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CHAPTER 5

Atmospheric Chemistry, Modeling, and 
Biogeochemistry of Mercury

NOELLE ECKLEY SELIN

and their distribution in the atmosphere. This includes 
the oxidation and reduction reactions that alter the form 
and properties of atmospheric mercury, and the wet and 
dry deposition processes that control its deposition to eco-
systems. This is followed by a brief survey of atmospheric 
models that have been used in combination with measure-
ments to further scientifi c understanding of atmospheric 
mercury. The chapter concludes by summarizing future 
challenges for atmospheric mercury research.

Global Budget of Mercury

Prior to the onset of human industrial activities, the 
amount of natural mercury cycling through the land–
ocean–atmosphere system was roughly one third of pres-
ent levels. This represents the natural background level of 
mercury in the environment, which human activities have 
augmented. The origin of this natural background is geo-
logic activity, including erupting volcanoes and emissions 
from the so-called global mercuriferous belts, where land 
is enriched with mercury (Fitzgerald and Lamborg, 2005).

The natural cycle accounts for about a third of present-
day mercury entering the atmosphere; however, direct 
anthropogenic emissions are roughly comparable in mag-
nitude. Anthropogenic activities that release mercury to 
the atmosphere include coal burning, industrial processes, 
waste incineration, and mining and metallurgical activi-
ties (Pacyna et al., 2006). The total amount of anthropo-
genic emissions to the atmosphere has remained relatively 
stable over the past decade; however, decreases in North 
America and Europe have been offset by increasing emis-
sions in rapidly developing regions such as Asia (Pacyna 
et al., 2006).

The remaining third of emissions to the atmosphere is 
a result of the legacy of anthropogenic activity that has 
released mercury since industrialization. Human activities 

GLOBAL BUDGET OF MERCURY

FORMS AND DISTRIBUTION OF MERCURY IN THE ATMOSPHERE

OXIDATION AND REDUCTION PROCESSES

DEPOSITION PROCESSES

ATMOSPHERIC MODELS AND APPLICATIONS

FUTURE CHALLENGES

Mercury in the environment is of increasing concern glob-
ally because it can travel long distances through the atmo-
sphere. For example, atmospheric transport and deposition 
of mercury from lower latitudes to the Arctic environment 
poses environmental and human health risks, despite few 
sources within the Arctic. On a more local scale, atmo-
spheric chemical reactions and meteorologic processes can 
determine whether mercury deposits near sources or circu-
lates globally. Understanding the chemistry and transport 
of atmospheric mercury is thus vitally important for man-
aging mercury pollution.

There remain several critical uncertainties surrounding 
the behavior of mercury in the atmosphere. The global 
biogeochemical budget of mercury is not well constrained, 
particularly the magnitude of fl uxes from land and ocean 
surfaces. The chemical reactions that control the transfor-
mation of mercury between its forms in the atmosphere are 
uncertain. However, some improvements in measurement 
techniques and the development of models at scales from 
local to global have provided important new insights into 
atmospheric mercury.

This chapter addresses the atmospheric chemistry and 
transport of mercury. It begins with an overview of the 
global biogeochemical budget of mercury, with particu-
lar attention to fl uxes into and out of the atmosphere. It 
then surveys the different forms of atmospheric mercury 
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from the Southern Hemisphere at Cape Point (Baker 
et al., 2002), from Antarctica (Ebinghaus et al., 2002) ,and 
from ocean cruises (Lamborg et al., 1999; Laurier et al., 
2003; Temme et al., 2003) have generally reported lower 
concentrations than in the Northern Hemisphere, which 
indicates that most mercury sources are in the Northern 
Hemisphere. The interhemispheric gradient of Hg(0), in 
combination with the balance of sources between the 
Northern and Southern hemispheres, provides constraints 
on the atmospheric lifetime of Hg(0), as the interhemi-
spheric exchange time for air is about a year (Jacob et al., 
1987). The longer the atmospheric lifetime of mercury, the 
smaller the interhemispheric gradient is expected to be, 
since mercury would have an opportunity to mix between 
the hemispheres before it is removed from the atmosphere.

Seasonal variation of Hg(0) is consistent at most sites in 
the Northern Hemisphere (Kellerhals et al., 2003; Selin et al., 
2007), with a maximum in winter and minimum in late 
summer. This behavior has been measured, for example, 
at a network of stations in Canada (CAMNet) (Kellerhals 
et al., 2003), and the seasonal variation is statistically sig-
nifi cant for available sites in the northern midlatitudes 
(Selin et al., 2007). This suggests a photochemical sink of 
Hg(0), which is oxidation to Hg(II). However, the dominant 
atmospheric oxidant of Hg(0) is at present uncertain, as dis-
cussed below. Seasonal variation of Hg(0) in the Southern 
Hemisphere is more puzzling. Hg(0) measurements at Cape 
Point observatory in South Africa (Slemr et al., 2008) are 
maximum in summer and minimum in winter, opposite 
what would be expected from photochemical oxidation in 
this hemisphere. Slemr et al. suggest, based on the Cape 
Point data, that the seasonal behavior of mercury is driven 
by its sources rather than its sinks. Obrist (2007) reviewed 
the seasonal data from mercury measurements and sug-
gested that the spring and summer declines in atmospheric 
mercury could be driven by the uptake of mercury by 
 vegetation rather than its oxidation sink. This is a subject 
of continuing scientifi c investigation and discussion.

Measurements of Hg(II) and Hg(P) are fewer, though the 
number of measurements of these species are increasing. 
Hg(II) is measured in the atmosphere as reactive gaseous 
mercury (RGM) using an operationally defi ned method. 
Typically, Hg(II) measurements are made by collecting the 
species on KCl-coated denuders and reducing it to Hg(0) 
before measurement (Landis et al., 2002).

RGM has been shown to vary diurnally in the atmo-
sphere, with a peak around midday and at a minimum at 
night. Jaffe et al. (2005) measured RGM at Okinawa, Japan, 
and found that levels peaked in the afternoon and were 
at a minimum at night. RGM at this site did not correlate 
with Hg(0), indicating that RGM results here from oxida-
tion of Hg(0) and is not directly emitted from anthropo-
genic sources. It is thought that this refl ects production of 
Hg(II) via oxidation of Hg(0). Laurier and Mason (2007) 
measured RGM at two sites in Maryland and on an Atlantic 
cruise and reported diurnal variation in RGM consistent 

have taken mercury from its long-term storage in geologic 
reservoirs and transferred it to the atmosphere. While the 
lifetime of mercury in the atmosphere is about a year, cycling 
between the atmosphere and the land and ocean surface 
effectively lengthens the amount of time mercury circulates 
in the environment (Selin et al., 2008). Mason and Sheu 
(2002) estimate that it will take about 10,000 years for mer-
cury to return to long-term sedimentary storage. Until then, 
this historical mercury continues to be released again to the 
atmosphere from land and ocean surfaces. The magnitude 
of these fl uxes and the processes controlling them are not 
well constrained, but measurements have shown that fl uxes 
can depend on temperature (Kim et al., 1995; Lindberg 
et al., 1995), solar radiation (Carpi and Lindberg, 1998; Gustin 
et al., 2002), or soil moisture (Gustin and Stamenkovic, 
2005). Isotopic fi eld studies have also shown that mercury 
recently deposited to ecosystems is more available for emis-
sion (Graydon et al., 2006; Hintelmann et al., 2002).

Forms and Distribution of Mercury 
in the Atmosphere

In the atmosphere, mercury exists in three major forms. 
The majority of mercury in the atmosphere is in the form 
of gaseous, elemental mercury, which is termed Hg(0) 
(Mason and Sheu, 2002; Schroeder and Munthe, 1998). 
Typical concentrations of Hg(0) in the atmosphere are about 
1.6 ng m–3 at the surface. Hg(0) has a Henry’s law constant 
of 0.11 M atm–1 at 298 K (Lin and Pehkonen, 1999), which 
makes it less soluble than other forms of atmospheric Hg, 
and therefore more likely to be present in the gas phase in 
the atmosphere. Hg(0) has a lifetime of between 0.5 and 
2 years in the global atmosphere, which means that it has 
the ability to transport globally. The two other forms of 
mercury are both shorter-lived. Divalent mercury [Hg(II)] is 
more soluble than Hg(0), which means that it is more likely 
to deposit to the surface through wet deposition and also 
dry deposition (which is enhanced for more soluble spe-
cies). Because it deposits so readily, its lifetime in the atmo-
sphere is shorter than that of Hg(0)—on the order of days 
to weeks. Typical concentrations of atmospheric Hg(II) vary 
between 1 and 100 pg m–3. It is thought that most divalent 
mercury in the atmosphere is in the form of HgCl2 (Lin 
et al., 2006). Mercury can also be associated with atmo-
spheric particulate matter, termed Hg(P). Atmospheric con-
centrations of Hg(P) are of the same order of magnitude as 
Hg(II). Depending on particle size, it will also be deposited 
to the surface through wet and dry deposition on timescales 
of days to weeks. Mercury can also exist in organic forms 
in the atmosphere (e.g., methylmercury), though concen-
trations are more than an order of magnitude smaller than 
inorganic forms (Hammerschmidt et al., 2007).

Measurements of Hg(0) in the atmosphere are available 
at a number of land-based stations and from some ocean 
cruises and aircraft missions. Most land-based measure-
ments are from the northern midlatitudes. Measurements 
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a very rapid decline, accompanied by concurrent increases 
in RGM. Hg(0) is depleted and recovers in a series of such 
events, which have been measured throughout the Arctic, 
sub-Arctic, and Antarctic coasts (Steffen et al., 2008). 
These depletion events are highly correlated with deple-
tion events of tropospheric ozone in the Arctic (Simpson 
et al., 2007), which are caused by reactions involving halo-
gen chemistry. It is thus thought that halogens, specifi cally 
Br, are responsible for AMDEs. At present, it is unknown 
how much of the depleted mercury remains in the eco-
system, and how much is revolatilized to the atmosphere, 
during AMDEs. Some measurements have indicated that 
much of the deposited mercury is revolatilized, but this 
remains a topic of active scientifi c interest. In particular, 
this is because mercury is of concern in Arctic ecosystems 
because of its accumulation in sensitive food chains (Arctic 
Monitoring and Assessment Programme [AMAP], 2002). 
Mercury deposition during the springtime period of pro-
ductivity could thus contribute to these levels.

Reduction of Hg(II) to Hg(0) is an uncertain process in 
the atmosphere. Hg(II) is known to be reduced to Hg(0) 
in natural waters, and this process has been observed to 
occur in rainwater. It has been hypothesized that an aque-
ous reaction could reduce Hg(II) in the atmosphere, though 
its exact mechanism remains unknown. Hg(II) can also 
be reduced in power plant plumes (Vijayaraghavan et al., 
2008). The extent to which reduction of Hg(II) occurs in 
the atmosphere is important both for the global budget 
(Lin et al., 2007) as well as for regional chemistry. As reduc-
tion produces the longer-lived Hg(0), it can lengthen the 
lifetime of mercury, and/or reduce regional deposition of 
anthropogenically emitted Hg(II). Thus, better constraints 
on the oxidation and reduction reactions of mercury are 
critical for policy.

Deposition Processes

Processes of wet and dry deposition bring mercury from 
the atmosphere to the surface. Measurements are available 
for wet deposition of mercury through the U.S. Mercury 
Deposition Network (MDN) (National Atmospheric Depo-
sition Program, 2009), which was established in 1996. The 
MDN measures wet deposition of mercury in weekly pre-
cipitation samples at over 100 sites in the United States, 
Canada, and Mexico. This is the most extensive network 
of wet deposition monitoring data for mercury that is 
available, although some stations in Europe also measure 
mercury wet deposition as part of the Co-Operative Pro-
gramme for Monitoring and Evaluation of the Long-Range 
Transmissions of Air Pollutants in Europe (EMEP, 2009). In 
the United States, wet deposition of mercury varies both 
regionally and seasonally. The highest measurements of 
wet deposition are in the southeastern United States, and 
an additional area of elevated deposition has been mea-
sured near Hg(II) sources in the Midwest (e.g., the Ohio 
River  Valley region, which has a high concentration of coal 

with in situ photochemical production at background sites. 
At more urban sites in Baltimore, Maryland, they reported 
that local sources contributed to RGM concentrations. 
While these measurements of RGM suggest the infl uence of 
photochemical production, the major oxidation reactions 
producing RGM remain uncertain. The details and uncer-
tainties surrounding mercury oxidation and reduction 
reactions are discussed further in the next section.

Some aircraft measurements of Hg(0) show relatively 
constant levels as altitude increases (Banic et al., 2003), 
while others show depletion of Hg(0) with increasing alti-
tude (Friedli et al., 2004; Talbot et al., 2007). A number 
of measurements of RGM at altitudes above the surface 
(Landis et al., 2005; Sillman et al., 2007; Swartzendruber 
et al., 2006) have shown that RGM is higher there than at 
sea level. Swartzendruber et al. (2006) measured RGM at Mt. 
Bachelor, Oregon (2.7 km), and observed RGM enhance-
ments up to 600 pg m–3 at night, associated with downslope 
fl ows of free tropospheric air. Sillman et al. (2007) reported 
aircraft measurements in the free troposphere (up to 4 km) 
between 10 and 250 pg m–3, with concentrations increas-
ing with higher altitudes. As total mercury is expected to 
be conserved, RGM increases with higher altitudes are con-
sistent with aircraft measurements that show depletion of 
Hg(0) with increasing altitude, such as the measurements 
of Talbot et al. (2007) of near-total depletion of Hg(0) in 
the stratosphere. Single-particle measurements have mea-
sured mercury attached to particles around the tropopause 
(Murphy et al., 2006). Mercury is thought to adsorb to 
elemental carbon (soot) particles (Seigneur et al., 1998), 
but the dynamics of gas-particle exchange for mercury are 
not well understood. The infl uence of high-altitude mer-
cury on the surface is uncertain, but this question has been 
explored with models as discussed below.

Oxidation and Reduction Processes

Hg(0) is converted to Hg(II) by oxidation in the atmo-
sphere, which is thought to be a photochemically driven 
process. Based on laboratory data, it was previously 
thought that O3 (Hall, 1995) and OH radicals (Pal and 
Ariya, 2004; Sommar et al., 2001) were the primary oxi-
dants of mercury in the global atmosphere. However, 
more recent theoretical research has demonstrated that 
the reactions with O3 and OH are unlikely to occur under 
atmospheric conditions (Calvert and Lindberg, 2005). 
At present, it is thought that Br could be the dominant 
global oxidant of mercury  (Holmes et al., 2006; Seigneur 
and Lohman, 2008) and measurements have established 
kinetic parameters for its reaction with Hg(0) (Donohoue 
et al., 2006).

In polar regions, observations of Hg(0) and RGM have 
shown that these species exhibit unusual behavior in 
springtime. Shortly after Arctic sunrise, a series of so-
called Atmospheric Mercury Depletion Events (AMDEs) 
have been observed to occur, in which Hg(0) levels show 
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and Selin et al. (2007, 2008) showed that GEOS-Chem agreed 
with mean concentrations at land-based sites as well as spa-
tial variations. A large number of models have also been com-
pared with constraints from MDN measurements (Bullock et 
al., 2009; Seigneur et al., 2004; Selin and Jacob, 2008).

Lin et al. (2006, 2007) have used the CMAQ mercury 
model in an extensive evaluation of the sensitivity of 
the atmospheric behavior of mercury to different model 
assumptions about chemistry and deposition processes. 
They suggested that chemical speciation and kinetics intro-
duce the greatest uncertainties in atmospheric mercury 
modeling. Bullock et al. (2008) conducted a model inter-
comparison of the regional mercury models CMAQ (Bullock 
and Brehme, 2002), Regional Modeling System for Aerosols 
and Deposition (REMSAD) (ICF, 2005), and the Trace 
Element Analysis Model (TEAM) (Pai et al., 1997). They 
found signifi cant differences among the models, driven 
both by initial and boundary conditions and by model 
processes. In their study, initial and boundary conditions 
were supplied by three different global models, CTM-Hg 
(Shia et al., 1999; Seigneur et al., 2001), GEOS-Chem (Selin 
et al., 2007), and the Global/Regional Atmospheric Heavy 
Metals (GRAHM) Model (Dastoor and Larocque, 2004). For 
some mercury species, monthly average boundary condi-
tions varied by over an order of magnitude, especially at 
higher altitudes. Bullock et al. (2009) compared wet deposi-
tion measurements to output from these models, and found 
that adjusting for errors in precipitation data improved the 
agreements between models and observations.

One application of mercury modeling that is of particu-
lar interest to policy makers involves diagnosing and attrib-
uting the sources of mercury in deposition. Seigneur et al. 
(2004) used CTM-Hg to calculate that on average 25–32% 
of deposition to the United States is from North American 
sources, but at some locations their contribution was as high 
as 81%. They also estimated that Asian sources contributed 
5–36%. Cohen et al. (2004) used the Hybrid Single-Particle 
Lagrangian Integrated Trajectory (HYSPLIT) model to inves-
tigate the sources of mercury to the Great Lakes, and found 
that coal combustion was the largest contributor. Selin and 
Jacob (2008) estimated, using the GEOS-Chem model, that 
North American sources contributed 20% on average to 
U.S. deposition, exceeding 50% in the industrial Midwest 
and Northeast. They also estimated that high-altitude RGM 
contributed over 50% to U.S. deposition, in particular con-
tributing to high levels of deposition in the U.S. Southeast in 
 summertime from convective scavenging.

Future Challenges

Though concentrations of mercury in the atmosphere 
are low, it is atmospheric transport that makes mercury 
a global pollution concern. Understanding the pathways 
by which mercury travels long distances in the environ-
ment thus requires a better understanding of the reactions 
and processes that mercury undergoes in the atmosphere. 

power). Deposition can vary seasonally, and is generally 
highest in the summer months in the eastern United States.

Dry deposition could be more important than wet depo-
sition to many ecosystems, though few measurements are 
available. Methods for mercury dry deposition are not well 
developed (Lyman et al., 2009), and thus the total global 
magnitude of dry deposition is unknown. Measurements 
of the deposition velocity of Hg(II) to forest canopies and 
wetlands are very high (Lindberg et al., 1998; Poissant et al., 
2004), as expected for a species of high solubility. The impor-
tance of dry deposition of Hg(0) is unknown. Uptake of Hg(0) 
by vegetation is thought to occur at the leaf interior, con-
trolled by gas exchange at the stomata (Lindberg et al., 1992). 
While measured deposition velocities for Hg(0) are much 
slower than those for Hg(II) (Lindberg et al., 1995; Poissant 
et al., 2004), the signifi cantly higher concentrations of Hg(0) 
in the atmosphere mean that this could be an important 
atmospheric sink. However, as the Hg(0) land–atmosphere 
and ocean–atmosphere fl ux is bidirectional, measurements 
and models must take this into account in estimating the 
net fl ux. Because the total amount of deposition of mercury 
is roughly equal to its source to the atmosphere, the total 
amount of dry deposition in particular is a key constraint in 
the global biogeochemical budget of mercury.

Atmospheric Models and Applications

Atmospheric models can help to constrain uncertainties in 
the global mercury cycle, evaluate the importance of vari-
ous chemical reactions, and assist in policy-making appli-
cations. A variety of atmospheric models have been applied 
to mercury at scales from regional to global (Bullock et al., 
2008). In addition, modeling applications have been used 
to estimate the global biogeochemical budget of mercury.

Lamborg et al. (2002) used a simple, multibox model of 
mercury to estimate the present-day and preindustrial global 
biogeochemical budgets of mercury, constrained by the inter-
hemispheric gradient and the enhancement of deposition 
since the preindustrial era. Mason and Sheu (2002), in con-
trast, scaled up from individual measurements to estimate 
preindustrial and present-day cycles. Sunderland and Mason 
(2007) used an ocean cycling model to assess preindustrial 
and present ocean fl uxes, and Selin et al. (2008) constructed 
preindustrial and present-day cycles using a coupled three-
dimensional land–ocean–atmosphere model. Estimates of 
global mercury fl uxes vary, with the largest uncertainties in 
fl uxes to and from the ocean and land (Selin, 2009).

Despite the uncertainties in modeling mercury, substantial 
insights can nevertheless be gained from their application in 
combination with measurements. Most mercury models show 
reasonable agreement with data on atmospheric Hg(0) and 
wet deposition (although, as suggested by Lin et al. [2006], 
it should be recognized that model uncertainties could be 
compensating for each other). For example, Shia et al. (1999) 
reported agreement with spatial and seasonal trends for the 
Chemical Transport Model for Mercury (CTM-Hg) model, 
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understanding the oxidation and reduction reactions that 
control the speciation of mercury is necessary to better 
constrain where and when deposition is most likely to 
occur. Better understanding of where and under what con-
ditions Hg(II) is formed can help to trace pollutants from 
source to receptor as well as identify gaps in measurements 
in potentially impacted ecosystems.

Finally, to support policy applications, better integra-
tion and analysis of the fate of atmospheric mercury across 
local, regional, and global scales is necessary. Deposition to 
ecosystems comprises mercury from anthropogenic sources 
nearby and faraway, in combination with historical mer-
cury loadings as well as natural background. These source 
attributions vary spatially and temporally in ways that 
are only beginning to be understood. Effective controls 
on mercury pollution will thus likely require coordinated 
policy actions at a variety of scales (Selin and Selin, 2006).

Despite increasing attention to mercury in the atmosphere, 
there remain several scientifi c uncertainties that limit our 
understanding of mercury chemistry, transport, and global 
biogeochemical cycling.

First, constraining the global budget of mercury, and in 
particular the interactions between land and ocean surfaces 
and the atmosphere, is a priority. From the atmospheric 
perspective, this will require improved measurements of 
land and ocean fl uxes as well as dry deposition measure-
ments, and comparison of these measurements with atmo-
spheric models. Improved knowledge of land–atmosphere 
fl uxes will also help to address the infl uence of historical 
mercury that continues to reside in these reservoirs, and its 
interactions with processes such as land-use and climatic 
changes.

Second, as Hg(II) is the predominant form depositing to 
ecosystems and Hg(0) represents the majority of emissions, 

References

Arctic Monitoring and Assessment Programme (AMAP). 2002. 
Arctic Pollution. Oslo, Norway: AMAP.

Baker, P. G. L., E. G. Brunke, F. Slemr, and A. M. Crouch. 2002. 
Atmospheric mercury measurements at Cape Point, South 
Africa. Atmospheric Environment 36 (14): 2459–2465.

Banic, C. M., S. T. Beauchamp, R. J. Tordon, W. H. Schroeder, 
A. Steffen, K. A. Anlauf, and H. K. T. Wong. 2003. Vertical 
distribution of gaseous elemental mercury in Canada. 
Journal of Geophysical Research-Atmospheres 108 (D9).

Bullock, O. R., and K. A. Brehme. 2002. Atmospheric mercury 
simulation using the CMAQ model: formulation description 
and analysis of wet deposition results. Atmospheric 
Environment 36: 2135–2146.

Bullock, O. R., Jr., D. Atkinson, T. Braverman, K. Civerolo, A. 
Dastoor, D. Davignon, J.-Y. Ku, K. Lohman, T. C. Myers, R. J. 
Park, C. Seigneur, N. E. Selin, G. Sistla, and K. Vijayaraghavan. 
2008. The North American Mercury Model Intercomparison 
Study (NAMMIS): Study description and model-to-model 
comparisons. Journal of Geophysical Research 113 (D17310).

Bullock, O. R., Jr., D. Atkinson, T. Braverman, K. Civerolo, 
A. Dastoor, D. Davignon, J.-Y. Ku, K. Lohman, T. 
Myers, R. Park, C. Seigneur, N. E. Selin, G. Sistla, and 
K. Vijayaraghavan. 2009. An analysis of simulated wet 
deposition of mercury from the North American Mercury 
Model Intercomparison Study (NAMMIS). Journal of 
Geophysical Research, in press.

Calvert, J. G., and S. E. Lindberg. 2005. Mechanisms of 
mercury removal by O3 and OH in the atmosphere. 
Atmospheric Environment 39: 3355–3367.

Carpi, A., and S. E. Lindberg. 1998. Application of a Tefl on 
(TM) dynamic fl ux chamber for quantifying soil mercury 
fl ux: Tests and results over background soil. Atmospheric 
Environment 32 (5): 873–882.

Cohen, M., R. Artz, R. Draxler, P. Miller, L. Poissant, D. Niemi, 
D. Ratté, M. Deslauriers, R. Duval, and R. Laurin. 2004. 
Modeling the atmospheric transport and deposition of 
mercury to the Great Lakes. Environmental Research 95 (3): 
247–265.

Co-operative Programme for Monitoring and Evaluation of 
the Long-Range Transmissions of Air Pollutants in Europe 
(EMEP). 2009. Heavy Metals and POP Measurements, 2007. 
Kjeller, Norway: Norwegian Institute for Air Research. 
EMEP/CCC Report 3/2009. 

Dastoor, A. P., and Y. Larocque. 2004. Global circulation 
of atmospheric mercury: a modelling study. Atmospheric 
Environment 38 (1): 147–161.

Donohoue, D. L., D. Bauer, B. Cossairt, and A. J. Hynes. 2006. 
Temperature and pressure dependent rate coeffi cients for 
the reaction of Hg with Br and the reaction of Br with Br: 
A pulsed laser photolysis-pulsed laser induced fl uorescence 
study. Journal of Physical Chemistry A 110 (21): 6623–6632.

Ebinghaus, R., H. H. Kock, C. Temme, J. W. Einax, A. G. 
Lowe, A. Richter, J. P. Burrows, and W. H. Schroeder. 2002. 
Antarctic springtime depletion of atmospheric mercury. 
Environmental Science and Technology 36 (6): 1238–1244.

Fitzgerald, W. F., and C. H. Lamborg. 2005. Geochemistry of 
mercury in the environment. In: Treatise on Geochemistry, 
edited by B. S. Lollar. New York: Elsevier.

Friedli, H. R., L. F. Radke, R. Prescott, P. Li, J.-H. Woo, and 
G. R. Carmichael. 2004. Mercury in the atmosphere around 
Japan, Korea and China as observed during the 2001 ACE-
Asia fi eld campaign: Measurements, distributions, sources 
and implications. Journal of Geophysical Research 
109 (D19S25): 1–13.

Graydon, J. A., V. L. St Louis, S. E. Lindberg, H. Hintelmann, 
and D. P. Krabbenhoft. 2006. Investigation of mercury 
exchange between forest canopy vegetation and the 
atmosphere using a new dynamic chamber. Environmental 
Science and Technology 40 (15): 4680–4688.

Gustin, M. S., H. Biester, and C. S. Kim. 2002. Investigation 
of the light-enhanced emission of mercury from naturally 
enriched substrates. Atmospheric Environment 36 (20): 
3241–3254.

Gustin, M. S., and J. Stamenkovic. 2005. Effect of watering 
and soil moisture on mercury emissions from soils. 
Biogeochemistry 76 (2): 215–232.

Bank_ch05.indd   77 3/12/12   1:48 PM



78  RESEARCH, MONITORING, AND ANALYSIS

marine boundary layer: A potential role of halogen 
chemistry. Journal of Geophysical Research 108 (D17): 4529.

Lin, C.-J., and S. O. Pehkonen. 1999. The chemistry of 
atmospheric mercury: a review. Atmospheric Environment 
33 (13): 2067–2079.

Lin, C.-J., P. Pongprueksa, O. R. Bullock, S. E. Lindberg, S. 
O. Pehkonen, C. Jang, T. Braverman, and T. C. Ho. 2007. 
Scientifi c uncertainties in atmospheric mercury models 
II: Sensitivity analysis in the CONUS domain. Atmospheric 
Environment 41 (31): 6544–6560.

Lin, C.-J., P. Pongprueksa, S. E. Lindberg, S. O. Pehkonen, 
D. Byun, and C. Jang. 2006. Scientifi c uncertainties in 
atmospheric mercury models I: Model science evaluation. 
Atmospheric Environment 40: 2911–2928.

Lindberg, S. E., P. J. Hanson, T. P. Meyers, and K.-H. Kim. 
1998. Air/surface exchange of mercury vapor over forests—
the need for a reassessment of continental biogenic 
emissions. Atmospheric Environment 32 (5): 895–908.

Lindberg, S. E., K. H. Kim, T. P. Meyers, and J. G. Owens. 1995. 
Micrometeorological gradient approach for quantifying 
air-surface exchange of mercury-vapor—tests over 
contaminated soils. Environmental Science and Technology 
29 (1): 126–135.

Lindberg, S. E., T. P. Meyers, G. E. Taylor Jr., R. R. Turner, and W. 
H. Schroeder. 1992. Atmosphere-surface exchange of mercury 
in a forest: Results of modeling and gradient approaches. 
Journal of Geophysical Research 97 (D2): 2519–2528.

Lyman, S. N., M. S. Gustin, E. M. Prestbo, P. I. Kilner, E. Edgerton, 
and B. Hartsell. 2009. Testing and application of surrogate 
surfaces for understanding potential gaseous oxidized mercury 
dry deposition. Environmental Science and Technology 43 
(16):6235–6241.

Mason, R. P., and G. R. Sheu. 2002. Role of the ocean in the 
global mercury cycle. Global Biogeochemical Cycles 16 (4): 1093.

Murphy, D. M., P. K. Hudson, D. S. Thomson, P. J. Sheridan, 
and J. C. Wilson. 2006. Observations of mercury-
containing aerosols. Environmental Science and Technology 
40 (7): 2357–2362.

National Atmospheric Deposition Program. 2009. Mercury 
Deposition Network (MDN): A NADP Network. Champaign, 
IL: NADP Program Offi ce, Illinois State Water Survey.

Obrist, D. 2007. Atmospheric mercury pollution due to losses 
of terrestrial carbon pools? Biogeochemistry 85 (2): 119–123.

Pacyna, E.G., J.M. Pacyna, F. Steenhuisen, and S. Wilson. 
2006. Global anthropogenic mercury emission inventory 
for 2000. Atmospheric Environment 40 (22): 4048–4063.

Pai, P., P. Karamchandni, and C. Seigneur. 1997. Simulation 
of the regional atmospheric transport and fate of mercury 
using a comprehensive Eulerian model. Atmospheric 
Environment 31: 2271–2732.

Pal, B., and P. A. Ariya. 2004. Studies of ozone initiated 
reactions of gaseous mercury: kinetics, product studies, 
and atmospheric implications. Physical Chemistry Chemical 
Physics 6 (3): 572–579.

Poissant, L., M. Pilote, P. Constant, C. Beauvais, H. H. Zhang, 
and X. H. Xu. 2004. Mercury gas exchanges over selected bare 
soil and fl ooded sites in the bay St. Francois wetlands (Quebec, 
Canada). Atmospheric Environment 38 (25): 4205–4214.

Schroeder, W. H., and J. Munthe. 1998. Atmospheric 
mercury—An overview. Atmospheric Environment 
32 (5): 809–822.

Hall, B. 1995. The gas phase oxidation of elemental mercury 
by ozone. Water, Air, and Soil Pollution 80: 301–315.

Hammerschmidt, C. R., C. H. Lamborg, and W. F. Fitzgerald. 
2007. Aqueous phase methylation as a potential source of 
methylmercury in wet deposition. Atmospheric Environment 
41 (8): 1663–1668.

Hintelmann, H., R. Harris, A. Heyes, J. P. Hurley, C. A. Kelly, 
D. P. Krabbenhoft, S. Lindberg, J. W. M. Rudd, K. J. Scott, 
and V. L. St Louis. 2002. Reactivity and mobility of new and 
old mercury deposition in a Boreal forest ecosystem during 
the fi rst year of the METAALICUS study. Environmental 
Science and Technology 36 (23): 5034–5040.

Holmes, C., X. Yang, and D. J. Jacob. 2006. Is atomic bromine 
a major global oxidant of atmospheric mercury? Geophysical 
Research Letters 33 (L20808). doi:10.1029/2006GL027176.

ICF. 2005. User’s guide to the Regional Modeling System for 
Aerosols and Deposition (REMSAD). San Francisco, CA: ICF 
Consulting/SAI.

Jacob, D. J., M. J. Prather, S. C. Wofsy, and M. B. McElroy. 
1987. Atmospheric distribution of 85 Kr simulated with a 
general circulation model. Journal of Geophysical Research 
92: 6614–6626.

Jaffe, D., E. Prestbo, P. Swartzendruber, P. Weiss-Penzias, 
S. Kato, A. Takami, S. Hatakeyama, and Y. Kajii. 2005. 
Export of atmospheric mercury from Asia. Atmospheric 
Environment 39: 3029–3038.

Kellerhals, M., S. Beauchamp, W. Belzer, P. Blanchard, F. 
Froude, B. Harvey, K. McDonald, M. Pilote, L. Poissant, 
K. Puckett, B. Schroeder, A. Steffen, and R. Tordon. 2003. 
Temporal and spatial variability of total gaseous mercury in 
Canada: results from the Canadian Atmospheric Mercury 
Measurement Network (CAMNet). Atmospheric Environment 
37 (7): 1003–1011.

Kim, K. H., S. E. Lindberg, and T. P. Meyers. 1995. 
Micrometeorological measurements of mercury-vapor 
fl uxes over background forest soils in eastern Tennessee. 
Atmospheric Environment 29 (2): 267–282.

Lamborg, C. H., W. F. Fitzgerald, J. O’Donnell, and T. 
Torgersen. 2002. A non-steady-state compartmental 
model of global-scale mercury biogeochemistry with 
interhemispheric gradients. Geochimica et Cosmochimica 
Acta 66 (7): 1105–1118.

Lamborg, C. H., K. R. Rolfhus, W. F. Fitzgerald, and G. Kim. 
1999. The atmospheric cycling and air-sea exchange of 
mercury species in the South and equatorial Atlantic 
Ocean. Deep-Sea Research II 46: 957–977.

Landis, M. S., M. M. Lynam, and R. K. Stevens. 2005. The 
monitoring and modelling of mercury species in support 
of local, regional and global modelling. In: Dynamics of 
mercury pollution on regional and global scales, edited by 
N. Pirrone and K. R. Mahaffey. Norwell, MA: Springer.

Landis, M. S., R. K. Stevens, F. Schaedlich, and E. M. Prestbo. 
2002. Development and characterization of an annular 
denuder methodology for the measurement of divalent 
inorganic reactive gaseous mercury in ambient air. 
Environmental Science and Technology 36: 3000–3009.

Laurier, F., and R. P., Mason. 2007. Mercury concentration and 
speciation in the coastal and open ocean boundary layer. 
Journal of Geophysical Research D Atmospheres 112.

Laurier, F. J. G., R. P. Mason, and L. Whalin. 2003. Reactive 
gaseous mercury formation in the North Pacifi c Ocean’s 

Bank_ch05.indd   78 3/12/12   1:48 PM



ATMOSPHERIC CHEMISTRY, MODELING, AND BIOGEOCHEMISTRY OF MERCURY    79

formation and results for Florida, the northeastern United 
States, and the Atlantic Ocean. Journal of Geophysical 
Research 112: D23305.

Simpson, W. R., R. von Glasow, K. Riedel, P. Anderson, P. Ariya, 
J. Bottenheim, J. Burrows, L. Carpenter, U. Frieß, M. E. 
Goodsite, D. Heard, M. Hutterli, H.-W. Jacobi, L. Kaleschke, 
J. Plane, U. Platt, A. Richter, H. Roscoe, R. Sander, P. Shepson, 
J. Sodeau, A. Steffen, T. Wagner, and E. Wolff. 2007. Halogens 
and their role in polar boundary-layer ozone depletion. 
Atmospheric Chemistry and Physics 7 (16): 4375–4418.

Slemr, F., E. G. Brunke, C. Labuschagne, and R. Ebinghaus. 
2008. Total gaseous mercury concentrations at the Cape 
Point GAW station and their seasonality. Geophysical 
Research Letters 35: L11807.

Sommar, J., K. Gårdfeldt, D. Strömberg, and X. Feng. 
2001. A kinetic study of the gas-phase reaction between 
the hydroxyl radical and atomic mercury. Atmospheric 
Environment 35: 3049–3054.

Steffen, A., T. Douglas, M. Amyot, P. Ariya, K. Aspmo, T. 
Berg, J. Bottenheim, S. Brooks, F. Cobbett, and A. Dastoor. 
2008. A synthesis of atmospheric mercury depletion 
event chemistry in the atmosphere and snow. Atmospheric 
Chemistry and Physics 8 (6): 1445–1482.

Sunderland, E. M., and R. P. Mason. 2007. Human impacts on 
open ocean mercury concentrations. Global Biogeochemical 
Cycles 21 (4): GB4022.

Swartzendruber, P., D. A. Jaffe, E. M. Prestbo, J. E. Smith, P. 
Weiss-Penzias, N. E. Selin, D. J. Jacob, R. J. Park, S. Strode, and 
L. Jaegle. 2006. Observations of reactive gaseous mercury at 
the Mt. Bachelor Observatory. Journal of Geophysical Research 
111 (D24301). doi:10.1029/2006JD007415.

Talbot, R., H. Mao, E. Scheuer, J. Dibb, and M. Avery. 2007. 
Total depletion of Hg in the upper troposphere-lower 
stratosphere. Geophysical Research Letters 34: L23804.

Temme, C., F. Slemr, R. Ebinghaus, and J. W. Einax. 2003. 
Distribution of mercury over the Atlantic Ocean in 1996 
and 1999–2001. Atmospheric Environment 37 (14): 1889–1897.

Vijayaraghavan, K., P. Karamchandani, C. Seigneur, R. 
Balmori, and S.-H. Chen. 2008. Plume-in-grid modeling of 
atmospheric mercury. Journal of Geophysical Research 113: 
D24305.

Seigneur, C., and K. Lohman. 2008. Effect of bromine 
chemistry on the atmospheric mercury cycle. Journal of 
Geophysical Research 113: D22309.

Seigneur, C., H. Abeck, G. Chia, M. Reinhard, N. S. Bloom, 
E. Prestbo, and P. Saxena. 1998. Mercury adsorption to 
elemental carbon (soot) particles and atmospheric particulate 
matter. Atmospheric Environment 32 (14/15): 2649–2657.

Seigneur, C., P. Karamchandani, K. Lohman, and K. 
Vijayaraghavan. 2001. Multiscale modeling of the 
atmospheric fate and transport of mercury. Journal of 
Geophysical Research 106 (D21): 27,795–27,809.

Seigneur, C., K. Vijayaraghavan, K. Lohman, P. 
Karamchandani, and C. Scott. 2004. Global source 
attribution for mercury deposition in the United States. 
Environmental Science and Technology 38 (2): 555–569.

Selin, N. E. 2009. Global biogeochemical cycling of mercury: 
a review. Annual Review of Environment and Resources 34: 
43–63.

Selin, N. E., and D. J. Jacob. 2008. Seasonal and spatial patterns 
of mercury wet deposition in the United States: constraints 
on the contribution from North American anthropogenic 
sources. Atmospheric Environment 42 (21): 5193–5204.

Selin, N. E., and H. Selin. 2006. Global politics of mercury 
pollution: the need for multi-scale governance. Review of 
European Community and International Environmental Law 
15 (3): 258–269.

Selin, N. E., D. J. Jacob, R. J. Park, R. M. Yantosca, S. Strode, 
L. Jaegle, and D. A. Jaffe. 2007. Chemical cycling and 
deposition of atmospheric mercury: Global constraints from 
observations. Journal of Geophysical Research 112: D02308.

Selin, N. E., D. J. Jacob, R. M. Yantosca, S. Strode, L. Jaegle, and 
E. M. Sunderland. 2008. Global 3-D land-ocean-atmosphere 
model for mercury: present-day vs. pre-industrial cycles and 
anthropogenic enrichment factors for deposition. Global 
Biogeochemical Cycles 22 (22): GB2011.

Shia, R.-L., C. Seigneur, P. Pai, M. Ko, and N. D. Sze. 1999. 
Global simulation of atmospheric mercury concentrations 
and deposition fl uxes. Journal of Geophysical Research 104 
(D19): 23,747–23,760.

Sillman, S., F. J. Marsik, K. I. Al-Wali, G. J. Keeler, and M. S. 
Landis. 2007. Reactive mercury in the troposphere: model 

Bank_ch05.indd   79 3/12/12   1:48 PM



MIT JOINT PROGRAM ON THE SCIENCE AND POLICY OF GLOBAL CHANGE 
REPRINT SERIES Recent Issues

Joint Program Reprints are available free of charge (limited quantities).  To order: please use contact 
information on inside of front cover.

2011-15 Nitrogen Effect on Carbon-Water Coupling in 
Forests, Grasslands, and Shrublands in the Arid Western 
U.S., Felzer, B.S., T.W. Cronin, D.W. Kicklighter, 
J.M. Melillo, C.A. Schlosser and S.R.S. Dangal, 
Journal of Geophysical Research – Biogeosciences, 
116(G03023): 1-23 (2011)

2011-16 What to Expect from Sectoral Trading: 
A US-China Example, Gavard, C., N. Winchester, 
H.D. Jacoby and S. Paltsev, Climate Change Economics, 
2(1): 9-26 (2011)

2011-17 Distributional Impacts of Carbon Pricing: 
A General Equilibrium Approach with Micro-Data for 
Households, Rausch, S., G.E. Metcalf and J.M. Reilly, 
Energy Economics, 33(Supplement 1): S20-S33 (2011)

2011-18 General Equilibrium, Electricity Generation 
Technologies and the Cost of Carbon Abatement: 
A Structural Sensitivity Analysis, Lanz, B. and 
S. Rausch, Energy Economics, 33(5): 1035–1047 (2011)

2011-19 Climatology and Trends in the Forcing of the 
Stratospheric Zonal-Mean Flow, Monier, E. and
B.C. Weare, Atmospheric Chemistry and Physics, 
11(24): 12,751-12,771 (2011)

2011-20 Climate Change: Comparative Impact on 
Developing and Developed Countries, Chinowsky, R., 
C. Heyles, A. Schweikert, N. Strzepek and 
C.A Schlosser, The Engineering Project Organization 
Journal, 1(1): 67-80 (2011)

2011-21 The Role of Growth and Trade in Agricultural 
Adaptation to Environmental Change, Reilly, J.M., 
in: Handbook on Climate Change and Agriculture. 
A. Dinar and R. Mendelsohn (Editors), Edward Elgar 
Publishing: UK and USA, pp. 230-268 (2011)

2011-22 Science and Strategies to Reduce Mercury  
Risks: A Critical Review, Selin, N.E. Journal of 
Environmental Monitoring, 13(9): 2389-2399 (2011)

2012-1 The Influence of Shale Gas on U.S. Energy and 
Environmental Policy, Jacoby, H.D., F. O’Sullivan and 
S. Paltsev, Economics of Energy and Environmental 
Policy, 1(1): 37-51 (2012)

2012-2 Biofuels, Climate Policy, and the European 
Vehicle Fleet, Gitiaux, X.S., S. Paltsev, J. Reilly and
S. Rausch, Journal of Transport Economics and Policy, 
46(1): 1-23 (2012)

2012-3 Health Damages from Air Pollution in China, 
Matus, K., K.-M. Nam, N.E. Selin, L.N. Lamsal,
J.M. Reilly and S. Paltsev, Global Environmental 
Change, 22(1): 55-66 (2012)

2012-4 Analysis of Climate Policy Targets under 
Uncertainty, Webster, M.D., A.P Sokolov, J.M. Reilly, 
C. Forest, S. Paltsev, C.A. Schlosser, C. Wang, 
D.W. Kicklighter, M. Sarofim, J.M. Melillo, R.G. Prinn 
and H.D. Jacoby, Climatic Change, in press (online first) 
doi: 10.1007/s10584-011-0260-0 (2012)

2012-5 The Impact of the European Union Emissions 
Trading Scheme on U.S. Aviation, Malina, R.,
D. McConnachie, N. Winchester, C. Wollersheim, 
S. Paltsev and I. Waitz, Journal of Air Transport 
Management, 19: 36-41 (2012)

2012-6 Interconnection of Nitrogen Fixers and Iron
in the Pacific Ocean: Theory and Numerical 
Simulations, Dutkiewicz, S., B.A. Ward, F.M. Montiero, 
and M.J. Follows, Global Biogeochemical Cycles, 26, 
GB1012 (2012)

2012-7 The Weak Tie Between Natural Gas and Oil 
Prices, Ramburg, D.J. and J.E. Parsons, The Energy 
Journal, 33(2): 13–35 (2012)

2012-8 Atmospheric Chemistry, Modeling, and 
Biogeochemistry of Mercury, Selin, N.E, in: Mercury 
in the Environment: Pattern and Process. M.S. Banks 
(Editor), University of California Press: Berkeley, U.S., 
pp. 73-80

  For a complete list of titles see:
http://globalchange.mit.edu/pubs/reprints.php



Noelle Selin, “Atmospheric Chemistry, Modeling, and Biogeochemistry of Mercury,”
in Mercury in the Environment:  Pattern and Process, Edited by Michael S. Banks. © 2012 by the 
Regents of the University of California. Published by the University of California Press. 
http://www.ucpress.edu/book.php?isbn=9780520271630 

M
IT Joint Program

 on
The Science and Policy of G

lobal Change
M

assachusetts Institute of Technology
77 M

assachusetts Avenue, E19-411
Cam

bridge, M
A

 02139
U

SA


	JP Reprint Cover 2012-8
	Bank_ch05_correctly sized

