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Abstract

The individual and combined effects of global climate change and emissions changes
from 2000 to 2050 on atmospheric mercury levels in the US are investigated by using
the global climate-chemistry model, CAM-chem, coupled with a mercury chemistry-
physics mechanism (CAM-Chem/Hg). Three future pathways from the Intergovernmen-
tal Panel on Climate Change (IPCC) Special Report on Emissions Scenarios (SRES)
are considered, with the A1FI, A1B and B1 scenarios representing the upper, middle
and lower bounds of potential climate warming, respectively. The anthropogenic and
biomass burning emissions of mercury are projected from the energy use assumptions
in the IPCC SRES report. Natural emissions from both land and ocean sources are pro-
jected using dynamic schemes. The zonal mean surface total gaseous mercury (TGM)
concentrations in the tropics and mid-latitudes of the Southern Hemisphere are pro-
jected to increase by 0.5-1.2ng m~2 in 2050. TGM concentration increases are greater
in the low latitudes than they are in the high latitudes, indicative of a larger meridional
gradient than in the present day. In the A1FI scenario, TGM concentrations in 2050
are projected to increase by 2.1-4.0 ng m™~ for the eastern US and 1.4-3.0ngm™°
for the western US. This pattern corresponds to potential increases in wet deposition
of 10-14 ug m™2 for the eastern US and 2—4 Hg m™~2 for the western US. The increase
in Hg(ll) emissions tends to enhance wet deposition and hence increase the risk of
higher mercury entering the hydrological cycle and ecosystems. In the B1 scenario,
mercury concentrations in 2050 are similar to present level concentrations; this indi-
cates that the domestic reduction in mercury emissions is essentially counteracted by
the effects of climate warming and emissions increases in other regions. The sensitivity
analyses presented show that anthropogenic emissions changes contribute 32-53 %
of projected mercury air concentration changes, while the independent contribution by
climate change accounts for 47-68 %. In summary, global climate change could have
a comparable effect on mercury pollution in the US to that caused by global emissions
changes.
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1 Introduction

The toxic effects of mercury (Hg) have been a serious concern to public health. Much
scientific effort has been made to assess and monitor releases of mercury com-
pounds and their effects on air quality (NADP, 1996; USEPA, 2006; Cohen et al., 2007;
UNEP, 2008). Based on its toxicity and present pollution levels, the control of mercury
emissions is an international priority (UNEP, 2008). Modeling future changes in pollu-
tants is a useful method to support the formulation of pollution control strategies (Wang
et al., 2008; Lei et al., 2012). Although many modeling studies have investigated past
and present mercury pollutions (Bullock et al., 2002; Cohen et al., 2004; Selin et al.,
2008; Lei et al., 2013b), potential changes in future levels of mercury compounds and
their effect on air quality have not been well examined.

Climate and mercury emissions changes are major factors that affect the future at-
mospheric concentrations of mercury compounds. Changes in climate alone influence
both the concentration and the future composition of atmospheric mercury. Owing to
the low vapor pressure of mercury, the atmospheric lifetime and natural emissions of
mercury are sensitive to climate change. Previous studies indicate that mercury emis-
sions from soils are affected by changes in temperature and solar radiation (Lindberg
et al., 1998; Zhang et al., 2001). Changes in general atmospheric circulation may also
change the pathway of the atmospheric transport of mercury (Strode et al., 2008).

By contrast, changes in emissions also significantly affect the atmospheric concen-
trations of mercury compounds (Pan et al., 2010; Lin et al., 2011). The records from
glacial ice cores in Wyoming (USGS, 2002) show that rising emissions are the pri-
mary factor behind the changes in atmospheric mercury concentration over past cen-
turies. Modeling studies of preindustrial atmospheric mercury cycles also indicate that
industrial emissions of mercury have changed the composition of atmospheric mer-
cury (Selin et al., 2008; Holmes et al., 2010). Corbitt et al. (2011) found that emissions
changes alone can significantly alter the source—receptor relationships for mercury fol-
lowing future emissions scenarios.
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There are large uncertainties in future climate and mercury emissions, and these
will impact future atmospheric mercury pollution (Pan et al., 2008). Recent studies
strongly indicate that greenhouse gas emissions from human activities are the primary
factor driving climate change over the past four decades (IPCC, 2001, 2007). Through
the consideration of the uncertainties associated with future social and economic de-
velopments, the Intergovernmental Panel on Climate Change (IPCC) has developed
a series of future emissions scenarios for projecting climate change over this century
(IPCC, 2001, 2007; IPCC SRES, 2004). Many studies of future air quality changes have
used these IPCC climate scenarios to assess the climate change impacts and analyze
associated uncertainties (e.g., Wu et al., 2008; Pye et al., 2009; Lei et al., 2013a).

In addition, future emissions of mercury compounds are influenced by potential
changes in social development as well as changes in climate. Mercury is emitted into
the atmosphere from both anthropogenic and natural sources. Anthropogenic sources
are closely associated with social and industrial developments. Anthropogenic emis-
sions of global mercury were estimated to be 2190 Mg in 2000 (Pacyna et al., 2006).
Streets et al. (2009) projected anthropogenic emissions of mercury to 2050 by consid-
ering different social development and energy use scenarios. Some natural emissions,
including land and ocean emissions, are mostly affected by climate change. As a re-
sult, seasonal variations and spatial differences are significant. These characteristics
of natural emissions reduce the effectiveness of the simple scaling method for future
projections. Thus, the effects of climate change on natural emissions can only be con-
sidered by dynamic modeling methods (Poissant and Casimir, 1998; Zhang et al., 2001;
Wangberg et al., 2001; Selin et al., 2008; Lei et al., 2013b).

In this study, a global 3-D atmospheric mercury model, termed the Community Atmo-
spheric Model with mercury (CAM-Chem/Hg), is used to assess the effects of mercury
on US air quality from 2000 until 2050. Three distinct climate/emissions pathways from
the IPCC Special Report on Emissions Scenarios (SRES) are considered to address
the uncertainties in future climate and full chemical emissions changes, including the
A1FI, A1B and B1 scenarios representing the upper, middle and lower bounds of cli-
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mate warming over the coming decades, respectively. Projections of anthropogenic
mercury emissions in 2050 are based on the energy use assumed in the specific sce-
nario, while natural emissions are projected through dynamic schemes for mercury
emissions driven by future climate and environmental data. The analyses presented
here examine both the individual and the combined effects of climate and mercury
emissions changes on both surface mercury concentration and deposition over the
usS.

2 Model description

The model used in this study is a three-dimensional atmospheric mercury model based
on the CAM-Chem climate-chemistry model. Details of the mercury model were pre-
viously described by Lei et al. (2013). The CAM-Chem model is run with fully coupled
gas-aerosol phase chemistry, which is based on the chemical component of the Model
of Ozone and Related Chemical Tracers (also known as MOZART) (Horowitz et al.,
2003; Tie et al., 2001, 2005; Emmons et al., 2010; Lamarque et al., 2011; Lee et al.,
2013). The mercury model can simulate three species of mercury in the atmosphere:
elemental mercury (Hg(0)), divalent mercury (Hg(ll)) and particulate mercury (PHQ).
To provide the best estimate of mercury emissions, a dynamic land mercury emissions
scheme is used to calculate the emissions from soil, vegetation and reemissions that
depend on the temperature, radiation and soil Hg storage. A simplified air-sea mercury
exchange scheme is then used to calculate ocean emissions. Emissions from anthro-
pogenic sources, biomass burning and volcanoes are also considered. The chemistry
mechanism includes the oxidation of elemental mercury by ozone with temperature de-
pendence as well as the oxidation by OH, H,O, and chlorine in the gaseous phase. The
aqueous reduction and oxidation of mercury species are also considered in the model.
The computation of the transportation and deposition of mercury is finally merged into
the original schemes for other chemicals in CAM-Chem.
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In this study, the emissions of all chemical components used by the CAM-Chem
model are projected to 2050. We first project emissions of chemicals other than mer-
cury species from the 2000 to 2050 following the IPCC SRES, as previously carried out
for the study of future ozone levels (Lei et al., 2012). Then, the anthropogenic emissions
of mercury are projected to 2050 based on the energy use assumptions made in the
IPCC SRES report (IPCC, 2001). The projections follow the IPCC A1FI, A1B and B1
scenarios and use the method introduced by Streets et al. (2009). Natural emissions
from both land and ocean sources in 2050 are calculated using dynamic schemes built
in the atmospheric mercury model (Lei et al., 2013b). Biomass burning in 2050 is also
projected using the method introduced by Streets et al. (2009).

The CAM-Chem is driven by meteorological fields derived from the Community Cli-
mate System Model (version 3). The meteorology fields derived for the present at-
mosphere using this model are archived with 6 h temporal resolution, including winds,
temperature, pressure, humidity and solar radiation. Simulations are performed with
a 30 min time step and a horizontal resolution of 1.9° x 2.5° with 26 vertical levels from
the surface (1000 hPa) to the 3-millibar level (~ 40km altitude). Previous tests have
demonstrated that roughly a 6 month spin-up is enough for CAM-Chem to minimize
the influence of the initial conditions. In this study, each case was run for 5yr (2048—
2052) following a year of model spin-up. Unless noted otherwise, all results discussed
are based on 5 yr averages. The modeled concentrations of mercury compounds were
outputted at 1 h intervals.

3 Projection of future Hg emissions

The emissions of mercury compounds for 2050 are derived in three ways based on the
source type and dynamic emissions approaches used in CAM-Chem.
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3.1 Anthropogenic emissions

To examine the anthropogenic emissions of mercury in 2050, we use the projected re-
sults and scaling rates for the A1B and B1 scenarios presented by Streets et al. (2009).
For the A1FI scenario, we project mercury emissions using the same method as de-
ployed for calculating energy use information in the IPCC SRES A1FI scenario (RIVM,
2001). The A1FI scenario is characterized by the rapid increase in the consumption
of fossil fuel energy and economic growth. We assume that no significant advance is
made over the reported Hg removal levels in the A1FI scenario. The rates of the im-
plementation of Flue Gas Desulphurization (FGD) by 2050 in coal-fired power plants
for the A1 series scenarios are the same as referenced in RIVM (2001). Of the fac-
tors that affect mercury emissions, the use of coal, oil and natural gas in 2050 in the
A1FI scenario is assumed to increase more than that in the A1B scenario. The final
estimate of the amount of mercury emissions in each IPCC SRES region is calculated
based on the FGD and the estimated energy growth in RIVM (2001). As introduced
in Lei et al. (2013), we adopt the present (i.e., year 2000) anthropogenic emissions of
mercury directly from those prepared by Pacyna et al. (2006). This emissions level is
used as the base inventory to carry out the projection.

The resulting emissions inventories used in this study are summarized in Table 1.
Global total Hg emissions are expected to increase in the future. Annual global mercury
emissions in 2050 are projected in the range of 2390-5990 Mg, an increase of 9 % to
173 % over the total emissions in 2000. The main factor affecting Hg emissions is the
increase in fossil fuel usage. Asia has the largest emissions increase, corresponding
to its large population and rising energy demand.

Figure 1 shows the projected mercury emissions for North America. Total mercury

emissions in 2050 increase to 305.7 Mg yr‘1 in the A1FI scenario and to 225.9 ngr‘1

in the A1B scenario, but decrease to 121.9 Mg yr'1 in the B1 scenario relative to the
present value of 145.8 Mg yr‘1. The most significant characteristic is that the amount

and proportion of reactive mercury (Hg(ll)) in total mercury emissions will increase,
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whereas the proportion of elemental mercury (Hg(0)) will decrease by 2050 in all future
scenarios. The global shares of primary emitted mercury species are 67 % for Hg(0),
25 % for Hg(ll) and 7 % for PHg at present. These change in 2050 to 56 % for Hg(0),
40 % for Hg(ll) and 4 % for PHg in the B1 scenario, to 47 %, 49 % and 4 % in the A1B
scenario and to 49 %, 43 % and 8 % in the A1FI scenario. Owing to the implementation
of FGD, this shift from Hg(0) (reduced) to Hg(ll) (oxidized) may relatively reduce the
long-range transport but significantly increase the local deposition of mercury.

3.2 Biomass burning and volcano emissions

Biomass burning emissions are specified as monthly means from the IPCC estimate
of biomass burned and the IMAGE projection of managed forests for a typical year.
The approach used and the Hg emissions factors as a function of vegetation types are
adopted from Streets et al. (2009). The amount of open biomass burning is adopted
from the IPCC (2001) projections, which are scenario-specific. Wildfire contribution to
biomass emissions are estimated as a proportion of changes in mature forest area
(IPCC, 2001; Streets et al., 2009). The IPCC projections of grassland and crop residue
burning (human activities) are also used. The global estimated total mercury emis-
sions from biomass burning for 2000 are 600 ngr‘1. This figure is projected to be
670 Mg yr'1 in 2050 in the A1FI scenario, 570 Mg yr'1 in 2050 in the A1B scenario and
447 Mg yr‘1 in 2050 in the B1 scenario. These estimates are comparable with previous
results on present emissions or future projections of mercury emissions from biomass
burning (Streets et al., 2001).

The volcanic emissions of mercury are estimated based on the sulfur emissions from
volcanic sources in the Global Emissions InitiActive inventory. We use a Hg/SO, pro-
portion of 1.5 x 1076 for all volcanic eruptions (Aiuppa et al., 2007; Witt et al., 2008)
in volcanic ash and the well-established SO, emissions (http://geiacenter.org) to indi-
rectly calculate mercury emissions. A similar method has been used in previous studies
(e.g., Ferrara et al., 2000; Nriagu et al., 2003; Pyle and Mather, 2003). The present es-
timate of mercury emissions from volcanoes is ~ 500 Mg yr'1 . This value is considered
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to be a historical average for the eruptions of active volcanoes and slow emissions
from non-erupting stable volcanoes (http://geiacenter.org), and it is assumed to remain
unchanged under future conditions.

3.3 Soil and ocean emissions

In order to project land and ocean emissions to 2050, we modify the dynamic emis-
sions schemes for mercury developed in the CAM-Chem/Hg model (Lei et al., 2013b)
in order to include the storage change in surface reservoirs. Surface Hg storage and
climate are two of the major determining factors in Hg emissions. Storage change di-
rectly affects the amount of available mercury compounds. Climate change, especially
changes in surface temperature, net solar radiation and surface wind, sensitively affect
Hg emissions from land and oceans.

Surface storage change is related to the net deposition flux above the land and
oceans. Anthropogenic and volcanic sources bring fresh mercury species into the bio-
geochemical cycle. Mercury storage in 2050 is determined by the net surface accu-
mulations of fresh mercury in the past. Therefore, the change in surface Hg storage
by 2050 should be the net accumulations of the fresh mercury emitted in future years
before 2050. The latest estimate of present land mercury storage is around 240 000 Mg
with a total deposition of 3260 ngr‘1 and a total land emissions of 2900 Mgyr~
(Smith-Downey et al., 2010). This estimation suggests a net new mercury increase in
the surface land reservoir of 360 Mg yr‘1, which accounts for 13 % of total net mercury
emissions (anthropogenic + volcanic: 2770 Mg yr‘1 ). Based on the CAM-Chem/Hg sim-
ulations, the estimate of a net increase in the atmospheric reservoir for the present at-
mosphere shows that around 1 % of newly emitted mercury will stay in the atmosphere.
The rest (86 %) of the fresh mercury is deposited into the surface oceans. We assume
that these partitioning ratios of new mercury are constant from 2000 to 2050. By using
this linkage between surface Hg storage change and fresh mercury emissions, the dy-
namic emissions schemes in the CAM-Chem/Hg model can calculate future emissions
fluxes.
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The land emissions scheme is thus modified by considering a change in land mer-
cury storage. The modified scheme is

F, = F, exp [-1.1 x 104(Tl—Tl>] exp [1.1 x 103(/?3-/?0)] x C;
S 0

where A is surface solar radiation and T is surface skin temperature. A, is the ref-
erence surface solar radiation with a value of 340 Wm™. T, is the reference surface

temperature with a value of 288 K. F; is the standard emissions dataset. C; is the en-
richment factor following each scenario. C; is calculated as follow:
_Sp+an (Ep+Ep) /2
a S

p

where S, is the present land storage of mercury (240 000 Mg). £, is the present amount
of total new mercury emissions. E; is the projected amount of new mercury emissions.
The value of a (0.13) is determined by the proportion of new mercury in the land
reservoir. We assume that the net increase in new mercury follows a linear trend. The
parameter n is the number of years relative to 2000. Here the value of n is 50.

The ocean emissions scheme is modified by considering the change in mercury
concentration in the ocean mixing layer. The modified simple model is:

F =K ((c m;) Ca)
= + ) - —
w w / Ly

where m; is the scenario-specific change in mercury concentration in the ocean mix-
ing layer based on present-day values. Other variables and calculations follow Lei
et al. (2013). As shown by Soerensen et al. (2010), 40 % of net deposition will en-
ter the subsurface water that will not reemit into the atmosphere, while 60 % of the net
deposition of new mercury will stay in the ocean mixing layer (Strode et al., 2007). m,
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is calculated by the following scheme:

60% 71625

T 71% x 4nRZ x d

i

where @ (0.86) is the proportation of new mercury in the surface ocean reservoir,
which is estimated based on the present distribution of mercury deposition from an-
thropogenic sources. £, is the present amount of total new mercury emissions. E; is
the projected amount of new mercury emissions. n is the number of years projected
away from the present and R is the radius of the Earth. The factor 71 % accounts for
the percentage of the Earth’s surface covered by oceans. The parameter d is the depth
of the ocean mixing layer. We set this to 50 m as an average depth and assume that
Hg is evenly mixed in the ocean mixing layer (Sommar et al., 2010; Fisher et al., 2012).

4 Global mercury pollution in 2050

Figure 2 shows the global annual mean surface concentrations of total gaseous mer-
cury (TGM) for the present day and for 2050 in the B1, A1B and A1FI scenarios. The
changes in the spatial patterns of TGM show an overall worsening trend of mercury
pollution following the increasing use of fossil fuel energy (B1 to A1FI), except for the
US region in the B1 scenario. The result shows that the annual average TGM level by
2050 has increased by 10 % above the present level in the B1 scenario in which total
global emissions increase in developing countries and decrease in developed coun-
tries. The temperature increase in scenario B1 is around 1°C. A higher temperature
will accelerate the mercury cycle and lead to more surface mercury being emitted into
the atmosphere. The concentration increases in the A1Fl and A1B scenarios are sig-
nificant across the globe. The increases in Asia and Africa are especially large. The
average concentrations over Asian industrial regions are above 6.0 ng m~>. The TGM
concentrations over the rest of the world also increase as a result of higher local emis-
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sions and the enhanced long-range transport of mercury compounds from mercury
emission industrial regions (Corbitt et al., 2011).

Figure 3 shows the zonal average of surface TGM concentrations for the present day
and for 2050 according to these three scenarios. Generally, present and future zonal
average concentrations have a similar spatial pattern. The zonal average concentra-
tion peaks at mid-latitudes of the Northern Hemisphere, where industrial sources are
spreading. The average concentrations in the Southern Hemisphere are also maxi-
mized at the mid-latitudes. This result may be caused by the mining industries in the
southern parts of Africa. The estimated mercury concentration in 2050 in the A1FI sce-
nario shows a significant increase (up to 4.7 ng m's) in the middle and low latitudes.
The peak value in 2050 is around twice as much as the present-day concentration. The
peak value in the A1B scenario is around 0.5ng m~ lower than the peak value in the
A1Fl scenario. The concentration change in the B1 scenario in the middle and low lati-
tudesis up to 0.5ng m~3 higher than the present-day level. The concentration changes
in the high latitudes are much smaller than those in the middle or low latitudes. At the
high latitudes of the Southern Hemisphere, where fewer industrial and human activities
occur, the average concentration change is as low as 0.2ng m=3.

5 Effect of mercury on US air quality

Atmospheric mercury concentrations in the US also change in these scenarios accord-
ing to the model simulations. Figure 4 shows the annual average surface air concentra-
tions of TGM for 2000 and 2050 in the B1, A1B and A1FI scenarios in the contiguous
US. The spatial pattern of TGM concentrations exhibits higher values in the coastal
area and the eastern US, where mercury-related industries are centered. The results
show that the annual average TGM levels are projected to change little by 2050 in the
B1 scenario as a result of the compensating effects of the emissions decrease and
temperature increase of around 1 °C. Increased Hg emissions in neighboring countries
may also contribute to the TGM concentration level seen for the US. By 2050 in the
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A1B scenario, the annual average TGM level is projected to rise, with increases up to
1.4ng m™~2 over the eastern US. The TGM level in 2050 in the A1FI scenario shows the
largest increases (up to 2.2 ng m‘s) in response to the largest rise in mercury emissions
and the subsequent high degree of climate warming.

Figure 5 shows the simulated annual mean wet deposition of mercury in 2000 and
2050. Their spatial patterns are similar. Generally, the peak wet deposition region is the
southeast, especially the coastal area of Georgia and South Carolina. This pattern is
affected by the amount of precipitation and atmospheric concentration of mercury. The
present annual wet deposition of mercury is above 12 ug m™~2 for the eastern US and
around 4 ug m~2 for the western US. By 2050 in the B1 scenario, the wet deposition
only shows an increase of 1-2 ug m™~2 for the eastern US, while there is little change for
the western US. In the A1B scenario, the Midwest is projected to have a wet deposition
of 18—24 g m'z, which is as strong as the present deposition in the southeast. The
increase in the eastern US is around 6—-12 ug m™2 compared with about 2—4 ug m~2 in
the western US. The annual wet deposition in 2050 in the A1FI scenario increases by
around 10-14 g m™~2 for the eastern US and around 2—4 Mg m™~2 for the western US.

6 Effects of climate change and anthropogenic emissions on US mercury levels

In order to understand how the changes in climate or anthropogenic emissions in-
dependently contribute to future changes in the concentrations of atmospheric mer-
cury compounds, a series of sensitivity experiments, which incorporate climate change
alone but keep emissions unchanged (i.e., the present-day level), are conducted for the
three scenarios. The difference between these experiments and the present-day re-
sult represents the independent effect of climate change, while the difference between
these experiments and future projections (climate plus emissions change results) for
2050 depicts the independent effect of anthropogenic emissions change.

For the projection of 2050 mercury effects considering both climate and anthro-
pogenic emissions changes, Fig. 6 shows the simulated average concentrations of
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annual mean surface mercury species over the continental US for 2000 and 2050 in
the B1, A1B and A1FI scenarios. In the following analysis, the concentration unit is
ng m~° for elemental mercury and pg m~° for reactive gaseous mercury and particu-
late mercury. The cylinder represents the average concentration over the US and the
line shows the range (i.e., projected concentration range from minimum to maximum).
As discussed in the previous section, the concentration of each mercury species in-
creases in 2050. In the A1FI scenario, the increase is the greatest due to the large rise
in anthropogenic emissions and high climate warming. Although elemental mercury
remains the main chemical form of mercury in the atmosphere, the relative increase
in the concentrations of reactive gaseous mercury is the largest in all three scenarios.
This results from the increase in the emissions of reactive gaseous mercury and the
accelerated oxidation of elemental mercury at a higher temperature.

Figure 7 shows the results for the sensitivity experiments of climate change alone,
where anthropogenic emissions and land and ocean storages of mercury are all kept
at the present-day level. Compared with the present-day concentration of each mer-
cury species, the differences among the three scenarios are small. Table 2 summa-
rizes the changes in the surface concentrations of Hg species over the US in 2050
caused by climate change or anthropogenic emissions changes. The average tem-
perature increases in 2050 in the B1, A1B and A1FI scenarios are 1.0°C, 1.4°C and
1.7°C, respectively. AHg shows the individual contribution of each factor to the av-
erage concentrations of mercury species in 2050. Climate change individually con-
tributes to the surface concentration of elemental mercury 0.14 ng m~ in the B1 sce-
nario, 0.45ng m~2 in the A1B scenario and 0.63 ng m~ in the A1FI scenario. By con-
trast, the contributions to concentrations of reactive gaseous mercury are 4.7 pg m~2,
8.9pg m~and 11.6 pg m~ and those of particulate mercury are 3.3 pg m‘3, 6.8pg m~°
and 9.8 pg m~2. The increase in temperature enhances emissions from land and ocean
sources and accelerates the oxidation of elemental mercury. Therefore, both Hg(ll) and
PHg show relatively higher increases in concentration compared with Hg(0).
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The effect of changes in anthropogenic emissions is calculated as the difference
between the 2050 simulations with changes in climate plus emissions and the sim-
ulations with only climate change. The changes in anthropogenic emissions account
for the increases in emissions due to the increased storage of mercury in land and
ocean reservoirs, which mainly results from human activities. The decrease in anthro-
pogenic emissions in the B1 scenario reduces the concentrations of elemental mercury
by 0.04 ng m~, whereas the concentration of reactive gaseous mercury increases it by
about 9.55pg m~3. The proportion of Hg(ll) relative to total emissions also increases,
resulting in a net rise in Hg(ll) emissions in 2050 in the B1 scenario. The concentra-
tion of particulate mercury in 2050 is reduced by 0.6 pg m~2in response to changes in
anthropogenic emissions. In the A1B scenario, the change in the chemical partitioning
of mercury emissions results in a significant shift from elemental mercury to reactive
gaseous mercury in 2050. The contribution of changes in anthropogenic emissions to
the concentration of elemental mercury is about 0.77 ng m'3, while the contribution to
Hg(ll) is around 27.7 pg m~ and that to PHg is around 2.1 pg m~. The contribution to
Hg(ll) is much higher than that at present. This trend continues in the A1FI case. In the
A1FI scenario, the contribution of changes in anthropogenic emissions to the concen-
tration of elemental mercury is about 1.05ng m~2, while it is 33.0 pg m~2 for Hg(ll) and
8.0 pg m~2 for PHg.

7 Discussion and conclusions

We have investigated the effects of projected global changes in climate and emissions
on atmospheric mercury and on air quality in the US by using a global atmospheric
mercury model (CAM-Chem/Hg). Owing to projected future socioeconomic and tech-
nology development, developed countries show a slow increase or even a decrease
in future levels of mercury emissions, while developing counties show an increasing
trend. Total mercury emissions are expected to increase by 2050. Anthropogenic mer-
cury emissions in 2050 range between 2386.2 ngr'1 and 5983.7 ngr'1. For North
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America, total anthropogenic emissions are possible to decrease. In all scenarios, the
proportion of elemental mercury in emissions for 2050 decreases, while that of reac-
tive gaseous mercury increases. Emissions from land and oceans in 2050 increase
due to the accumulation of net mercury depositions in the surface storage reservoirs.
With projected changes in biomass burning and wildfires, mercury emissions from the
former are estimated to be between 447 ngr'1 and 670 Mg yr'1. These finding imply
that industrial development will significantly affect global mercury pollution. Develop-
ing countries will be the main contributors to likely net global atmospheric mercury
increases in the coming decades. Controlling the use of industrial materials that con-
tain mercury compounds and improving technologies to reduce the release of mercury
into the environment would thus be effective ways to mitigate mercury pollution.

For 2050, the zonal averaged concentration of surface TGM over the mid-latitude in
the Northern Hemisphere shows a potential increase of 0.5-2.3ng m~° above present
levels. The zonal averaged concentration of surface TGM in the tropics and mid-
latitudes in the Southern Hemisphere increase by about 0.5-1.2ng m~2. Changes in
TGM concentrations at high latitudes are relatively small. This imbalanced change in-
dicates that meridional transport of TGM from the relatively polluted low-mid latitude to
the relatively clean high latitude will be stronger in 2050 than it is today.

Mercury’s influence on air quality in 2050 over the continental US is examined by as-
sessing the individual and combined effects of climate change and emissions changes.
Climate change has a potential effect on the concentration of atmospheric elemental
mercury of between 0.14 and 0.63 ng m™~2, while the effect on the concentration of reac-
tive gaseous mercury is around 4.7-11.6 pg m=2. Changes in anthropogenic emissions
have relatively larger effects on mercury species over the continental US. The potential
effect on the concentration of atmospheric elemental mercury is —0.04—1.05ng m=3,
while the effect on the concentration of reactive gaseous mercury is around 9.55—
33pg m~2. The impact of emissions changes is relatively more significant than that of
climate change on future atmospheric mercury. As a result, the future TGM concen-
tration may increase by 2.1-4.0ng m™~° for the eastern US and around 1.4-3.0 ng m™>
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for the western US in the A1FI scenario. Under the lower bound of potential climate
warming (B1 scenario), TGM concentration does not see a significant change. The
effect of climate change and remote emissions changes in surrounding areas is com-
pensated by a domestic emissions decrease. This result indicates that climate change
in the B1 scenario will have a comparable effect on US mercury pollution to emissions
changes. Therefore, variation in mercury pollution is more sensitive to climate change
than that for some other pollutants (e.g. surface ozone) which may be mainly affected
by changes in anthropogenic emissions (Lei et al., 2013a). More effort therefore needs
to be placed on monitoring toxic mercury pollution in the future.

We also analyzed the potential changes in wet deposition of mercury over the con-
tinental US and found that mercury wet deposition increased in all three scenarios.
Precipitation change and an increase in Hg(ll) concentration may increase the amount
of wet deposition. Annual wet deposition in 2050 may increase by around 1-14 ug m~2
for the eastern US and by around 0—4 ug m~2 for the western US depending on projec-
tions in energy use. This result implies that more mercury from industrial emissions will
be deposited into the water system and may further enter ecosystems. Thus, we could
experience a further challenge in mercury contamination by mid-century.
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Table 1. Anthropogenic emissions of Hg in 2000 and 2050 for each world region (ngr‘1)

based on SRES scenarios.

Scenario North American  Asia and Oceania Europe and Mid East Africa Central and South America  World
2000% 145.8 1305.9 247.8 398.4 92.1 2189.9
2050 A1FI  305.7 3307.1 861.3 789.2 7204 5983.7
2050 A1B® 225.9 2970.0 676.5 509.6 437.6 4855.6
2050 B1° 121.9 1208.9 358.1 357.0 3404 2386.2
& Results from Pacyna et al., 2006.
b Projection results from Streets et al., 2009.
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Table 2. Changes in surface concentrations of Hg species over the US in 2050 resulting from
climate change and anthropogenic emission changes.
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Scenario AT Effect of Change in Hg Species AHg (unita‘b)
B1 +1.0°C Climate Hg(0) 0.14 Projections of
(Climate2050—Present) —  atmospheric mercury
Hg(ll) 4.73 levels and their effect
PHg 3.3 > on air quality
Anthropogenic Emission Hg(0) -0.05 =
(2050—Climate2050) 7 H. Lei et al.
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Hg(ll) 27.7 & Tables Figures
A % : BN TN
A1FI +1.7°C Climate Hg(0) 0.63 T
(Climate2050—Present) = g g
Hg(ll) 11.6 @
PHg 05 e
Anthropogenic Emission Hg(0) 1.05 o
(2050-Cimate2050)
Hg(ll) 33.0 Full Screen / Esc
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AT: Global Average Temperature Change in 2050 compared to 2000.

3 Hg(0) in units of ngm™3.

b Hg(Il) and PHg are in units of pg m=3.
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Fig. 1. Emissions of three mercury species for 2000 (present) and 2050 in North America
(Units: tyr‘1). Emissions for 2050 are displayed in three future climate change scenarios: B1,
A1B, and A1F1, representing the lower, middle and upper bounds of potential climate warming,

respectively.
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Fig. 3. Zonal averaged surface TGM concentrations for 2000 (present) and for 2050 under the
B1, A1B and A1FI scenarios as simulated by the CAM-Chem/Hg model. (Units: ng m~3).
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Fig. 4. Annual mean of simulated surface TGM concentrations over the continental US by
CAM-Chem/Hg for 2000 (present) and for 2050 under the B1, A1B and A1FI scenarios.
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Fig. 5. Simulated annual mercury wet deposition for 2000 and for 2050 under the B1, A1B, and
A1FI scenarios. (Units: pgm™2).
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Fig. 6. Simulated annual mean concentrations of surface mercury species over the continental
US for 2000 and for 2050 under the B1, A1B and A1FI scenarios considering both climate
and emission changes. The columns show the averaged concentrations and the lines on the

columns represent the range over the US.
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Fig. 7. Simulated annual mean concentrations of surface mercury species over the continental
US for 2000 and for 2050 under the B1, A1B and A1FI scenarios considering climate change
effects only. The columns show the averaged concentrations and the lines on the columns
represent the range over the US.
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