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Abstract. East Asia contributes to nearly 50% of the global resented about 75% of the total mercury emissions in the re-
anthropogenic mercury emissions into the atmosphere. Region, and would contribute to 20—30% of mercury deposition
cently, there have been concerns about the long-range trang remote receptors.

port of mercury from East Asia, which may lead to enhanced
dry and wet depositions in other regions. In this study, we
performed four monthly simulations (January, April, July )
and October in 2005) using CMAQ-Hg v4.6 for a number 1 Introduction

of emission inventory scenarios in an East Asian model do- ) )

main. Coupled with mass balance analyses, the chemicd/!€rcury is a global pollutant subject to long-range trans-
transport of mercury in East Asia and the resulted mercuryPOrt due to the long atmospheric lifetime of gaseous el-
emission outflow were investigated. The total annual mer-£mental mercury (GEM, 0.5-2 years) (Selin et al., 2007;
cury deposition in the region was estimated to be 821 Mg'Schroeder anql Munthe, 1998; Lin and Pehkonen, 1999; Sr_na
with 396 Mg contributed by wet deposition and 425 Mg by ef[ al., 1999; Lmeerg et al., 2Q07). .On the other hand,. oxi-
dry deposition. Anthropogenic emissions were responsiblegized mercury [likely Hg(ll)], either in the form of reactive
for most of the estimated deposition (75%). The deposi-92s€ous mercury (RGM) or particulate mercury (PHg), can
tion caused by emissions from natural sources was less imP€ Auickly removed from the atmosphere via wet and dry de-

portant (25%). Regional mercury transport budgets showedposition (Lindberg et.al., 2002; Schroeder et al., 1998; ITin
strong seasonal variability, with a net removal of RGM (7— and Pehkonen, 1999; Stratton et al., 2001). Once deposited,

15Mgmonttrl) and PHg (13-21 Mg montt) in the do- its methylation and bioaccumulation in the food chain pose

main, and a net export of GEM (60—130 Mg month from a threat to human health, particularly for the sensitive sub-
the domain. The outflow caused by East Asian emissiond©Pulations (Rolfhus et al., 2003; Mason et al., 1995, 2006;
(anthropogenic plus natural) was estimated to be in the rang!iller et al., 2007). o

of 1369-1671Mgyr?, of which 50-60% was caused by  EastAsiaisthe largest mercury source region in the world.

the atmosphere (Pacyna et al., 2006; Streets et al., 2009).

Recently, there were a number of studies reporting exper-
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using Hg to CO concentration ratio have shown that mer- Myanmar, northeastern India, Bangladesh, Nepal, northern

cury plumes from East Asia can travel across the Pacific td_aos, Vietnam, Japan, Taiwan, North Korea, South Korea,

the west coast of North America (Jaffe et al., 2005; Weiss-and southern Mongolia (Fig. 1). The domain has 14 vertical

Penzias et al., 2007; Weiss-Penzias et al., 2006). Globdayers.

model simulations estimated that the long-range transport

could contribute to 5-36% of the total deposition in North 2.1.2 Meteorological data and modeling periods

America depending on the locations (Jaffe and Strode, 2008;

Seigneur et al., 2004). However, the impact of regionalHourly meteorological fields were used for model simu-

emission uncertainties (Wu et al., 2006; Shetty et al., 2008jations. To study the seasonal trend of mercury chemi-

Streets et al., 2005) on the source-receptor attribution has natal transport, the simulations were performed for four sea-

been addressed. In addition, the chemical transport budgetonal months (January, April, July and October) in 2005.

of atmospheric mercury in the region have not been investi-The meteorological data were prepared by the ICAP pro-

gated extensively. gram using a Meso-scale Meteorological Model (MM5 ver-
To understand the impact of mercury emissions in Eastsion 3.7) (Grell et al., 1994). The quality-assured MM5 out-

Asia on mercury concentration and deposition in other re-puts were processed to the CMAQ model-ready format us-

gions, a better understanding of the transport, transformatioing the Meteorology-Chemistry Interface Processor (MCIP

and deposition in the region is needed. Although preliminaryversion 3.3) as described by Byun and Ching (1999). In

measurement and modeling analyses suggested that mercultye MCIP processing, the dry deposition velociti&gef) of

emission outflow from the region may be significant (Pan etGEM and RGM were calculated using the M3DRY scheme

al., 2006, 2008; Friedli et al., 2004; Weiss-Penzias et al.,(Pleim and Byun, 2004). Th&gep of PHg was calculated

2007), there were few studies that provided detailed quantisimilar to that of fine aerosols in Aitken and accumulation

tative assessments. One approach to study regional emissignodes.

outflow of air pollutants is to construct the mass budget of the

pollutant of interest (Lamborg et al., 1995; Moussiopoulos et2.1.3  Emission inventory

al., 2004). Coupled with a comprehensive modeling assess-

ment, the sources, sinks and associated chemical transpofithropogenic mercury El in China was based on the work

pathways can be understood quantitatively. of Streets and coworkers (Streets et al., 2005; Wu et al.,
In this study, the mercury model of the USEPA Commu- 2006) for Year 2001. The El outside of China was based

nity Multi-scale Air Quality modeling system (CMAQ-Hg) ©n the work by Pacyna and coworkers (Pacyna et al., 2006)
(Bullock and Brehme, 2002; Byun and Schere, 2006) wadfor Year 2000. We recognized that the base years of the in-
applied to simulate the emissions, transport, and depositioiyéntory data were not consistent with the modeling period.
of atmospheric mercury in a model domain covering the Eastiowever, the El data represented the most updated data at the
Asian region. The model results were analyzed to estimatdime when the study was conducted. The emission speciation
the seasonal and annual mercury outflow caused by the emidollowed the recommendations of Streets et al. (2005), which
sions in the region. The outflow was estimated under threrovided specific speciation profiles for different emission
emission inventory (EI) scenarios to understand the impacgource categories in China. On average, there were 56% of
of emission uncertainties. This work, to our knowledge, is GEM, 32% of RGM, and 12% of PHg in the mercury EI.
the first modeling assessment on regional chemical transpofemissions of GEM from natural sources were prepared fol-
of atmospheric mercury in the region, and a part of the modJowing the approaches of Shetty et al. (2008).
eling efforts of the USEPA’s Intercontinental transport and  To understand the impact of emission uncertainties on the
Climatic effects of Air Pollutants (ICAP) Program to under- outflow estimates, three El scenarios were considered for the
stand the effect of air emissions outside of the US to regionastudy domain (Table 1). The base case included mercury
air quality via long-range transport. emissions from both anthropogenic and natural sources as
discussed earlier (denoted as “Base” case). Since the anthro-
pogenic emissions might be underestimated (Shetty et al.,

2 Methods 2008; Friedli et al., 2004; Weiss-Penzias et al., 2007), an
inferred, scaled-up emission dataset from inverse modeling

2.1 Model domain and input data results was also considered (Pan et al., 2007) (denoted as “In-
ferred” case). To understand the relative importance of dif-

2.1.1 Model domain ferent emission sources in the model results, a case consider-

ing emissions from natural sources only was also performed
The ICAP East Asian domain is in Lambert conformal pro- (denoted as “Natural Only” case). The spatial distribution
jection centered at 3N and 110 E. The domain contains of the gridded Base case El is shown in Fig. 1. The greater
97x 164 horizontal grid cells at a spatial resolution of 36 km. emission quantity in July was due to the higher surface tem-
It covers China and other parts of Asia, including Bhutan, perature and solar radiation that enhanced the emissions from
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Fig. 1. Spatial distribution of the Base case mercury emissions (GEM+RGM+PHg) in the study dorf@damuary(b) April, (c) July,
and(d) October.

Table 1. Mercury emission scenarios considered in the study do-ground" BC/ICs were also performed (details see SeCtj 2.3).
main (Mgyr-1). The background BC/ICs assumed a GEM concentration of
1.2 ngnm3 and zero concentration of RGM and PHg.

Domain  Anthrop. 2.2 Chemical transport models
Scenarios GEM RGM PHg Total Emission
Base Cas®e 1249 275 89 1793 g2 CMAQ-Hg version 4.6 was used for all simulations. The
Inferred® 1669 434 155 2958 1390 _model components, science u.pdates,. and model uncertainty
Natural Only 968 0 0 968 0 issues have been discussed in details earlier (Bullock and

Brehme, 2002; Lin et al., 2006b, 2007; Pongprueksa et al.,
a Anthropogenic emissions from Wu et al. (2006) and Pacyna et2008)‘ The Carbon _Bond mechgnlsm (CBO5) was used as
al. (2006), plus emissions from natural sources. the_gas-phase chemlc_al me(;hanlsm to generate the concen-
b Anthrop. emission from the scaled-up values from inverse model-trations of photochemical oxidants. The Rosenbrock solver
ing (Pan et al., 2007), plus emissions from natural sources. (ROS3in CMAQ CTM) was used as the chemical solver be-
¢ Emissions from natural sources based on the methods by Shettgause of its flexibility (not mechanism specific). A global
et al. (2008). mass-conserving scheme (YAMO) was used for vertical and
horizontal advection calculation, and the K-theory eddy dif-
fusivity scheme was used for vertical diffusion (documenta-
natural sources. The El for other criteria pollutants was basedion for these schemes is availablengtp://www.cmascenter.
on the emission data originally developed in a NASA's study org).
on the Transport and Chemical Evolution over the Pacific
(TRACE-P, Carmichael et al., 2003) with continuous updates2.3 Calculation of regional mercury mass budgets
for year 2005.
Mercury emission outflow from the domain was estimated
2.1.4 Boundary and initial conditions by calculating the chemical transport budget of mercury
mass using CMAQ-Hg simulation results for each model-
Boundary and initial conditions (BC/ICs) were re-gridded ing month. A schematic for the mass budget calculation is
from the outputs of a global 3-D chemical transport model,shown in Fig. 2. The change of mercury mass within the
GEOS-Chem CTM (Selin et al., 2007), into the map pro- domain over a simulation period can be influenced by the
jection of the study domain. To understand the effect of mercury mass entering and leaving the domain through at-
BCs on the estimated outflow, simulations using “back- mospheric transport, the emissions from anthropogenic and
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Domain Boundary WhereTB; is the transport budget corresponding to one of
the emission scenarios shown in Table 1, &Bglis the trans-
Atmospheric Mercury port budget under zero emiss_ior'l input. Equation (3) esti-
mates the actual mercury emission outflow from the study
Mass In Processes (GEM, RGM, PHg) / |[MassOut | domain, which is independent of the BC/ICs used in the sim-
ulations. To verify that the estimated mercury outflow is not
Emission Deposition influenced by BC/ICs, the outflow was estimated using two
different sets of BC/ICs as described in Sect. 2.1.4. The es-
timated outflows QF) were found to be identical for both
BC/IC cases.
Fig. 2. Schematics of the method used for calculating regional mer-
cury mass budgets. 2.4 Data analysis

The CMAQ-Hg model outputs were in network common data
natural sources, and the deposition controlled by the chemiformat (netCDF). A suite of netCDF file operators developed
cal and physical processes in the atmosphere (e.g., chemistiyy Zender and Mangalarn (2007) were used for the analysis
scavenging, mixing, etc.). The net change of mercury massf the model data. The Package for Analysis and Visualiza-
within the domain is the difference between mercury massesion of Environmental data (PAVE) version 2.3 (available at
at the beginning and at the end of the modeling period: http://www.cmascenter.oygvas used for data visualization.

CM=FM—IM=1I-0+E—D 1)

. . 3 Results and discussion
Where CM is the net change of mercury masayl is the

air mercury mass in the domain at the end of the modelingz 1 Model-predicted mercury concentrations in East

period (final mass), anid is the air mercury mass in the do- Asia and model verification

main at the beginning of the modeling period (initial mass).

I is the air mercury mass that enters the domains the air ~ The spatial distribution of monthly average surface concen-
mercury mass that leaves the domadiris the emission input  tration of total mercury (ngm?®) in East Asia is shown in

to the air in the domain, and is the deposition removal of Fig. 3 for each model month. The model results were gen-
mercury mass from the air in the domain over the modelingerated using the Base case emissions (Table 1 and Fig. 1)
period. All the terms are in Mg. Sindeand O representthe and GEOS-Chem BC/ICs. There are two important fea-
mercury mass associated with the atmospheric transport inteures in Fig. 3. One is that the surface concentration resem-
and out of the study domain, the transport buddd) (can bled the spatial pattern of emissions from natural sources
be defined as: (Shetty et al., 2008) with a footprint of large point source
emissions. Mercury emissions from large point sources ac-
counted for about 45% of mercury anthropogenic emissions

The transport mass budgets for GEM, RGM and PHg Weré” China. The hotspots cau.sed py these emissions, ipclud-
calculated for each of the modeling months. A positive valueld the elevated concentrations in the provinces of Liaon-
of transport budget indicates a net export of mercury masd"d. Hebei, Guangdong, Guizhou, and Gansu, can be clearly
in air leaving the domain (what's going out is greater than S€€n in the month of January (Fig. 3a) when the emissions
what's coming in); while a negative value indicates a net re-from natural sources was the weakest. Most of the large
moval of mercury mass from air coming into the domain. To PCINt source emissions were from coal combustion and the
validate that the mercury mass was conserved in the calculaSMelting processes of zinc and lead (Streets et al., 2005). In
tion of atmopsheric transport in CMAQ v4.6, a set of tracer Contrast to area and natural sources (vv_h|ch typically _rel_ease
simulations in the study domain was performed by assum{Mercury into the surface layer only), point source emissions
ing a fixed value of mercury concentration (1.5 nginas have higher temperatures and are released at higher altitudes.
BC/ICs without invoking the calculations for chemistry and Therefore, they have a greater potential to enter the free tro-
deposition. After one month of simulation, nearly no changePOSphere for long-range transport. The other feature is that
of mercury concentration<(0.1%) was observed throughout there was a strong concentration gradient from the East Asian
the domains. continent to the Pacific Ocean, suggesting that circumpolar
The mercury outflow caused (or enhanced) by the mercur)yvesterlies transport the mercury emissions from the sources
emissions within the domairOF) can be considered as the Nt the Pacific. o
difference in transport budgets between when there is emis- 1€ model-predicted mercury concentrations in the study

TB=0-I=E—D—FM+IM )

sion input and when there is no emission input, i.e.: domain ranged from 1.1 10 9.3 ng™ with 85-99% of to- _
tal mercury constituted by GEM. These results are consis-
OF=TB;—TB, 3) tent with earlier global model predictions (Seigneur et al.,
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Fig. 3. Spatial distribution of the monthly average surface concentrations (i of total mercury (GEM+RGM+PHg) using the Base case
emissions and GEOS-Chem BC/ICq&) January(b) April, (c) July, and(d) October.

2004; Selin et al., 2007; Strode et al., 2008). The fractionbeen thought to be underestimated or miss certain emission
of RGM and PHg was typically greater at locations nearsources (Pan et al., 2006; Weiss-Penzias et al., 2007; Friedli
large point sources due to the emission speciation (nearlet al., 2004; Feng et al., 2004a, 2005), might also be im-
50% of mercury was emitted as RGM and PHg), and de-portant reasons for the under-prediction of GEM. Model pre-
creased rapidly away from source locations because of theidictions of RGM and PHg agreed reasonably well with the
relatively shorter atmospheric lifetime. The predicted sur-observations made in China, but over-predicted those ob-
face concentrations were compared to the observed conceserved in South Korea and at Cape Hedo, Japan (Table 2).
trations in the East Asian region (Liu et al., 2002; Wang et Process analysis of model results for ozone and OH concen-
al.,, 2006 2007; Fang et al., 2001, 2004; Feng et al., 2004atrations revealed that the photochemistry was simulated ap-
Yang et al., 2009; Xiu et al., 2009; Fu et al., 2008a, b; Wan etpropriately. The over-prediction of RGM and PHg could be
al., 2009a; Wan et al., 2009b; Kim et al., 2009; Nguyen et al.,due to the production of RGM in the marine boundary layer
2007; Chand et al., 2008). We recognized that the timeframgHolmes et al., 2009), which was not considered in CMAQ-
of measurements reported in the literature was not synchroHg. It might also be due to the uncertainty in the emission
nized with the model and emission inventory base years irspeciation, the low/gep of RGM/PHg predicted by model
this study. However, because the air mercury concentratiorover water surfaces, and possibly the residual photochemical
did not change significantly over the past few years (Choiactivities off the continent.
et al., 2009; Kim et al., 2009; Wan et al., 2009a, b) in the
region, model verification by comparing the model results3.2 Model-predicted mercury deposition in East Asia
to the measured mercury concentrations yielded valuable in-
sights to model performance. The comparison is summarizedhe spatial distributions of monthly cumulated dry and wet
in Table 2. deposition of mercury (normalized to pgRyr—! in each

As seen in Table 2, the model-predicted concentrations argrid cell) predicted by model using the Base case emissions
generally consistent with observations. The simulated GEMand GEOS-Chem BC/ICs are shown in Figs. 4 and 5. The
concentrations at remote sites agreed excellently with fieldspatial distribution of dry deposition resembled the footprint
observations. However, the model under-predicted GEMof the source locations of anthropogenic emissions (Fig. 4).
concentrations at most urban sites in China by missing thélhe greatest deposition occurred at the immediate proxim-
peak observed concentrations. This is because some of thigy of the emission sources, mainly in the major urban ar-
urban sites were intended to capture urban emission plumegas of China, Korea, and Japan. The simulated dry deposi-
Therefore, the model-predicted values were comparativelytion typically ranged from 10 to 150 ugmayr—1, with val-
lower because of the focus of regional assessment in thisies exceeding 300 ugthyr—1 near large point sources. The
study. The uncertainties of mercury emissions, which havemonth of April appeared to have a slightly larger deposition
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Table 2. Comparison of the base-case model results with the field observations in the East Asian region.

Station Location Category Observations Date/ Model Results Ref.*
Period
GEM(ng/m®)  RGM(pg/m?)  PHg(pg/n?) GEM(ng/n?) RGM(pg/n?) PHg(pg/n?)
Waliguan, 100.9 E Remote 1.#1.1 Dec-05 1.46(1.16-3.18) 1
China 36.3 N 0.6+0.1 Aug-05
Yangzi River 120.7 E Suburban 544.1 Sep-05 2.49(1.36-8.06) 1
Delta, China 30.8 N
Guangzhou, 113.3E Urban 13.5%7.1 Jan-05 3.15(1.46-9.93) 1
China 23.2N
Beijing, 116.4E Urban 8.3:3.6 180-3510 Jan-05 2.38(1.35-4.80) 751(17.1-2357) 1,2
China 39.9N 6.5+£5.2 Apr-05 2.50(1.28-6.68)
4.9+3.3 Jul-05 3.36(1.76-7.75)
6.7£3.5 Oct-05 2.88(1.38-6.83)
Beijing,China 116.7E Rural 1.8-4.6 Feb-98 2.67(1.28-9.17) 3
40.00N
Changchun, 125.2E Urban 18.4(4.7-79.6) 22-1984 Jul-09— 1.84(1.20-4.9) 258(0.02-695) 4,5
China 43.8N Suburban 11.7(2.3-25.6) Jul-00
Guiyang, 106.7E Urban 8.4:4.9 Nov-01-  2.83(1.20-5.65) 6
China 26.6°N Nov-02
Chongging, 106.5E Urban 6.74:0.37 Aug-06— 2.81(1.37-5.22) 7
China 29.5 N Sep-07
Shanghai, 121.8E Urban 70-1450 Jul-04— 230(0.01-1960) 8
China 311N Apr-06
Mt. Gongga, 102.7E Remote 4.0(0.5-21.0) 6.2 30.7 May-05- 2.20(1.20-8.28) 31.4(0.03-116) 75.8(0.03-482) 9,10
China 29.9 N Apr-06
Changbaisan, 128.3 E Remote 3.581.78 65.0 77.0 Aug-05—- 1.57(1.19-2.80) 25.3(0.02-118) 129(0.01-488) 11,12
China 422N Jul-06
Seoul, Korea 1270 Urban 3.222.1 27.2£19.3 23.%419.6 Feb-05- 3.68(1.36-8.17) 532(0.01-1766) 403(0.03-1641) 13
37.5N Feb-06
An-Myum 126.3E Rural 4.6£2.2 Dec-04- 1.60(1.20-5.54) 14
Island, Korea 36.5 N Apr-06
Cape Hedo, 128.2E Remote 2.040.38 4.5:5.4 3.0£2.5 Mar-04—  1.46(1.20-2.32) 20.6(0.02-94.8) 52(0.02-274) 15
Japan 26.8 N May-04

* 1:(Wang et al., 2007); 2: (Wang et al., 2006); 3: (Liu et al., 2002); 4: (Fang et al., 2004); 5: (Fang et al., 2001); 6: (Feng et al., 2004a); 7:
(Yang et al., 2009); 8: (Xiu et al., 2009); 9: (Fu et al., 2008a); 10: (Fu et al., 2008b); 11: (Wan et al., 2009b); 12: (Wan et al., 2009a); 13:
(Kim et al., 2009); 14: (Nguyen et al., 2007); 15: (Chand et al., 2008).
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Fig. 4. Spatial distribution of the monthly cumulated dry deposition (normalized to annual depositiom;43g™) using the Base case
emissions and GEOS-Chem BC/ICq&) January(b) April, (c) July, and(d) October.
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Fig. 5. Spatial distribution of the monthly cumulated wet deposition (normalized to annual depositiorm;2ygnt) using the Base case
emissions and GEOS-Chem BC/ICq&) January(b) April, (c) July, and(d) October.

compared to other months, a result caused by a combinatiod80 pg nT2yr—1 of dry deposition in Changchun, Jilin from
of relatively low planetary boundary layer height and chemi- the model results).
cal oxidation of GEM (more discussion in Sect. 3.3).

The spatial distribution of wet deposition was highly cor- 3.3 Regional mercury budgets and outflow caused by
related with the locations where precipitation occurred and the East Asian emissions
had very large seasonal variability (Fig. 5). The wet deposi-
tion of mercury typically ranged from 5 to 100 pgiyr—?! The regional mercury mass budgets of emissiBin depo-
in the study domain. The total wet deposition was comparasition (D), and the total mercury mass at the beginning and
ble but somewhat smaller than the total dry deposition (Ta-the end of each modeling monthV( and FM) as defined
ble 3). This is consistent with the model results in North in Eq. (1) were calculated for GEM, RGM and PHg from
America that wet deposition contributes to 30-50% of total CMAQ-Hg model data. These values, as well as their trans-
mercury deposition (Lin et al., 2007). Among the four mod- port budgets estimated according to Eqg. (2), are summarized
eling months, July had the greatest wet deposition becausi Table 3. It should be noted that the transport budgets cal-
of the relatively greater precipitation and more significant culated by Eq. (2) could not separate the deposition caused
chemical oxidation of GEM. The high values of wet depo- by RGM/PHg emissions from the deposition caused by GEM
sition at the south border in July and October were causeaxidation. Instead, they indicated the transport balances after
by the high RGM concentration from the BCs in the south considering various atmospheric processes such as chemistry
boundary in both months. and deposition.

The scarcity of observations for dry and wet mercury From Table 3, it is clear that dry deposition was the pri-
deposition limited the evaluation of model performance mary removal mechanism for RGM and that wet deposition
for mercury deposition. In China, wet deposition of was the main removal mechanism for PHg, although the dry
35ugnr2yr-1 was reported in a rural area (Wujiang River and wet deposition fluxes were of the same order of magni-
Basin) in Guizhou in 2006 (Guo et al.,, 2008). Also, tude on the four-month basis. GEM was primarily removed
wet deposition of 150 pgnfyr—1 and dry deposition of through dry deposition due to its low solubility in the aque-
170 ug m2yr—1 in the urban area of Changchun from July ous phase and vegetation uptakes (Lin and Pehkonen, 1999;
1999 to July 2000 were also reported (Feng et al., 2004b)Lin et al., 2006a). The dry deposition of GEM had very large
The dry and wet deposition of mercury predicted by the seasonal variability, with the greatest removal in July due
model was of the same order of magnitude with the re-to the decreased deposition resistance in the summer month
ported values (15-120 ugThyr—1 of wet deposition and (Lin et al., 2006a; Zhang et al., 2009). Assuming that an-
30-130pugm2yr~1 of dry deposition in Wujiang River nual deposition is equal to three times the four-month sum,
Basin; and 35-260 ugm yr—! of wet deposition and 75— we estimated that the total annual mercury deposition was

www.atmos-chem-phys.net/10/1853/2010/ Atmos. Chem. Phys., 10, 18632010



1860 C.-J. Lin et al.: Estimating mercury emission outflow from East Asia

Table 3. Mercury mass budgets in the study domain (Mg morth

Model Month January April July October
Species GEM RGM PHg GEM RGM PHg GEM RGM PHg GEM RGM PHg
Initial Hg Mass 366.2 144 223 3706 174 227 4040 122 117 399.7 116 123
Final Hg Mass 369.3 142 213 400.3 153 18.9 439.6 117 106 3758 140 183
Emissions 677 228 75 1147 220 7.3 1812 228 75 1126 228 75
Wet deposition 0.003 76 187 0.005 10.8 25.2 0.016 16.9 232 0.008 131 16.6
Dry deposition 25 222 31 93 264 64 176 180 24 90 224 23
Transport Budget 62.1 -6.8 -13.3 75.7 -13.1 -205 128.0 -11.6 -17.0 1275 -151 -174

Net Transport Budget
(GEM+RGM+PHg) 42.0 42.1 99.3 95.0

821 Mg in the East Asian domain for the modeling year, with gested that the mercury emissions in the domain not only
396 Mg contributed by wet deposition and 425 Mg by dry de- offset the removal of mercury mass in air coming into the

position. domain, but also resulted in additional mercury mass in air
For the four modeling months, the transport budget (Eq. 2)leaving the domain. -
of GEM was consistently positive (62—128 Mg month, The mercury outflow caused by the mercury emissions in

while the transport budgets of RGM-{5—7 Mg month 1) the domain under the three emission scenarios (Table 1) was
and PHg (£21—13 Mg month‘l) were consistently nega- estimated using Eq. (3). The results are shown in Fig. 6,
tive (Tab]e 3) These indicated that there was a net transWhiCh also exhibits strong seasonal variability. Because the
port of GEM mass out of the East Asian region and a netanthropogenic El in the Base case has been thought to be
removal of RGM/PHg from air in the region' consistent with underestimated, the estimated outflow in this case should
earlier findings by a global model (Strode et al., 2008). Thebe considered a lower limit. The “Inferred” case used the
GEM mass leaving the domain showed strong seasonal variscaled-up El (Pan et al., 2007), therefore the estimated out-
ability and was the greatest in July (128 Mgmorthbe-  flow could be considered an upper limit. Assuming that the
cause of the increased GEM emissions from natural source@nnual outflow is three times the four-month sum, the esti-
This was about twice as much as the value in Januarynated East Asian mercury outflow caused by emissions was
(62 Mg monthr). The removal of RGM and PHg showed in the range of 1369-1671 Mgyt in the modeling year. For
weaker seasonal variability (20-34 Mg monthcombined)  the scenario where no anthropogenic emission was consid-
compared to that of GEM export. The variability was mainly €red (“Natural Only” case), the mercury outflow caused by
due to the wet deposition. The relatively smaller variability €missions from natural sources amounted to 805 Mg.yr
in dry deposition was caused by the offset of boundary layer The difference in the estimated annual emission outflow
mixing with chemical oxidation of GEM. For example, al- between the “Base/Inferred” case and the “Natural Only”
though January had weaker GEM oxidation that led to lowercase was the outflow caused by anthropogenic mercury emis-
values of dry deposition’ the shallower mixing he|ght in the sion in the region. For the Base case, the estimated anthro-
month caused greater RGM/PHg deposition due to less emig?ogenic emission outflow was 564 Mgy, while the out-
sion dilution. Summing up the transport budgets of GEM, flow for the Inferred case was 866 Mgyr. These corre-
RGM and PHg, there was an overall “export” of mercury sponded to 68% (Base) and 62% (Inferred) of the anthro-
from the East Asian region. The greatest transport quantityoogenic emissions in the domain. The emission outflow per-
occurred in July (99 Mg montH), more than twice as much centage in the Inferred case was smaller because a greater
as the value in January (42 Mg month. On an annual ba- percentage of emitted RGM/PHG deposited near the emis-
sis, it was estimated that 835 Mg of mercury were exportedsion sources compared to that in the Base case. Overall, we
from the study domain, primarily in the form of GEM. estimated that about 75% of mercury emissions in the East
In the absence of mercury emission input, the mercuryASian region resulteq in out-of-boundary transport (76% in
mass entering the model domain by boundary transporfhe Base case; 74% in the Inferred case; 83% in the Natural
should be readily removed through chemical oxidation of ONly case).
GEM followed by dry and wet deposition. The estimated
transport budgets with zero mercury emission in January,
April, July and October of the modeling year were 34, 48,
50, and 45 Mg, respectively (all net removal). If mercury
emissions were included in model simulations, the transport
budgets changed from net removal to net export. This sug-
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180 which typically consitutes more than 95% of TGM, there

160 | ™ BaseCase = 1369 Mg/yr would be a concentration gradient if there were persistent
u Inferred = 1671 Mg/yr winds carrying the emitted mercury to downwind locations.
140 Natural Only = 805 Mg/yr This can be seen in Fig. 3 from the East Asian continent
120 to the Pacific. However, the model-predicted surface TGM
100 fields did not exhibit a gradient from the industrial areas in
China (e.g., Liaoning province) to Korea in both the Base
80 (Fig. 3) and the Inferred cases. The observed TGM concen-
60 tration at the Changbaisan site (at the border of China and the
20 Korean peninsula, 3.7 ng™ mean surface concentration)
(Wan et al., 2009a, b) was not significantly higher than the
20 observed concentrations in Seoul, South Korea (3.3Tym
0 mean surface concentration) (Kim et al., 2009), either. On
JAN APR JuL ocT

the other hand, the aircraft observations of mercury emis-
sion outflow during ACE-Asia campaign did detect mercury
Fig. 6. Estimated mercury outflows of total mercury caused by the plumes at high altitudes=3 km above sea level) (Pan et al.,
emissions in East Asia under various emission scenarios. 2006). In the events of air subsidence, it would be possi-
ble for the ground-level monitors to detect the signals of di-
rect transport of anthropogenic plumes. The impact of such
3.4 Implications on intercontinental and episodic transport events on dry and wet mercury depositions
trans-boundary transport at the receptor sites, which is the primary concern of mercury

pollution, requires further modeling assessment.
Trans-Pacific and trans-boundary mercury transport events

have been reported in a number of recent studies (Jaffe et al.,
2005; Jaffe and Strode, 2008; Strode et al., 2008; Kim et al.4 Conclusions
2005, 2009). Our earlier modeling assessment of the trans-
Pacific transport of mercury showed that direct transport ofin this study, we investigated the regional chemical transport
Asian mercury plumes to North America is insignificant be- of atmospheric mercury in East Asia and the mercury emis-
cause the plumes have been much diluted during the processon outflow from the region using a comprehensive model-
of long-range transport (Lin et al., 2006a). However, the mer-ing approach coupled with regional mass balance analyses.
cury input to the atmosphere by the emission outflow fromCompared to earlier assessments that employed direct flux
the region can be significant. Based on the assessment in thistimate based on measurements or receptor modeling (e.g.,
study, the annual mercury emission outflow from the regionWeiss-Penzias et al., 2007; Kim et al., 2009), the model-
was in the range of 1369-1671 Mgy, mainly in the form  ing approach in this work considered atmospheric processes
of GEM. Considering the current global mercury burden of (emission, chemistry, dispersion, transport, and deposition,
5000-6000 Mg in the atmosphere and the lifetime of atmo-etc.) in the outflow evaluation. This study marks the first re-
spheric mercury at about one year (Mason and Sheu, 2003jional modeling assessment in a source region that accounts
Selin et al., 2007), the emission outflow represented aboufor nearly 50% of the global anthropogenic mercury emis-
20-30% of the global burden. Because mercury depositiorsions.
at remote receptor sites is linear to the release of mercury into The predicted monthly average surface concentrations of
the atmosphere, the input to the global mercury pool from thetotal mercury resembled the spatial distribution of GEM
East Asian emission outflow would contribute to about 20—emissions from natural sources, with concentration hotspots
30% of the deposition in areas remote from mercury emis-caused by large point sources in China, Korea and Japan. The
sion sources. This estimate seemed to be consistent with theoncentration gradient from the Asian continent to the Pacific
results of the global model estimates of 18-26% (Strode etuggested significant mercury outflows. In the East Asian re-
al., 2008; Seigneur et al., 2004). gion, the dry deposition was mainly contributed by RGM;
Kim et al. (2009) reported that 25 of the 70 elevated to- while the wet deposition was contributed by both RGM and
tal gaseous mercury (TGM) episodes observed at a groun®Hg. The total annual deposition was estimated to be 821 Mg
station in Seoul, South Korea from February 2005 to Februfor the modeling year (2005), with 396 Mg contributed by
ary 2006 were caused by the anthropogenic mercury plumewet deposition and 425 Mg by dry deposition. Most of the
emitted in the industrial areas of China (34 episodes causedeposition was caused by anthropogenic emissions (616 Mg
by local events). Based on the findings in Kim et al. (2009) or 75%).
and the model results in this study, we concluded that Regional mercury mass budgets showed strong seasonal
the trans-boundary mercury transport events should occuvariability, with a net removal of RGM (7-15 Mg month)
episodically. Due to the long atmospheric lifetime of GEM, and PHg (13—21 Mg montH) in the study domain, and a

Outflow caused by Emission (Mg/Mo.)
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net export of GEM (60-130 Mg mont#) from the domain Kaijii, Y.: Reactive and particulate mercury in the Asian marine
for all four modeling months. The estimated annual emis- boundary layer, Atmos. Environ., 42, 7988-7996, 2008.
sion outflow from the East Asian region was in the range of Choi, E. M., Kim, S. H., Holsen, T. M., and Yi, S. M.: Total gaseous
1369-1671 Mg yr?, of which 50-60% was caused by emis- ~ concentrations in mercury in Seoul, Korea: Local sources com-
sions from natural sources. This represents about 75% of Pared to long-range transport from china and Japan, Environ.
total mercury emissions (anthropogenic plus natural) in the_ POut 157, 816-822, doi:10.1016/}.envpol.2008.11.023, 2009.
. - .. Fang, F., Wang, Q., Liu, R., Ma, Z., and Hao, Q.: Atmospheric
region. About 65% of anthropogenic mercury emissions re-

ted i fl inlyv i h ii particulate mercury in Changchun city, china, Atmos. Environ.,
sulted in outflow, mainly into the Pacific. 35, 42654272, 2001.

The outflow caused by mercury emissions from the Eastrang, F. M., Wang, Q. C., and Li, J. F.. Urban environmen-
Asian region can contribute significantly to the global mer-  tal mercury in Changchun, a metropolitan city in northeastern
cury pool in the atmosphere. Because mercury deposition China: Source, cycle, and fate, Sci. Total Environ., 330, 159—
at remote receptor sites is linear to the release of mercury 170, doi:10.1016/j.scitotenv.2004.04.006, 2004.
into the atmosphere, the mercury outflow from the region carf-eng, X. B., Shang, L. H., Wang, S. F.,, Tang, S. L., and Zheng,
contribute considerably to deposition in regions remote from W.: Temporal variation of total gaseous mercury in the air
anthropogenic emissions. We estimated that the mercury out- ©f Gulyang, China, J. Geophys. Res.-Atmos., 109, D03303,
flow from East Asia would contribute to 20—-30% of mer- doi:10.1029/2003JD004159, 2004a.
cury deposition at remote receptors. Major uncertainties otFeng’ X.B., van, H. Y., Wang, S. F., Quu, G. L., Tang, S. L., Shang,

hi includ hemical hani d L. H., Dai, Q. J., and Hou, Y. M.: Seasonal variation of gaseous
this assessment include mercury chemical mechanisms an mercury exchange rate between air and water surface over Bai-

mercury speciation of the anthropogenic emission estimates. 4 reservoir, Guizhou, China, Atmos. Environ., 38, 47214732,

Further understanding of mercury chemistry and emission 2004b.
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