eastern
United States. The pattern is consistent with the contributions kb d@hcentrations. In
addition, it is noted that deposition to the Western U.S. from U.S. soisrdegger, but

that Asian sources contribute significantly.

6. Summary and Conclusion

A tropospheric mercury chemistry module has been developed and incatporate
into the CAM-Chem model to represent the processes affeatiimngspheric mercury and
its deposition over the globe. It includes the chemistry, emission, ideppsand
transport processes for elemental, reactive, and particulates fofrmercury. The
chemistry considers the oxidation of elemental mercury by ozotie temperature

dependence, the oxidation by OH, hydrogen peroxide and chlorineenugaphase, as
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well as the aqueous reduction and oxidation on mercury species.rartspart and
deposition of mercury are determined using the approaches used foclothacals in
the CAM-Chem model. Mercury emissions are included based on publighedtes for
human-related, volcano eruption, and biomass burning sources, as Wedl dygamic
parameterizations for natural sources, including air-sea exchémgesglobal oceans
and land surfaces (soil, vegetation), and reemissions depending on theaterepsolar
radiation and soil storage. The total emissions of mercury arédsent climate condition
is estimated to be 9600 Mg¥ypver the globe, of which 2200, 2900, 3400, 600, and 500
Mg yr' are from respectively anthropogenic, land, ocean, biomass burning andovolca
sources. The atmospheric lifetime of mercury against deposgiapproximately 0.69
year in the absence of recycling from surface reemissionsuil model, the dynamic
schemes for land and ocean emissions are simplified from the prelyioasiic models
for point source emission, and then calibrated by the latest éstomapresent global
natural emissions based on observations. This solution not only considgisyseal
processes associated with natural emissions, but also includatet&knowledge on it.
Compared with the original approaches, both simplified schemes alsossbstantial
amounts of computational time. Although our approach appears to provide a good
approximation of current knowledge on the reemission process, uncegauth as the
influence from meteorology factors other than temperature and real@tion and the
role of vegetation coverage remain that require further analysis.

The CAM-Chem/Hg model has been evaluated relative to the available
measurements worldwide using meteorological conditions drivem ftbe NCEP

observational reanalysis. The evaluation includes both surfaceGair doncentrations
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and annual total mercury wet depositions. They are compared with atisesv 21 land
sites distributed evenly over the globe along with 3 ocean cruaskstrare used for
evaluating concentrations, and 26 U.S. monitoring sites are useddlrating the wet
deposition. For both quantities, the model captures the major chaticsenf their
geographic distributions and seasonal variations. As a result ef itesy analyses, we
conclude that the CAM-Chem/Hg is a reasonable and reliable modetdhtp study the
physical and chemical processes governing the emission, transpoestotmation and
deposition of atmospheric mercury. At the same time, we recogimit the model needs
further improvement. From the modeling successes and failures in the compaaissh ag
measurements, we found that emission inventory would be the majae ourmodel
biases. For example, the high mercury concentrations on South Afrit@ver ocean
upwelling regions are associated with overestimations in emisisitsn Further study
using different mercury emission inventories in the same merooedel would better
assess the emission inventory and modeling system. The repilieseoftaheteorology in
mercury model would be another uncertainty resulting in model biasgzarticular,
improvements are needed to reduce the large underestimation$ dépesitions near
the coastal regions where the precipitations are difficulapture. The underestimation
may also be associated with two other issues. One issue ppa@uunderstanding of the
Hg(0)/Hg(ll) redox chemistry including gaseous, aqueous and heteroge reactions,
which could have an important effect on deposition patterns. The osier iss the wet
deposition scheme, which may need to be modified to better accoumhdrcury

attachment on other aerosols or for electrostatic adherence on sirédpigtlaboratory
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and/or field experiments to improve our understanding on these suesisvould greatly
enhance model performances.

In order to address the current debate on mercury chemistiyamem, we also
incorporate the bromine mechanism into the CAM-Chem/Hg in the cotidrint
ozone-OH-oxidation mechanism. By using external bromine concentratata, a
sensitivity experiment was set to test the possible impadiraine reactions on
mercury concentration distribution. The result shows that the effeeixtra bromine
reactions on TGM concentration is relatively small, but thecefon Hg(0)/Hg(ll)
partitioning is significant although how partitioning occurs in tted amosphere is still
subject to further investigation. Reference to several |ateslies, we conclude that
ozone-OH oxidation is still a reasonable mechanism for captureaghercury pollution
for models.

The sensitivity study on effects of domestic emissions veransgacific transport
of anthropogenic mercury emissions on the concentrations of mercuppouaods in the
United States shows that, on a national basis, around 22% of totalryndeposition in
the United States results from domestic anthropogenic sources, and9%nlgre
contributed by transpacific transport. However, the contributions to deposih the
western United States are of comparable magnitude, with around r6@%dbmestic
sources and around 20% from transpacific sources. Domestic anthrapegessions
are the dominant anthropogenic sources that contribute around 25% ofastalug
mercury concentrations on a national basis. The averaged perceatdgbution to
TGM concentrations from transpacific transport is only 7%. Tresdyses provide

improved understanding of the present U.S. mercury concentrations andidepasid
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the relationship between Asian and U.S. mercury pollution. Another inmpossue is
how the U.S. mercury concentrations and this Asia-US relationsHipkeiy to change
in the coming decades. A comprehensive understanding through furth@rcresn this

issue would help policy-makers in considering effective strategies f@unyepollution.
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1101

Table 1 Reactions rate and Hg(ll) gas-particle partitioning in CAM-Chem/Hg model.

Reactions

Rate constant

Reference.

Gaseous Reactions

Hg%g + Osg = 0.5PHg + 0.5RGR!
Hg%g) + H20z) = 0.5PHg + 0.5RGH
Hg%g + Chg > RGM

Hg%g + OHg = 0.5PHg + 0.5RGKI
Additional Bromine reactions

Hg'(g + Brig = HgBr)

HgBr + Brg > RGM

HgBrg) + OHg > 0.5PHg + 0.5RG
HgBrg > Hd’ + Brg

HgBr + Brg > Hd’g + Brg)
Agueous Reactions

H%aq) + Osaq) > HG™ (agy+ products

HgS03-> Hg g+ products

Unit: cnt molec™ s™
2.11x10%exp(-1256.5T)
8.5x10"

2.6x10'

9.0x10"

1.5x10% (T/298)-

2.5x10'° (T/298)°%
2.5x10% (T/298)°%
3.9x10exp(-8357T) (T/298)%%
3.9x10"
Unit; ms?

4.7x10

T exp(31.971-12598)

Gbor et al. [2006] Rutter
et al., [2012]

USEPA. [1997]

Gbor et al. [2006]

Subir et al. [2011]

Donohoue et al. [2006]
Goodsite et al. [2004]
Goodsite et al. [2004]
Holmes et al. [2010]

Balabanov et al. [2005]

Munthe [1992]

Van Loon et al. [2000]

HO?* ey + HOoaq> Hdaqy* products  1.1x10 Pehkonen & Lin [1998]
Hg(OH)yaq + hv > Hg’aq+ products 6.0x10 Xiao et al. [1994]

Hgag) + OHag = HY'(aq* Products 2.4x16 Lin & Pehkonen [1997]
Hg"(aq) + OHaq) > HG" (g + products 0.1 Gardfeldt et al. [2001]
H%aq) + HOClag) > HG'(ag+ products  2.09x10 Lin & Pehkonen [1998]
H%aq) + OClag > HE'(aqy+ products  1.99x10 Lin & Pehkonen [1998]
Additional Bromine reactions

HY'(@g) + Bragag) > HG“aq)* products 0.2 Wang & Pehkonen [2004]
HG' @g + HOBlaq > Ho? g+ Products  0.28 Wang & Pehkonen [2004]
Hg"(aq) + OBFag) > HG"aq)+ products  0.27 Wang & Pehkonen [2004]
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1102 a The partitioning is expected to depend on temperature, aerosol loader@so!
1103 composition [Lin et al., 2006; Rutter and Schauer, 2007]. Future work willHon(k)
1104 partitioning to environment conditions, while here we assume 50/50 partgiohiHg(I1)

1105 as widely used in recent studies [Holmes et al., 2010].

1106

1107

1108

1109

1110
1111
1112 Table 2. CAM-Chem/Hg simulated 1999-2001 annual mean total mercury concentrations

1113 compared with measurements with varying periods at available land sitelsvide.

Observations CAM-Chem/Hg
(ng/m’)
Site Period  Reference® Con((;]eg?r:%tion
Alert, Canada (82N, 62W) 1995-2002 [1] 1.55 1.43
Esther, Canada (52N, 110W) 1997-1999 [4] 1.69 1.15
Zeppelin, Norway (79N, 12E) 2000-2004 [2] 1.55 1.51
Pallas, Finland (67N, 24E) 1998-2002 [2] 1.34 1.57
Lista, Norway (58N, 6E) 2000-2003 [2] 1.68 1.63
R&0, Sweden (57N, 11E) 2001 2] 1.66 1.67
Roérvik, Sweden (57N, 25E) 2001-2002 [2] 1.66 1.70
Zingst, Germany (54N, 12E) 2000 [2] 1.56 1.84
Mace Head, Ireland (54N, 10W) 1995-2001 [3] 1.75 1.79
Langenbriigge, Germany (52N, 2002 [2] 1.70 1.84
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1114

1115

1116

1117

1118

1119

1120

Cheeka Peak, USA (48N, 125W) 2001-2002 5] 1.56 1.61

Detorit, United States (43N,84W) 2003 [6] 2.2 1.9
Chongging, China (29N, 106E) 2006-2007 [7] 6.7 49
Beijing, China (40N, 116E) 2005 [8] 4.9 3.9
Tokyo, Japan (35N, 135E) 2000-2001 [9] 2.80 2.54
New York, United States (42N, 2000-2003 [10] 2.3 1.93
Seoul, Korea (36N, 128E) 2003 [11] 5.0 4.7
Cape Point, South Africa (34S, 1998-2002 [12] 1.25 4.1
Neumayer, Antarctica (70S, 8W) 2000 [3] 1.06 1.26
St. Andrews,Canada (45N, 67W)  1998-2002 [13] 1.42 1.41
Fort Chipewyan, Canada (59N, 2000-2001 [13] 1.36 1.34

a [1] Environmental Canada [2007]; [2] EMEP [2005]; [3] Ebinghaus.gRaD2]; [4]
Kellerhals et al. [2003]; [5] Weiss-Penzias et al. [2003]; [6] ltiale[2007]; [7] Yang et
al. [2008]; [8] Wang et al. [2006]; [9] Sakata and Marumoto [2002]; [10h daal.

[2004]; [11] Kim et al. [2009]; [12] Slemr et al., [2008]; [13] Temme, et al. [2007].

Table 3. CAM-Chem/Hg modeled annual total mercury wet depositions as cethpa

with measurements at the selected monitoring sites of the NADP MDN.

Site Location (Lat,Lon) Observation NADP Model (1999-
years (Lg/nT) 2001) (png/m)
A (FL11) (25.39N,80.68W) 1998-2002 17.9 11.9
B(GA09)  (30.74N,82.13W) 1998-2002 12.3 12.5
C(GA40) (33.93N,85.05W) 2001-2003 17.7 18.2
D(SC19)  (33.81N,80.78W) 1998-2002 12.7 15.9
E(NC42) (35.74N,76.51W) 1998-2002 11.2 13.1
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1121

1122

F(VA28)
G(PAA47)
H(NY20)
I(ME98)
J(IN20)
K(WI122)
L(WI08)
M(MN23)
N(IL11)
O(KY10)
P(ALO3)
Q(LA28)
R(TX21)
S(NM10)
T(OK99)
U(C097)
V(MTO5)
W(WA18)
X(OR10)
Y(CA72)

Z(CA97)

(38.52N,78.43W)
(39.99N,76.38W)
(43.97N,74.22W)
(44.38N,68.26W)
(40.84N,85.46W)
(43.07N,87.88W)
(46.75N,91.61W)
(46.25N,94.50W)
(40.05N,88.37W)
(37.13N,86.15W)
(32.90N,87.25W)
(30.50N,90.38W)
(32.38N,94.71W)
(33.06N,107.29W)
(35.75N,94.67W)
(40.54N,106.68W)
(48.51N,114.00W)
(47.68N,122.26W)
(44.21N,122.25W)
(37.43N,122.06W)

(39.82N,123.24W)

2003-2005

2003-2005

2000-2002

1998-2002

2001-2003

2003-2005

1998-2002

1998-2002

1999-2002

2003-2005

2001-2003

1999-2002

1998-2002

1998-2002

2003-2005

1999-2002

2004-2006

1998-2002

2003-2005

2000-2002

1998-2002

13.2

11.6

9.1

7.2

12.2

10.1

1.7

7.3

9.3

11.7

13.6

15.8

12.3

4.1

13.7

6.8

5.7

6.2

7.8

3.6

3.2

14.7

14.3

12.1

10.3

12.3

10.8

9.2

6.7

10.1

15.7

14.2

13.3

114

4.7

10.5

5.7

5.9

10.4

8.6

6.7

3.8

53



Volcano, 500

Biqmass Anthropogenic, Hg(0): 1300
burning, 602 2270 Hg(ll): 720
PHg: 250
Ocean, 3400
Land, 2900

1123

1124  Figure 1. Estimated global total mercury emissions (Md)yfrom different sources in

1125 2000.
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1127 Figure 2. Annual mean surface TGM concentrations (riy/averaged in 1999-2001
1128 derived by the CAM-Chem/Hg model.
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Figure 3. Variation of TGM surface concentrations with latie. Zonally averaged and

annual mean CAM-Chem/Hg model results (curve) amenpared to observations
(symbols) from previous studies. The observatioms leand-based stations and
corresponding CAM-Chem/Hg values are from tabl®&@ported measurements over the

oceans are from Temme et al., [2003], Laurier e{2003] and Lamborg et al., [1999].
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Figure 4. Model results compared with aircraft measuredie@rprofile of Hg(0) mixing
ratios and its standard deviations. Mexico andflRagbservations are made by INTEX-
B during March 2006 and over the North Pacific Gcdaring April-May 2006 (Talbot
et al., 2008; Swartzendruber et al., 2008; Singhakt 2009). Tennessee (TN)
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1142
1143
1144
1145
1146

1147

1148

1149
1150
1151
1152

observations are made in near Tullahoma (35°23]N1BW), by NOAA air resource
laboratory during August 2012 to February 2013 (leeal., 2013). Arctic observations
are made by ARCTAS flights over the Arctic Ocearspming 2008 (65-90I) (Mao et

al., 2010).
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Figure 5. Seasonal variations of surface atmospheric TGMceoimations (ngf) at
coastal stations: Mace Head, Ireland and Zingstm@ey. Shown are monthly means
averaged in 1998-2004 for observations and 1999-280the CAM-Chem/Hg.
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1155 Figure 6. Change in TGM concentration (ngfhon surface layer by introducing bromine
1156 chemistry.
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1159 Figure 7. Annual total mercury wet deposition (ng*raveraged during 1999-2001 as
1160 simulated by the CAM-Chem/Hg. Letters representMii?N monitoring sites in Table 3.
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Figure 8. Scatter diagrams comparing modeled and measurathmdotal mercury wet
depositions during 1999-2001 at four MDN sites. Ppenal correlation coefficients

Observation (pugm2)

squared are also listed for each site.

59

Observation (pgm-2)



80N

80N

40N

90E 180 90w

0.2 025 03 0.35 04 0.45 0.5
1170

1171 Figure 9. Average Asia-Hg/Global-Hg dispersion ratio at the low (2-3 mj middle
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Figure 10. Sensitivity experiments for domestic versus tragdfc contributions to

annual mean atmospheric concentration and depositid).S. mercury. CtrRun-Expl
(TGM): Contributions of domestic anthropogenic estoas of mercury on TGM
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emissions of mercury on TGM concentrations. CtriExpl (Deposition): Contributions
of domestic anthropogenic emissions of mercury gpodition of total mercury. CtrRun-
Exp2 (Deposition): Contributions of transpacifidfaopogenic emissions of mercury on
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