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Abstract—Simulation is the imitation of the operation of a
real-world process or system which is a common method for
scientific analysis. A model is required here to represent the key
characteristics, behaviors and functions of the selected physical or
abstract system or process. The global 3-D atmospheric model
(GEOS-Chem) we use in this paper can show the mercury
concentrations for elemental mercury (Hg(0)), divalent mercury
(Hg(I)) and primary particulate mercury (Hg(P)). We do the
simulation of mercury in the atmosphere for two 3-year periods
(1999-2001 and 2049-2051), with the first 3 years (1999-2001) used
for getting the 3-year average value of Hg(0), Hg(ll) and Hg(P),
respectively in 2000 and the last 3 years (2049-2051) used for
getting the 3-year average value of Hg(0), Hg(ll) and Hg(P),
respectively in 2050. From the model results, we can see that the
climate change from 2000 to 2050 would decrease Hg(0) surface
concentration in most of the world, only except in couple very
small parts, for example north-eastern of China, south-eastern of
South Africa and central part of Europe. The climate change from
2000 to 2050 would increase Hg(I1) surface concentration in most
of mid-latitude continental parts of the world, such as the whole
Africa continent and the major part of south Asia. At the same
time, decrease Hg(ll) surface concentration in most of high-
latitude part of the world.
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l. INTRODUCTION

Simulation is the imitation of the operation of a real-world
process or system. A model is required here to represent the key
characteristics, behaviors and functions of the selected physical
or abstract system or process. The model also represents the
system itself, whereas the simulation represents the operation of
the system over time. In this paper, we use GEOS-Chem/GCAP
Model which is described in the following part of the paper.
Simulation is used in many contexts, such as simulation
of technology for performance optimization, safety engineering,
testing, training and education. Simulation is also used
with scientific modelling of natural systems or human systems
to gain insight into their functioning, as ineconomics.
Simulation can be used to show the eventual real effects of
alternative conditions and courses of action. Simulation is also
used when the real system cannot be engaged, because it may
not be accessible, or it may be dangerous or unacceptable to
engage, or it is being designed but not yet built, or it may simply
not exist (https://en.wikipedia.org/wiki/Simulation). We focus
on the model simulation of the mercury data for year 2000 and
2050. From the simulation, we try to get conclusion about how
climate changes from 2000 to 2050 impact the mercury
concentration in the atmosphere. The GEOS-Chem model shows
that the mercury concentrations for all tracers (1 to 3), elemental
mercury (Hg(0)), divalent mercury (Hg(ll)) and primary

particulate mercury (Hg(P)) have differences between 2000 and
2050 in most regions over the world.

II. GEOS-CHEM/GCAP MODEL DESCRIPTION

GEOS-Chem model is a global 3-D chemical transport
model (CTM) for atmospheric composition driven by
meteorological fields from the Goddard Earth Observing System
(GEOS) of the NASA Global Modeling and Assimilation Office.
Itis used to simulate the emissions, transport, chemical evolution
and deposition of a wide range of chemical species in the
atmosphere. GEOS-Chem can resolve more than 80 chemical
species and 300 reactions. The model is usually initialized with
a “restart” file containing concentrations for each species in each
grid box. To allow the model to reach chemical equilibrium, a
“spin-up” period of typically 6 to 12 months is used for all model
runs. The GEOS data are available as a continuous archive from
1979 to present. The operational GEOS-Forward Processing
product (GEOS-FP) product has a horizontal resolution of 0.25°
latitude x 0.3125° longitude, with 72 levels in the vertical. The
consistent MERRA-2 reanalysis product for 1979-present has a
horizontal resolution of 0.5° latitude x 0.625° longitude, again
with 72 levels in the vertical. Both products are generated by the
GEOS-5 Data Assimilation System (DAS) from a cubed-sphere
simulation with the GEOS-5 general circulation model (GCM).
The high-performance GEOS-Chem (GCHP) can use the cubed-
sphere output. GEOS-Chem simulations can be conducted at the
native resolution, at lower resolution, or in a nested mode with
native resolution over selected regions. GEOS-Chem is grid-
independent and compatible with the Earth Science Modeling
Framework (ESMF), so that it can be used as a stand-alone
chemical module in Earth System Models (ESMs). The ESMF
framework also enables GEOS-Chem simulations to be
conducted using GCHP on massively parallel computing
architectures with Message Passing Interface (MPI) protocol
(http://facmg.seas.harvard.edu/geos/).

I1l.  SIMULATION EXPERIMENTS BASED ON GEOS-
CHEM/GCAP MODEL

We simulated mercury (Hg) emissions, chemistry, and
atmospheric deposition using the GEOS-Chem model, described
in detail by (Selin et al. 2007, 2008), with updates described by
the published paper (Selin and Jacob.2008). The GEOS-Chem
simulation has been extensively evaluated against atmospheric
concentration and deposition measurements and matches
seasonal and spatial trends (Selin et al. 2007, 2008). For the
simulations in this paper, the tracers we used are tracers 1-3
(three species of mercury in the atmosphere): elemental mercury
(Hg(0)), divalent mercury (Hg(ll)), and primary particulate
mercury (Hg(P)). For this study to predict atmospheric mercury
concentrations, the model uses simulated meteorological fields
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from the NASA/GISS Model 3 data as input, including winds,
mixed layer depths, temperature, precipitation, and convective
mass fluxes. GCAP is a special version of GEOS-Chem model
which stands for ‘Global Change and Air Pollution’. It is used to
simulate and detect the atmospheric chemicals concentrations in
the future. For example, in this paper, we take advantage of
GCAP to simulate the mercury concentration in 2049-2051
years so as to make the comparison of mercury concentration
between 2000 and 2050 in the atmosphere. We compile the
GCAP model by the GEOS-Chem model version 8-03-01. Our
simulation is conducted for two 3-year periods (1999-2001 and
2049-2051) by GCAP, with the first 3 years (1999-2001) used to
get the 3-year average values of Hg(0), Hg(ll) and Hg(P),
respectively in the year 2000 and the last 3 years (2049-2051)
used for getting the 3-year average value of Hg(0), Hg(ll) and
Hg(P), respectively in the year 2050. It uses simulated
meteorological fields from the NASA/GISS Model 3 data as
input, including winds, mixed layer depths, temperature,
precipitation, and convective mass fluxes. This GCAP
meteorological field used by GEOS-Chem is containing A3
fields which are 3-hour time averages, centered on 01:30 04:30
07:30 ... 22:30 GMT, A6 fields which are 6-hour time averages,
centered on 00:00 06:00 12:00 18:00 GMT, 16 fields which are
6-hour instantaneous fields, centered on 00:00 06:00 12:00
18:00 GMT and Constant fields which are time-invariant. We
focus most of our analyses on the comparison between the
mercury data for year 2000 and 2050. By the comparison, we try
to get our conclusion about how the climate changes from 2000
to 2050 impact the mercury concentration in the atmosphere.
The Hg(0)’s resident time is about one year due to its relatively
slow oxidation to the mercuric state (divalent mercury). This
time is sufficient for atmospheric mercury to be distributed over
the entire planet before returning to the land, lakes, sea, and ice.
And the troposphere provides effective global transport of Hg(0).
The model does not include all oxidation and reduction
pathways, instead, GEOS-Chem only includes the most major
pathway for either oxidation or reduction. The model includes
Hg(0) oxidation to Hg(I1) by OH (Pal and Ariya, 2004a; Sommar
et al,, 2001) and ozone (Hall, 1995). Oxidation rates are
calculated using archived monthly mean 3-D fields of OH and
03 concentrations from a detailed GEOS-Chem tropospheric
chemistry simulation (Park et al., 2004). For reduction, the
model includes the aqueous-phase photoreduction of Hg(ll) as
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the only reduction pathway. In the model, this photoreduction
pathway is based on estimate of rate constant and scaled to OH
concentration. Reduction rates are also calculated using archived
monthly mean 3-D fields of OH concentration from a detailed
GEOS-Chem tropospheric chemistry simulation (Park et al.,
2004). The model also includes the sum of oxidation of Hg(0)
and reduction of Hg(ll) which is production of Hg(ll) from
Hg(0). The model simulates both wet and dry deposition fluxes
for divalent mercury (Hg(l1)) and primary particulate mercury
(Hg(P)) but only dry deposition flux for elemental mercury
(Hg(0)) (Selin and Jacob 2008). For divalent mercury (Hg(ll)),
the total deposition amount is largest among the three tracers
while the dry deposition dominates over the wet deposition (dry
deposition:4700 Mg/year, wet deposition: 2100 Mg/year)
(Selin.2007). The dry deposition amount of primary particulate
mercury (Hg(P)) is almost neglected since the wet deposition is
190 Mglyear while the dry deposition is only 10 Mgl/year
(Selin.2007). The most deposition of elemental mercury (Hg(0))
happens after the oxidation of elemental mercury (Hg(0)) to
divalent mercury (Hg(ll)). So, there is no specific deposition
amount of elemental mercury (Hg(0)) included in GEOS-Chem
model (Selin.2007).

IV. RESULTS DISCUSSION

The Figure.1 shows the simulated result by GCAP for 3-year
average Hg(0) concentration for year 2000 and year 2050,
respectively in the top panel and the Hg(0) concentration
difference by (2050-2000) and (2050-2000)/2000 percentage in
the bottom panel. This Figure examines more specifically the
change in the global distribution of Hg(0) (3-year mean
concentrations). Since we use the Global Emission Inventory
Activity (GEIA) global inventory of anthropogenic emissions
for the year 2000 for Present-day (2000) and the future (2050),
the change in the global distribution of Hg(0) surface
concentration from 2000 to 2050 is due to the climate change.
From the (2050-2000) concentration difference plot in the
bottom panel, we can see that change in climate decrease Hg(0)
surface concentration in most of the world. Either decreasing
reduction from divalent mercury (Hg(ll)) or increasing oxidation
to divalent mercury (Hg(l1)) could be the important factor for the
surface concentration of elemental mercury (Hg(0)) decline.
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The Figure.2 shows the simulated result by GCAP for 3-year
average divalent mercury (Hg(ll)) surface concentration for
2000 and 2050, respectively in the top panel and the Hg(ll)
concentration difference by (2050-2000) and (2050-2000)/2000
percentage in the bottom panel. This figure examines more
specifically the change in the global distribution of divalent
mercury (Hg(Il)) (3-year a global inventory of anthropogenic
emissions for the year 2000 for Present-day (2000) and the future
(2050), the change in the global distribution of divalent mercury
(Hg(11)) surface concentration from 2000 to 2050 is due to the
climate change. From the (2050-2000) concentration difference
plot in the bottom panel, we can see that climate change affect
the divalent mercury (Hg(Il)) surface concentration in a much
more complicated way than affect the elemental mercury (Hg(0))
surface concentration. Climate change increase the divalent
mercury (Hg(ll)) surface concentration in most of mid-Ilatitude
continental parts of the world, such as the whole Africa continent
and the major part of south Asia. At the same time, Climate
change decrease the divalent mercury (Hg(ll)) surface
concentration in most of high-latitude part of the world. We can
also see this point more clearly by using the (2050-2000)/2000
percentage plot in lower panel of Figure.2. Since the factor of
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transformation between elemental mercury (Hg(0)) and divalent
mercury (Hg(ll)) plays an important role on surface
concentration differences between 2000 and 2050 for both
elemental mercury (Hg(0)) and divalent mercury (Hg(ll)). We
do the zonal mean difference plots for 3-year average elemental
mercury (Hg(0)) and divalent mercury (Hg(ll)) between 2000
and 2050 other than the surface layer plots of the 3-year average
elemental mercury (Hg(0)) and divalent mercury (Hg(ll))
concentration comparison between 2000 and 2050 as Figure.1
and 2 showing. From Figure.3 and 4, we can get the elemental
mercury (Hg(0)) and divalent mercury (Hg(ll)) concentration
changes for altitude from surface up to 30 kilometers. The major
conclusion we obtain from the difference plots in Figure.3 and 4
is that there must be some transformations between elemental
mercury (Hg(0)) and divalent mercury (Hg(l1)) during 2000 to
2050. The major increasing part for elemental mercury (Hg(0))
in Figure.3 is closely matching the major decreasing part for
divalent mercury (Hg(ll)) in Figure.4. In the same way, the
major decreasing part for elemental mercury (Hg(0)) in Figure.3
is closely matching the major increasing part for divalent

mercury (Hg(ll)) in Figure.4.
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FIGURE Il. THE ELEMENTAL MERCURY (HG(0)) AND DIVALENT MERCURY (HG(I1)) CONCENTRATION CHANGES FOR ALTITUD

We have used a global 3-D atmospheric model (GEOS-
Chem) to simulate mercury in the atmosphere for two 3-year
periods (1999-2001 and 2049-2051), with the first 3 years (1999-
2001) used for getting the 3-year average value of Hg(0), Hg(ll)
and Hg(P), respectively in 2000 and the last 3 years (2049-2051)
used for getting the 3-year average value of Hg(0), Hg(ll) and
Hg(P), respectively in 2050. The model version used in this
research is “GCAP”. From the model results, we can see that the
climate change from 2000 to 2050 would decrease Hg(0) surface
concentration in most of the world, only except in couple very
small parts, for example north-eastern of China, south-eastern of
South Africa and central part of Europe. The climate change
from 2000 to 2050 would increase Hg(Il) surface concentration
in most of mid-latitude continental parts of the world, such as
the whole Africa continent and the major part of south Asia. At
the same time, decrease Hg(ll) surface concentration in most of
high-latitude part of the world.
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