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Abstract Mainland China is the largest emission region of anthropogenic mercury (Hg) in the world. There
have been concerns regarding the emission outflow and chemical transport budget of Hg in the region.
Earlier assessments of Hg chemical transport were based on relatively outdated emission data. Recent
estimates for anthropogenic (Wu et al., 2016, https://doi.org/10.1021/acs.est.6b04308) and natural Hg
emissions (X. Wang, Lin, et al., 2016, https://doi.org/10.5194/acp-16-11125-2016) show substantial differences
from earlier emission inventories. In this study, we applied the updated Hg emission estimates to reassess the
regional transport budget using Community Multiscale Air Quality-Hg v5.1. Our results show that the
variation of simulated concentration, deposition, and associated emission outflow of Hg are primarily
influenced by the spatial-temporal variation of Hg emissions, monsoon shifts, and particulate matter
pollution in China. Total Hg deposition in Mainland China is estimated to be 422 Mg/year, and approximately
two thirds of the deposition is contributed by domestic emissions. The net Hg transport budget from
Mainland China is 511 Mg/year, contributing to 10% of Hg deposition in other regions of the world. This
reassessment points to a ~25% reduction in total annual outflow compared to the previous estimate by Lin
et al. (2010, https://doi.org/10.5194/acp-10-1853-2010). Such reduction is mainly caused by changes in Hg
emission quantity, speciation, and spatial/temporal distributions. More modeling studies focusing on
reducing uncertainties of emission inventories and Hg atmospheric chemistry are needed for continuous
assessment of Hg emission outflow in this emission-intensive region.

1. Introduction

Mercury (Hg) is a toxic pollutant subject to long-range transport in the atmosphere due to its relatively long
atmospheric lifetime (0.5–2 years) as gaseous elemental mercury (GEM; Lin et al., 2010; Selin, 2009). In addi-
tion to GEM, atmospheric Hg also exists in two operationally defined species: gaseous oxidized mercury
(GOM) and particulate bound mercury (PBM). Both GOM and PBM (<5% total atmospheric Hg) have much
shorter residence time (few days to weeks) and tend to deposit locally through wet and dry deposition
(Lindberg et al., 2007; Selin, 2009). Once deposited, Hg methylation and bioaccumulation of methylated
Hg in the food chain pose a threat to ecosystems and human health. Methylated Hg pollution in fish and rice
has been a public health concern worldwide (Driscoll et al., 1994; P. Li et al., 2017).

To alleviate the impact of global Hg pollution, international efforts to curb manmade Hg emissions have cul-
minated in the 2013 legally binding Minamata Convention on Mercury. Anthropogenic emission sources
release Hg0, Hg2+, and particle Hg (HgP), while natural sources release Hg

0 only. The so-called natural emission
in this study refers to the Hg release associated with natural processes emitting Hg0 from the natural surfaces
including soil, water, vegetation, ice, and snow surfaces, including re-emission of previously deposited Hg. Hg
emissions and their outflow from East Asia have been regarded as a concern to global Hg pollution due to the
large quantity of Hg release in the region (L. Chen et al., 2014; Jaffe et al., 2005; Lin et al., 2010). According to
the 2013 Global Mercury Assessment, anthropogenic Hg emissions in East Asia account for 35% of global
total in 2010 (UNEP, 2013), with China as the largest emitter (De Simone et al., 2016). Accurate emission inven-
tories are the foundation for assessing the Hg emission outflow in China.
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The continued economic growth and improved air pollution control in China have greatly changed the anthro-
pogenic Hg emission and speciation in recent years (Y. X. Zhang, Jacob, et al., 2016). As more-reliable emission
data become available, reassessment of the regional Hg chemical transport and emission outflow using the
updated emission data is necessary. Recent studies on anthropogenic Hg emissions suggest that (1) atmo-
spheric Hg emission in China peaked in 2011 at 565 Mg/year and then dropped to 530 Mg/year in 2014
(Wu et al., 2016), and (2) emission speciation gradually shifted to a larger fraction of oxidized Hg (51/46/3
for Hg0/Hg2+/HgP in 2014; Wu et al., 2016; L Zhang, Wang, et al., 2015; Zhao et al., 2015). Compared to the spe-
ciation form in GMP 2013 (GMP: Global Mercury Partnership; 80/16/4 for Hg0/Hg2+/HgP; UNEP, 2013), such an
emission speciation shift indicates the increased local deposition and reduced emission outflow.

Recent advances in understanding the natural Hg emission in China also provide a new opportunity to reas-
sess the Hg outflow from China. X. Wang, Lin, et al. (2016) reevaluated the natural release of Hg0 from soil,
vegetation, and water surfaces using new soil Hg data and updated model schemes with physicochemical
parameters reported recently. They found a distinct spatial distribution of estimated Hg emission compared
to the data reported by Shetty et al. (2008), despite a similar net natural release quantity at ~460 Mg/year in
China. Such a spatial distribution transition could also have an impact on regional model results.

Transport, oxidation, and deposition of atmospheric Hg are highly related to concentrations of other air pol-
lutants (such as SO2, NOx, CO, and PM2.5; Bo et al., 2016; Hong et al., 2016; Lin & Pehkonen, 1999). Hence, accu-
rate inventories for these pollutants not only provide a good foundation for air quality modeling but also
improve model performance for atmospheric Hg modeling. High-resolution (0.25° × 0.25°) regional emission
inventory data (M. Li et al., 2015) developed from recent Chinese government-led projects (e.g.,
Multiresolution Emission Inventory for China) enable new modeling assessments to better understand the
chemical transport of atmospheric Hg in a region undergoing rapid emission changes caused by diverging
drivers of economic growth and air pollution control implementation.

Finally, a comprehensive evaluation of model results requires the support of field observational data. Since
2012, a coordinated observational network for atmospheric Hg in China had been established within the fra-
mework of a “973” project, one of the major competitive scientific projects in China. The project expanded
atmospheric Hg monitoring in Mainland China to nine sites using the standard operating procedures and
a Quality Assurance/Quality control system of Global Mercury Observation System for full comparability of
network observations (Figure 1). There are five sites in remote elevated forest/grassland regions (ALS, CBS,
SMS, WLG, and BYBLK) and four sites in suburb/rural regions (DMS, CMD, MYSK, and KXD). For the first time,
the concentration and wet deposition observed at these sites become available for a comprehensive evalua-
tion of atmospheric Hg modeling results in the Mainland China region (Fu, Zhang, Yu, et al., 2015). The com-
bination of updated emission inventories and observational data availability warrants new assessment efforts
to improve our understanding of Hg biogeochemical cycle in China.

This work aims to reassess the chemical transport and deposition of atmospheric Hg, as well as the outflow of
Hg emissions in Mainland China using Community Multiscale Air Quality (CMAQ)-Hg v5.1. The Hg mass bud-
get is estimated under three emission inventory scenarios including anthropogenic and natural Hg emis-
sions, natural-only emissions, and zero emission in a model domain covering the East Asia region.
Conclusions are made based on the simulation results, and environmental implications regarding the impact
of updated emission data on Hg outflow in Mainland China are discussed.

2. Methods
2.1. Domain and Model Description

The model domain is identical to the one used in Lin et al. (2010). Briefly, the domain is in Lambert conformal
projection centered at 34° N and 110° E with 97 × 164 grid cells at a 36-km spatial resolution. It has 14 vertical
layers with a 100-hPa pressure level at the domain top. The model configuration and model uncertainty of
CMAQ-Hg have been discussed in detail previously (Bieser et al., 2017; Lin et al., 2010, 2007, 2006;
Pongprueksa et al., 2008). Briefly, CMAQ v5.1 is based on the CMAQ (Byun, 1999) and modified by Bullock
and Brehme (2002), and Gbor et al. (2006), Bash (2010), and Bash et al. (2014) include Hg chemistry, deposi-
tion fluxes of GOM and PBM, and the bidirectional flux exchange of GEM between the air and natural surfaces.
The current atmospheric Hg chemistry in CMAQ v5.1 is implemented in the cb05tump_ae6_aq mechanism.
Since the natural emission data applied in the modeling represent the net natural emission quantity and has
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incorporated GEM dry deposition and emission (i.e., net emission = emission from soils + emission fromwater
bodies � uptake by vegetation), the GEM dry deposition module in CMAQ v5.1 was not invoked to avoid
double counting of the air-surface exchange of GEM.

Atmospheric redox chemistry of Hg plays an important role in understanding Hg transport and deposition in
the atmosphere. However, mechanisms of Hg oxidation in the atmosphere are not well understood, causing
uncertainty in the simulation results of Hg chemical transport models (Ariya et al., 2015; Gencarelli et al., 2017;
Pacyna et al., 2016; Travnikov et al., 2017; L. M. Zhang et al., 2017). Observational evidence exists that the Br-
mediated oxidation pathway plays a dominant role in GEM oxidation in certain atmospheric environments
(e.g., the marine boundary, polar regions, and the upper troposphere; Ariya et al., 2015; Gratz et al., 2015;
Holmes et al., 2009; Horowitz et al., 2017). However, limited observational data exist with respect to this
mechanism and Br concentration in the global atmosphere (Kos et al., 2013; Travnikov et al., 2017). On the
other hand, despite questions regarding viability and significance of GEM oxidation mechanisms involving
in O3 and OH (Gratz et al., 2015; Holmes et al., 2010; Horowitz et al., 2017), both theoretical and laboratory
studies suggest that these mechanisms can exist in the atmosphere in the presence of aerosol and secondary
reactions (Ariya et al., 2015; Feinberg et al., 2015; Gencarelli et al., 2017; Si & Ariya, 2015; Subir et al., 2015;
Travnikov et al., 2017). Under polluted conditions in urban areas of China, Hong et al. (2016) suggests that
the O3/OH oxidation pathway dominates GOM formation and that such pathway can be enhanced in the pre-
sence of NO2. Finally, recent model intercomparison studies of the EU Global Mercury Observation System
project showed that models with diverse formulations of atmospheric oxidation chemistry are capable of
simulating realistic distribution of the GEM concentration and the wet deposition (Bieser et al., 2017;
Gencarelli et al., 2017; Pacyna et al., 2016; Travnikov et al., 2017). The chemical schemes based on the O3-
and OH-initiated oxidation in CMAQ-Hg are therefore selected for simulating the chemical transport and
Hg deposition in Mainland China, where the lower troposphere has relatively high levels of aerosol and sec-
ondary pollutants. The aqueous HO2 reduction mechanism has been suggested to be unlikely under the oxy-
genated condition in atmospheric droplets (Gardfeldt & Jonsson, 2003). The aqueous reduction of Hg2+ by
dicarboxylic acid (such as oxalic acid) was implemented in the aqueous chemistry following the recommen-
dation of Bash et al. (2014). Following Amos et al. (2012), the gas-particle partitioning of Hg (II) was treated as
a thermodynamic equilibrium function of local temperature and mass concentration of fine particle matter
(PM2.5). Although the chemical kinetics and partitioning of Hg in the gaseous and particulate phases under

Figure 1. Comparisons of Weather Research and Forecasting simulated precipitation intensity and air temperature at 2-m
height versus observed values.
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such polluted scenarios need to be studied further, model performance
evaluation has been conducted to ensure that the model results are repre-
sentative of observed concentration and wet deposition. With a verified
base-case simulation, the relative change of the model results caused by
the changes of emission inventory input is assessed in this study.

2.2. Meteorological and Inventory Data

Hour meteorological data are prepared using the Weather Research and
Forecasting model version 3.7. Meteorological parameters, including pre-
cipitation intensity, air temperature, wind speed, and so on, have a signifi-

cant influence on the simulation results of atmospheric Hg models (Lin et al., 2007, 2006). Hence, accurate
meteorological input data are essential for atmospheric Hg modeling. To obtain the best physics and
dynamics options of Weather Research and Forecasting in China, a L25(5

6) orthogonal design of experiments
is utilized (supporting information Table S1 and Figure S1). The meteorological physics options were selected
based on model evaluation metrics correlation coefficient (R) and root mean square error between simulated
results and observed values (e.g., temperature and precipitation intensity) in 750meteorological stations. The
data analysis for the orthogonal design was accomplished usingMinitab 16. After the initial L25 (5

6) screening,
a L8 (2

4) design was applied to obtain the finally best combination of physics and dynamics options (Table S2
and Figure S2). The selected physics options are Thompson (microphysics options), Betts-Miller-Janjic (cumu-
lus parameterization options), RRTMG (radiation physics options), and BouLac (PBL physics options) based on
the results of meteorological model performance evaluation. Figure 1 displays a comparison between simu-
lated annual precipitation and observed values and between simulated air temperature at 2-m height and
observed values. The regression slopes (0.95–1.0) and R2 values (0.87–0.97) suggest that the meteorological
input data are representative of the meteorological condition in simulations.

Anthropogenic emission and speciation data in China are based on Wu et al. (2016). The total anthropo-
genic emission in 2013 is 546 Mg/year, and the emission speciation for Hg0/Hg2+/HgP is 51/46/3 (Wu et al.,
2016). The emission inventory outside China is from AMAP/UNEP 2010 (UNEP, 2013). Anthropogenic emis-
sion inventory data have a seasonal variation. Overall, 15% of total anthropogenic emissions occur in
spring, 20% in summer, 30% in autumn, and 35% in winter (actual variations depend on provinces).
Natural emission data are from X. Wang, Lin, et al. (2016), which are derived from the model results of
a bidirectional resistant model using the most updated land use in Mainland China (X. Wang, Lin, et al.,
2014, 2016). Natural emission outside of China is assumed to equal to the average values from the same
land use in China. This is a reasonable assumption because the Hg pollution in entire East Asia and South
Asia is relatively high, thus leading to relatively high Hg concentrations in natural surfaces and the
derived evasion fluxes (Selin et al., 2008; Strode et al., 2008; X. Wang, Lin, et al., 2016). The total Hg emis-
sion quantity utilized in the base-case simulation is 1,561.2 Mg/year (848.0 Mg/year anthropogenic and
713.2 Mg/year natural) in the domain (Table 1). The boundary and initial conditions are regridded from
the output of a global 3-D chemical transport model (GEOS-Chem) into the specification of study domain
(Song et al., 2015). Other emission data, such as SO2, NOx, CO, and so forth, are obtained from
Multiresolution Emission Inventory for China (M. Li et al., 2015) and regridded using ArcGIS 10.1 and
National Center for Atmospheric Research Command Language.

2.3. Calculation of Regional Mercury Mass Budgets

The methodology of estimating Hg outflow from the domain has been discussed in detail in our earlier works
(Lin et al., 2010; Pan et al., 2010). Briefly, the change of Hg mass (CM, unit: Mg per season) within the domain
during one seasonal simulation period can be calculated as:

CM ¼ FM� IM; (1)

where FM (Mg per season) is the air Hg mass in the domain at the end of the modeling period, and IM (Mg) is
the initial air Hgmass in the domain. CM can be influenced by the Hgmass entering (InM, Mg per season) and
leaving (OutM, Mg per season) the domain through atmospheric transport, emissions from anthropogenic
and natural sources in the domain (EM, Mg per season), and the wet and dry depositions (DM, Mg per season)
during one seasonal simulation period. Therefore, the change of Hg mass in the domain also can be calcu-
lated as:

Table 1
Mercury Emission Inventories (Mg/year) in the Study Domain

Emission inventories Species China Non-China Total

Anthropogenic emission Hg0 278.5 181.2 483.7
Hg2+ 251.2 90.6 305.0
Hgp 16.4 30.2 44.3

Natural emission Hg0 465.0 248.2 713.2
Total emission 1011.0 550.2 1561.2
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CM ¼ InM� OutMþ EM–DM: (2)

Since InM and OutM represent the Hg mass associated with the atmospheric transport into and out of the
study domain, the transport budget (TB) can be defined as:

TB ¼ OutM–InM: (3)

Based equations (1) and (2), the TB is also equal to

TB ¼ EM–DM� FMþ IM: (4)

The outflow caused by Hg emissions in the domain (OF) is calculated as the difference in TB between when
there is emission input and when there is no emission input (Lin et al., 2010):

OFi ¼ TBi � TB0: (5)

Equations (1), (4), and (5) were applied to calculate the CM, TB, and OFi in this study, respectively. From the
verification in Lin et al. (2010), the OFi is independent from boundary and initial conditions and represents
the actual Hg outflow from the domain. Therefore, we set up three emission scenarios in this study: anthro-
pogenic emission + natural emission input (base case), natural-only emission input (natural-only), and no
emission input (zero emission). The simulation was performed from 1 November 2012 to 31 December
2013 (November–December of 2012 as the spin-up time). ArcGIS 10.1 and netCDF Operators were utilized
for data retrieval and statistical analysis. These graphic model results were visualized using the Panoply 4
(NASA Goddard Institute for Space Studies).

3. Results
3.1. Predicted Ground Level Atmospheric Hg Concentration and Deposition

The monthly variation of simulated GEM in Mainland China is shown in Figure 2. The simulated annual mean
GEM concentration at ground level is 3.0 ± 2.5 ng/m3, with the highest value (3.4 ± 2.9 ng/m3) in December
and the lowest value (2.6 ± 2.3 ng/m3) in September. The highest simulated seasonal mean GEM concentra-
tion occurs in winter (3.2 ± 2.5 ng/m3, December–February), followed by autumn (3.0 ± 1.5 ng/m3,
September–November), summer (2.9 ± 1.9 ng/m3, June–August), and then spring (2.8 ± 1.8 ng/m3, March–
May). The spatial distribution of GEM can be divided by a geodemographic demarcation line, the “Heihe
(127.5°E, 50.2°N)-Tengchong (98.5°E, 25.1°N) Line.” This imaginary line divides Mainland China as the devel-
oped and developing regions. The east side makes up 43% of land area but has 94% of the population (L.
Wang, Guixin, et al., 2016). The simulated GEM concentration on the east side of the Heihe-Tengchong
Line can be up to 3 times higher than the value on the west side because of the much larger Hg emissions
from both anthropogenic and natural sources (X. Wang, Lin, et al., 2016; Wu et al., 2016; L. Zhang, Wang,
et al., 2015). A recent review of Hg measurement in China also suggested that the GEM in eastern China
ranges from 2.0 to 9.7 ng/m3, much higher than the 1.5 to 2.5 ng/m3 GEM in the western China (Fu,
Zhang, Yu, et al., 2015). This is consistent with our modeling results.

The simulated PBM concentration ranges from 3 to 493 pg/m3, with an annual average of 113 ± 76 pg/m3

(Figure 3). The highest PBM concentration occurs in the regions of northern China, Yangtze River delta,
Pearl River Delta, and Sichuan Basin, consistent with higher particulate emissions in these highly industria-
lized areas (Wu et al., 2016; L. Zhang, Wang, et al., 2015). In contrast to the seasonal variation of GEM, PBM
concentration is most elevated in spring (169 ± 57 pg/m3), followed by autumn (158 ± 46 pg/m3), winter
(69 ± 27 pg/m3), and then summer (59 ± 31 pg/m3), as shown in Figure 3. Similar seasonal variations are also
observed in field measurement studies (Ci, Zhang, Wang, & Niu, 2011b; Fu, Feng, Sommar, et al., 2012; Fu,
Zhang, Yu, et al., 2015). Significantly higher PBM concentration is observed in the regional belt from
Xinjiang, inner Mongolia, to northern China in spring (Figure 3). The high PBM concentration mainly reflects
the increase of atmospheric particulates caused by the dust storms that occur more frequently in spring. Field
observations show that PBM concentration during dust storms is 2–10 times higher than the normal mean
values (Y. Q. Zhang, Liu, et al., 2015). Elevated PBM concentration also occurs in the regions of southern,
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eastern, and northern China in autumn (Figure 3). This can be attributed to the greater air emissions and the
relatively more stable atmosphere in the regions in autumn when regional haze prevails. During this period,
the surface wind speed significantly decreases with the weakening of East Asian monsoon (Bo et al., 2016;
X. J. Chen et al., 2016; Douglas & Sturm, 2004; Hong et al., 2016), leading to a more stable atmospheric con-
dition and poor pollutant dispersion. Observational data have shown that the PBM concentration during hazy
days is 2.6–3.7 times higher than the concentration of nonhazy days (Bo et al., 2016; X. J. Chen et al., 2016;
Hong et al., 2016), consistent with our simulation results.

Figure 2. Spatial distribution of simulated monthly mean gaseous elemental mercury concentration at ground level for the base-case simulation.
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The simulated GOM concentration ranges from 1 to 109 pg/m3, with an annual average of 18 ± 26 pg/m3

(Figure 4). The spatial distribution of GOM resembles the distribution of primary GOM emission (R2 = 0.34,
p< 0.01) since GOM can be readily removed through wet and dry depositions or absorbed onto atmospheric
particles (Holloway et al., 2012; Lin & Pehkonen, 1999). The GOM concentration during the rainy seasons
(summer and autumn) is 25–30% lower than the level in dry seasons. The simulated GOM concentration in
the rainy season (May–October) ranges only from 1 to 18 pg/m3 in southern China where precipitation is high

Figure 3. Spatial distribution of simulated monthly mean particulate bound mercury concentration at ground level for the base-case simulation.
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(Figure 4), consistent with the 2–25 pg/m3 GOM observed in these regions (Chand et al., 2008; Fu, Zhang,
Yu, et al., 2015; Yu et al., 2015). The simulated PBM concentration is 5–10 times higher than the GOM con-
centration (Figures 3 and 4). Recent field observations have shown that the PBM concentration can be up
to one order of magnitude higher than the GOM concentration (Fu, Zhang, Yu, et al., 2015), consistent
with our simulation results. This suggests a significant gas-particle partitioning under the high level of
PM concentration.

Figure 4. Spatial distribution of simulated monthly mean gaseous oxidized mercury concentration at ground level for the base-case simulation.
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The simulated annual mean Hg deposition is 36.2 ± 30.4 μg m�2 year�1, with 15.3 ± 13.2 μg m�2 year�1

wet deposition and 20.9 ± 17.2 μg m�2 year�1 dry deposition in Mainland China. The total Hg deposi-
tion in the domain is 422 Mg/year with wet deposition accounting for nearly half (49%) of total deposi-
tion (Table 2). The deposition has a distinct seasonal pattern with 39% of annual deposition occurring
in summer, 24% in autumn, 21% in spring, and 16% in winter. Specifically, the primary emissions of
divalent and particulate Hg in northern and eastern China lead to a high level of dry deposition.
From the dry (November to April) to the rainy (May to October) season, the total deposition gradually
increases with the increasing wet deposition (Figure 5), particularly in southern China. Overall, the wet
deposition attributes to 79% of total deposition in summer, 38% in autumn, 28% in spring, and 23%
in winter.

3.2. Evaluation of Model Performance Using Base-Case Simulation Results

Figure 6 shows the comparison between the simulations results to observational data collected by the China
“973” project Hg ambient monitoring network for the year of 2013. The results are also verified against mea-
surements at the other sites reported in earlier literatures (Figure 7). It should be noted that time periods of
measurements reported in earlier literatures are from the year of 2009 to 2014 and not entirely synchronized
with the model and emission inventory base year in Figure 7. The atmospheric Hg concentration might have
a slight yet statistically insignificant decrease in recent years in China and East Asia (Fu, Zhang, Yu, et al.,
2015). However, the reported values are representative of the spatial distribution of atmospheric Hg (Fu,
Zhang, Yu, et al., 2015), and model evaluation using these data set provides additional insights of model per-
formance in this study.

Monthly averages of the simulated GEM concentration compare favorably with these observations made by
the China “973” project network (all slopes> 0.90; Figure 6). The simulated annual mean GEM concentrations
also agree with recently reported field observations (p = 0.689, t test, R2 = 0.882, Figure 7). Specifically, the
slope of correlation is nearly to 1.0 for observed GEM concentration< 4 ng/m3. The model results somewhat
underestimate for GEM concentration > 4 ng/m3 (Figure 7). Similarly, the simulated PBM concentrations
agree with the observational data at ambient sites where the PBM is <100 pg/m3 but does not capture
the elevated PBM concentration found at highly polluted sites (Figures 6 and 7). The simulated GOM concen-
trations are poorly correlated to the observed values (Figures 6 and 7) due to the uncertainties in Hg chem-
istry and GOM measurement (more details in section 4.3), typically 1–3 times higher than the observations.
The model estimates of wet deposition agree well with the observed data both for daily and annual levels
(Figures 6 and 7).

The underestimation of model results for observed elevated GEM and PBM can be attributed to several rea-
sons. First, the coarse spatial grid resolution (36 km) is not fully capable of producing the instantaneously
measured concentration near emission sources (Pongprueksa et al., 2008), which is an inherited limitation
of regional modeling analysis. Second, uncertainties in the emission inventory data may also be a factor.
For example, Zhao et al. (2015) shows that the uncertainty of Hg emissions from coal-fired power plants
ranges �48 to +89% during 2005–2012. Finally, the uncertainties caused by the incomplete understanding

Table 2
Mercury Mass Balance Budgets Obtained From the Base-Case Simulation

Season Winter Spring Summer Autumn

Species GEM GOM PBM GEM GOM PBM GEM GOM PBM GEM GOM PBM

CM 13.0 2.0 1.8 10.4 2.7 6.4 20.1 0.2 0.7 9.4 1.4 10.3
EM 191.6 95.5 6.3 155.1 18.2 1.2 279.3 51 2.7 140.5 65.5 4.3
WD — 6.5 9 — 8.9 15.9 — 62.4 67.6 — 15 23.5
DD — 24.6 27.4 — 31.6 32.5 — 11 23.6 — 33.1 29.7
TB 178.6 62.4 �31.9 144.7 �25.1 �53.5 259.2 �32.6 �89.2 131.1 16.0 �59.2
Total 209.1 66.1 147.4 88.0

Note. CM (Mg per season) is Hgmass accumulation in the atmosphere, EM (Mg per season) is Hg emission in the domain, WD (Mg per season) is wet deposition, DD
(Mg per season) is dry deposition, and TB (Mg per season) is transport mass budget. Total is the total transport budget for GEM + GOM + PBM. GEM = gaseous
elemental mercury; GOM = gaseous oxidized mercury; PBM = particulate bound mercury.
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of Hg redox chemistry and deposition in the atmosphere (Bieser et al., 2017; Gencarelli et al., 2017; Horowitz
et al., 2017; Lin et al., 2007, 2006; Pongprueksa et al., 2008; Travnikov et al., 2017) also contribute to the
discrepancy between model results and observational data. Nevertheless, the scatterplots of simulated
versus observed GEM/PBM concentrations and wet deposition still mostly fall well within the acceptable
0.5–2 slope limit, indicating that the simulation results appropriately capture the magnitude and spatial
feature of observations in the domain.

Figure 5. Spatial distribution of simulated total deposition for the base-case simulation.
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3.3. Atmospheric Hg Mass Budgets

Table 2 and Figure 8 summarize the atmospheric Hg mass budgets in Mainland China. The result shows that
the Hg emission and its subsequent chemical transport cause an accumulation of 78 Mg/year in the regional
airshed compared to the initial Hg mass in the domain, with 67% of such Hg mass increases attributed to the
GEM increase, 8% to the GOM increase, and 25% to the PBM increase. The accumulated Hg mass in the

Figure 6. Simulated GEM, wet deposition, GOM, and PBM versus the observed values at “973” project sites in 2013. The site locations have been shown in Figure 1.
Sim is the simulated value, and mea is the measured value. Measured GEM concentration and wet deposition at these sites have been reported earlier (Fu, Yang,
et al., 2016; Fu, Zhang, Yu, et al., 2015; Hong et al., 2016; Sprovieri et al., 2016; Yu et al., 2015; H. Zhang, Fu, et al., 2016). Because of the limited availability of
observational data, the averaging periods for GEM, GOM, PBM, and wet deposition vary. GEM = gaseous elemental mercury; GOM = gaseous oxidized mercury;
PBM = particulate bound mercury.
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Figure 7. Evaluations of simulated annual GEM, PBM, GOM, and wet deposition for the base case in the domain. The obser-
vational data sets obtained from the China “973” mercury ambient monitoring network and from earlier publications
for the other sites are all measured during 2009–2014. A more detailed information of measured data set can be found in
Table S4 (Bo et al., 2016; H. S. Chen et al., 2015; X. J. Chen et al., 2016; Ci et al., 2015; Ci, Zhang, &Wang, 2011, Ci et al., 2012; Ci,
Zhang, Wang, & Niu, 2011a, 2011ab; Friedli et al., 2011; Fu, Feng, Dong, et al., 2010; Fu, Feng, Liang, et al., 2012; Fu,
Feng, Shang, et al., 2012; Fu et al., 2011; Fu, Feng, Sommar, et al., 2012; Fu, Feng, Zhu, et al., 2010; Fu, Zhu, et al., 2016; Fu,
Yang, et al., 2016; Fu, Zhang, Lin, et al., 2015; Fu, Zhang, Yu, et al., 2015; J.-S. Han et al., 2016; Y.-J. Han et al., 2014; Hong et al.,
2016; Huang, Kang, Zhang, et al., 2012; Huang et al., 2013, 2015; Lee et al., 2016; Ma et al., 2016; Ma, Wang, Du, et al.,
2015; Ma, Wang, Sun, et al., 2015; Sheu & Lin, 2011, 2013; Sheu et al., 2013, 2010; Song et al., 2015; Tang et al., 2018;
Y. M. Wang, Peng, et al., 2014; Weiss-Penzias et al., 2015; Xu et al., 2013, 2015). GEM = gaseous elemental mercury;
GOM = gaseous oxidized mercury; PBM = particulate bound mercury.

Figure 8. Mass budgets of atmospheric Hg in Mainland China. The “net natural Hg0 emission” represents the difference
between GEM dry deposition and evasion. The transport budget is defined in equation (5). GEM = gaseous elemental
mercury; GOM = gaseous oxidized mercury; PBM = particulate bound mercury.
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regional airshed leads to an average increase of approximately 1.0-ng/m�3

GEM concentrations at ground level. The accumulation during summer
months is higher than in winter because of the stronger natural Hg0 emis-
sion. A substantial quantity of accumulated Hg mass is transported to the
upper atmosphere due to the stronger vertical transport, and therefore,
the ground-level GEM concentration is lower in summer. The annual
deposition of GOM is 193 Mg/year in Mainland China (Table 2 and
Figure 8). The annual PBM deposition is 19% higher than the deposition
of GOM. We observe a similar seasonal pattern for GOM and PBM deposi-
tions. Both GOM and PBM have the highest depositions in summer (38%
for GOM and 40% for PBM in Mainland China), followed by autumn (25%
for GOM and 23% for PBM), spring (21% for GOM and 21% for PBM), and
then winter (16% for GOM and 16% for PBM).

Table 2 shows TBs (equations (3) and (4)) of GEM, GOM, and PBM. The total
TB has a distinct seasonal pattern. Winter season has the greatest total TB,
followed by summer, autumn, and then spring. GEM is consistently posi-
tive in Mainland China. This indicates that there is a net transport of GEM
mass out of the region. The transport of GEM is 34% in summer, 26% in
winter, 22% in spring, and 18% in autumn; while the TB of GOM and

PBM are consistently negative during spring and summer, suggesting a net removal of GOM/PBM from air
in the region. These findings are consistent with earlier results by the global models that GEM is the main
Hg form exported from East Asia and GOM/PBM deposit locally (L. Chen et al., 2014; H. S. Chen et al., 2015;
Selin et al., 2008). The seasonal trend for TB of GEM is mainly caused by seasonal Hg emissions and monsoon
shifts in East Asia. The higher TB of GEM in summer than in winter is mainly caused by the much stronger nat-
ural Hg0 emission in summer. The total Hg0 emission in summer is 1.5 times higher than total emission in win-
ter (Table 2). This TB trend is different from earlier CO and NOx modeling results that highest export flow over
Pacific was observed in winter (Bey et al., 2001; Liu et al., 2003), since the earlier results were caused by the
stronger westerlies and a greater emission (e.g., higher emission from biomass burning in Southeast Asia
and higher anthropogenic emission in China) in winter (Bey et al., 2001; Liu et al., 2003). Overall, we estimate
a net Hg TB of 511 Mg/year from China. When only natural Hg emission is considered, the total deposition
decreases by ~40% in Mainland China (Table S3). In the scenario of zero emission, the TB becomes negative
(Table S3). With the anthropogenic and natural emissions, the TB shifts from net removal under zero emission
scenario to net export. This indicates that Hg emissions in the domain can offset the removal of Hgmass in air
coming into the domain and result in Hg mass in air leaving the domain.

Total Hg outflow caused by Hg emissions in the domain under the three emission scenarios using equa-
tion (5) is shown in Figure 9. The total Hg emission in Mainland China is 1,011 Mg/year, and the total
emission outflow of Hg is 628 Mg/year, accounting for ~63% of total emission. Given the 5,000–
6,000 Mg of Hg mass in the atmosphere (Lindberg et al., 2007; Selin et al., 2008), Hg emission total out-
flow from Mainland China can contribute to approximately 10% of Hg deposition in other regions of the
world. Under the natural-only emission scenario, about 73% of natural Hg emission results in outflow.
Given the difference of total deposition between the base-case and zero emission case in Tables 2 and S3,
it is estimated that ~65% Hg deposition in Mainland China is caused by domestic emissions. This is consis-
tent with these results from L. Chen et al. (2014) and Lin et al. (2010), which exhibits that 60–75% deposition
in China is caused by local emissions.

4. Discussion
4.1. Comparison With Previous Model Results

Table 3 shows a summary of results obtained from regional and global scale Hg modeling assessments
(L. Chen et al., 2014; H. S. Chen et al., 2015; Jaffe & Strode, 2008; Lin et al., 2010; Pan et al., 2008, 2010;
Seigneur et al., 2004; Strode et al., 2008; Travnikov, 2005). It should be noted that most model results are
not directly comparable due to differences in emission inventories (particularly natural emissions since earlier
studies did not specify the quantity and spatial distribution), Hg chemistry, and model configurations. In

Figure 9. Estimated Hg mass outflows caused by emissions in the domain
under various emission scenarios. The pie charts show the ratio of annual
outflow over annual total emissions. Lin_EAW and Lin_EAN refer to the base
case and the natural-only case in the east Asian domain in Lin et al. (2010),
respectively. EAW and EAN are the base case and the natural-only case in the
East Asian domain in this study, respectively. CW is the base case and CN is
the natural-only case in the mainland China regions in this study.
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general, regional models produce Hg concentrations more representative of the observed levels in urban and
industrial areas. Global model results show that Asian outflow contributes to 16–25% of Hg deposition in
North America and 10–15% in the European region, except for one study (H. S. Chen et al., 2015) reporting
<5% of contribution in both regions.

Themodel configurations of CMAQ-Hg in this study and in Lin et al. (2010) are similar, and therefore, it is valu-
able to compared findings obtained from the two studies. The simulation year of Lin et al. (2010) is 2005. The
total annual Hg emission outflow from East Asia estimated in this study is 25% lower than the earlier estimate
by Lin et al. (2010; 990 Mg/year in this study versus 1,356/year Mg in Lin et al., 2010) for the East Asia region. It
is recognized that the meteorological input data utilized in Lin et al. (2010) and in this study are different,
which could have contributed to the difference in the estimated outflows. To rule out this possibility, a sepa-
rate model simulation was conducted using the 2005 (the model year of Lin et al., 2010) meteorology and the
emission inventories in this study. Comparison of the model results obtained by the two sets of meteorolo-
gical input (Table 4) indicates that the annual difference in outflow caused by interannual variability of
meteorology is approximately 5%. Although meteorological variability remains an important factor for the
emission outflow quantity, changes in Hg emission quantity, speciation, and spatial/temporal distributions
play a more important role in the estimate outflow difference.

Table 3
Summary of Model Results of Atmospheric Mercury in Mainland China and East Asia Regions

Model SR AEI GO AO AR SC Model results Ref

CTM 8 × 10 1,138a OH, O3, Cl2 HOCl/OCl�, OH, O3 HO2 1.7–2.1 Asian emissions contribute to 21% of Hg deposition in
North America.

1

MSCE-Hem 2.5 × 2.5 1,270a OH, O3, Cl2 HOCl/OCl�, OH, O3 HO2 1.5–3.0 Asian anthropogenic emissions contribute to 12% of
deposition in Europe, 19% in North America, and 62%
in Asia.

2

GEOS-Chem 2.0 × 2.5 1,080a OH, O3, Cl2 HOCl/OCl�, OH, O3 HO2 — 1,650 Mg/year of Hg deposition in Asia and West Pacific
(65–175°E, 0–60°N), of which 570 Mg/year caused by
anthropogenic emissions. Emissions in East Asia
contribute to 16% of Hg deposition in North America.

3

GEOS-Chem 4.0 × 5.0 580a OH, O3, Cl2 HOCl/OCl�, OH, O3 HO2 — Asian anthropogenic and natural emissions contribute
to 14% and 11% of deposition in North America,
respectively.

4

STEM-Hg 1.0 × 1.0 536b OH, O3, Cl2,
H2O2

HOCl/OCl�, OH, O3 HO2 1.4–2.5 702 Mg/year of Hg deposition in East Asia. 342 Mg/year
of Asian anthropogenic Hg emission become outflow.

5

CMAQ 36 km × 36 km 826c OH, O3, Cl2 HOCl/OCl�, OH, O3 HO2 1.1–9.3 821 Mg/year Hg deposition in East Asia. 75% of the
deposition is caused by emissions within the domain.
Total emission outflow in the range of 1,300–1,700 Mg/
year, representing 70% of the total emissions.

6

STEM-Hg 50 km × 50 km 718c OH, O3, Cl2,
H2O2

HOCl/OCl�, OH, O3 HO2 1.8 1072 Mg/year of Hg deposition in East Asia. 681–714 Mg/
year of emissions becomes outflow. 31% of total
emissions is deposited within the East Asia domain.

7

GEOS-Chem 2.0 × 2.5 970a Br Br — 2.0 380 Mg/year of Hg deposition is in East Asia (not
including ocean). Asian emissions cause 10–15%
of Hg deposition in Europe, 16–17% in North America,
and 64–71% in East Asia.

8

GNAQPMS-Hg 1.0 × 1.0 785b OH, O3, Cl2 HOCl/OCl�, O3 HO2 1.4–3.0 Asian anthropogenic emissions contribute to ~3% of
deposition in Europe, 4–5% in North America, and 60%
in China.

9

CMAQ 36 km × 36 km 546b OH, O3, Cl2,
H2O2

HOCl/OCl�, OH, O3 DCA 1.1–8.7 990 Mg/year of total Hg emissions become outflow; of
which 645 Mg/year is contributed by emissions in
China. 746 Mg/year deposition in East Asia (422 Mg/year
in China), 60% of Hg deposition in the East Asia is
caused by emission within the domain. The outflow
from China causes about 10% of Hg deposition globally.

10

Note. SR is the spatial resolution (latitude × longitude or as noted), AEI is anthropogenic emission inventory (Mg/year), GO is gaseous oxidants, AO is aqueous
oxidants, AR is aqueous reductants, and SC is simulated concentration (ng/m3). The reference of 1 is from Seigneur et al. (2004), 2 from Travnikov (2005), 3 from
Jaffe and Strode (2008), 4 from Strode et al. (2008), 5 from Pan et al. (2008), 6 from Lin et al. (2010), 7 from Pan et al. (2010), 8 from L. Chen et al. (2014), 9 from H. S.
Chen et al. (2015), and 10 from this study.
aMeans the domain covering whole Asia. bMeans East Asia. cMeans China.
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The natural emission in Lin et al. (2010) is based on the estimate by Shetty et al. (2008). Lin et al. (2010) esti-
mated that 786 Mg/year of natural emission in the East Asia domain becomes outflow, accounting for 81% of
the total natural emission. The estimate obtained in this study is 501 Mg/year, 74% of the total natural emis-
sion (Figure 9). Such difference can be attributed to several reasons. One is the difference of the total natural
emission quantity. Shetty et al. (2008) estimated the total natural emission in the East Asia domain is
834 Mg/year, while our estimated value is 713 Mg/year. The other is that the spatial distribution of the natural
Hg release is significantly different between the two inventories. For example, the natural emission in China
from X. Wang, Lin, et al. (2016) exhibits stronger Hg release on the west side of model domain (Figures S3
and S4). Thirty-seven percent of total natural emission in X. Wang, Lin, et al. (2016) is from the west side of
the Heihe-Tengchong line, compared to only 11% from the same region in Shetty et al. (2008). The difference
in spatial distribution leads to a greater fraction of natural Hg emission deposited or remained in the atmo-
sphere. Since the outflow of Hg emissions in East Asia is mainly driven by the prevailing westerlies, the
evaded Hg from the western China has a longer residence time in the domain (X. Wang, Lin, et al., 2016).
Finally, the temporal distribution of natural emission also plays an important role. Shetty et al. (2008) esti-
mated 57% natural emission in summer, 19% in spring and autumn, and 5% in winter, in contrast to the
51% in summer, 28% in spring, 13% in autumn, and 8% in winter in this study (X. Wang, Lin, et al., 2016).

The total anthropogenic Hg emission used in this study is also similar to the quantity estimated by Lin et al.
(2010; 833 versus 826 Mg/year). However, the speciation of anthropogenic Hg emissions in this study is
51/46/3 for Hg0/Hg2+/HgP, different from the 56/32/12 applied in Lin et al. (2010). A larger fraction of oxidized
Hg in this study indicates a stronger local deposition. For example, the total deposition of PBM and GOM in
this study is 15% higher. Furthermore, Figure 9 shows a smaller Hg outflow to total emission ratio in the base
case due to the stronger local deposition of oxidized Hg near the point sources. This highlights the impact of
emission speciation change on the quantity of Hg outflow.

4.2. Hg Transport Pattern and Impacts From Anthropogenic and Natural Emissions

The seasonal pattern of GEM concentration exhibiting a winter maximum and autumn minimum is driven by
multiple factors including monsoon shifts as well as seasonal variations of anthropogenic and natural emis-
sions (Fu, Zhang, Yu, et al., 2015; Gustin et al., 2015; Mao et al., 2016; L. M. Zhang et al., 2017). The regional air
transport is mainly controlled by the westerlies in winter and spring and by the East Asian Monsoon and
Indian Monsoon in summer and autumn (Figure S5). Observational and modeling evidence indicated a dis-
tinct trans-Pacific transport of Hg from China by the prevailing westerlies (Jaffe et al., 2005; Jaffe & Strode,
2008; Strode et al., 2008). Atmospheric Hg monitoring and receptor modeling results from the China “973”
project showed that Hg emissions from biomass burning in South and Southeast Asia can be transported
to the southwest region of Mainland China, leading to elevated Hg concentration events (Fu, Zhang, Lin,
et al., 2015; X. Wang et al., 2015; H. Zhang, Fu, et al., 2016). Furthermore, Hg observation at Mt. Changbai
(a high mountain site in Northeast China) indicated that high-GEM events can be caused by the air masses
originating from Korea (Fu, Feng, Shang, et al., 2012).

Mercury emissions applied in this study from natural and anthropogenic sources in China are of similar quan-
tity (465 versus 546 Mg; M. Wang, Chen, et al., 2010; X. Wang, Lin, et al., 2016; Wu et al., 2016), while their sea-
sonal variations and spatial distributions differ significantly. The seasonal change of anthropogenic emission
is subject to the variation of industrial activities that peak in winter in China, thus greater Hg anthropogenic
emissions in the cold season (S. X. Wang, Zhang, et al., 2010, 2014; Wu et al., 2016). Based on the national

Table 4
Contribution of Interannual Variability of Meteorology to the Difference in Estimated Hg Outflows

Difference
January
(%)

February
(%)

March
(%)

April
(%)

May
(%)

June
(%)

July
(%)

August
(%)

September
(%)

October
(%)

November
(%)

December
(%)

Total annual
(%)

Wet deposition 12.50 �12.90 5.40 7.10 �14.70 12.00 �10.90 12.50 3.60 �13.50 12.10 �9.50 3.97
Dry deposition �10.80 14.70 �11.90 8.90 9.40 �14.30 9.70 �9.30 9.65 11.60 �6.80 �7.90 2.65
Outflow �6.20 7.80 12.10 �10.50 10.80 8.60 �9.45 �6.50 �8.20 �7.90 �9.20 13.30 �5.45

Note. Identical emission data were applied for the two modeling years (2013 and 2005) to assess potential metrological influences. The monthly and annual dif-
ferences in the resulted chemical transport budgets are calculated as (Case2013� Case2005) / Case2005 * 100%. Case2013 refers to the model results using 2013
meteorology, and Case2005 refers to the model results using the 2005 meteorology.
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statistics, 15% of total anthropogenic emission is assumed in spring, 20% in summer, 30% in autumn, and
35% in winter. The seasonal variation of natural Hg emission mainly depends on land use, farming
activities, and meteorology (X. Wang, Lin, et al., 2014, 2016). Half of the natural emission occurs in summer
(51%), followed by spring (28%), autumn (13%), and winter (8%; X. Wang, Lin, et al., 2016). For the spatial
distribution, anthropogenic sources are concentrated in East China where anthropogenic emission domi-
nates over natural emission (X. Wang, Lin, et al., 2016; Wu et al., 2016). Approximately 70% of anthropogenic
Hg emission is from large point sources (L. Zhang, Wang, et al., 2015). Compared to the diffused natural
sources, the point-source emissions cause the regionally elevated Hg concentration and deposition in East
China. This is reflected by the high GOM, and PBM, and local deposition near these emission sources shown
in Figures 3–5.

Figure 10 compares the seasonal emissions from anthropogenic and natural sources by province. The anthro-
pogenic emission dominates the total emission in nearly all provinces in winter and autumn and is the pri-
mary driver causing the atmospheric Hg spatial distribution in these seasons (Figure 2). In spring and
summer, natural emission can be up to 10 times greater than the anthropogenic emission in less developed
regions (e.g., Tibet and Gansu; Figure 10). Due to the relatively weak emission over a large area, natural emis-
sion can be further diluted during transport and does not significantly elevate Hg concentration in the pro-
vinces of Yunnan, Tibet, and Xinjiang (Figure 2). Strong natural Hg emission driven by the higher temperature
in the croplands of northern China (i.e., Hebei and Henan provinces) slightly elevates ambient GEM concen-
tration (Figure 2), consistent with field measurement results (Sommar et al., 2016; X. Wang, Lin, et al., 2016).
The simulation results by zeroing out anthropogenic emission (“natural-only” case) show that natural emis-
sion causes an increase of 0.3 ng/m3 annual mean GEM concentration (Table S3). In addition, the simulated
Hg deposition in natural-only emission case is ~2 times greater compared to the deposition in the zero-
emission case (Table S3), suggesting chemical reactions converting Hg0 released from natural sources into
oxidized Hg in the domain.

It is noteworthy that uncertainties remain in the emission inventories used in this study. The predominant
Hg emission sources in China’s anthropogenic inventory are coal combustion, nonferrous metal smelting,
cement production, and iron and steel production (H. Zhang et al., 2014). Although recent in-stack

Figure 10. Seasonal ratios of anthropogenic emission over natural emission in Mainland China by province.

10.1029/2018JD028350Journal of Geophysical Research: Atmospheres

WANG ET AL. 9883



measurements have improved the emission and speciation factors,
emission uncertainties remain in the range of �31–58% for Hg0,
�32–69% for Hg2+, and �51–114% for Hgp (Wu et al., 2016; L.
Zhang, Wang, et al., 2015; Zhao et al., 2015). Emissions from pro-
cesses of treating Hg wastes (e.g., dust recycling during cement
production) and from coal combustion for residential heating in
rural regions need further improvement (Fu et al., 2011; Streets
et al., 2005; L. Zhang, Wang, et al., 2015; Zhao et al., 2015).
Finally, the spatiotemporal resolution of the emission data needs
to be enhanced for high-resolution modeling assessment (Mao
et al., 2016). There are also knowledge gaps among multiscale
inventories obtained from different methodologies that need to
be addressed (e.g., downscaling versus bottom-up approach; Zhao
et al., 2015; Zhong et al., 2016).

Estimates of natural Hg emission have relatively larger uncertainties
compared to anthropogenic emission estimates. Earlier assessments
reported a ±2,000 Mg/year uncertainty in global natural emission
(Pirrone et al., 2010; X. Wang, Lin, et al., 2016) due to limited under-
standing in the Hg0 emission processes from environmental surfaces
and a lack of soil characterization data with sufficient geospatial cov-
erage and land use activity changes. Although extensive field mea-
surements have established correlations between Hg emission flux
and environmental parameters (e.g., soil temperature and solar radia-
tion), fundamental understanding regardingmechanisms and rates of
Hg2+ reduction in soil, water body, and on the other natural surfaces
limits the development of mechanistically robust air-surface Hg0

exchange models (Agnan et al., 2016; Bash, 2010; Bash et al., 2007;
Pirrone et al., 2010; Sprovieri et al., 2010; X. Wang, Lin, et al., 2014,
2016; W. Zhu et al., 2016).

4.3. Uncertainties of Atmospheric Hg Chemistry in CMAQ-Hg

The inaccuracy of the simulated precipitation fields and assump-
tions made in the cloud scavenging process represent a major
uncertainty for simulating Hg wet deposition (Lin et al., 2006).

Earlier studies have suggested that the quality of the precipitation fields has the strongest impact on
the simulated wet deposition (Bieser et al., 2014; Bullock & Brehme, 2002; Lin et al., 2007). In this study,
the simulated precipitation is representative of the rainfall recorded in Mainland China (Figure 1), and the
simulated wet deposition also agrees excellently with measurements (Figures 6 and 7). The model esti-
mate shows that 52–64% of Hg wet deposition is contributed by PBM (Table 2), suggesting a high level
of PBM exists in rainwater. This is also consistent with observations showing particulate Hg account for
65–90% of total Hg in rainwater samples collected in the “973” project network and at other sites in
China (Fu, Yang, et al., 2016; Huang, Kang, Guo, et al., 2012; Huang, Kang, Zhang, et al., 2012; Huang
et al., 2013, 2015). CMAQ-Hg calculates PBM deposition in the precipitation by calculating PBM scavenged
into cloud with subsequent Hg2+-particulate equilibria in the aqueous phase (Bullock & Brehme, 2002; Lin
et al., 2006). The model treatment appears effectively simulate the quantity of wet deposition measured
in China.

Figure 7 shows that the simulated GOM has the largest model-observation discrepancies, with model
results overestimating the measured GOM by 109% on average. Similar model overestimations of GOM
concentration were also reported at 15–380% in earlier studies using CMAQ-Hg (Bieser et al., 2014;
Bullock et al., 2008, 2009; Gbor et al., 2006; Gencarelli et al., 2017; Holloway et al., 2012; Lin et al., 2010;
Pongprueksa et al., 2008; J. Zhu et al., 2015) and at 80–117% using GEOS-Chem (Amos et al., 2012; Y.
Zhang et al., 2012). Several possible reasons can cause such overestimates. One is the undersampling bias
caused by the KCl-coated denuders for GOM measurements used in most field campaigns. Several studies

Table 5
Hg Chemistry Implemented in this Modeling Assessment Using CMAQ-Hg

Reaction Rate expression

CMAQ: Gas-phase reactions cm3 molecules�1 s�1

Hg0(g) + O3(g) → 1/2 GOM + 1/2 PBM 2.11 × 10�18

Hg0(g) + Cl2(g) → GOM 2.6 × 10�18

Hg0(g) + H2O2(g) → GOM 8.5 × 10�19

Hg0(g) + OH(g) → 1/2 GOM + 1/2 PBM 7.7 × 10�14

Hg0(g) + Cl(g) → 1/2 GOM + 1/2 Hg0(g) 2.8 × 10�12

CMAQ: Aqueous-phase reactions M�1 s�1

Hg0(aq) + O3(aq) → HgO(aq) 4.7 × 107

HgSO3(aq) → Hg0(aq) T exp((31.971–12595)/T) s�1

Hg (OH)2(aq) + hv → Hg0(aq) 6.0 × 10�7 cos (solar zenith angle) s�1

Hg0(aq) + OH(aq) → Hg2+(aq) 2.0 × 109

Hg2+(aq) + HOCl(aq) → Hg2+(aq) 2.09 × 106

Hg0(aq) + OCl�1
(aq) → Hg2+(aq) 1.99 × 106

Hg2+(aq) + DCAs(aq) → Hg0(aq) 1.2 × 104

GEOS-Chem: Gas-phase reactions cm3 molecules�1 s�1

Hg0(g) + Br(g) + M(g) → HgBr(g) + M(g) 1.46 × 10�32 (T/298)�1.86

HgBr(g) + M → Hg0(g) + M(g) + Br(g) 1.6 × 10�9 (T/298)�1.86 exp (�7801/T)
HgBr(g) + Br(g) → Hg0(g) + Br2(g) 3.9 × 10�11

HgBr(g) + NO2(g) → Hg0(g) + Br2NO2(g) 3.4 × 10�12 (391/T)
HgBr(g) + Br(g) → HgBr2(g) 3.0 × 10�11

HgBr(g) + NO2(g) → HgBrNO2(g) kNO2 (M,T)
HgBr(g) + Y(g) → HgBrY(g) kHO2 (M,T)
Hg0(g) + Cl(g) + M(g) → HgCl(g) + M(g) 2.2 × 10�32 exp(680(1/T-1/298))
HgCl(g) + Cl(g) → Hg0(g) + Cl2(g) 1.2 × 10�11 exp(680(�5492/T)
HgCl(g) + Br(g) → HgClBr 3.0 × 10�11

HgCl(g) + NO2(g) → HgClNO2(g) kNO2 (M,T)
HgCl(g) + Y(g) → HgClY(g) kHO2 (M,T)
GEOS-Chem: Aqueous-phase reactions M�1 s�1

Hg0(aq) + O3(aq) → HgO(aq) 4.7 × 107

Hg2+(aq) + HOCl(aq) → Hg2+(aq) 2.09 × 106

Hg0(aq) + OH(aq) → Hg2+(aq) 2.0 × 109

Hg2+(aq) + hv → Hg0(aq) 5.2 × 10�2 local photolysis rate
(m3 STP μg�1 s�1)

Note. The reaction kinetics follow the recommendations of Holloway et al.
(2012), Bieser et al. (2014), Bash et al. (2014), and Horowitz et al. (2017).
GOM = gaseous oxidized mercury; PBM = particulate bound mercury.
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reported that the GOM concentration measured using a denuder system such as the Tekran speciation
module (Model 1130) may underestimate the true GOM concentration by a factor of 1.6–12 times
depending on the Hg (II) compound (Gustin et al., 2013, 2015). It has also been reported that the current
speciation profiles for GOM emission inventories may contribute to the overestimation of GOM simulation
(Bieser et al., 2014). Advancement to improve the accuracy of GOM measurements will provide more reli-
able data for model evaluation.

Another cause is that the knowledge gap in the present understanding of Hg0 oxidation chemistry in the
gaseous phase (L. M. Zhang et al., 2017). The dominant Hg0 oxidants in the atmosphere by O3/OH or by Br
(details in Table 5) has been a subject of ongoing scientific debates in the past decade. Several theoretical
studies suggested that the production of HgO(g), a potential product of the O3- and OH-initiated oxidation,
appears to be unlikely in the gaseous phase (Shepler & Peterson, 2003; Tossell, 2006). However, laboratory
experiments and theoretical investigations both suggest that third-body effects and surfaces make these
reactions possible in the atmosphere (Ariya et al., 2015; Pal & Ariya, 2004; Snider et al., 2008; Subir et al.,
2011, 2012). High concentrations of O3 and OH are present in the urban and remote atmosphere in China,
and therefore, the contribution of O3- and OH-initiated oxidations should not be ignored. However, their
actual contribution to GOM concentration in polluted airsheds needs further studies. Br-initiated oxidations
are significantly faster, and their reaction kinetics are considered more reliable (uncertainty of 102 for O3/OH
versus 101 for Br-initiated oxidations; Horowitz et al., 2017; Subir et al., 2011, 2012). However, there is a large
uncertainty in the global concentration distribution of halogens species in the atmosphere, limiting the per-
formance of atmospheric Hg modeling using a global model such as GEOS-Chem (Horowitz et al., 2017; Subir
et al., 2011). The present knowledge implies a possibility of more complex Hg chemistry and multiple oxida-
tion pathways occurring concurrently in various parts of the atmosphere (Travnikov et al., 2017), which
requires more experimental verification.

5. Conclusion

This study presents the results of a comprehensive modeling assessment of the emission, chemical trans-
port, and deposition of atmospheric Hg in Mainland China. It is shown that the spatial distribution and
temporal variation of atmospheric Hg concentration in China is controlled by the variation of Hg emission
and monsoon shifts in different seasons. Elevated levels of aerosol and secondary air pollutants signifi-
cantly enhance the GOM and PBM concentrations. For example, the spring dust storms and autumn
regional haze events are both important causes for the high level of simulated PBM concentration. The
emission and chemical transport of Hg result in an accumulation of 78 Mg/year of Hg in the regional
airshed of Mainland China, causing an average increase of 1.0 ng/m3 in atmospheric Hg concentration
at ground level, consistent with the recent ground network observations. The outflow of GEM mass is
mainly caused by the seasonal Hg emissions and monsoon shifts. Overall, the total Hg deposition in
China is estimated to be 422 Mg/year (49% by wet deposition), and ~2/3 of the deposition is caused
by domestic emissions. The net Hg transport budget from China is estimated to be 511 Mg/year. Our
reassessment on the emission-caused outflow in the East Asia region points to approximately 25%
decrease compared to the previous estimate by Lin et al. (2010). Such decrease is mainly caused by
changes in Hg emission quantity, speciation, and spatial/temporal distributions.

The primary uncertainties in this modeling assessment are from emission inventories and possibly the inade-
quate representation of atmospheric Hg chemistry implemented in models. The model does not adequately
capture the transient high-level of GEM and PBM concentrations in urban areas. Model results also do not
fully explain the seasonal GEM variation in the rural regions of western and northern China. The model over-
estimation of GOM concentration may be due to the measurement bias caused by GOM sampling using KCl
denuders commonly used in automated ground-based monitoring of speciated atmospheric Hg. Continued
improvement in the estimates of anthropogenic emission from residential coal combustion and Hg waste
treatment processes in China, as well as in natural emission inventory through better understanding of
Hg0 evasion processes from soil, water, and other natural surfaces, will improve future modeling assessment.
Fundamental understanding in Hg0 oxidation mechanisms responsible for Hg removal from the atmosphere
will also reduce the uncertainties. Nevertheless, this study provides the current state of understanding on Hg
emissions and transport in this emission-intensive region.
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