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� We have examined the sensitivities of atmospheric mercury to the changes in climate and land use/land cover.
� Land use and land cover change can lead to increases in Hg(0) dry deposition flux over most of the continental regions.
� Climate change can cause increases in the surface Hg(0) concentration globally.
� Climate change induces significant regional changes in mercury wet deposition.
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a b s t r a c t

Mercury is an important pollutant that can be transported globally due to its long lifetime in the at-
mosphere. Atmosphere-surface exchange is a major process affecting the cycling of mercury in the global
environment and its impacts on food webs. We investigate the sensitivities of the air-surface exchange,
atmospheric transport, and budget of mercury to projected 2000e2050 changes in climate and land use/
land cover with a global chemical transport model (GEOS-Chem). We find that annual mean Hg(0) dry
deposition flux over land could increase by up to 20% in northern mid-latitudes by 2050 due to increased
vegetation and foliage density. Climate change can significantly affect both the wet deposition and at-
mospheric chemistry of mercury. In response to the projected climate change, the annual mean wet
deposition flux increases over most continental regions and decreases over most of the mid-latitude and
tropical oceans. The annual mean mercury wet deposition flux over northern and southern high latitudes
increases by 7% and 8% respectively, largely driven by increases in precipitation there. Surface Hg(0) is
predicted to increase generally, because high temperatures decrease Hg(0) oxidation by bromine and
high moisture increases aqueous Hg(II) photo reduction. The combined effects of projected changes in
climate, land use and land cover increase mercury deposition to the continental biosphere and decrease
mercury deposition to the marine biosphere.

© 2016 Published by Elsevier Ltd.
1. Introduction

Mercury is a toxic and bioaccumulative pollutant in the envi-
ronment and has important implications for public health, wildlife
and ecosystems (Choi and Grandjean, 2008; Lindberg et al., 2007;
Mergler et al., 2007; Scheulhammer et al., 2007; UNEP, 2013). The
long atmospheric lifetime of elemental mercury (around one year)
enables it to be transported long distances before depositing to the
and Mining Engineering and
n, MI 49931, USA.
Earth’s surfaces, making it a global pollutant (Lindqvist and Rodhe,
1985; Schroeder and Munthe, 1998). Due to its volatility, some of
the deposited mercury can be emitted back into the atmosphere
(Selin et al., 2008; Xu et al., 1999).

The atmosphere-surface exchange and budget of atmospheric
mercury are affected by global changes in anthropogenic emissions,
climate and land use/land cover. Most previous studies of global
change have focused on the effects of anthropogenic emissions and
their implications for policy. For example, Corbitt et al. (2011)
studied the source-receptor relationship for mercury deposition
with the present-day and 2050s anthropogenic emissions. Amos
et al. (2013) first investigated the impacts of legacy mercury
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emissions on the present-day mercury cycle and then projected the
effects from future changes in anthropogenic mercury emissions.
Selin (2014) identified the challenges for meeting the goals of the
Minamata Convention to regulate anthropogenic mercury emission
and evaluating its influences on global biogeochemical cycling of
mercury. Few studies have addressed the effects of changing
climate or land use/land cover on atmospheric mercury. Lei et al.
(2014) found that the benefits from reductions in the domestic
United States mercury emissions for the 2000e2050 period would
be largely offset by rising anthropogenic emissions overseas and
rising natural emissions. Megaritis et al. (2014) investigated the
effects of climate change on atmospheric mercury concentration
and deposition over the eastern United States and concluded that
rising future temperatures would increase elemental mercury
oxidation and increase divalent mercury concentrations. Hansen
et al. (2015) studied the impacts of climate change on atmo-
spheric mercury deposition in the Arctic following the Special
Report on Emissions Scenarios (SRES-A1B) (Nakicenovic et al.,
2000) as a sensitivity study and found that climate change would
reduce atmospheric mercury deposition to the Arctic.

Climate change has the potential to influence atmospheric
mercury through multiple pathways. The changes in precipitation
directly affect the spatiotemporal patterns of mercury wet depo-
sition. Past studies have shown that the variability in precipitation
plays a critical role in affecting the present-day mercury wet
deposition (Gratz et al., 2009; Holmes et al., 2016; Nair et al., 2013;
Prestbo and Gay, 2009; Risch et al., 2012b). The observed significant
interannual variability in present-day atmospheric mercury depo-
sition (Blackwell et al., 2014) also indicates that meteorology is a
key factor affecting the atmospheric abundance, distribution and
atmosphere-surface exchange of mercury.

Changes in temperature could alter the atmospheric mercury
chemistry leading to changes in mercury speciation (i.e. elemental
vs. divalent mercury; gas vs. particle phase) and consequently
deposition since different mercury species have different solubility
and other deposition properties. The changes in future climate
could also affect the atmosphere-surface exchange of elemental
mercury. Previous studies have shown that evasion of mercury
from surface soil could be affected by solar radiation (Eckley and
Branfireun, 2008; Ericksen et al., 2006; Fu et al., 2012b; Gustin
et al., 2006; Obrist et al., 2006) and air temperature (Almeida
et al., 2009; Obrist et al., 2006; Poissant et al., 1999). Emission of
mercury from the surface ocean can also be affected by environ-
mental factors such as temperature, solar radiation and surface
winds (Andersson et al., 2008; Nightingale et al., 2000; Poissant
et al., 2000; Soerensen et al., 2010, 2013, 2014).

Significant changes in land use/land cover are expected in the
coming decades in response to changes in climate, atmospheric CO2
concentration, as well as anthropogenic activities such as agricul-
ture expansion, deforestation and reforestation (Bachelet et al.,
2001; Cox et al., 2004; Cramer et al., 2001; Houghton et al., 2000;
Turner et al., 1994). Previous work has investigated the influence
of land use/land cover change on atmospheric chemical composi-
tion such as ozone (Ganzeveld et al., 2010; Wu et al., 2012), but the
potential impacts on atmospheric mercury from changes in land
use/land cover have not been examined yet. Recent assessments
have suggested vegetation to be a net sink of atmospheric mercury
(Ericksen and Gustin, 2004; Gustin et al., 2008; Hanson et al., 1995;
Hartman et al., 2009; Wang et al., 2014). Strong positive correla-
tions between mercury deposition flux and leaf area have been
indicated by studies of Gao and Wesely (1995) and Zhang et al.
(2009). Zhang et al., (2009) showed that the Hg(0) dry deposition
velocity onto forests tended to be 2e5 times higher than other
vegetated surfaces. We present here the first study on the impacts
of global climate change and land use/land cover change (driven by
climate change, increasing atmospheric CO2 concentration and
agricultural land use change) on atmospheric mercury.

2. Model description and approach

2.1. Model description

We use the GEOS-Chemmodel version v9-02 (www.geos-chem.
org) with a coupled atmosphere-land-ocean mercury simulation
(Holmes et al., 2010; Selin et al., 2008; Soerensen et al., 2010). The
model simulates three forms of mercury in the atmosphere:
gaseous elemental Hg(0), gaseous oxidized Hg(II) and particle-
bound Hg(II). Hg(II) is assumed to be in equilibrium between gas
and particle phases at all times and the fractions in gas and particle
phases depend on temperature and aerosol loadings (Amos et al.,
2012; Rutter and Schauer, 2007a, b). Atmospheric Hg(0) is
oxidized by bromine (Br) to form Hg(II) products and in-cloud
reduction of Hg(II) is also included in order to match observed
surface mercury concentrations (Holmes et al., 2010). The oxidation
of Hg(0) involves a two-step reaction: (1) atmospheric Hg(0) reacts
with Br to form unstable HgBr; (2) HgBr can either dissociate or
react with Br or the hydroxyl radical ($OH) to form the final product
(Hg(II)) (Holmes et al., 2010). Tropospheric Br fields for the present-
day are archived from a GEOS-Chem full chemistry simulation
(Parrella et al., 2012) and remain unchanged in our future climate
and land use/land cover simulations. Gaseous and particle-bound
Hg(II) are subject to wet deposition, which includes scavenging in
convective updrafts and rainout and washout from large-scale
precipitation as described in Liu et al. (2001) with updates by
Wang et al. (2011) and Amos et al. (2012). Sea salt uptake of gaseous
phase Hg(II) in themarine boundary layer (MBL) is accounted for, as
described by Holmes et al. (2010).

Hg(0) is emitted from both natural and anthropogenic sources
while Hg(II) only has anthropogenic sources. Anthropogenic
emissions are specified from the GEIA (Global Emission Inventories
Activity) 2005 inventory (Pacyna et al., 2010) as implemented by
Corbitt et al. (2011) and Streets et al. (2009). Anthropogenic emis-
sions over the United States and Canada are replaced by regional
inventories prepared by Zhang et al. (2012b). Anthropogenic mer-
cury emissions are held constant in our future modeling scenarios
in order to focus on the effects of climate and land use/land cover
on natural emissions and atmospheric chemistry.

The atmosphere-terrestrial exchange of Hg(0) is bi-directional,
but only some recent model developments have coupled the
deposition (downward flux) and emission (upward flux) to esti-
mate the net atmosphere-surface flux based on the gradient be-
tween an ambient mercury concentration and a “compensation
point” inferred from the surface characteristics (Bash et al., 2007;
Bash, 2010; Wang et al., 2014). Such treatments have not been
implemented into global chemical transport models yet due to the
limited field or lab data to validate the complicated parameteriza-
tion processes in the coupled model (Wang et al., 2014). The GEOS-
Chem model used in this study treats deposition and emission of
Hg(0) separately. More details about the dry deposition process will
be discussed in Sec 2.2.

A fraction of Hg(II) deposited to the terrestrial reservoir can be
quickly converted to Hg(0) and reemitted to the atmosphere, which
is called “prompt recycling” (Selin et al., 2008). For the version of
GEOS-Chem used in this study, it is assumed that 20% of total Hg(II)
deposited to the land surface will be immediately released to the
atmosphere as Hg(0) when there is no snow cover (Selin et al.,
2008). For snow covered land surfaces, a snow pack reservoir ac-
counts for the conversion of deposited Hg(II) to Hg(0) under sunlit
conditions (Holmes et al., 2010). The reservoir lifetime is 180 days
but decreases to 21 days when temperature exceeds 270 K (Fain
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et al., 2007, 2008).
Dry deposition of Hg(0) to the ocean surface in GEOS-Chem is

simulated as part of the bi-directional exchange process in the
surface slab ocean model of Soerensen et al. (2010). In this model,
three species of mercury in the surface ocean mixed layer are
simulated: Hg(0), Hg(II) and nonreactive nonvolatile mercury. At-
mospheric deposition of mercury contributes significantly to the
surface ocean mixed layer, but the deep ocean also accounts for a
considerable amount of mercury inputs to the surface ocean mixed
layer. Vertical exchange between the surface ocean and the deep
ocean are retained through entrainment/detrainment and Ekman
pumping (Soerensen et al., 2010). In the surface ocean mixed layer,
biological primary productivity and solar radiation both favor Hg(II)
reduction to Hg(0). Net emission of Hg(0) from the surface ocean is
a function of sea surface temperature, surface wind speed and the
available Hg(0) in the surface ocean. Net emission of Hg(0) from the
surface ocean is estimated to be about 2310 Mg yr�1 for present-
day in this study, which is consistent with most other estimates
of 2000e3000 Mg yr�1 (Bergan et al., 1999; Holmes et al., 2010;
Lindberg et al., 2007; Mason and Sheu, 2002; Seigneur et al.,
2004; Selin et al., 2007; Shia et al., 1999; Soerensen et al., 2010).

2.2. Simulation design

All the model simulations are driven by meteorology fields
archived from the NASA Goddard Institute for Space Studies (GISS)
general circulationmodel (GCM 3) (Rind et al., 2007). The GISS GCM
3 has a horizontal resolution of 4� latitude by 5� longitude with 23
vertical layers extending from the surface to 0.002 hPa (about
85 km altitude). The meteorological data is archived with 6-hour
time resolution (3-hour for surface variables and mixing depth).
The interface between the GISS GCM 3 and GEOS-Chem is described
in Wu et al. (2007). The simulation of 2000e2050 climate change
with the GISSmodel follows the IPCC A1B scenario (IPCC, 2001).We
carry out 5-year Hg simulations with the GEOS-Chemmodel for the
2000s (1998e2002) and 2050s (2048e2052) climate. Unless noted
otherwise, our analyses on the perturbations to atmospheric mer-
cury due to climate change are based on 5-year average model
results.

We follow Wu et al. (2012) to conduct GEOS-Chem sensitivity
simulations to separately identify the effects of climate change,
natural vegetation change (also referred to as land cover change
here) induced by climate change and increasing atmospheric CO2
fertilization, and anthropogenic land use change such as agricul-
tural expansion (also referred to as land use change here). The
2000e2050 changes in natural vegetation are calculated with the
Lund-Potsdam-Jena Dynamic Global Vegetation Model (LPJ DGVM)
(Sitch et al., 2003) driven by the same meteorology from the GISS
GCM 3 and atmospheric CO2 concentrations following the IPCC A1B
scenario (IPCC, 2001). Changes in anthropogenic land use over the
period of 2000e2050 were simulated by the IMAGE model
following the IPCC A1B scenario (IMAGE-Team, 2001; IPCC, 2001;
MNP, 2006).

The LPJ DGVM simulates vegetation cover, density and other
variables for nine different plant functional types (PFTs) (Sitch et al.,
2003; Wu et al., 2012). Vegetation data including vegetation den-
sity (expressed as leaf area index, or LAI) and fractional coverage
from LPJ are archived at 1� � 1� (longitude � latitude) resolution.
We use 10-year average vegetation data to derive the 2000e2050
changes in land use/land cover (1990e2000 for the present-day
and 2040e2050 for the future). Dry deposition of Hg(0) and gas
phase Hg(II) follows a standard resistance-in-series scheme (Wang
et al., 1998; Wesely, 1989) with updates to include the impacts of
LAI on stomatal resistance (Gao and Wesely, 1995). Dry deposition
velocities for each grid box are calculated with surface values of
momentum and sensible heat flux, temperatures, solar radiation
and other meteorology variables (Bey et al., 2001).

We conduct five model simulations to separate the impacts
associated with climate change and those associated with land use/
land cover change: (1) present-day climate and present-day land
use and land cover (2000 climateþ 2000 LU&LC), (2) future climate
and present-day land use and land cover (2050 climate þ 2000
LU&LC), (3) present-day climate and future land use and land cover
(2000 climateþ 2050 LU&LC), (4) present-day climate and present-
day land cover (with only natural vegetation) (2000 climateþ 2000
LC), (5) present-day climate and future land cover (with only nat-
ural vegetation) (2000 climate þ 2050 LC). In simulations (4) and
(5), only natural vegetation is included while anthropogenic land
use such as crops is excluded. Anthropogenic, biomass burning and
geogenic emissions of mercury remain at the present-day levels for
all the cases, while ocean and land emissions respond dynamically
to changes in climate and land use/land cover. The climate-induced
changes in temperature, precipitation, cloudiness, and atmospheric
transport can all affect atmospheric mercury. In this study, we do
not account for the potential impacts from climate change on net
primary productivity and wind-driven Ekman pumping. Case (1)
serves as the control run and the difference between case (2) and
case (1) reflects the influence from climate change. The difference
between (4) and (5) represents the impacts from land cover change
while the difference between (3) and (1) shows the impacts from
the combined effects from land use and land cover. Following Selin
et al. (2008), steady state of emissions and deposition on the 4� � 5�

model grid is applied to compute natural soil mercury concentra-
tions in preindustrial conditions. For the present-day, soil mercury
concentrations are increased by 15% globally (Mason and Sheu,
2002) and distributed following the pattern of present-day
anthropogenic deposition. For the present-day simulations, each
scenario covers a five-year period (i.e. 1998e2002 or 2048e2052)
which is preceded by 5 years of spin-up. All the results analyzed
and discussed in this study are based on 5-year averages.

3. Results and discussions

3.1. Model evaluation

Mercury simulations with the GEOS-Chem model driven by the
NASA/GEOS assimilated meteorological fields have been exten-
sively evaluated in previous studies (Amos et al., 2012; Holmes
et al., 2010; Selin et al., 2007; Soerensen et al., 2010; Song et al.,
2015; Strode et al., 2007; Zhang et al., 2012b). In this study, we
first evaluate the GEOS-Chem mercury simulations driven by GISS
GCM 3 meteorological fields. Fig. 1 shows the simulated concen-
trations of total gaseous mercury (TGM ¼ Hg(0) þ gas phase Hg(II))
in surface air compared with observations. In general, the model
reproduces the spatial distribution of atmospheric mercury at 39
continental sites (r2 ¼ 0.78) although it tends to underestimate the
TGM surface concentrations. The model calculated mean and
standard deviation (SD) for atmospheric mercury concentrations
over these sites is 1.52 ± 0.25 ng/m3, compared to the observed
1.86 ± 0.99 ng/m3. One likely reason for the underestimate of the
surface TGM concentration in our model is the relatively coarse
vertical resolution in the boundary layer (0.4 km), which is unable
to resolve vertical TGM gradients in strong emission regions, where
many TGM measurements are made.

Fig. 2 shows the model calculated annual average wet deposi-
tion flux for the present-day (1998e2002) compared with mea-
surements from the Mercury Deposition Network (MDN) (NADP,
2009) over North America. The model simulates the magnitude of
wet deposition flux reasonably well with a mean bias of �5%
relative to theMDN observational datawith correlation of r2¼ 0.26.



Fig. 1. Global distribution of TGM concentrations in surface air. Model results (background) are annual average for year 1998e2002. Measurements (diamonds) and all other
observed ship cruise data (circles) are those used from Holmes et al. (2010).

Fig. 2. Annual average total mercury (gas phase Hg(II) þ particulate phase Hg(II)) wet
deposition flux (in mg/m2/yr) over North America. Model results (background) for
1998e2002 annual average are compared to observed data from the Mercury Depo-
sition Network (circles) from 2006 to 2008 as used in (Holmes et al., 2010). More
details about the data can be found in (Holmes et al., 2010).

H. Zhang et al. / Atmospheric Environment 141 (2016) 230e244 233
The model overestimates the wet deposition flux in the south-
western United States. This could be partly driven by the over-
estimated precipitation by the GISS CCM 3. For example, we find
that at one site in NewMexico (NM10), the precipitation from GISS
GCM 3 is 2.4 times higher than the observed precipitation from
MDN while the model simulated wet deposition at that site is 83%
higher than the measurement from MDN. The modelled largest
mercury wet deposition flux is found in the southeastern United
States as in other studies (Holmes et al., 2010; Selin and Jacob,
2008; Zhang et al., 2012b; Zhang and Jaegle, 2013) but the model
did not capture the magnitude of the observed wet deposition flux
with a mean bias of�30% relative to the measured data. Convective
scavenging of mercury from the free troposphere very likely con-
tributes to the regional feature (Selin and Jacob, 2008; Zhang et al.,
2012b).

The present-day global mercury burden in the atmosphere is
estimated to be 4840 Mg yr�1, which is in the range of
4600e5600 Mg yr�1 as estimated by other studies (Amos et al.,
2012; Selin, 2009; Shia et al., 1999). Mercury emission from geo-
genic sources follows Selin et al. (2007) with a global total of
500 Mg yr�1 and is assumed to remain constant in the future.
Biomass burning emission of mercury is estimated to be
243 Mg yr�1 following the distribution of Global Fire Emissions
Database version 3 (van der Werf et al., 2010) of CO with a constant
Hg/CO ratio of 100 nmol mol�1 (Holmes et al., 2010). The mercury
emission from soil is affected by solar radiation following Holmes
et al. (2010) and Zhang et al. (2001) with the global total emis-
sion calculated to be 814 Mg yr�1 for the present-day.

We calculate 241 Mg yr�1 and 204 Mg yr�1 re-emission of Hg(0)
from the non-snow covered and snow covered land surface
respectively. We define net emission of Hg(0) from the terrestrial
surface as total Hg(0) emissions from the terrestrial surface minus
total Hg(0) dry deposition to the terrestrial surface, i.e. (soil
emission þ biomass burning emission þ geogenic
emission þ prompt recycling emission e dry deposition). We then
calculate the net emission of Hg(0) from the terrestrial surface for
present-day is 500 Mg yr�1, lower than the previous bottom-up
estimates 1140e5280 Mg yr�1 of Mason (2009) and Pirrone et al.
(2010). It is lower than the average of 1070 Mg yr�1 (uncertainty
range: �510 to 3130 Mg yr�1) of Song et al. (2015) from a standard
GEOS-Chem simulation and the major uncertainty there comes
from the estimation of soil emission (1680 ± 840 Mg yr�1), while it
is close to the average of 340 Mg yr�1 (uncertainty range: �590 to
1750 Mg yr�1) from GEOS-Chem simulations with optimized
emission/parameters based on Bayesian inversion of Song et al.
(2015). The recent work of Agnan et al. (2016) estimated a global
net emission of Hg(0) from the terrestrial surface to have a median
of 607 Mg yr�1 with an uncertainty range of�513 Mg yr�1,
1653 Mg yr�1 (representing 37.5th and 62.5th percentile range) by
extrapolating the best statistical distribution of measurement
fluxes from different land cover types and surfaces.

Previous studies (Zhang et al., 2009, 2012a) have shown that
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Hg(0) dry deposition velocity values are larger over ecosystemwith
larger LAI due to the dominant effect of LAI, and gaseous Hg(II) has a
much larger dry deposition velocity than Hg(0). Here, the calcu-
lated Hg(0) dry deposition velocity ranges from 0.01 cm/s to
0.05 cm/s globally with higher values (0.03e0.05 cm/s) over
vegetated areas such as the southeastern United States, the Amazon
forest and northern mid-latitudes. The gaseous Hg(II) dry deposi-
tion velocity is estimated to range from 0.06 to 5 cm/s globally in
this work. These calculated values are well within the range re-
ported by previous studies (Zhang et al., 2009, 2012a). The annual
mean Hg(0) dry deposition flux in the central and eastern United
States from this work ranging from 11 to 20 mg/m2/yr are in the
range of Zhang et al. (2012a) which estimated Hg(0) dry deposition
flux to be 5.2e34.4 mg/m2/yr at sites in this region, obtaining good
agreement with litterfall measurements (Risch et al., 2012a). The
global total Hg(0) dry deposition to the land of 1440Mg for present-
day is well within the previous published data (Holmes et al., 2010;
Selin et al., 2008; Song et al., 2015). Comparison to the results of
these studies suggests that model estimates for Hg(0) dry deposi-
tion in this study are reasonable.
3.2. Effects on atmospheric chemistry and composition

Bromine reactions with Hg(0) are very sensitive to air temper-
ature, with the net oxidation rate falling roughly 11% for each 1 K
increase in temperature (Holmes et al., 2006). Fig. 3 shows the
zonal mean gross oxidation of Hg(0) for present-day and the dif-
ference due to 2000e2050 climate change. Bromine concentrations
are assumed to be the same in the future climate since little is
known about how its marine sources may change (Hossaini et al.,
2013; Hughes et al., 2012). The higher tropospheric temperatures
in the future climate favor decomposition of the HgBr reaction in-
termediate and therefore suppress oxidation of Hg(0) to Hg(II)
(Fig. 3). Although the mechanism for atmospheric reduction of
Hg(II) is uncertain, numerous studies have suggested that aqueous
photochemical reactions in clouds or aerosols are involved (Lin
et al., 2006; Subir et al., 2011, 2012). Rising atmospheric tempera-
tures in the future climate expand the regions where liquid-water
clouds exist at higher latitudes and altitudes. Our model therefore
predicts 5% greater Hg(II) reduction in the future climate. The
interannual variability (IAV, calculated as standard deviation of
annual mean values) in present-day Hg(II) reduction is 16 Mg yr�1,
which is 0.9% of the mean. In the future scenario, the IAV rises to
27 Mg yr�1, which is 1.4% of the future mean. Against this low IAV,
the simulated 5% increase in Hg(II) reduction is significant. Despite
Fig. 3. Zonal mean gross oxidation of Hg(0) (left) and the
the uncertainties associated with the current atmospheric mercury
redox chemistry (Holmes et al., 2006, 2010; Lin et al., 2006;
Pongprueksa et al., 2008; Subir et al., 2011, 2012), our results sug-
gest that climate change could lead to large perturbations to at-
mospheric mercury chemistry.

The change in future temperature could have potential effects
on the partitioning of Hg(II) between the gas and particulate phase.
Amos et al. (2012) has shown that implementing the partitioning of
Hg (II) between the gas and particulate phase in GEOS-Chemmodel
has resulted in Hg(II) fraction in the particulate phase from less
than 10% in warm air with low aerosol and more than 90% in cold
air with high aerosol load. This feature is reflected in our model
results for the present-day conditions as shown in Fig. 4. The in-
crease in global surface temperature by about 2 K in the future
favors more Hg(II) in the gas phase over the particulate phase in
most parts of the world (Fig. 4) with the mean fraction of Hg(II)
partitioned into the particle phase decreasing by 5% globally in both
January and July. This would have important impacts for mercury
speciation and subsequent effects on global distribution of mercury
deposition. Particulate Hg(II) can be more efficiently scavenged by
snow than gaseous Hg(II) (Amos et al., 2012; Holmes et al., 2010;
Selin et al., 2008). One important implication could be the influ-
ence on mercury deposition in the high latitudes as suggested by
Amos et al. (2012) which showed that the implementation of the
partitioning relationship leads to increasing Hg(II) deposition at
high latitudes comparing to a sensitivity simulation that assumes
all Hg(II) to be in the gaseous phase. The model results predict that
future climate could cause the fraction of Hg(II) in the particulate
phase to decrease by 45% and 5% in January in northern (Arctic
Ocean) and southern (Antarctic Ocean) high latitudes (poleward of
70�N and 65�S), mainly driven by the increase in surface air tem-
perature in these two regions, while no significant change is found
in July in both high latitudes. We find here that particle phase Hg(II)
concentration decreases in high latitudes in both hemispheres
affected by the gas phase partitioning and also the increase in
precipitation over high latitudes.

We find that climate change leads to a general increase in future
surface Hg(0) concentrations by up to 5% and 7% in the northern
and southern hemispheres respectively mainly as a combined
result of suppressed Hg(0) oxidation in the troposphere and
increased in-cloud reduction of Hg(II) (Fig. 5). The largest increase
by up to 0.14 ng/m3 occurs in eastern China where the present-day
surface Hg(0) concentration in urban sites are often several folds
higher than that of those in North America and Europe (Fu et al.,
2012a). We further divide the continental regions into North
difference due to 2000e2050 climate change (right).



Fig. 4. Top panels are the mean fraction of Hg(II) partitioned into the particle phase in surface air in January (top left) and July (top right). Bottoms are the respective ratio due to
2000e2050 climate change.
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America (130e80�W and 10e70�N), Europe (10�We50�E and
35e70�N), Asia (63e145�E and 10e58�N), Africa (15�We50�E and
35�Se35�N), South America (80e40�W and 55�Se10�N) and
Australia (115e150�E and 35e15�S) shown as the red boxes in the
bottom right of Fig. 5. We find climate change causes the annual
average surface Hg(0) concentration to increase by 4%, 4%, 3%, 5%,
5% and 7% in the respective regions and these changes are statis-
tically significant at the 95% confidence level. Unless noted other-
wise, the standard error of the mean and confidence levels from
two-sample t-test is applied and also accounts for serial correla-
tion in the annual means of the simulation (Wilks, 2006). The IAV of
surface Hg(0) concentration is about 0.01 ng/m3 (1% of the mean)
over most of the regions in the present-day showing the longer
lifetime of atmospheric Hg(0). At the same time, the average sur-
face air Hg(0) concentration in northern and southern high lati-
tudes under the future climate scenario increases by 5% and 7%
respectively and these increases are significant at the 95% confi-
dence level. This is similar to that of Hansen et al. (2015) which
predicted a 4% higher average Arctic air concentration of Hg(0) in
the future climate. In addition, ourmodel results here show that the
annual mean surface Hg(0) concentration over the United States
will increase by 0.05e0.07 ng/m3 in the future climate. A previous
study by Megaritis et al. (2014) predicted that climate change
following the IPCC A2 scenario would slightly decrease the Hg(0)
level by up to 0.07 ng/m3 in summer and less in winter (<0.01 ng/
m3) over the eastern United States, but the atmospheric chemistry
including both gaseous phase and aqueous phase oxidation in the
model is different from the chemistry in the current model. In
contrast, 2000e2050 changes in land use/land cover both indi-
vidually and together lead to a decrease in the Hg(0) concentration
as a result of the enhanced uptake of Hg(0) by vegetation. Land use
and land cover together could drive the surface Hg(0) concentra-
tion to a decrease by 3% at the 95% confidence level in the northern
hemisphere although little change was found for the southern
hemisphere. The larger decrease in the northern hemisphere re-
flects the higher vegetation coverage in the northern hemisphere,
especially the northern mid-latitudes.

The changes in the surface Hg(II) concentration shows greater
spatial variability than Hg(0), reflecting the shorter lifetime of
Hg(II) (Fig. 6). The surface average gaseous phase Hg(II) concen-
tration over North America is calculated to decrease by 16% due to
the increase in wet deposition. We also find climate change causes
the surface gas phase Hg(II) concentration to decrease by 34% and
17% significantly over northern and southern high latitudes while
no significant changes are found in these regions driven by future
land use/land cover change. The decrease is a result of the change in
atmospheric chemistry and wet deposition over the high latitudes
in the future climate (Hansen et al., 2015). We also found a 41%



Fig. 5. Annual mean surface Hg(0) concentration for the present-day (top left) and the difference due to 2000e2050 climate change (top right), 2000e2050 land cover change
(bottom left), 2000e2050 land use/land cover change (bottom right).
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decrease in the surface average Arctic air concentration of RGM
(equivalent to gas phase Hg(II) in the present study) in the future
climate. The surface gaseous phase Hg(II) concentration is calcu-
lated to decrease by 10%, 31%, 7% and 10% in the North Pacific
(defined as 180e80�W, 25e180�E and 30e70� N), North Atlantic
(defined as 80e25� W and 55e70�N), Middle Atlantic (defined as
80e25� Wand 25�Se55�N) and South Atlantic (defined as 80e25�

W and 65�e25�S), respectively. The decreases are driven by in-
creases in precipitation and suppressed Hg(0) oxidation in the
troposphere. In contrast, land use/land cover changes drive the
surface average gas phase Hg(II) concentration to decrease by 4%
and 12% in South America and Australia respectively, largely driven
by the increase in Hg(II) dry deposition and these changes are
significant at the 95% confidence level.
3.3. Effects on the air-surface exchange of mercury

Air-surface exchanges, including emissions and deposition, are
important processes affecting the circulation and distribution of
mercury in the global environment. Fig. 7 shows the model calcu-
lated annual mean Hg(0) dry deposition flux for present-day and
the perturbations due to 2000e2050 changes in climate and land
use/land cover, individually and together. The changes in future
climate alone cause a general increase in the annual mean Hg(0)
dry deposition flux in most of the continental regions by up to
1.0 mg/m2/yr (the IAV ranges from 0.06 to 0.2 mg/m2/yr). We find the
climate-induced change in the global annual average Hg(0) dry
deposition velocity is negligible and therefore the increases in
Hg(0) dry deposition flux are mainly driven by the increases in
surface Hg(0) concentrations as discussed in Sec 3.2.

Projected 2000e2050 vegetation changes alone increase the
annual mean Hg(0) dry deposition flux in most parts of Northern
mid-latitudes, North Africa, Northern Australia and the southern
part of South America (bottom left panel in Fig. 7). We find large
increases in the annual mean Hg(0) dry deposition flux by up to
6 mg/m2/yr in the western United States, part of North Africa, cen-
tral Asia and northern China. This change is driven by a 50e80%
increase in Hg(0) dry deposition velocity over denser vegetation in
the future, which is caused by CO2 fertilization and climate change.
As discussed inWu et al. (2012), some conifer forests dominated by
needle leaf trees are expected to be replaced by temperate forests
dominated by broadleaf trees following the 2000e2050 natural
vegetation change. Globally, it is simulated that the spatial coverage
of temperate broadleaf summer green trees will increase by ~20%
while boreal needle leaf evergreen trees decrease by ~7%. The most
significant changes in vegetation cover are found over northern
mid-latitudes, with ~39% increase in temperate deciduous broad-
leaf trees and ~8% decrease in boreal evergreen needle leaf trees.
Furthermore, general increases in LAI are found everywhere except
for the subtropical regions in response to changes in vegetation



Fig. 6. Same as Fig. 5, but for annual mean surface gaseous phase Hg(II) concentration.
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over the 2000e2050 period driven by climate change and CO2
fertilization. Decreases in Hg(0) dry deposition flux up to 2 mg/m2/
yr are found over the eastern United States, part of the Amazon
forest and southern Australia, driven by decreases in LAI. Overall,
the surface Hg(0) dry deposition flux is found to increase signifi-
cantly by 5%, 4%, 4%, and 4% in North America, Europe, Asia and
Africa respectively. No significant change is found in South America
while a decrease of 34% is found in Australia largely due to the
decrease in LAI.

The IPCC A1B scenario (IPCC, 2001; MNP, 2006) projects that
agricultural land areawill increase over some regions including the
eastern United States, South Asia and Central Africa but decrease
over East Asia driven by the changes in population, economic
development and energy consumption (MNP, 2006). We find that
in general the anthropogenic land use change has a smaller impact
on mercury deposition when compared to the impact from natural
vegetation change (driven by changes in climate and atmospheric
CO2 fertilization). When considering the combined effects from
natural vegetation change and anthropogenic land use change,
decreases in Hg(0) dry deposition flux over South Asian and middle
of central Africa up to 2 mg/m2/yr are found in response to the
decrease in LAI driven by agricultural expansion and deforestation
there. The combined effects of land use and land cover cause similar
changes in the surface Hg(0) dry deposition flux over North
America (þ4%), Europe (þ3%) and Africa (þ5%) compared with that
of land cover change alone. The role of vegetation as a source or
sink of atmospheric Hg(0) has been in debate, but more recent
assessments show that vegetation acts more as a net sink (Ericksen
et al., 2003; Hartman et al., 2009; Rutter et al., 2011). Our results
here suggest the strong sensitivity of Hg(0) dry deposition to future
land use/land cover change in spite of large uncertainties associated
with the atmosphere-foliar exchange flux measurements (Agnan
et al., 2016; Zhu et al., 2016). It further emphasizes the impor-
tance of better constraints on the atmosphere-surface exchange of
Hg(0).

Fig. 8 shows the model calculated annual mean total mercury
(gaseous phase Hg(II) þ particulate phase Hg(II)) wet deposition
flux for the present-day and the perturbations due to 2000e2050
climate change as well as the changes in precipitation. The changes
in total mercury wet deposition flux are well correlated with the
changes in precipitation in the future climate (lower right panel of
Fig. 8), with the noticeable exception of the tropical region. With
abundant precipitation in the tropical rain belt, wet scavenging is
nearly insensitive to the increases in precipitation, so the sup-
pressed oxidation of Hg(0) to Hg(II) leads to decreased wet depo-
sition of Hg(II) in the tropics.We find 6% and 7% increases at the 95%
confidence level in annual mean mercury wet deposition flux in
Africa and South America while no significant changes are found in
North America, Europe, Asia and Australia (present-day IAV of
annual mean mercury wet deposition flux is about 2%e3% of the
mean). Furthermore, the annual mean mercury wet deposition flux
decreases by 3% in the Middle Atlantic while the changes in the



Fig. 7. Annual mean Hg(0) dry deposition flux for the present-day (top left) and the impacts from 2000 to 2050 climate change (top right), land cover change (bottom left), and the
combined land use/land cover change (bottom right).
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North Pacific, North Atlantic and South Atlantic are not significant.
Annual mean mercury wet deposition fluxes to the northern and
southern high latitude increase by 7% and 8% respectively largely
driven by the increase in precipitation. The annual total precipita-
tion increases by 21% and 11% respectively.

We further examine the impacts of changes in climate and land
use/land cover on the gross deposition of mercury (dry deposition,
wet deposition plus sea salt uptake of gaseous Hg(II)). Fig. 9 shows
the model calculated annual mean gross mercury deposition flux
for the present-day and the perturbations due to 2000e2050
changes in climate, natural vegetation and agricultural land use.
Climate change leads to general increases in gross deposition flux
over the continental regions and decreases over most of the ocean
areas in the northern hemisphere, mainly following the changes in
mercury wet deposition as discussed above. Specifically, we find
annual mean gross mercury deposition flux increases by 3% 3%, 4%,
4% and 3% in North America, Asia, Africa, South America and
Australia, respectively and these changes are statistically significant
at the 95% confidence level. No significant changes are found in
Europe. The annual mean gross mercury deposition flux is only
found to decrease significantly by 5% in the Middle Atlantic Ocean
basin while no significant changes are found in the North Pacific,
North Atlantic, South Atlantic, northern and southern high lati-
tudes. Our results here for the northern high latitudes are different
from Hansen et al. (2015) which followed SRES A1B (Nakicenovic
et al., 2000) for future climate (2090e2100) Hg simulation using
a different Hg model. Hansen et al. (2015) found that the total
deposition of Hg to the Arctic Circle (66.5�N) was significantly
lower (18%) in the future climate than the present-day climate,
mainly due to the lower RGM air concentrations. In response to the
2000e2050 changes in land use/land cover, the gross deposition of
mercury is projected to increase over most continental regions but
decrease over oceans. This implies that, due to the enhanced uptake
of mercury associated with denser vegetation in the 2050s, a larger
fraction of mercury would be accumulated in the terrestrial reser-
voir rather than the ocean reservoir. This has significant implica-
tions for policies as atmospheric deposition of mercury serves as
the dominant source of mercury inputs to open ocean regions
(Mason and Sheu, 2002; Soerensen et al., 2010; Sunderland and
Mason, 2007).
3.4. Effects on the global and regional mercury budget

Table 1a and Table 1b show the global and regional total Hg(0)
dry deposition and total wet deposition of gaseous and particulate
phase Hg(II). Climate change impacts global mercury cycling
through different channels. First of all, climate change could impact
the air-surface exchange process. We find that climate change
causes Hg(0) dry deposition to increase significantly in most of the
continental regions mainly driven by the increase in surface Hg(0)
concentration. The global total uptake of mercury by sea salt
aerosols is found to decrease by 8% (not shown in the table), mainly



Fig. 8. Annual mean total wet deposition flux for the present-day (top left) and the difference due to 2000e2050 climate change (top right), the ratio due to 2000e2050 climate
change (bottom left), annual mean total surface precipitation ratio due to 2000e2050 climate change (bottom right).
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driven by the decrease in the atmospheric Hg(II) concentration.
Total wet deposition is calculated to increase by 5% and 6% in South
America and Africa and no significant change is found globally. In
addition, climate change potentially influences secondary emission
of Hg(0). We find a 9% (not shown in the table) decrease in global
mercury emissions from snow, which is mainly due to the de-
creases in snow cover in a warmer climate. The decrease in re-
emission of Hg(0) together with the increase in Hg(0) dry deposi-
tion causes the global net emission of Hg(0) from the terrestrial
surface in the 2050 climate to decrease by 11%.

Changes in vegetation in the future primarily affect mercury dry
deposition over the continental regions. Global total Hg(0) dry
deposition is calculated to increase by 3% as a result of combined
effects from anthropogenic land use change and natural vegetation
changes over the 2000e2050 period. This is largely driven by the
increase in LAI, which enhances the vegetation uptake of Hg(0). We
also find the 2000e2050 changes in land use and land cover cause
the global net emission of Hg(0) to decrease by 9%mainly as a result
of the augmentation in Hg(0) dry deposition.

No significant change is found in global ocean evasion in the
future climate but significant regional changes are found. Ocean
evasion from the Arctic Ocean and Antarctic Ocean increase by 29%
and 14% respectively, largely affected by the increase in tempera-
ture with increasing by 3.5 K and 1.6 K, respectively. No significant
changes are found for the North Pacific Ocean and Atlantic Ocean
(North Atlantic þ Middle Atlantic þ South Atlantic). We note our
results here only show partial sensitivity of air-surface ocean ex-
change to meteorology change such as temperature. Some recent
offline global ocean models (Zhang et al., 2014a, 2014b) have been
developed to study the anthropogenic influence on mercury levels
in the ocean, but have not been coupled to atmospheric chemical
transport models. In addition, sea ice cover plays an important role
in air-ocean exchange of Hg(0) (Chen et al., 2015; Fisher et al., 2012;
Zhang et al., 2015) and it is not explicitly simulated in the model
used in this study.

Climate change could affect the atmospheric mercury redox
chemistry mainly through the change in temperature. The increase
in secondary emission of Hg(0) and the increase in in-cloud
reduction of Hg(II) together lead to a 7% increase of global Hg(0)
burden as seen in Table 2. Correspondingly, the global average at-
mospheric lifetime of mercury is calculated to increase by 4% which
could have potential effects on the long range transport of mercury.
4. Conclusions

We investigate the potential impacts on atmospheric mercury
from 2000 to 2050 changes in climate and land use/land cover by
combining a global chemical transport model (GEOS-Chem), a
general circulation model (GISS GCM 3), and a global dynamic
vegetation model (LPJ).

Our results demonstrate the potential impacts from climate
change on atmospheric mercury through different processes. First,



Fig. 9. Same as Fig. 7, but for total (Hg(0) þ Hg(II)) mercury deposition flux.

Table 1a
Global and regional total Hg(0) dry deposition for the present-day and the perturbations due to 2000e2050 changes in climate and land use/land cover. The regions are those
defined in Sec 3.2.

2000 Climate þ 2000 LU&LC 2050 Climate þ 2000 LU&LC 2000 Climate þ 2000 LU&LC

North America 161a 171 (þ6%)b 172 (þ7%)
Europe 114 123 (þ8%) 117 (þ3%)
South America 218 224 (þ3%) 217
Asia 223 232 (þ4%) 236 (þ6%)
Africa 261 267 275 (þ5%)
global 1440 1508 (þ5%) 1480 (þ3%)

a Units are in Mg/yr.
b Numbers in the parentheses are the percent changes at the 95% confidence level and also significant comparing with the respective IAV of present-day.

Table 1b
Same as Table 1a, but for total wet deposition of gaseous and particulate phase Hg(II).

2000 Climate þ 2000 LU&LC 2050 Climate þ 2000 LU&LC 2000 Climate þ 2000 LU&LC

North America 133 136 131
Europe 95 90 94
South America 100 106 (þ6%) 98
Asia 297 307 293
Africa 167 176 (þ5%) 166
global 2918 2947 2882
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the future changes in precipitation have important implications for
the spatial distribution of total mercury wet deposition. Atmo-
spheric mercury redox chemistry is also affected by climate change
through changes in temperature and cloud water with global
mercury reduction increasing by 5%. The increase in atmospheric
mercury reduction together with suppressed Hg(0) oxidation cause



Table 2
Global atmospheric Hg(0) burden, oxidation and reduction of mercury, and atmospheric lifetime of mercury for the present-day and the perturbations due to 2000e2050
changes in climate and land use/land cover.

2000 Climate þ 2000 LU&LC 2050 Climate þ 2000 LU&LC 2000 Climate þ 2050 LU&LC

Global Hg(0) burden (Mg yr�1) 3990 4260 (þ7%)a 3940
Gross oxidation of Hg(0) 5857 5921 5783
Gross reduction of Hg(II) 1839 1925 (þ5%) 1815
Atmospheric lifetime of mercury (yr) 0.78 0.81 (þ4%) 0.77

a Numbers in the parentheses are the percent changes at the 95% confidence level and also significant comparing with the respective IAV of present-day.
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the surface Hg(0) concentration to increase globally with signifi-
cant changes occuring over most continental regions and ocean
regions. As a consequence, the Hg(0) dry deposition flux increases
globally. In addition, climate change can significantly affect sec-
ondary mercury emissions. Reduced snow coverage causes a 9%
global decrease in Hg(0) emissions from snow. The future changes
in surface ocean temperature and atmospheric deposition driven
by climate change also result in significant changes in atmospheric-
surface ocean exchange of atmospheric Hg(0).

Land use and land cover changes lead to general increases in
Hg(0) dry deposition flux with large spatial variations. This is
largely due to the augmented Hg(0) dry deposition velocity driven
by changes in vegetation type and density. We find general in-
creases in the annual mean Hg(0) dry deposition flux in northern
mid-latitudes, which reflects the prevailing changes of vegetation.
The largest increases in the annual mean Hg(0) dry deposition flux
up to 6 mg/m2/yr are found over the western United States, part of
North Africa, central Asia and northern China. The global total Hg(0)
dry deposition in the 2050swill increase by 3% driven by changes in
natural vegetation and anthropogenic land use.

Our results show significant change in surface Hg(0) and
gaseous Hg(II) concentrations in the Arctic Ocean driven by future
changes in climate. A previous study by Fisher et al. (2013) has
shown that the larger interannual variability in atmospheric Hg in
several observation sites in the Arctic is driven by environmental
factors such as temperature and potentially climate change over the
past 30 years. Other studies also suggest the biogeochemical
cycling of Hg in the Arctic Ocean is sensitive to ongoing climate
variability (Krabbenhoft and Sunderland, 2013; Soerensen et al.,
2016; Stern et al., 2012). Our results illustrate the potential effects
of future climate change on atmospheric mercury in the Arctic
Ocean and the discrepancy between model results in our work and
that of Hansen et al. (2015) requires more modeling efforts to
reduce the uncertainty.

Our results show that the gross mercury deposition flux could
increase over most continental regions driven by changes in
2000e2050 climate and land use/land cover. This implies increased
mercury uptake by the terrestrial system which decreases the
mobilization of Hg. However, deep ocean and soil reservoirs are not
explicitly simulated in our model and we are unable to evaluate the
long-term impact on the soil and deep ocean reservoir of mercury.
This study does not account for the potential effects on biomass
burning emissions of mercury associated with the changes in
climate and land use/land cover. Some preliminary results from
ongoing research (Kumar et al., 2016) indicate these effects can be
significant for some regions. There are also substantial un-
certainties associated with the model treatment of air-surface ex-
change (Selin et al., 2008; Soerensen et al., 2010; Song et al., 2015)
and atmospheric chemistry of mercury (Holmes et al., 2006, 2010)
as well as the mercury measurements (Jaffe et al., 2014). These
uncertainties can significantly affect our projection on the long-
term evolution of atmospheric mercury in the coming decades.
More mercury measurements and model development efforts are
needed to reduce these uncertainties (Gustin et al., 2015).
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