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ABSTRACT: Mercury (Hg) is characterized by its ability to migrate
between continents and its adverse effects on human health, arousing
great concern around the world. The transboundary transport of large
anthropogenic Hg emissions from China has attracted particular
attention, especially from neighboring countries. Here, we combine an
atmospheric transport model, a mass budget analysis, and a
multiregional input−output model to simulate the atmospheric Hg
outflow from China and investigate the impacts of Chinese
interprovincial trade on the outflow. The results show outflows of
423.0 Mg of anthropogenic Hg, consisting of 65.9% of the total
Chinese anthropogenic emissions, from China in 2010. Chinese
interprovincial trade promotes the transfer of atmospheric outflow
from the eastern terrestrial boundary (−6.4 Mg year−1) to the western
terrestrial boundary (+4.5 Mg year−1) and a net decrease in the
atmospheric outflow for the whole boundary, reducing the chance of risks to foreign countries derived from transboundary Hg
pollution from China. These impacts of interprovincial trade will be amplified due to the expected strengthened interprovincial
trade in the future. The synergistic promotional effects of interprovincial trade versus Hg controls should be considered to
reduce the transboundary Hg pollution from China.

1. INTRODUCTION

Mercury (Hg) is a global toxic pollutant that is characterized
by long distance atmospheric transport, which contributes to
its ability to migrate across the oceans between continents.1,2

Owing to dry and wet scavenging, Hg can be deposited in
terrestrial and aquatic ecosystems. Methylmercury (MeHg)
can be formed via the methylation and bioaccumulation of Hg
in food webs after deposition, adversely affecting human
health, for example, by causing neurocognitive deficits in
children and cardiovascular problems in adults.3−7 Several
human health disasters have already occurred owing to MeHg
exposure (e.g., Minamata disease),8 promoting the launch of
the Minamata Convention on Mercury.9 The convention
focuses on the transboundary Hg pollution and controls
around the world.

China is the largest Hg emitter in the world, releasing
approximately 33% of the global total anthropogenic emissions
to the air each year.1,10,11 The transboundary transport of large
Hg emissions outside China has aroused great concerns from
all countries of the world, especially neighboring countries. For
instance, combining monitoring data and meteorological data,
scholars suggested that high Hg concentrations observed at
Mt. Fuji and Cape Hedo in Japan might be related to the
transboundary transport of Hg from China.12−15 These
concerns require studies focusing on atmospheric Hg outflows
from China and the subsequent impacts on neighboring
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regions. Previous studies have illustrated that anthropogenic
emissions from East Asia significantly contribute to Hg
deposition over the rest of the world. For instance, 70−75%
of the total emissions from East Asia were transported outside
the region, and the maximum occurred in spring and early
summer, contributing 20−30% of the total atmospheric
deposition over remote regions.16,17 Anthropogenic emissions
from East Asia were the primary sources for atmospheric
Hg deposition over global oceans,2,18 especially the Arctic.19,20

However, atmospheric Hg outflows from China and the
associated impacts on neighboring regions have not been
investigated.
China is a vast country with substantial disparities in

socioeconomic development across provinces, such as in the
consumption of resources and energy, population growth, and
lifestyles, resulting in frequent and substantial interprovincial
trade. Interprovincial trade separates production activities and
final consumption and subsequently induces embodied air,
water, and soil pollution.21−24 The atmospheric Hg emissions
embodied in interprovincial trade have been well-documented
in China, resulting in a comprehensive virtual atmospheric Hg
emission network among Chinese provinces.25−27 The network
shows that a large amount of Hg emitted from inland provinces
is caused by the final consumption in coastal provinces.25,26 In
addition to Hg emissions, previous studies also found that 32%
of atmospheric deposition over China was embodied in
interregional trade and that deposition was considerably
redistributed by this trade.28 Considerable impacts of
interprovincial trade on atmospheric Hg emissions and
deposition within China have been verified by previous
studies, but impacts of interprovincial trade on Hg transport
outside China are poorly understood.
In this study, we combine an atmospheric transport model, a

mass budget analysis, and a multiregional input−output model
to simulate the atmospheric outflow of anthropogenic Hg
emitted from human activities in China and subsequent
deposition over neighboring seas and lands and investigate the
impacts of Chinese interprovincial trade on Hg outflow and
deposition. Accordingly, suggestions on controlling trans-
boundary Hg pollution from China are proposed. The findings
in our study are relevant to efforts on international
collaboration to reduce transboundary Hg pollution.

2. MATERIALS AND METHODS
2.1. Study Area and Associated Anthropogenic

Emissions. The study domain is located from 70°E to
150°E and 11°S to 55°N, which represents the East Asian
domain. This area covers China and other parts of East Asia,
such as Japan, the Republic of Korea, India, Indonesia,
Vietnam, Thailand, and Mongolia [Supporting Information
(SI),Figure S1]. To evaluate the impacts of interprovincial
trade on foreign deposition, we choose several representative
neighboring seas and lands that border on terrestrial China or
that are located offshore and classify these regions into five
groups according to their locations, namely, the Chinese
coastal seas, Japan−Korea, Southeast Asia, South Asia, and
Mongolia (SI, Data set S1; Figure S1). To evaluate the impacts
of interprovincial trade on atmospheric outflow, we divide the
whole geographic boundary of China into the eastern
terrestrial boundary and western terrestrial boundary. The
eastern terrestrial boundary includes all the coastlines and
national boundaries located in the northeast provinces (SI,
Figure S1).

Human activities, such as coal combustion, nonferrous metal
smelting, and cement production, emit large quantities of Hg
into the atmosphere each year. In this study, anthropogenic
emissions from China from the producer perspective (i.e.,
production-based emissions) are referenced from our previous
work,28 which compiled a Chinese emission inventory in 2010
by multiplying energy usage and product yields by the
respective emission factors. The anthropogenic emissions are
distributed as point and nonpoint sources in terms of industrial
productivity and gridded population density. Seasonal
variations have not been evaluated for the emissions due to
data unavailability. The production-based emissions for each
province and each economic sector are given in the SI (Data
set S4 and S5, respectively). Anthropogenic emissions from
other parts of Asia are referenced from the AMAP/UNEP
(Arctic Monitoring and Assessment Programme/United
Nations Environment Programme) global anthropogenic
emission inventory in 2010.1

2.2. Evaluation of Trade-Induced Emissions. The
calculation of the interprovincial trade-induced Hg emissions
is based on an environmentally extended multiregional input−
output (EE-MRIO) analysis of the interactions between
different economic sectors (SI, Data set S2) and provinces in
China multiplied by sector-specific emission intensities. The
MRIO table of China in 2010 developed by Liu et al.29 is used
in this study to evaluate interprovincial trade-embodied Hg
emissions among Chinese provinces. A brief introduction of
the MRIO approach is shown as follows:

= − −X I A Y( ) 1 (1)

where X is a vector of the total monetary output for different
sectors, Y is a vector of final demand for different sectors,
including final consumption (F) (i.e., urban household
consumption, rural household consumption, government
consumption, and investment) and international export (E).
I represents the unsity matrix, and A denotes the direct
requirement coefficient matrix. Element aij in matrix A is
defined as the intermediate input from sector i to the
production of a unit output for sector j. (I − A)−1 is the
Leontief inverse matrix, which is the foundation of the MRIO
approach.
Multiplying by the direct emission intensity vector (ψ) for

eq 1, we calculate sector- and province-specific consumption-
based emissions with the corresponding final consumption F.
We define ψ0 as a vector with zero for a given sector or
province but the direct emission intensity for other sectors or
provinces. Through multiplying by the vector, we calculate
emissions embodied in imports (EEI) for the given sector or
province with its corresponding final consumption F (eq 2).
The hats over ψ0 and F mean diagonalizing vectors of ψ0 and
F. The correspondence relationships between direct emission
sources and sectors of the Chinese MRIO table are shown in
the SI (Data set S3).

ψ= ̂ − ̂−I A FEEI ( )0
1

(2)

To evaluate the impacts of interprovincial trade, we set up a
hypothetical scenario with an absence of interprovincial trade.
We assume the trade partners could produce the same goods
that are originally involved in interprovincial trade locally, and
then EEI of a given province are assumed to be relocated from
its trade partners to the province. Similar to previous
studies,30,31 the assumed relocation of EEI reveals the same
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technologies when producing the same goods between trade
partners and is used to evaluate the difference between
existence and absence of interprovincial trade. The results of
trade-induced emissions are shown in the SI (Data sets S4 and
S5). Meanwhile, the net emission flows induced by
interprovincial trade are shown in Figure S2 (SI).
2.3. Simulation of Atmospheric Hg Outflow and

Deposition. The GEOS-Chem chemical transport model
(version 9-02; http://geos-chem.org) is used to simulate
atmospheric Hg deposition over the study area and
atmospheric Hg outflow from China. The model is a 3-D
atmosphere model that is integrated to a 2-D surface slab
ocean and a 2-D soil reservoir for the Hg cycle.32−34 Three Hg
species, namely, elemental Hg (Hg0), divalent Hg (HgII), and
particulate Hg (HgP), are tracked in the model. Hg0 can be
oxidized to HgII by Br atoms, while HgII can be reduced to Hg0

under light in cloud droplets.33 Meanwhile, the balance of gas−
particle partitioning is maintained between HgII and HgP.35

Dry deposition and wet scavenging of atmospheric Hg in the
model follow the resistance-in-series scheme from Wesely36

and the scheme from Liu et al.,37 respectively. The model is
driven by the assimilated meteorological fields from the
Goddard Earth Observing System (GEOS-5) conducted by the
NASA Global Modeling and Assimilation Office (GMAO).
Using the method presented in our previous work,28 a

nested model can be conducted over East Asia at a native
horizontal resolution of 1/2° ×

2/3° and 47 vertical levels from
the surface to 0.01 hPa. Before performing the nested
simulation, a global 4° × 5° resolution simulation is conducted
first for lateral boundary conditions of the nested simulation.
The global simulation is driven by emissions combining the
Chinese emission inventory in China and the AMAP/UNEP
global anthropogenic emission inventory outside China.1 The
nested model’s performance has been evaluated against a series
of observations in our previous work. In this study, we run the
nested model with two emission scenarios representing the
existence and absence of interprovincial trade, respectively, in
2010 under an initial spin-up of the last three months in 2009.
The lateral boundary conditions are provided by global
simulations during 2008−2010. The outputs are archived
monthly and are used to illustrate seasonal variations in
atmospheric outflow and deposition.
2.4. Calculation of Regional Hg Mass Budget. The

atmospheric Hg outflow from China is estimated by calculating
the Hg mass budget for China using the GEOS-Chem
simulation results for each modeling month. We use a
schematic for the regional mass budget calculation proposed
by Lin et al.16 In general, the change in atmospheric Hg burden
within a region over a simulation period can be influenced by
the Hg mass entering and leaving the region via atmospheric
transport, atmospheric Hg emissions, and atmospheric Hg
deposition via dry and wet scavenging. Meanwhile, the net
change in atmospheric Hg burden within a region also equals
the difference between the atmospheric Hg burden at the
beginning and at the end of the simulation period. The
schematic can be expressed by the following equations

− = − + −E DFB IB IM OM (3)

= − = − − +E DOF OM IM FB IB (4)

where FB is the atmospheric burden within the region at the
end of the simulation period and IB is the atmospheric burden
within the region at the beginning of the simulation period.
IM, OM, E, and D represent the Hg mass that enters the

region, the Hg mass that leaves the region, the atmospheric
emissions in the region, and the atmospheric deposition in the
region over the simulation period, respectively. OF represents
the net atmospheric outflow from the region via atmospheric
transport, which can be defined as the difference between the
Hg mass leaving the region and entering the region. All the
terms are in Mg per period. In this study, we evaluate all the
terms driven by Chinese anthropogenic emissions to illustrate
the impacts of human activities in terrestrial China on
neighboring seas and lands.

3. RESULTS AND DISCUSSION
3.1. Atmospheric Hg Outflow from China. In 2010,

human activities in China totally release 641.7 Mg of Hg to the
air, 218.7 Mg of which is deposited in terrestrial China and
423.0 Mg of which is transported outside terrestrial China
(Figure 1). The atmospheric outflow consists of 65.9% of the
total Chinese anthropogenic emissions, and the large
contribution indicates that China serves as both an important
Hg emitter and an important Hg exporter globally. For the
whole year, the atmospheric burden over China driven by
Chinese anthropogenic emissions remains nearly constant.
Moreover, seasonal variations are observed for atmospheric

Hg deposition and outflow for China (Figure 1b). In summer
months, large near-source deposition occurs in China due to
the large amount of rain, which increases atmospheric
deposition over terrestrial China and subsequently reduces
atmospheric outflow from terrestrial China. The largest
deposition (24.2 Mg month−1) and smallest outflow (27.7
Mg month−1) occur in August. In winter months, in contrast,
the atmospheric deposition over terrestrial China decreases
and atmospheric outflow increases subsequently due to the
lower amount of rain and limited scavenging in winter in
China. The smallest deposition (13.1 Mg month−1) and largest
outflow (41.4 Mg month−1) values occur in February. The
seasonal difference reveals that human activities in China
contribute more to domestic Hg pollution in summer months
and neighboring Hg pollution in winter months.

3.2. Impacts of Interprovincial Trade on the
Atmospheric Outflow. Human activities in China released
a total of 641.7 Mg of Hg to the air in 2010, 503.0 Mg of which
is related to the final consumption of the Chinese population
(SI, Data set S4). The remaining mass is related to
noneconomic activities (i.e., residential coal consumption
and the use of Hg-added products) and foreign consumption.
For a specific province in China, the final consumption
includes consumption of local goods and imported goods,
inducing local emissions (i.e., on-site emissions embodied in
the own consumption of the province) and emissions in other
provinces that are involved in interprovincial trade (i.e., EEI),
respectively. For the whole nation, the imports of goods and
services induce 227.6 Mg year−1 of Hg emissions. Meanwhile,
among the EEI, 85.6 Mg year−1 of Hg is embodied in net
interprovincial trade, which represents the net transfer from
embodied Hg importers to embodied Hg exporters within
China (SI Data set S4).
Figure 2 illustrates the impacts of interprovincial trade on

the net atmospheric Hg outflow from the whole boundary of
China. Due to Chinese interprovincial trade, approximately 1.9
Mg year−1 of net Hg would have been transported outside
China, but it is deposited in terrestrial China (1.6 Mg year−1)
and stored in the atmosphere (0.3 Mg year−1). Most of the
embodied Hg importers are developed provinces in China
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located on the southeast coast, while most of the embodied Hg
exporters are developing provinces in China located in inland
regions. As a result of interprovincial trade, emissions flow
from the southeast coast to inland regions (SI, Figure S2),
which was also reported by previous studies.26,28 These
emissions are easily deposited in terrestrial ecosystems and
stored in the atmosphere over terrestrial China due to the
greater distance from the terrestrial boundaries.

Compared to the small net change for the whole boundary,
interprovincial trade contributes more to the change in
spillover channels. The emission flows from the southeast
coast to inland regions during interprovincial trade contribute
to the decrease in spillover from the eastern terrestrial
boundary and the increase from the western terrestrial
boundary (Figure 3). The decrease from the eastern terrestrial
boundary is estimated to be −6.4 Mg year−1, consisting of
7.5% of the emissions embodied in net interprovincial trade,
while the increase from the western terrestrial boundary is
estimated to be +4.5 Mg year−1. The decrease in spillover from
the eastern terrestrial boundary contributes to the decrease in
atmospheric deposition over the seas and lands leaving the
eastern terrestrial boundary, such as the Chinese coastal seas,
the Sea of Japan, Japan−Korea, and some regions in Southeast
Asia (Figure 3). However, the increase in spillover from the
western terrestrial boundary contributes to the increase in
atmospheric deposition over the lands outside the western
terrestrial boundary, such as Mongolia, South Asia, and some
regions in Southeast Asia (Figure 3).
The transfer of atmospheric outflow from the eastern

terrestrial boundary to the western terrestrial boundary is a
highly significant change in transboundary Hg pollution from
China. As we know, human MeHg exposure stems almost
entirely from the consumption of seafood, such as fish and
shellfish harvested from marine regions.38−40 Thus, marine
regions are the critical receptors of Hg posing health risks to
human beings.3,41,42 Accordingly, the decrease in atmospheric
outflow from the eastern terrestrial boundary and the
subsequent decrease in atmospheric deposition over the seas
outside the eastern terrestrial boundary may reduce the Hg in
seafood harvested from the seas, which can reduce the MeHg
exposure risks for humans who rely heavily on marine-based
diets, such as the populations of Japan and the Republic of
Korea. In general, through the transfer of atmospheric outflow
between different boundaries, interprovincial trade reduces the
chance of risks to foreign countries derived from trans-
boundary Hg pollution from China.
Moreover, the transfer of atmospheric outflow from the

eastern terrestrial boundary to the western terrestrial boundary
is characterized by significant seasonal differences (Figure 3).
The seasonal differences are attributed to the prevailing wind

Figure 1. Spatial distribution of atmospheric Hg deposition over East
Asia driven by Chinese anthropogenic emissions (a) and the Hg mass
budget for China (b). The season “winter” includes December (D),
January (J), and February (F). The season “spring” includes March
(M), April (A), and May (M). The season “summer” includes June
(J), July (J), and August (A). The season “autumn” includes
September (S), October (O), and November (N). The mass budget
includes atmospheric emissions, atmospheric deposition, atmospheric
burden, and atmospheric outflow.

Figure 2. Changes in the spatial distribution of atmospheric Hg
deposition over East Asia (a) and changes in the Hg mass budget for
China (b) as driven by Chinese interprovincial trade.
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directions of the East Asian Monsoon (SI, Figure S3). In the
autumn and winter months, seasonal winds from Siberia to the
Northwest Pacific bring atmospheric Hg from the southeast
coast of China to the downwind seas outside the eastern
terrestrial boundary, and the decrease in deposition occurs
over the seas due to exported emissions outside the southeast
coast of China (Figure S3a,d). Meanwhile, the seasonal winds
also bring atmospheric Hg from southwest China to downwind
regions in South Asia, and the increase in deposition occurs
over these regions due to imported emissions into southwest
China (SI, Data set S4, Figure S2). An increase in deposition is
observed over the sea and land near southern Japan during
interprovincial trade, which is attributed to both imported
emissions into the North China Plain (e.g., Hebei, Shandong)
(SI, Data set S4) and the seasonal winds of the East Asian
Monsoon. Meanwhile, wind shear over the region may
contribute to greater deposition and amplify the increase
(Figure S3a,d).
In the spring and summer months, the prevailing wind

direction is from the Northwest Pacific to Siberia, the opposite
direction of the wind in the autumn and winter months (Figure
S3b,c). The seasonal winds bring atmospheric Hg from inland
China (e.g., Henan, Gansu, Shaanxi, and Inner Mongolia) to
downwind regions outside the western terrestrial boundary,
such as Mongolia. An increase in deposition occurs over these
downwind regions due to the imported emissions in inland
China during interprovincial trade (SI, Data set S4, Figure S2).
Due to the seasonal winds, the decrease in atmospheric

outflow from the eastern terrestrial boundary of China in the
spring and summer months is weaker than that in autumn and
winter months. This phenomenon indicates that interprovin-
cial trade reduces the Hg risks to foreign countries mainly in
the autumn and winter months. Finally, a decrease in
deposition is found along the line of the Yellow Sea, the
Korean Peninsula, the Sea of Japan, and northern Japan all the
year round. The westerlies of the Northern Hemisphere
throughout the year may contribute to this phenomenon,
resulting in these regions as the most important regions
benefiting from Chinese interprovincial trade.

3.3. Projected Impacts of Interprovincial Trade. A
large potential impact of Chinese interprovincial trade on the
changes of atmospheric Hg outflow can be inferred. At present,
the relocation of emissions embodied in the net interprovincial
trade (85.6 Mg year−1) results in the transfer of atmospheric
outflow from the eastern terrestrial boundary to the western
terrestrial boundary and a net decrease in the atmospheric
outflow from the whole boundary. Subsequently, atmospheric
deposition of Chinese anthropogenic Hg decreases over
neighboring seas and lands outside the eastern terrestrial
boundary, for example, −10.5% for Chinese coastal seas and
−2.2% for Japan−Korea, and increases over neighboring lands
outside the western terrestrial boundary (Figure 4). These
changes in outflow and deposition can be amplified with an
increase in net interprovincial trade.
In addition to the emissions embodied in net interprovincial

trade, the trade induces another 142.0 Mg year−1 of Hg

Figure 3. Changes in the spatial distribution of atmospheric Hg deposition over East Asia except for terrestrial China as driven by Chinese
interprovincial trade. The definitions of the seasons are the same as those for Figure 1. The number in blue located in the lower left corner of each
panel indicates the sum of decreasing global atmospheric deposition driven by Chinese interprovincial trade (unit: Mg season−1), and the number
in red indicates the sum of increasing global atmospheric deposition driven by Chinese interprovincial trade (unit: Mg season−1).
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emissions that is offset due to trade balance (Figure 4).
Meanwhile, the consumption of local goods by the national
population also induces 275.4 Mg year−1 of Hg emissions that
are not involved in interprovincial trade (SI, Data set S4;
Figure 4). If the interprovincial trade is strengthened in the
future, the original trade balance would be broken and the
consumption of local goods would be transferred to the
consumption of imported goods. Then, the emissions
embodied in net interprovincial trade would become larger,
which would further promote the transfer of atmospheric
outflow from the eastern terrestrial boundary to the western
terrestrial boundary and a net decrease in the atmospheric
outflow from the whole boundary given the premise of
constant total anthropogenic emissions. This change will
further reduce the MeHg exposure risks to humans who live in
the regions outside the eastern terrestrial boundary of China
and those who rely heavily on the marine-based diets. For
instance, Japan−Korea totally receives 6.3 Mg year−1 Hg from
Chinese anthropogenic emissions. If the decrease responded
proportionally to the increase of net interprovincial trade from
85.6 to 503.0 Mg year−1, we would expect a decrease of
Chinese anthropogenic Hg from 6.3 to 5.5 Mg year−1

deposited in Japan−Korea. That is, the maximum for
transboundary impacts of China on Japan−Korea can be
reduced by 11%, which is equivalent to the emission ratios of
some critical emission sectors in China (e.g., coal-fired power
plants). In general, a further reduction in transboundary Hg
pollution from China is projected with the increase in net
interprovincial trade.

3.4. Policy Implications of Transboundary Hg
Controls. Policies on Chinese anthropogenic sources would
contribute considerably to the mitigation of Hg-related health
risks in Chinese neighboring regions in consideration of the
considerable atmospheric Hg outflow. The mitigation would
vary between seasons, with more mitigation occurring in the
winter months due to the larger atmospheric Hg outflow in
those months. Chinese interprovincial trade promotes the
transfer of atmospheric outflow from the eastern terrestrial
boundary to the western terrestrial boundary and a net
decrease in the atmospheric outflow from the whole boundary
and an increase in the atmospheric deposition over terrestrial
China. The decrease in deposition over neighboring regions
outside the eastern terrestrial boundary is more remarkable in
the autumn and winter months. Rapid industrialization and
urbanization have substantially increased the consumption of
goods and services and associated interprovincial trade in the
past decades in China.25 This change reveals that a
considerable portion of Hg from Chinese human activities
has not been transported outside the eastern terrestrial
boundary and has been deposited in terrestrial China or
transported outside the western terrestrial boundary due to
increasing interprovincial trade in the past decades. Chinese
interprovincial trade, to some extent, has offset the adverse
effects of increasing anthropogenic Hg emissions from China
on neighboring seas and lands outside the eastern terrestrial
boundary of China.
Since the 11th Five-Year Plan, the Chinese government has

committed to build and develop urban agglomerations, which

Figure 4. Changes in the atmospheric Hg budget for China and the atmospheric Hg deposition over neighboring seas and lands driven by trade-
induced emissions of China. The total national anthropogenic emissions consist of emissions from each province, including the emissions
embodied in the consumption of local goods, consumption of imported goods, and other emissions (e.g., residential coal consumption and the use
of Hg-added products). The “net” emissions represent the emissions embodied in net interprovincial trade. The unit of all the numbers except
numbers in parentheses is Mg year−1. The numbers in parentheses represent the proportion of the change induced by interprovincial trade to the
total deposition of Chinese anthropogenic Hg over each neighboring region. The definition of each neighboring region is described in the SI (Data
set S1), and the Chinese coastal seas include the Bohai Sea, Yellow Sea, East China Sea, and South China Sea.
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calls for more domestic consumption and domestic imports.
More domestic consumption and imports promotes more
emissions embodied in interprovincial trade, which will flow
from coastal developed urban agglomerations to inland
developing regions in the future. The projected increase in
interprovincial trade is expected to promote the transfer of
atmospheric outflow from the eastern terrestrial boundary to
the western terrestrial boundary and the further reduction in
transboundary Hg pollution from China. Alongside with the
Hg controls implemented in China, interprovincial trade has a
synergistic promotional effect on the reduction in atmospheric
outflow, especially for the reduction in atmospheric deposition
over regions outside the eastern terrestrial boundary of China.
Thus, the combination of Hg controls and interprovincial trade
could be considered to reduce the transboundary Hg pollution
from China.
3.5. Uncertainties and Recommendations. Our model

results are subject to uncertainties from various sources,
including the compilation of production-based emissions, the
calculation of trade-induced emissions, and the simulation of
the atmospheric chemical transport model. Since the
production-based anthropogenic emissions from China are
referenced from our previous work,28 an overall uncertainty of
[−25.0%, 29.0%] from that study is used in this study. These
uncertainties are derived from knowledge gaps on Hg
concentrations in fuel/raw materials, Hg removal efficiencies,
and activity rates. The calculation of trade-induced emissions
includes an additional uncertainty from the MRIO analyses,
which was estimated to be 13.0% according to previous
studies.22,43,44 These uncertainties are derived from knowledge
gaps in economic statistics, sectoral mapping, and data
harmonization.45,46 The simulation of the atmospheric
chemical transport model is subject to errors in emission
inputs and the model representation of tropospheric physical
and chemical processes. However, performing Monte Carlo
and other sensitivity simulations that require high computa-
tional costs is computationally prohibitive. Instead, we use the
normalized root-mean-square deviation (NRMSD) between
the simulated and observed results of atmospheric deposition
to represent the uncertainties of the model in terms of the
method presented by Zhang et al.44 On the basis of the
method and the model evaluations in our previous work,28 the
NRMSD is estimated to be 23.1% for atmospheric Hg
simulation over the model domain in 2010. In summary,
based on the aggregation of the uncertainties above, we
estimate an overall uncertainty of [−34.1%, 37.1%] for
atmospheric deposition and outflow in section 3.1 and
[−36.4%, 39.3%] for changes in atmospheric deposition and
outflow in section 3.2.
The MRIO database used in this study is derived from the

work of Liu et al.,29 while many other MRIO databases have
been developed for China, such as those developed by Shi and
Zhang,47 Zhang and Qi,48 and Wang et al.49,50 Especially,
Wang et al.49,50 have recently developed a more resolution-
detailed and time-detailed MRIO database for China, which
also comes with accompanying standard deviation tables. The
use of the database from Liu et al.29 makes it easy to compare
our results to those of most previous studies that used the
database, and it will be critical and possible to compare and
harmonize the results based on the other databases in future
studies. Meanwhile, to evaluate the impacts of interprovincial
trade on atmospheric deposition over neighboring regions, we
choose several representative neighboring seas and lands but

do not include all neighboring regions of China in this study.
Through additional measurements and models of the marine
Hg cycle and human dietary habits, the evaluation of human
MeHg exposure risks from the consumption of seafood
harvested from marine regions outside the eastern terrestrial
boundary of China would assist further analysis of this subject
in the future. Moreover, transboundary Hg pollution has
interactional impacts between China and neighboring
countries. We investigate the impacts of Chinese emissions
on neighboring countries from the perspective of interprovin-
cial trade in this study. The impacts of emissions from
neighboring countries on China need to be studied from the
perspective of international trade in the future.
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E.; Hattis, D.; Marien̈, K.; Schwartz, J.; Stern, A. H.; Virtanen, J. K.;
et al. Evaluation of the cardiovascular effects of methylmercury
exposures: Current evidence supports development of a dose−
response function for regulatory benefits analysis. Environ. Health
Perspect. 2011, 119 (5), 607−614.
(6) Grandjean, P.; Satoh, H.; Murata, K.; Eto, K. Adverse effects of
methylmercury: Environmental health research implications. Environ.
Health Persp. 2010, 118 (8), 1137−1145.
(7) Karagas, M. R.; Choi, A. L.; Oken, E.; Horvat, M.; Schoeny, R.;
Kamai, E.; Cowell, W.; Grandjean, P.; Korrick, S. Evidence on the
human health effects of low-level methylmercury exposure. Environ.
Health Perspect. 2012, 120 (6), 799−806.
(8) Ministry of the Environment, National Institute for Minamata
Disease (NIMD). Minamata disease archives. http://www.nimd.go.
jp/english/.
(9) United Nations Environment Programme (UNEP). Minamata
Convention on Mercury. http://www.mercuryconvention.org.
(10) Zhang, L.; Wang, S.; Wang, L.; Wu, Y.; Duan, L.; Wu, Q.;
Wang, F.; Yang, M.; Yang, H.; Hao, J.; et al. Updated emission
inventories for speciated atmospheric mercury from anthropogenic
sources in China. Environ. Sci. Technol. 2015, 49 (5), 3185−3194.
(11) Wu, Q.; Wang, S.; Li, G.; Liang, S.; Lin, C. J.; Wang, Y.; Cai, S.;
Liu, K.; Hao, J. Temporal trend and spatial distribution of speciated
atmospheric mercury emissions in China during 1978−2014. Environ.
Sci. Technol. 2016, 50 (24), 13428−13435.
(12) Ogawa, S.; Okochi, H.; Ogata, H.; Umezawa, N.; Miura, K.;
Kato, S. Observation of gaseous elemental mercury (GEM) in the free
troposphere at Mt. Fuji: Summer observational campaign in 2014. J.
Jpn. Soc. Atmos. Environ. 2015, 50, 100−106.
(13) Nagafuchi, O.; Yokota, K.; Kato, S.; Osaka, K. I.; Nakazawa, K.;
Koga, M.; Hishida, N.; Nishida, Y. Origin of atmospheric gaseous
mercury using the Hg/CO ratio in pollution plume observed at Mt.
Fuji Weather Station. Japan Geoscience Union Meeting 2014, Pacifico
Yokohama, Kanagawa, Japan, 2014.
(14) Jaffe, D.; Prestbo, E.; Swartzendruber, P.; Weiss-Penzias, P.;
Kato, S.; Takami, A.; Hatakeyama, S.; Kajii, Y. Export of atmospheric
mercury from Asia. Atmos. Environ. 2005, 39 (17), 3029−3038.
(15) Sprovieri, F.; Pirrone, N.; Ebinghaus, R.; Kock, H.;
Dommergue, A. A review of worldwide atmospheric mercury
measurements. Atmos. Chem. Phys. 2010, 10, 8245−8265.
(16) Lin, C. J.; Pan, L.; Streets, D. G.; Shetty, S. K.; Jang, C.; Feng,
X.; Chu, H. W.; Ho, T. C. Estimating mercury emission outflow from
East Asia using CMAQ-Hg. Atmos. Chem. Phys. 2010, 10 (4), 1853−
1864.
(17) Pan, L.; Lin, C. J.; Carmichael, G. R.; Streets, D. G.; Tang, Y.;
Woo, J. H.; Shetty, S. K.; Chu, H. W.; Ho, T. C.; Friedli, H. R. Study
of atmospheric mercury budget in East Asia using STEM-Hg
modeling system. Sci. Total Environ. 2010, 408 (16), 3277−3291.
(18) Chen, L.; Wang, H. H.; Liu, J. F.; Tong, Y. D.; Ou, L. B.;
Zhang, W.; Hu, D.; Chen, C.; Wang, X. J. Intercontinental transport

and deposition patterns of atmospheric mercury from anthropogenic
emissions. Atmos. Chem. Phys. 2014, 14, 10163−10176.
(19) Durnford, D.; Dastoor, A.; Figueras-Nieto, D.; Ryjkov, A. Long
range transport of mercury to the Arctic and across Canada. Atmos.
Chem. Phys. 2010, 10, 6063−6086.
(20) Pirrone, N.; Keating, T. Hemispheric Transport of Air Pollution
2010, Part B: Mercury; United Nations Publication: Geneva, 2011.
(21) Wang, H.; Zhang, Y.; Zhao, H.; Lu, X.; Zhang, Y.; Zhu, W.;
Nielsen, C. P.; Li, X.; Zhang, Q.; Bi, J.; et al. Trade-driven relocation
of air pollution and health impacts in China. Nat. Commun. 2017, 8
(1), 738.
(22) Peters, G. P.; Davis, S. J.; Andrew, R. A synthesis of carbon in
international trade. Biogeosciences 2012, 9, 3247−3276.
(23) Feng, K.; Davis, S. J.; Sun, L.; Li, X.; Guan, D.; Liu, W.; Liu, Z.;
Hubacek, K. Outsourcing CO2 within China. Proc. Proc. Natl. Acad.
Sci. U. S. A. 2013, 110 (28), 11654−11659.
(24) Hui, M.; Wu, Q.; Wang, S.; Liang, S.; Zhang, L.; Wang, F.;
Lenzen, M.; Wang, Y.; Xu, L.; Lin, Z.; et al. Mercury flows in China
and global drivers. Environ. Sci. Technol. 2017, 51 (1), 222−231.
(25) Liang, S.; Xu, M.; Liu, Z.; Suh, S.; Zhang, T. Socioeconomic
drivers of mercury emissions in China from 1992 to 2007. Environ. Sci.
Technol. 2013, 47 (7), 3234−3240.
(26) Liang, S.; Zhang, C.; Wang, Y.; Xu, M.; Liu, W. Virtual
atmospheric mercury emission network in China. Environ. Sci.
Technol. 2014, 48 (5), 2807−2815.
(27) Li, J. S.; Chen, G. Q.; Chen, B.; Yang, Q.; Wei, W. D.; Wang,
P.; Dong, K. Q.; Chen, H. P. The impact of trade on fuel-related
mercury emissions in Beijing−evidence from three-scale input-output
analysis. Renewable Sustainable Energy Rev. 2017, 75, 742−752.
(28) Chen, L.; Meng, J.; Liang, S.; Zhang, H.; Zhang, W.; Liu, M.;
Tong, Y.; Wang, H.; Wang, W.; Wang, X.; Shu, J. Trade-induced
atmospheric mercury deposition over China and implications for
demand-side controls. Environ. Sci. Technol. 2018, 52 (4), 2036−
2045.
(29) Liu, W. D.; Tang, Z. P.; Chen, J.; Yang, B. China’s Interregional
Input−Output Table for 30 Regions in 2010 (in Chinese); China
Statistics Press: Beijing, 2014.
(30) Peters, G. P.; Weber, C. L.; Guan, D.; Hubacek, K. China’s
growing CO2 emissions−a race between increasing consumption and
efficiency gains. Environ. Sci. Technol. 2007, 41 (17), 5939−5944.
(31) Weber, C. L.; Peters, G. P.; Guan, D.; Hubacek, K. The
contribution of Chinese exports to climate change. Energy Policy 2008,
36 (9), 3572−3577.
(32) Selin, N. E.; Jacob, D. J.; Park, R. J.; Yantosca, R. M.; Strode, S.;
Jaegle,́ L.; Jaffe, D. Chemical cycling and deposition of atmospheric
mercury: Global constraints from observations. J. Geophys. Res. 2007,
112 (D2), D02308.
(33) Holmes, C. D.; Jacob, D. J.; Corbitt, E. S.; Mao, J.; Yang, X.;
Talbot, R.; Slemr, F. Global atmospheric model for mercury including
oxidation by bromine atoms. Atmos. Chem. Phys. 2010, 10 (24),
12037−12057.
(34) Soerensen, A. L.; Sunderland, E. M.; Holmes, C. D.; Jacob, D.
J.; Yantosca, R. M.; Skov, H.; Christensen, J. H.; Strode, S. A.; Mason,
R. P. An improved global model for air-sea exchange of mercury: High
concentrations over the North Atlantic. Environ. Sci. Technol. 2010, 44
(22), 8574−8580.
(35) Amos, H. M.; Jacob, D. J.; Holmes, C. D.; Fisher, J. A.; Wang,
Q.; Yantosca, R. M.; Corbitt, E. S.; Galarneau, E.; Rutter, A. P.;
Gustin, M. S.; Steffen, A.; Schauer, J. J.; Graydon, J. A.; Louis, V. L. S.;
Talbot, R. W.; Edgerton, E. S.; Zhang, Y.; Sunderland, E. M. Gas-
particle partitioning of atmospheric Hg(II) and its effect on global
mercury deposition. Atmos. Chem. Phys. 2012, 12 (1), 591−603.
(36) Wesely, M. L. Parameterization of surface resistances to gaseous
dry deposition in regional-scale numerical models. Atmos. Environ.
1989, 23, 1293−1304.
(37) Liu, H.; Jacob, D. J.; Bey, I.; Yantosca, R. M. Constraints from
210Pb and 7Be on wet deposition and transport in a global three-
dimensional chemical tracer model driven by assimilated meteoro-
logical fields. J. Geophys. Res. Atmos. 2001, 106, 12109−12128.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b03951
Environ. Sci. Technol. 2018, 52, 13792−13800

13799

http://www.nimd.go.jp/english/
http://www.nimd.go.jp/english/
http://www.mercuryconvention.org
http://dx.doi.org/10.1021/acs.est.8b03951


(38) Mergler, D.; Anderson, H. A.; Chan, L. H. M.; Mahaffey, K. R.;
Murray, M.; Sakamoto, M.; Stern, A. H. Methylmercury exposure and
health effects in humans: A worldwide concern. Ambio 2007, 36 (1),
3−11.
(39) Selin, N. E.; Sunderland, E. M.; Knightes, C. D.; Mason, R. P.
Sources of mercury exposure for U.S. seafood consumers:
Implications for policy. Environ. Health Perspect. 2010, 118, 137−143.
(40) Mahaffey, K. R.; Sunderland, E. M.; Chan, H. M.; Choi, A. L.;
Grandjean, P.; Marien̈, K.; Oken, E.; Sakamoto, M.; Schoeny, R.;
Weihe, P.; Yan, C.-H.; Yasutake, A. Balancing the benefits of n-3
polyunsaturated fatty acids and the risks of methylmercury exposure
from fish consumption. Nutr. Rev. 2011, 69 (9), 493−508.
(41) Sunderland, E. M. Mercury exposure from domestic and
imported estuarine and marine fish in the U.S. seafood market.
Environ. Health Perspect. 2007, 115, 235−242.
(42) Sunderland, E. M.; Mason, R. P. Human impacts on open
ocean mercury concentrations. Global Biogeochem. Cycles 2007, 21,
GB4022.
(43) Lin, J.; Tong, D.; Davis, S.; Ni, R.; Tan, X.; Pan, D.; Zhao, H.;
Lu, Z.; Streets, D.; Feng, T.; Zhang, Q.; Yan, Y.; Hu, Y.; Li, J.; Liu, Z.;
Jiang, X.; Geng, G.; He, K.; Huang, Y.; Guan, D. Global climate
forcing of aerosols embodied in international trade. Nat. Geosci. 2016,
9 (10), 790−794.
(44) Zhang, Q.; Jiang, X.; Tong, D.; Davis, S. J.; Zhao, H.; Geng, G.;
Feng, T.; Zheng, B.; Lu, Z.; Streets, D. G.; Ni, R.; Brauer, M.; van
Donkelaar, A.; Martin, R. V.; Huo, H.; Liu, Z.; Pan, D.; Kan, H.; Yan,
Y.; Lin, J.; He, K.; Guan, D. Transboundary health impacts of
transported global air pollution and international trade. Nature 2017,
543 (7647), 705.
(45) Lenzen, M.; Moran, D.; Kanemoto, K.; Foran, B.; Lobefaro, L.;
Geschke, A. International trade drives biodiversity threats in
developing nations. Nature 2012, 486 (7401), 109−112.
(46) Steenolsen, K.; Owen, A.; Barrett, J.; Guan, D.; Hertwich, E. G.;
Lenzen, M.; Wiedmann, T. Accounting for value added embodied in
trade and consumption: An intercomparison of global multiregional
input−output databases. Econ. Syst. Res. 2016, 28 (1), 78−94.
(47) Shi, J.; Zhang, Z. Inter-Province Input−Output Model and
Interregional Economic Linkage in China (in Chinese); Science Press:
Beijing, 2012.
(48) Zhang, Y.; Qi, S. China Multi-Regional Input−Output Models (in
Chinese); China Statistics Press: Beijing, 2012.
(49) Wang, Y.; Geschke, A.; Lenzen, M. Constructing a time series
of nested multiregion input-output tables. Int. Reg. Sci. Rev. 2017, 40
(5), 476−499.
(50) Wang, Y. An industrial ecology virtual framework for policy
making in China. Econ. Syst. Res. 2017, 29 (2), 252−274.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b03951
Environ. Sci. Technol. 2018, 52, 13792−13800

13800

http://dx.doi.org/10.1021/acs.est.8b03951

