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Abstract 

Since it is very toxic and accumulates in organisms, particularly in fish, mercury is a very 

important pollutant and one of the most studies. And this concern over the toxicity and 

human health risks of mercury has prompted efforts to regulate anthropogenic emissions. 

As mercury pollution problem is getting increasingly serious, we are curious about how 

serious this problem will be in the future. What is more, how the climate change in the 

future will affect the mercury concentration in the atmosphere. So we investigate the 

impact of climate change on mercury concentration in the atmosphere. We focus on the 

comparison between the mercury data for year 2000 and for year 2050. The GEOS-Chem 



model shows that the mercury concentrations for all tracers (1 to 3), elemental mercury 

(Hg(0)), divalent mercury (Hg(II)) and primary particulate mercury (Hg(P)) have 

differences between 2000 and 2050 in most regions over the world. From the model 

results, we can see the climate change from 2000 to 2050 would decrease Hg(0) surface 

concentration in most of the world. The driving factors of Hg(0) surface concentration 

changes are natural emissions(ocean and vegetation) and the transformation reactions 

between Hg(0) and Hg(II). The climate change from 2000 to 2050 would increase Hg(II) 

surface concentration in most of mid-latitude continental parts of the world while 

decreasing Hg(II) surface concentration in most of high-latitude part of the world. The 

driving factors of Hg(II) surface concentration changes is deposition amount change 

(majorly wet deposition) from 2000 to 2050 and the transformation reactions between 

Hg(0) and Hg(II). Climate change would increase Hg(P) concentration in most of mid-

latitude area of the world and meanwhile decrease Hg(P) concentration in most of high-

latitude regions of the world. For the Hg(P) concentration changes, the major driving 

factor is the deposition amount change (mainly wet deposition) from 2000 to 2050.  

1. Introduction 

Mercury is a heavy and silvery-white metal which is very toxic. The chemical symbol of 

mercury is “Hg” with the atomic number 80. Mercury is the only known metal which is 

liquid at standard conditions for temperature and pressure. Also, mercury has one of the 

broadest ranges of its liquid state of any metal with a freezing point of -38.83 degrees C 

and boiling point of 356.73 degrees C. The density of mercury is 13.534 grams per cubic 

meter under liquid phase at standard conditions for temperature and pressure. There are 

different forms of mercury in the atmosphere:  elemental mercury (Hg(0)), divalent 



mercury (Hg(II)) and primary particulate mercury (Hg(P)). Elemental mercury (Hg(0)) is 

the major form of mercury in the atmosphere which accounts for about 95% of the total 

mercury. It has very little solubility in water and can be slowly oxidized to the mercuric 

state which is divalent mercury (Hg(II)) form. Divalent mercury (Hg(II)) is the second 

abundant form of mercury in the atmosphere and highly soluble in water with an relative 

low Henry’s law constant (much lower than elemental mercury (Hg(0))). It can partition 

between gas and particulate phase. Primary particulate mercury (Hg(P)) is not pure 

particles of mercury but mercury compounds associated with atmospheric particulate. 

The exact species of primary particulate mercury (Hg(P)) are largely unknown. It only 

accounts for a few percent of total mercury (Hg) in atmosphere which is only a very 

small portion of mercury in the air and is chemically inert. 

Elemental mercury (Hg(0)) is relatively inert and the atmospheric residence time is about 

one year. Due to the long life time in the atmosphere, mercury is efficiently transported 

around the globe (Selin et al. 2007), making mercury pollution an environmental problem 

at the global scale. Global mercury emissions have increased substantially at least during 

the past 100 to 150 years (Martinez-Cortizas, A. et al. 1999). Coal combustion, which is 

the major anthropogenic emission source of mercury, is getting larger year by year (3.3 

billion tons produced in year 1990, 4.2 billion tons produced in year 2000 and 5.1 billion 

tons in year 2010). The mercury pollution can impact the health of people, fish, and 

wildlife due to its toxicity. Mercury can accumulate in organisms, particularly in fish. 

The health risks associated with mercury pollution are so strong that many agencies or 

governments around the world have issued fish consumption advisories (see EPA website 

for USA details: http://www.usgs.gov/themes/factsheet/146-00/fig4b.gif). 

http://ehp03.niehs.nih.gov/article/fetchArticle.action?articleURI=info:doi/10.1289/ehp.0900811#r39
http://www.usgs.gov/themes/factsheet/146-00/fig4b.gif


About one third of the total mercury emissions are from anthropogenic sources while the 

other two thirds are from natural sources which include the re-emissions of those 

anthropogenic mercury deposited to the Earth surface (Selin et al. 2007). The 

anthropogenic emissions come from coal fired power plants, metal smelting and waste 

incineration. Among these anthropogenic sources of mercury, the major form is gaseous 

elemental mercury which accounts for about 53% of the total emissions and there is 37% 

gaseous divalent mercury. The particle-associated mercury is only about 10% (Jozef 

M.Pacyna et al. 2008).  The natural sources of mercury include emissions from oceans, 

soil, and terrestrial vegetation, biomass burning (Selin et al. 2007). 

Since it is very toxic and accumulates in organisms, particularly in fish, mercury is a very 

important pollutant and one of the most studies. And this concern over the toxicity and 

human health risks of mercury has prompted efforts to regulate anthropogenic emissions. 

Although local decreases have been seen in some locations (mainly because of the 

reduction of emissions of regional sources), in general, mercury (Hg) burdens have not 

declined. Global mercury emissions today range from 4,400 to 7,500 tons per year, 

according to the Environmental Protection Agency (EPA), and this number is still 

increasing year by year. As mercury pollution problem is getting increasingly serious, we 

are curious about how serious this problem will be in the future. What is more, how the 

climate change in the future will affect the mercury concentration in the atmosphere. So 

we investigate the impact of climate change on mercury concentration in the atmosphere. 

We focus on the comparison between the mercury data for year 2000 and for year 2050. 

Through this comparison, we try to get our conclusion about how climate changes from 

2000 to 2050 impact the mercury concentration in the atmosphere. The GEOS-Chem 

http://ehp03.niehs.nih.gov/article/fetchArticle.action?articleURI=info:doi/10.1289/ehp.0900811#r39
http://ehp03.niehs.nih.gov/article/fetchArticle.action?articleURI=info:doi/10.1289/ehp.0900811#r39


model shows that the mercury concentrations for all tracers (1 to 3), elemental mercury 

(Hg(0)), divalent mercury (Hg(II)) and primary particulate mercury (Hg(P)) have 

differences between 2000 and 2050 in most regions over the world. The main reason of 

the differences (increases or decreases) is the climate changes between year 2000 and 

year 2050. 

2. Model description 

2.1 . The GEOS-Chem/GCAP model 

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 

(http://acmg.seas.harvard.edu/geos/). It is 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. 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 

file:///G:/NASA%20Global%20Modeling%20and%20Assimilation%20Office
http://acmg.seas.harvard.edu/geos/
http://ehp03.niehs.nih.gov/article/fetchArticle.action?articleURI=info:doi/10.1289/ehp.0900811#r39
http://ehp03.niehs.nih.gov/article/fetchArticle.action?articleURI=info:doi/10.1289/ehp.0900811#r40
http://ehp03.niehs.nih.gov/article/fetchArticle.action?articleURI=info:doi/10.1289/ehp.0900811#r38
http://ehp03.niehs.nih.gov/article/fetchArticle.action?articleURI=info:doi/10.1289/ehp.0900811#r39
http://ehp03.niehs.nih.gov/article/fetchArticle.action?articleURI=info:doi/10.1289/ehp.0900811#r40


mercury (Hg(0)), divalent mercury (Hg(II)), and primary particulate mercury (Hg(P)). 

For this study to predict atmospheric mercury concentrations, the model uses simulated 

meteorological fields 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(II) 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(II) 

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, I6 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 for 

year 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. 



2.2 . Model Evaluation 

Before using the simulation data which is from the model, we have to do the model data 

verification. Model data verification is basically the comparison between the data results 

of the compiled model and the observational data in order to see if there is a big “gap” 

between them. Since in the model we simulated three different tracers: elemental mercury 

(Hg(0)), divalent mercury (Hg(II)) and primary particulate mercury (Hg(P)), the  

observational data we need is also for these three tracers. 

The model version we use for the simulation is GCAP which stands for ‘Global Change 

and Air Pollution’. GCAP is used to simulate both present-day and future air quality. So 

before using the future simulation data results of the GCAP model, we have to make sure 

the present-day data results match up the observational data or some published data 

results. So, in the first step of the model data verification, we make the comparison 

between the GCAP present-day data result for elemental mercury (Hg(0)) in year 2000 

(Figure.1) and the published (Lyatt Jaegle.2010) results plotting for annual mean 

distribution of surface concentration of elemental mercury (Hg(0)) in year 2008 

(Figure.2).  After compiling all the GCAP simulation components, we make a one year 

run from Jan.1
st
, 2000 to Jan.1

st
, 2001 for elemental mercury (Hg(0)) and make the 

annual mean surface concentration plot for the whole year 2000 data of elemental 

mercury (Hg(0)) as shown in Figure.1. The comparable plotting result from a published 

paper (Lyatt Jaegle.2010) is also the annual mean surface plot for elemental mercury 

(Hg(0)) but for the year 2008 as shown in Figure.2.  



 

Figure.1. , Annual mean surface concentration plot for year 2000 data of elemental 

mercury (Hg(0)) 

 
Figure.2. , The published annual mean surface concentration plot of elemental mercury 

(Hg(0)) for the year 2008 (a) Elemental mercury (Hg(0)), b) Divalent mercury (Hg(II)) 

and c) Primary particulate mercury (Hg(P)) for 2008. The bottom three figures show the 

annual mean distribution of deposition fluxes: d) Dry deposition, e) Wet deposition and f) 

Total deposition (Lyatt Jaegle.2010)) 

 



As we can get from the comparison between Figure.1 and Figure.2, the annual mean 

distribution of surface concentration of elemental mercury (Hg(0)) in both plots are in a 

very similar shape. The high concentration areas (red) and low concentration areas (white 

or blue) in both plots are in the same positions, especially the peak values (2.84 and 2.40 

ng/m
3
). Since the annual mean value of elemental mercury (Hg(0)) in the air for a same 

place should not vary too much from year to year, this comparison between Figure.1 and 

Figure.2 can prove that the result of the one year run from Jan.1
st
, 2000 to Jan.1

st
, 2001 

for elemental mercury (Hg(0)) makes sense. So we know the model works normally for 

present-day simulation for elemental mercury (Hg(0)).  

 
Figure.3, the observation data we use is from the Storm Peak Laboratory (SPL) in 

Colorado State 

 

For the second step of the model data verification, we plan to use some available 

observation data to verify the model simulation result of elemental mercury (Hg(0)), 

divalent mercury (Hg(II)) and primary particulate mercury (Hg(P)). The observation data 

we use is from the Storm Peak Laboratory (SPL) in Colorado State.  SPL is a permanent 



mountain-top facility which was constructed during the summer of 1995 in the Rocky 

Mountains of northwestern Colorado (3220m M.S.L.; 40.455 deg N, -106.744 deg W) as 

showing in Figure.3. The mission of Storm Peak Laboratory (SPL) is to integrate 

research and education by advancing discovery and understanding within the field of 

aerosol and cloud interactions. The mercury observation data from SPL is for all three 

different tracers: elemental mercury (Hg(0)), divalent mercury (Hg(II)) and primary 

particulate mercury (Hg(P)) in May and June of 2000. In order to compare with these 

observation data from SPL, we simulated these three tracers also for May and June in 

both 1999 and 2000. The data we get from the model is time series data which is 3-hour 

average value (8 values per day). By using these direct simulation results, 3-hour average 

values, we get the daily average value by averaging the 8 numbers for each day. So we 

have 31 values in May dataset and 30 in June dataset meanwhile. The observation data 

from SPL is 2-hour average value (12 values per day). We also make the daily average 

value by averaging the 12 numbers for each day. So as same as the model results, we 

have 31 values in May dataset and 30 in June dataset. The statistics method we use to 

compare the model dataset and the observation dataset is a “box-plot” as shown in 

Figure.4 to 6. In the box-plot, the solid line shows the range of the dataset (maximum 

value in the upper, minimum value in the lower) meanwhile the blue point is the median 

of the dataset with green shows the mean value. As we can see from Figure 4 to 6, the 

elemental mercury (Hg(0)) and primary particulate mercury (Hg(P)) between model 

results and lab results agree reasonably well for both the median and mean values, also 

for the data range. However, there is a big difference gap of divalent mercury (Hg(II)) 



between the GCAP model results and the observation results as the box- plot in Figure.5 

shows.  

 

Figure.4, Comparison between model simulation data for elemental mercury (Hg(0)) of 

May and June in 1999 (left) and 2000 (right) and SPL observation data for elemental 

mercury (Hg(0)) of May and June in 2000 

 

 

 

 



Figure.5, Comparison between model simulation data for divalent mercury (Hg(II)) of 

May and June in 1999 (left) and 2000 (right) and SPL observation data for divalent 

mercury (Hg(II)) of May and June in 2000 

 

 
Figure.6, Comparison between model simulation data for primary particulate mercury 

(Hg(P)) of May and June in 1999 (left) and 2000 (right) and SPL observation data for 

primary particulate mercury (Hg(P)) of May and June in 2000 

 

So, we use the GEOS-4 model to double-check the GCAP model results of divalent 

mercury (Hg(II)) by running May and June in 2004 as showing in Figure.7 to 8. From 

this box-plotting comparison between GEOS-4 result and observation result in Figure.7 

to 8, we can see it is very similar with GCAP result. There is still a big gap for divalent 

mercury (Hg(II)) but good matching up for the elemental mercury (Hg(0)) and primary 

particulate mercury (Hg(P)). So we get the conclusion that there is no specific mistake on 

GCAP model running but the common difference between the divalent mercury (Hg(II)) 

observation data and its model data result.  



 
Figure.7, Comparison between GEOS-4 model simulation data for divalent mercury 

(Hg(II)) of May and June in 2004 and SPL observation data for divalent mercury (Hg(II)) 

of May and June in 2000 

 

  
Figure.8, Comparison between GEOS-4 model simulation data for elemental mercury 

(Hg(0)) and primary particulate mercury (Hg(P)) of May and June in 2004 and SPL 

observation data for elemental mercury (Hg(0)) and primary particulate mercury (Hg(P)) 

of May and June in 2000 



 

Looking further into this problem, we found one possible reason for high divalent 

mercury (Hg(II)) result from the model (Selin.2007). As shown in Figure.9, we can see 

the global annual mean mixing ratio of divalent mercury (Hg(II)) increases  rapidly with 

altitude. This is mainly due to two reasons: the first is that there is sustained source of 

divalent mercury (Hg(II)) from elemental mercury (Hg(0)) oxidation in the high-altitude 

air; the second is that the sinks of divalent mercury (Hg(II)) from deposition and in cloud 

photoreduction are less efficient in the high-altitude air. To conclude, the model also 

predicts high surface divalent mercury (Hg(II)) concentration over elevated land and over 

continental deserts where deep vertical mixing brings high-altitude air to the surface. The 

SPL where the data come from is a mountain-top facility with 3220 meters altitude, so it 

is definitely elevated land. This analysis from Selin.2007 paper might be suitable for the 

high divalent mercury (Hg(II)) model result problem here. 

 

 

 

 

 

 

 

 

                                                 

                                                
Figure.9, the global annual mean vertical profiles of elemental mercury (Hg(0)) and 

divalent mercury (Hg(II)) (Selin.2007) 

 

After the two steps of model data verification above, we get the conclusion that the 

GCAP model simulation works normally. 

    

  

   

    

      

Altitude (km) 

      

Hg(II)  

Hg(0) 



2.3 .Mercury Emissions  

In our model GEOS-Chem, direct emissions of Hg(II) and Hg(P) in Geos-Chem are 

entirely of anthropogenic origin, while emissions of Hg(0) are from both natural and 

anthropogenic sources (Schroeder and Munthe, 1998). From the code file 

‘mercury_mod.f’ in the model, we can see detailed mechanisms for the emissions of 

Hg(0), Hg(II) and Hg(P) in our GEOS-Chem model. The subroutine ‘EMISSMERCURY’ 

is the driver routine for mercury emissions.  Since all the anthropogenic emissions are 

read from disk of the model, the direct emissions of Hg(II) and Hg(P) in Geos-Chem are 

offline simulation. For the computed Hg(0) emissions from natural sources , they consist 

of ocean emissions, biomass burning emissions, vegetation emissions,  soil emissions, 

emissions from snow and ice and land reemissions. All the emissions of Hg(0) will be 

distributed throughout the boundary layer. 

The ocean emissions of the Hg(0),  which is included in the code file 

‘ocean_mercury_mod.f’ in the model, is basically to compute the flux of Hg(0) from the 

ocean. The net flux, symbol F is expressed by the equation.1 below. 

          
  

 
  (Xu et al, 1999) (Equ.1) 

Kw is the exchange parameter, unit in cm/h, detailed calculation as shown in the 

equation.2. 

           √
  

     
 (Nightingale, 2000) (Equ.2) 

u
 
is the wind speed (10m above ground) (m/s) 

Sc is the Schmidt number which is unitless for elemental mercury (Hg(0)), detailed 

calculation as shown in the equation.3. 



   
  

 
                                        (Lin and Tao, 2003 and 

Poissant et al., 2000) (Equ.3)  

T is temperature in degree C. 

ScCO2 is the Schmidt number for CO2 at 20 degree C. 

Caq is the surface water concentration, 1.5pM (Lamborg et al., 2002) 

Cg is the gas-phase concentration 

H is the dimensionless Henry coefficient for elemental mercury, the calculation for H is 

as shown in the equation.4. 

                     (Clever et al., 1985) (Equ.4) 

T is sea temperature in Kelvin  

As the calculations in Equation.1 to 4 showing, the exchange parameter Kw depends on T 

and u. As the T increases, Sc for elemental mercury (Hg(0)) decreases so that the 

exchange parameter Kw increases. As the u increases, the exchange parameter Kw 

increases. The dimensionless Henry coefficient H for elemental mercury depends on T. 

As T increases, H decreases. So the net flux F depends on T and u. An increasing u will 

cause an increasing net flux F, meanwhile an increasing T can lead the net flux F either 

increase or decrease. 

For the biomass burning emissions of the Hg(0),  which is included in the code file 

‘land_mercury_mod.f’ in the model, is functioned by subroutine “BIOMASSHG 

(EHg0_bb)”. It is based on an inventory of CO emissions from biomass burning, 

multiplied by an Hg/CO ratio (from Franz Slemr poster, EGU 2006). Slemr surveyed 

emission factors from measurements worldwide. In the GEOS-Chem simulation, the 

highest value (2.1e-7 mol Hg/mol CO) of the Hg/CO ratio in the range is used to do the 



computation although the best estimate from Slemr was 1.5e-7 mol Hg/mol CO. The 

major reason for using the highest value is that the simulations shown in Selin et al.2008 

required large Hg(0) emissions to sustain reasonable atmospheric Hg(0) concentrations. 

To conclude, the biomass burning emissions of the Hg(0) only depends on the biomass 

burning CO emissions since the Hg/CO ratio in the model is a constant. An increasing 

biomass burning CO emissions will lead to an increasing biomass burning emissions of 

the Hg(0). 

The Hg(0) emissions from vegetation by evapotranspiration, which is also included in the 

code file ‘land_mercury_mod.f’ in the model, is functioned by subroutine 

“VEGEMIS(LGCAPEMIS, EHg0_dist, EHg0_vg)”. Vegetation emissions are 

proportional to the evapotranspiration rate and the soil water mercury content. The 

GEOS-Chem model assumes a constant concentration of mercury in soil matter, based on 

the preindustrial and present-day simulations described in Selin et al.2008 and in 

“SOILEMIS” subroutine.  From the soil matter mercury (Hg) concentration, we calculate 

a soil water mercury (Hg) concentration in equilibrium (Allison and Allison, 2005). The 

monthly average transpiration rate [m/s] used in the model is from NASA. The vegetation 

emissions of Hg(0) is calculated as shown in equation.5 below. 

         (Xu et al., 1999)(Equ.5) 

Fc is Hg(0) flux of vegetation emissions, in ng/(m
2
s).  

Ec is canopy transpiration rate, in m/s 

Cw is the concentration of Hg(0)  in surface soil water (ng/m
3
), the calculation of Cw is 

shown in equation.6 below. 

         (Allison and Allison (2005) equilibrium formula)(Equ.6) 



Cs is the concentration of Hg(0) in surface soil solids, ng/g 

Kd is the equilibrium constant = (sorbed)/ (dissolved) =6310 L /kg  

To conclude, as we can see from the equation.5, the Fc (Hg(0) flux of vegetation 

emissions) depends on Ec (canopy transpiration rate) and Cw (the concentration of Hg(0)  

in surface soil water). Since the Ec (canopy transpiration rate) value in the model 

simulation process is a constant, the only changing factor for the Fc (Hg(0) flux of 

vegetation emissions) is Cw. From equation.6 above, Cw (the concentration of Hg(0)  in 

surface soil water) depends on Cs (the concentration of Hg(0) in surface soil solids) and 

Kd (the equilibrium constant). As Kd is another constant, Cw is only affected by Cs. So, 

the Fc (Hg(0) flux of vegetation emissions) is only proportional to Cs (the concentration 

of Hg(0) in surface soil solids).  

There is another kind of Hg(0) emissions included in the model which is from soils. The 

soil Hg(0) emissions are also included in the code file ‘land_mercury_mod.f’ in the 

model, is functioned by subroutine “SOILEMIS( EHg0_dist, EHg0_so )” from that file.  

Soil emissions are a function of solar radiation at ground level (accounting for attenuation 

by leaf canopy) and surface temperature. The radiation dependence from Zhang et al. 

(2000) is multiplied by the temperature dependence from Poissant and Casimir (1998). 

Finally, this emission factor is multiplied by the soil mercury concentration and scaled to 

meet the global emission total. Present-day soil concentrations are thought to be 15% 

greater than preindustrial one which is 45 ng Hg /g dry soil. But such a difference is 

much less than the range of concentrations found today, so not well constrained. The 

GEOS-Chem model calculates the present-day soil mercury (Hg) distribution by adding a 



global mean 6.75 ng/g (=0.15 * 45 ng/g) according to present-day mercury (Hg) 

deposition. 

For summary, as the fraction of light reaching the surface (attenuate solar radiation) is 

getting more, the Hg(0) emissions from soils are increasing. Theoretically, the soil 

emissions of Hg(0) is an exponential function of both soil temperature and solar radiation. 

This is also the reason for the strong summer peak of the Hg(0) emissions from soils. 

However in the GEOS-Chem model, the soil emissions of Hg(0) is only proportional to 

exp(Rg). Rg is solar radiation flux at the ground. So, the solar radiation flux at the ground 

increases, the Hg(0) emissions from soils are increasing. 

The model also includes the emission of Hg(0) from snow and ice even though they are 

very small source of mercury emissions. Some of the mercury deposited reemit from 

sunlit snow packs in spring and summer due to snowmelt (Holmes, 2010).  These 

emissions are a linear function of mercury mass stored in the snowpack. The mercury 

lifetime in snow is assumed to be 180 days when the temperature is less than 270 Kelvin 

degrees and 7 days when the temperature is greater than 270 Kelvin degrees. 

The last part of the computed Hg(0) emissions from natural sources is land reemission. It 

is the emissions of Hg(0) from prompt recycling of previously deposited mercury to land 

which is included in the subroutine “LAND_MERCURY_FLUX”. In the GEOS-Chem 

model, land reemission of Hg(0) is proportional to the sum of total deposition of Hg(II) 

and Hg(P) for both wet and dry depositions. There is a reemission fraction which is 0.6 if 

the snow depth is greater than 1mm on the ground, otherwise it is 0.2. 

For the anthropogenic emissions in both Present-day (2000) and future (2050), we use the 

Global Emission Inventory Activity (GEIA) global inventory of anthropogenic emissions 



for 2000. This inventory includes Hg(0), Hg(II) and Hg(P) at 1278, 720, and 192 Mg yr-1, 

respectively, with a horizontal resolution of 1 by 1 and no seasonal variation. For the 

GCAP (Global Change and Air Pollution) use by our Geos-Chem model, the emission 

files are created on 72×45 grids, different from the 72×46 grids used in GEOS-5 

simulations. Major sources in that inventory are electric power generation and waste 

incineration. Mobile sources are not consistently included, although recent data suggest 

that they could be significant (Edgerton and Jansen, 2004; Lynam and Keeler, 2006). The 

global emission rate of anthropogenic mercury declined by 5.5% from 1995 to 2000 

according to GEIA, but there have been more substantial regional changes. Emissions in 

the United States and Russia declined by 12% and 46%, respectively, while emissions in 

India, Brazil, Mexico, and Spain increased. Emissions in China declined 1.9%. Asia 

accounted for 54% of global anthropogenic mercury emissions in 2000.   

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 time for 

atmospheric mercury to be distributed over the entire planet before returning to the land, 

lakes, sea, and ice.  So, while the principal emissions of mercury are from some point 

sources concentrated in industrial regions, the mercury pollution is getting globally, 

affecting the most remote areas of the world. And the troposphere provides effective 

global transport of Hg(0).  

2.4 .Mercury Chemistry  

In the atmosphere, mercury can equilibrate among gaseous, aqueous and solid phases. 

Atmospheric mercury can undergo various physical and chemical transformations before 

being deposited back to the ground. Atmospheric mercury exists primarily as inorganic 



forms with two oxidation states: Hg(0) and Hg(II), although the existence of methylated 

mercury has also been reported (<3% of the total gaseous Hg except at near emissions 

sources, Slemr et al., 1985; Fitzgerald et al., 1991; Lee and Iverfeldt, 1991; Lamborg et 

al., 1995; St. Louis et al., 1995). The chemistry of atmospheric mercury was first 

reviewed by Lindqvist and Rodhe (1985). They suggested that photochemical processes 

may be important for the production of Hg(II) species in the atmosphere, and that the 

presence of water seems to accelerate Hg(0) oxidation, although no specific reaction 

pathways were discussed (Lindqvist and Rodhe (1985)). After this first review of the 

chemistry of atmospheric mercury, several other reviews of the chemistry of atmospheric 

mercury had been done during the coming years. The objective of these reviews is to 

summarize the understanding of atmospheric mercury chemistry, because many more 

reaction pathways and kinetic data have become available since the work by Lindqvist 

and Rodhe (1985).  

In our work, we focus on the atmospheric mercury concentration change from 2000 to 

2050, so special attention is paid to the kinetics, mechanisms and implications of the 

reactions interconverting Hg between elemental and divalent states. Most of these 

reactions were proposed to take place in atmospheric water.  

Among atmospheric mercury transformation reactions between elemental and divalent 

states, there are three major oxidation pathways (Hg(0) by ozone, Hg(0) by OH, Hg(0) by 

HOCl/OCl) which stands for Hg(0) oxidation to Hg(II) and also three major reduction 

pathways (Hg(II) by SO3, Hg(II) by HO2, Hg(II) photoreduction) which stands for Hg(II) 

reduction to Hg(0).  



The model does not include all those oxidation and reduction pathways showing above, 

instead, GEOS-Chem only includes the most major pathway for either oxidation or 

reduction. The model includes Hg(0) oxidation to Hg(II) by OH (Pal and Ariya, 

2004a;Sommar et al., 2001) and ozone (Hall, 1995). There are no temperature 

dependence is included in these rate constants due to lack of data. Oxidation rates are 

calculated using archived monthly mean 3-D fields of OH and O3 concentrations from a 

detailed GEOS-Chem tropospheric chemistry simulation (Park et al., 2004). The 

chemical speciation of Hg(II) measured in the atmosphere as RGM is unknown (Mason 

and Sheu, 2002); the Hg(II) product of the reactions of Hg(0) with O3 and OH is likely 

HgO (Sommar et al., 2001). HgO is very soluble in water thus dissolves in aqueous 

aerosols and clouds (Schroeder and Munthe, 1998). In the aqueous phase, HgO 

dissociates to Hg
2+

 (Pleijel and Munthe, 1995). Under most atmospheric conditions, Cl 

concentrations in the aqueous phase are sufficiently high to drive recomplexation to 

HgCl2 (Lin and Pehkonen, 1998). For reduction, the model includes the aqueous-phase 

photoreduction of Hg(II) as the only reduction pathway. In the model, this photoreduction 

pathway is based on estimate of rate constant and scaled to OH concentration. As same as 

the oxidation pathway above, there are No temperature dependence is included in these 

rate constants due to lack of data. 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(II) which is production of Hg(II) from Hg(0). 

2.5 .Mercury Deposition  



The GEOS-Chem model simulates both wet and dry deposition fluxes for divalent 

mercury (Hg(II)) and primary particulate mercury (Hg(P)) but only dry deposition flux 

for elemental mercury (Hg(0)) (Selin and Jacob 2008). The reason is that the Henry’s law 

constant of elemental mercury (Hg(0)) is very low (0.11 M atm-1 at 298K (Lin and 

Pehkonen, 1999)). From the Global atmospheric mercury budget in GEOS-Chem model 

showing in the Figure.20 below, we can see the numbers of deposition amount for the 

three different mercury species included in the model: elemental mercury (Hg(0)), 

divalent mercury (Hg(II)) and primary particulate mercury (Hg(P)), respectively. For 

divalent mercury (Hg(II)), 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 Mg/year 

while the dry deposition is only 10 Mg/year (Selin.2007). The most deposition of 

elemental mercury (Hg(0)) happens after the oxidation of elemental mercury (Hg(0)) to 

divalent mercury (Hg(II)). So, there is no specific deposition amount of elemental 

mercury (Hg(0)) included in GEOS-Chem model (Selin.2007).  
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Figure.20, the Global present-day atmospheric mercury budget in GEOS-Chem model for 

version 8-03-01 (Selin.2007) 

 

In our work, we make the plots of wet deposition flux for 2000 and 2050 for divalent 

mercury (Hg(II)) and primary particulate mercury (Hg(P)) to see the difference of wet 

deposition flux between 2000 and 2050 due to the climate change from 2000 to 2050. 

What is more, the deposition flux of mercury is an important factor which can affect the 

surface concentration of mercury. So the difference of wet deposition flux between 2000 

and 2050 could be a reason for the surface concentration changes of mercury.  

The wet deposition in GEOS-Chem model includes rainout and washout from large-scale 

and convective precipitation, and scavenging in convective updrafts (Liu et al., 2001). 

We assume that divalent mercury (Hg(II)) is scavenged quantitatively by liquid 

precipitation but is released to the gas phase when water freezes (zero retention 

efficiency). Primary particulate mercury (Hg(P)) is scavenged with the same efficiency as 

a water soluble aerosol (Liu et al., 2001). Dry deposition simulation included in the 

GEOS-Chem model is represented by the dry deposition flux density (F), which equals to 

deposition velocity (V) times the concentration (C). As a result, the higher concentrations 

of the mercury species in the air will lead to the higher dry deposition flux density (F) of 

them, respectively. Globally, the mean percentage of total deposition from a source is 



equivalent to its contribution to emission. However, the percentage varies spatially; 

contributions of emissions sources to deposition in a particular location depend on both 

the species of mercury (Hg) emitted and atmospheric chemical processes, transport, and 

circulation patterns.  

3. Results Discussion 

3.1 Impacts of 2000-2050 climate change on mercury in the 

atmosphere  

The Figure.10 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, except in some 

regions, north-eastern of China, south-eastern of South Africa and central part of Europe. 

This surface concentration decline of the elemental mercury (Hg(0)) could be due to 

either decreasing sources or increasing sinks of the surface elemental mercury (Hg(0)). 

From the Global atmospheric mercury budget included in the GEOS-Chem model 

(Selin.2007), we can get that there is no specific deposition pathway for elemental 

mercury (Hg(0)) which means the dry deposition sink of elemental mercury (Hg(0)) 

could be treated neglected in GEOS-Chem simulations.  As a result, the major sink of the 



atmospheric elemental mercury (Hg(0)) is just the oxidation to divalent mercury (Hg(II)) 

as described in ‘Mercury Chemistry’ section above. Also from the Global atmospheric 

mercury budget included in the GEOS-Chem model (Selin.2007), we can see the major 

sources of the atmospheric elemental mercury (Hg(0)) are reduction from divalent 

mercury (Hg(II)) and emissions which is the sum of anthropogenic emissions and natural 

emissions. Since the GEOS-Chem model includes Hg(0) emissions from both natural and 

anthropogenic sources (Schroeder and Munthe, 1998), the natural emissions of elemental 

mercury (Hg(0)) decreases could be one possible reason for the surface Hg(0) 

concentration decline in the blue regions as showing in Figure.10. As mentioned above in 

the “Mercury Emission” part, there are different kinds of computed Hg(0) emissions from 

natural sources in the model. The blue areas above the marine part of earth surface might 

be due to reduced ocean emissions of the Hg(0). The reduced ocean emissions of the 

Hg(0) can happen by either decreasing wind speed over the ocean or temperature change. 

Hg(0) concentration changes can also be due to vegetation emissions changes as the 

concentration of Hg(0) in surface soil solids changes. What is more, as the solar radiation 

flux at the ground changes, the Hg(0) emissions from soils are changing. This change can 

also cause the Hg(0) concentration changes in the atmosphere (as the red and blue parts 

showing). Other than the mercury natural emissions impact, the transformation between 

elemental mercury (Hg(0)) and divalent mercury (Hg(II)) is also an important factor 

which is able to influence the surface concentration of elemental mercury (Hg(0)). 

Summary from above, either decreasing reduction from divalent mercury (Hg(II)) or 

increasing oxidation to divalent mercury (Hg(II)) could be another important factor for 

the surface concentration of elemental mercury (Hg(0)) decline. 



 

 
Figure.10, the 3-year average elemental mercury (Hg(0)) surface concentration for 

year 2000 and year 2050, the difference between (2050-2000) and (2050-2000)/2000 

percentage 

 

The Figure.11 shows the simulated result by GCAP for 3-year average divalent mercury 

(Hg(II)) surface concentration for 2000 and 2050, respectively in the top panel and the 

Hg(II) 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(II)) (3-year average 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 divalent mercury (Hg(II)) 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(II)) 

surface concentration in a much more complicated way than affect the elemental mercury 



(Hg(0)) surface concentration. Climate change increase the divalent mercury (Hg(II)) 

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, Climate 

change decrease the divalent mercury (Hg(II)) 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.11. By the same analysis method as 

used in the elemental mercury (Hg(0)) part above, the changes of the divalent mercury 

(Hg(II)) surface concentration are due to the sum changes of sources and sinks. From the 

Global atmospheric mercury budget included in the GEOS-Chem model (Selin.2007), we 

can see the major sources of divalent mercury (Hg(II)) are anthropogenic mercury 

emissions and oxidation from elemental mercury (Hg(0)) while the major sinks of 

divalent mercury (Hg(II)) are wet/dry depositions to the ground and reduction to 

elemental mercury (Hg(0)). As a result of analysis, the changes of transformation 

between elemental mercury (Hg(0)) and divalent mercury (Hg(II)) (either oxidation from 

elemental mercury (Hg(0)) or reduction to elemental mercury (Hg(0))) are able to cause 

the divalent mercury (Hg(II)) surface concentration differences between 2000 and 2050. 

The other important factor is the depositions amount of divalent mercury (Hg(II)). As 

mentioned in the ‘Mercury Deposition’ section above, the simulated dry deposition flux 

density (F) included in the GEOS-Chem model depends on deposition velocity (V) and 

the concentration (C) of the mercury species. As a result, a higher concentration of 

divalent mercury (Hg(II)) in the air will lead to a higher dry deposition flux density (F) of 

divalent mercury (Hg(II)). So, the dry deposition amount of divalent mercury (Hg(II)) 

could impact its atmospheric surface concentration after the divalent mercury (Hg(II)) 



surface concentration has been changed by other factors. Since divalent mercury (Hg(II)) 

has a pretty good water solubility, it can be deposited and scavenged by rain. As a result, 

wet deposition pathway is the major way for return of mercury (Hg) from the atmosphere 

to the earth’s surface. For the wet deposition factor, it depends on precipitation amount. 

As a result, changes of the precipitation amount from 2000 to 2050 could cause the 

divalent mercury (Hg(II)) surface concentration differences between 2000 and 2050.  

 
Figure.11, the 3-year average divalent mercury (Hg(II)) concentration for year 2000 and 

year 2050, the difference between (2050-2000) and (2050-2000)/2000 percentage 

 

Since the factor of transformation between elemental mercury (Hg(0)) and divalent 

mercury (Hg(II)) plays an important role on surface concentration differences between 

2000 and 2050 for both elemental mercury (Hg(0)) and divalent mercury (Hg(II)). We do 

the zonal mean difference plots for 3-year average elemental mercury (Hg(0)) and 

divalent mercury (Hg(II)) between 2000 and 2050 other than the surface layer plots of the 



3-year average elemental mercury (Hg(0)) and divalent mercury (Hg(II)) concentration 

comparison between 2000 and 2050 as Figure.10 and 11 showing. From Figure.12 and 13, 

we can get the elemental mercury (Hg(0)) and divalent mercury (Hg(II)) concentration 

changes for altitude from surface up to 30 kilometers. The major conclusion we obtain 

from the difference plots in Figure.12 and 13 is that there must be some transformations 

between elemental mercury (Hg(0)) and divalent mercury (Hg(II)) during 2000 to 2050. 

The major increasing part for elemental mercury (Hg(0)) in Figure.12 is closely matching 

the major decreasing part for divalent mercury (Hg(II)) in Figure.13. In the same way, the 

major decreasing part for elemental mercury (Hg(0)) in Figure.12 is closely matching the 

major increasing part for divalent mercury (Hg(II)) in Figure.13. In order to look into the 

details of transformation between elemental mercury (Hg(0)) and divalent mercury 

(Hg(II)), we made the zonal mean difference plots between (2050-2000) for production 

of divalent mercury (Hg(II)) from elemental mercury (Hg(0)) as Figure.17 to 19 showing. 

Another motivation of making these plots is to get the proper reason for their 

transformation changes. 



 
Fig.12. 3-year average zonal mean elemental mercury (Hg(0)) concentration for year 

2000 and year 2050, the difference between (2050-2000) and the ratio 2050/2000 

 
Fig.13. 3-year average zonal mean divalent mercury (Hg(II)) concentration for year 

2000 and year 2050, the difference between (2050-2000) and the ratio 2050/2000 

 



The Figure.14 shows the simulated result by GCAP for 3-year average Primary 

particulate mercury (Hg(P)) concentration for 2000 and 2050, respectively in the top 

panel and the Primary particulate mercury (Hg(P)) 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 Primary particulate mercury (Hg(P)) 

(3-year average concentrations). Since we use the Global Emission Inventory Activity 

(GEIA) global inventory of anthropogenic emissions of 2000 for both Present-day (2000) 

and the future (2050), the change in the global distribution of Primary particulate mercury 

(Hg(P)) surface concentration from 2000 to 2050 is due to the climate change. Climate 

change increases Primary particulate mercury (Hg(P)) concentration in most of mid-

latitude area of the world and meanwhile decreases Primary particulate mercury (Hg(P)) 

concentration in most of high-latitude area of the world. From the (2050-2000) 

concentration difference plot in the bottom panel, we can see the absolute value of the 

(2050-2000) surface concentration difference of Primary particulate mercury (Hg(P)) is 

relative small in most of the world and there are only couple high values in south and east 

parts of China, south-eastern part of Australia, south Asia and South Africa. The (2050-

2000) surface concentration differences of Primary particulate mercury (Hg(P)) are due 

to the sum changes of sources and sinks. Also from the Global atmospheric mercury 

budget included in the GEOS-Chem model (Selin.2007), we can see the source of 

Primary particulate mercury (Hg(P)) in the atmosphere is anthropogenic emissions while 

the sink of Primary particulate mercury (Hg(P)) are wet/dry depositions to the ground. 

Since we use the Global Emission Inventory Activity (GEIA) global inventory of 

anthropogenic emissions of 2000 for both Present-day (2000) and the future (2050), the 



(2050-2000) surface concentration differences of Primary particulate mercury (Hg(P)) is 

totally due to change of sink which is wet/dry depositions. As same as divalent mercury 

(Hg(II)), Primary particulate mercury (Hg(P)) can also be deposited and scavenged by 

rain. As mentioned in the ‘mercury deposition’ part above, for Primary particulate 

mercury (Hg(P)), the wet deposition pathway dominates over the dry deposition one. As 

a result, the change of wet deposition amount from 2000 to 2050 is the dominating factor 

to impact the surface concentration changing of Primary particulate mercury (Hg(P)) 

from 2000 to 2050. The wet deposition amount of Primary particulate mercury (Hg(P)) 

depends on the precipitation amount. So, change of the precipitation amount from 2000 

to 2050 can impact the surface concentration in the atmosphere of Primary particulate 

mercury (Hg(P)) from 2000 to 2050. 

 
Fig.14. The 3-year average Primary particulate mercury (Hg(P)) concentration for 

year 2000 and year 2050, the difference between (2050-2000) and (2050-2000)/2000 

percentage 

  



3.2 Impacts of 2000-2050 climate change on mercury deposition  

The Figure.15 shows the simulated result by GCAP for 3-year average divalent mercury 

(Hg(II)) wet deposition flux for 2000 and 2050, respectively in the top panel and the 

divalent mercury (Hg(II)) wet deposition flux 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(II)) wet deposition flux (3 years 

average). Since we use the Global Emission Inventory Activity (GEIA) global inventory 

of anthropogenic emissions for the 2000 for both Present-day (2000) and the future 

(2050), the change in the global distribution of divalent mercury (Hg(II)) wet deposition 

flux from 2000 to 2050 is due to the climate change. From the (2050-2000) divalent 

mercury (Hg(II)) wet deposition flux difference plot in the bottom panel, we can see that 

climate change from 2000 to 2050 will not affect the divalent mercury (Hg(II)) wet 

deposition flux in big scale. As mentioned in ‘mercury deposition’ section above, in the 

GEOS-Chem model, the simulation of wet deposition includes rainout and washout from 

large-scale and convective precipitation, and scavenging in convective updrafts (Liu et al., 

2001). So change of the wet deposition flux here could be due to the change of 

precipitation amount from 2000 to 2050 or atmospheric concentration changes of divalent 

mercury (Hg(II)). As we obtain from Figure.15, the net change of the divalent mercury 

(Hg(II)) wet deposition flux from 2000 to 2050 is very small. The values in the (2050-

2000) divalent mercury (Hg(II)) wet deposition flux difference plot are relatively small 

compared with the value of 2000 or 2050, also the (2050-2000)/2000 percentage values 

are almost neglected since the values are as small as 10
-4

 percent. As a result, in this case, 

the change of divalent mercury (Hg(II)) wet deposition flux from 2000 to 2050 is not the 



major reason for the differences of divalent mercury (Hg(II)) surface concentration in the 

air between 2000 and 2050. 

 
Fig.15. The 3-year average divalent mercury (Hg(II)) wet deposition flux for year 

2000 and year 2050, the difference between (2050-2000) and (2050-2000)/2000 

percentage 

 

The Figure.16 shows the simulated result by GCAP for 3-year average Primary 

particulate mercury (Hg(P)) wet deposition flux for year 2000 and year 2050, 

respectively in the top panel and the primary particulate mercury (Hg(P)) wet deposition 

flux 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 primary 

particulate mercury (Hg(P)) wet deposition flux (3 years average). Since we use the 

Global Emission Inventory Activity (GEIA) global inventory of anthropogenic emissions 

for the 2000 for both Present-day (2000) and the future (2050), the change in the global 

distribution of primary particulate mercury (Hg(P)) wet deposition flux from 2000 to 



2050 is due to the climate change. From the (2050-2000) primary particulate mercury 

(Hg(P)) wet deposition flux difference plot in the bottom panel, we can see that change in 

climate from 2000 to 2050 will not affect the primary particulate mercury (Hg(P)) wet 

deposition flux in big scale. Very similar to divalent mercury, the primary particulate 

mercury (Hg(P)) is water soluble and its change of wet deposition amount from 2000 to 

2050 is the dominating factor to impact the surface concentration changing of Primary 

particulate mercury (Hg(P)) from 2000 to 2050. However, the values in the (2050-2000) 

primary particulate mercury (Hg(P)) wet deposition flux difference plot are very small 

compared with the 2000 year or 2050 year values, also the (2050-2000)/2000 percentage 

values are almost neglected since the values are as small as 10
-5

 percent. This difference 

percentage of primary particulate mercury (Hg(P)) wet deposition flux is too small to 

explain the surface concentration changing of primary particulate mercury (Hg(P)) from 

2000 to 2050 which is as high as a 50 percent change from Figure.14. So, future work is 

needed on this issue. 



 
Fig.16. 3-year average primary particulate mercury (Hg(P)) wet deposition flux for year 

2000 and year 2050, the difference between (2050-2000) and (2050-2000)/2000 

percentage 

 

3.3. Impacts of 2000-2050 climate change on atmospheric 

mercury chemistry  

 



 
Fig.17. The 3-year average zonal mean plot for production of divalent mercury 

(Hg(II)) from elemental mercury (Hg(0)) for year 2000 and year 2050, the difference 

between (2050-2000) and the ratio 2050/2000 

 

The Figure.17 shows the simulated result by GCAP for 3-year average production of 

divalent mercury (Hg(II)) from elemental mercury (Hg(0)) for year 2000 and year 2050, 

respectively in the top panel and production of divalent mercury (Hg(II)) from elemental 

mercury (Hg(0)) difference by (2050-2000) and the ratio 2050/2000 in the bottom panel. 

As mentioned above in the “Mercury Chemistry” section of this paper, there are several 

mercury transformation pathways between elemental and divalent states by either 

oxidation (elemental mercury (Hg(0)) convert to divalent mercury (Hg(II))) or reduction 

(divalent mercury (Hg(II)) convert to elemental mercury (Hg(0))). The production of 

divalent mercury (Hg(II)) from elemental mercury (Hg(0)) is the sum of oxidation of 

elemental mercury (Hg(0)) which is positive and reduction of divalent mercury (Hg(II)) 

which is negative. The model measures the production of divalent mercury (Hg(II)) from 



elemental mercury (Hg(0)) by tracer No.35001 from ND03 diagnostic. As we can see 

from these zonal mean difference plots in the bottom panel, the most part of the lower 

atmosphere (troposphere (below 10km)) is showing blue which means decreasing for 

production of divalent mercury (Hg(II)) from elemental mercury (Hg(0)). But at the same 

time, for the surface layer which we care most, it is showing white and red which means 

production of divalent mercury (Hg(II)) from elemental mercury (Hg(0)) increasing, 

especially for the tropical region. This increasing of the divalent mercury (Hg(II)) 

production from elemental mercury (Hg(0)) explain the elemental mercury (Hg(0)) and 

divalent mercury (Hg(II)) surface concentration changing from 2000 to 2050 in Figure 10 

and 11. As the divalent mercury (Hg(II)) production from elemental mercury (Hg(0)) 

increases, divalent mercury (Hg(II)) concentration will increase and elemental mercury 

(Hg(0)) concentration will decrease. Since the wet deposition flux difference plots in 

Figure 15 and 16 are showing so small changing from 2000 to 2050, the increasing of the 

divalent mercury (Hg(II)) production from elemental mercury (Hg(0)) showing in Figure 

17 could be the most important reason for the elemental mercury (Hg(0)) and divalent 

mercury (Hg(II)) concentration changing from 2000 to 2050 in Figure 10 and 11. 



 
Fig.18. 3-year average zonal mean plot for production of Hg(II) from Hg(0) by OH 

for year 2000 and year 2050, the difference between (2050-2000) and the ratio 

2050/2000 

 

The Figure.18 shows the simulated result by GCAP for 3-year average production of 

Hg(II) from Hg(0) by OH for year 2000 and year 2050, respectively in the top panel and 

production of Hg(II) from Hg(0) by OH difference by (2050-2000) and the ratio 

2050/2000 in the bottom panel. As mentioned above in the “Mercury chemistry” section 

of this paper, there are several mercury transformation pathways between elemental and 

divalent states by either oxidation (Hg(0) convert to Hg(II)) or reduction (Hg(II) convert 

to Hg(0)). The production of Hg(II) from Hg(0) is the sum of oxidation of Hg(0) which is 

positive and reduction of Hg(II) which is negative. The production of Hg(II) from Hg(0) 

by OH is one of two oxidation pathways included in the model that Hg(0) is oxidized by 

OH to convert to Hg(II). The model measures the production of Hg(II) from Hg(0) by 

OH by tracer No.35002 from ND03 diagnostic. As we can see from these zonal mean 



difference plots in the bottom panel, values in the lower atmosphere (troposphere (below 

10km)) is all showing blue by different degrees which means decreasing for production 

of Hg(II) from Hg(0) by OH. As mentioned above in “Mercury chemistry” section, the 

tracer No.35002, production of Hg(II) from Hg(0) by OH depends on archived monthly 

mean 3-D fields of OH concentration from a detailed GEOS-Chem tropospheric 

chemistry simulation (Park et al., 2004). So the OH concentration decreasing from 2000 

to 2050 in that part of atmosphere is the only possible reason for the production of Hg(II) 

from Hg(0) by OH decreasing. 

 
Fig.19. The 3-year average zonal mean plot for production of Hg(II) from Hg(0) by 

ozone for year 2000 and year 2050, the difference between (2050-2000) and the ratio 

2050/2000 

 

The Figure.19 shows the simulated result by GCAP for 3-year average production of 

Hg(II) from Hg(0) by ozone for year 2000 and year 2050, respectively in the top panel 

and production of Hg(II) from Hg(0) by ozone difference by (2050-2000) and the ratio 



2050/2000 in the bottom panel. As mentioned above in the “Mercury Chemistry” section 

of this paper, there are several mercury transformation pathways between elemental and 

divalent states by either oxidation (Hg(0) convert to Hg(II)) or reduction (Hg(II) convert 

to Hg(0)). The production of Hg(II) from Hg(0) is the sum of oxidation of Hg(0) which is 

positive and reduction of Hg(II) which is negative. The production of Hg(II) from Hg(0) 

by ozone is one of two oxidation pathways included in the model that Hg(0) is oxidized 

by ozone to convert to Hg(II). The model measures the production of Hg(II) from Hg(0) 

by ozone by tracer No.35003 from ND03 diagnostic. As same as the Figure 13, from 

these zonal mean difference plots in the bottom panel, values in the lower atmosphere 

(troposphere (below 10km)) is all showing blue by same degree which means decreasing 

for production of Hg(II) from Hg(0) by ozone. As mentioned above in the “Mercury 

chemistry” section of this paper, the tracer No.35003, production of Hg(II) from Hg(0) by 

ozone depends on archived monthly mean 3-D fields of ozone concentration from a 

detailed GEOS-Chem tropospheric chemistry simulation (Park et al., 2004). So the ozone 

concentration decreasing from 2000 to 2050 in that part of atmosphere is the only 

possible reason for the production of Hg(II) from Hg(0) by ozone decreasing. 

4. Conclusion   

We have used a global 3-D atmospheric model (GEOS-Chem) to simulate three species 

of mercury in the atmosphere: elemental mercury (Hg(0)), divalent mercury (Hg(II)), and 

primary particulate mercury (Hg(P)) 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(II) 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(II) and Hg(P), respectively in the year 



2050. The model version used in this research is “GCAP”. The research motivation is to 

see how the climate changes (year 2000 to year 2050) impact the mercury concentration 

in the atmosphere. We also includes the analysis of wet deposition fluxes of Hg(II) and 

Hg(P) comparison between present-day (2000) and the future (2050) since wet deposition 

flux is a very important indicator for the atmospheric concentration changes of Hg(II) and 

Hg(P) due to their strong solubility of water. And also to see how the climate changes 

from 2000 to 2050 impact the wet deposition fluxes of Hg(II) and Hg(P) in the 

atmosphere.  

From the model results, we conclude that the model simulates the global atmospheric 

mercury (Hg) reasonably well. 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 driving factors of Hg(0) surface concentration changes are natural 

emissions(ocean and vegetation) and the transformation reactions between Hg(0) and 

Hg(II). The climate change from 2000 to 2050 would increase Hg(II) 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(II) 

surface concentration in most of high-latitude part of the world. The driving factors of 

Hg(II) surface concentration changes is deposition amount change (majorly wet 

deposition) from 2000 to 2050 and the transformation reactions between Hg(0) and 

Hg(II). Since Hg(II) has good water solubility, it can be deposited and scavenged by rain. 

The return of mercury from the atmosphere to the earth’s surface occurs majorly via wet 

precipitation of the dissolved Hg. For the Hg(P), we can see that a change in climate from 



2000 to 2050 will affect the Hg(P) concentration in a very similar way as it will affect the 

Hg(II) concentration. It would increase Hg(P) concentration in most of mid-latitude area 

of the world and meanwhile decrease Hg(P) concentration in most of high-latitude 

regions of the world. For the Hg(P) concentration changes, the major driving factor is the 

deposition amount change (mainly wet deposition) from 2000 to 2050. Since Hg(P) is 

scavenged with the same efficiency as a water soluble aerosol as Hg(II) (Liu et al., 2001), 

it can also be deposited and scavenged by rain.  

From wet deposition fluxes plots of Hg(II) and Hg(P), climate change from 2000 to 2050 

will not affect the wet deposition flux of Hg(II) and Hg(P) in big scale. The values in the 

(2050-2000) wet deposition flux of Hg(II) and Hg(P) difference plot are relatively small 

compared with the 2000 year or 2050 year values, therefore the (2050-2000)/2000 

percentage values are almost neglected.  

5. Issues/Future work 

As mentioned in research motivation part above, we were planning to make the 

comparison for global atmospheric mercury budget (as showing in Figure.20 for present-

day) between present-day and future. However, the model GEOS-Chem in version 8-03-

01 was not able to save the ND44 values for mercury simulations which are the dry 

deposition fluxes for mercury (Hg). As a result, we are not able to compare the global 

atmospheric mercury budget (as showing in Figure.20 for present-day) between present-

day and future. The future work from my suggestion is using the updated version of 

model (newer than v9-01-01) to recompile and run this mercury simulation so as to get 

the ND44 values for dry deposition fluxes.  
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