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Chapter 3
Overview of the Atmospheric Mercury 
Cycle

William M. Landing and Christopher D. Holmes

Abstract Atmospheric deposition is very often the most important source of mer-
cury (Hg) to aquatic systems. Elevated Hg deposition can lead to elevated levels of 
Hg in aquatic food webs, which degrades the ecosystem and elevates our exposure 
to Hg via fish consumption. Therefore, an understanding of the atmospheric cycling 
and deposition of Hg is necessary to develop effective and efficient ways to lower 
Hg levels in any water body. This is particularly true for the Florida Everglades 
where direct atmospheric inputs constitute in excess of 95% of the external inputs 
of Hg to the ecosystem. This chapter thus presents an overview of the atmospheric 
Hg cycle and discusses key aspects of the cycle that are particularly important to 
understanding atmospheric Hg deposition in the Florida Everglades.
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3.1  Overview of the Atmospheric Hg Cycle

The atmospheric Hg cycle is complex and represents the combination of several 
input, output and transformation processes that govern the concentrations and 
dynamics of various forms of Hg in the atmosphere. The forms of Hg in the atmo-
sphere include gaseous elemental Hg (GEM), gaseous oxidized Hg (GOM), and 
aerosol (particulate-bound) Hg (PBM). GOM can be further subdivided into many 
neutral chemical species such as gaseous oxides, hydroxides, and halogen com-
plexes with Hg(II). PBM represents all forms of Hg that are associated with parti-
cles in the atmosphere, although the majority of the PBM is thought to be in the +2 
oxidation state [Hg(II)] Subir et al. 2012).
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Considering the atmospheric cycle of Hg as it is implemented in the GEOS- 
Chem model (Fig. 3.1; from Horowitz et al. 2017), GEM accounts for about 90% of 
the total atmospheric Hg, GOM accounts for about 10%, and PBM accounts for less 
than a few percent. While GEOS-Chem treats gas-phase and particulate-bound 
Hg(II) as separate tracers, given the uncertainty in measurement capabilities to sep-
arate GOM and PBM (e.g., Gustin et  al. 2013) the quantities are combined for 
model-observation comparisons. It is thought that gaseous oxidized Hg exchanges 

Fig. 3.1 The modern global budget for atmospheric Hg as implemented in the GEOS-Chem 
model (from Horowitz et al. 2017). The lower panel illustrates the chemical reactions in the atmo-
sphere that cycle atmospheric Hg between GEM [Hg(0)] and Hg(II). Used with permission (https://
creativecommons.org/licenses/by/3.0/)
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rapidly with oxidized Hg on aerosols (Amos et al. 2012), and both forms are rapidly 
deposited by wet and dry deposition processes.

The GEOS-Chem model includes primary emissions of GEM [Hg(0)] and Hg(II) 
(GOM plus PBM) from geogenic and anthropogenic sources, as well as GEM emis-
sions from biomass-burning, vegetation, soil, snow, and the oceans. Primary natural 
emissions of Hg (from volcanic activity, crustal degassing, and weathering of geo-
logic deposits) are on the order of 80–600 Mg/yr, primarily as GEM (Wilson et al. 
2013). Estimates for current global primary anthropogenic Hg emissions include 
2000 Mg/yr (Amos et al. 2013), and 2280 Mg/yr (Zhang et al. 2016). It is estimated 
that about 35% of the primary anthropogenic Hg emissions are in the form of Hg(II) 
with 65% as GEM (Zhang et al. 2016; Streets et al. 2017). Re-emission of legacy 
anthropogenic Hg (mostly as GEM) is estimated at around 4700 Mg/yr.

As described by Horowitz et al. (2017), in the gas phase, GEM is oxidized to 
Hg(II) in a two-step process involving halogen radicals (e.g., Br, Cl) or OH in the 
first step and a variety of oxidants in the second step (NO2, HO2, ClO, BrO, OH, Cl, 
Br). In the aqueous phase (in cloud water, rain, and fog), GEM is oxidized by oxi-
dants including aqueous HOCl, OH, and ozone. Gas phase oxidation of GEM by 
ozone may also be important and is an area of current study. Photochemical reduc-
tion of atmospheric Hg(II) back to GEM occurs through photolysis in air and in 
aqueous reactions in clouds and aerosol (Horowitz et al. 2017; Saiz-Lopez et al. 
2018).

The concentrations of most of these potential GEM oxidants are well known 
from decades of atmospheric chemistry measurements and modeling (e.g. Seinfeld 
and Pandis 2016). Recent advances in techniques for measuring halogens, however, 
have revealed higher concentrations of reactive bromine than were expected in the 
troposphere (Wang et al. 2015; Coburn et al. 2016). Ongoing field experiments con-
tinue to map the abundance of reactive halogens, but these high concentrations can 
likely be explained by emissions of biogenic halocarbons from marine algae, debro-
mination of sea-salt aerosols, and recycling of background aerosols (Sherwen et al. 
2016).

Hg deposition occurs via wet and dry deposition processes to the land (vegeta-
tion, soil, snow) and the oceans. It is estimated that about 65–80% of total Hg depo-
sition on a global scale is due to wet and dry deposition of Hg(II), while 20–35% is 
due to dry deposition of GEM. Hg(II) in the lower atmosphere (the boundary layer) 
will adsorb (dry deposit) to vegetation and open water and be taken up by sea salt 
aerosols. In GEOS-Chem, on a global basis, dry deposition accounts for about 40% 
of total Hg(II) deposition while wet deposition of Hg(II) accounts for about 60% 
(Horowitz et  al. 2017). Wet deposition of Hg occurs when cloud water absorbs 
Hg(II) and when precipitation scavenges aerosol Hg. Most of the wet deposition is 
concentrated in the tropics, where rain is most abundant. GEM is not a significant 
contributor to wet deposition due to its relatively low solubility in water.

It is essential to accurately quantify all emission sources of both GEM and 
Hg(II), and the potentially rapid redox cycling in the atmosphere between these 
forms, since deposition of Hg(II) will have significant impacts on ecosystem bioac-
cumulation of Hg on local and regional scales. This is critically important since 
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ecosystem studies have shown that recently deposited Hg(II) is taken up into aquatic 
food webs most quickly (Branfireun et al. 2005; see Section 3.2 in Chap. 3, Volume 
III for a more detailed discussion).

Using the GEM and Hg(II) emission rates in Fig. 3.1, one can estimate that the 
atmospheric residence time of GEM is on the order of 6 months (reservoir size of 
3500 Mg divided by the total input rate of 7740 Mg/yr). Because of its low solubil-
ity in water and its relatively long atmospheric residence time, GEM emissions are 
transported far from their sources and become more well-mixed in the 
atmosphere.

The residence time of Hg(II) is on the order of 25 days (400 Mg divided by net 
input of 5600 Mg/yr). The oxidized forms of atmospheric Hg (GOM and PBM) are 
very soluble in water, are easily scavenged by rainfall, and adsorb to surfaces, 
resulting in deposition much closer to their sources. 

Figure 3.2a (from AMAP/UNEP 2015) shows the emissions of Hg on regional 
and local scales. High Hg emission rates are associated with population density and 
with artisanal-scale gold mining (ASGM) in South America and central and south-
ern Africa. On a global basis, over 90% of modern Hg emission is as GEM, although 
GOM and PBM can account for up to 20% in certain areas (southeast Asia, Europe, 
and North America). Figure 3.2b shows that the modeled concentrations of GEM 
are highest near regions of high population and high anthropogenic emissions 
(China, India, Europe) and in South America and Africa due to ASGM. Atmospheric 
Hg concentrations are significantly lower in the southern hemisphere due to the 
lower population and the slow exchange of air across the tropics. Figure 3.2c shows 
model results for the global deposition of atmospheric Hg (which includes GEM, 
GOM, and PBM). The deposition patterns reveal several important factors that 
influence atmospheric Hg deposition. Uptake of the GEM by forested areas yields 
high deposition across South America and central and southern Africa, although 
much of that GEM is re-emitted on an annual basis. Elevated Hg deposition associ-
ated with high precipitation rates is seen along the Inter-Tropical Convergence 
Zones (ITCZ) in the equatorial Atlantic, Pacific, and Indian Oceans and in the 
Southern Ocean near Antarctica. This is interpreted as being due to more efficient 
oxidation of GEM to Hg(II) species which are easily scavenged during precipitation 
events. Combinations of regionally elevated Hg emissions and elevated rainfall 
yield higher Hg deposition in the southeastern US and in the western North Pacific 
and western North Atlantic. The highest Hg deposition is associated with high pop-
ulation density and high anthropogenic emissions as seen in Europe, India, and 
China.

As discussed above, the residence time of GEM in the atmosphere is relatively 
long (6–12 months), while Hg(II) has a much shorter residence time (days to weeks). 
As a result, GEM from all emission sources in the northern hemisphere is relatively 
well-mixed while Hg(II) shows strong local and regional concentration differences. 
Hg(II) is also quickly removed from the atmosphere by precipitation while GEM is 
not. Thus, local and regional sources of Hg(II) will have greater local and regional 
impacts on Hg deposition.
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Except for a few areas where industrial effluent containing Hg contaminates the 
local environment, the dominant source of Hg to the global environment is from 
atmospheric deposition. Atmospheric deposition is the main source of Hg to Florida, 
especially the Florida Everglades (USEPA 1996). Modeling studies also show that 
the majority (>98%) of the atmospherically Hg deposited in Florida is from Hg 
sources outside of Florida (USEPA 2008; FDEP 2013). The model results for Hg 
deposition in the Everglades are reviewed in Chap. 5, this volume and Chap. 3, 
Volume III.

Fig. 3.2 (a) Emission of 
Hg to the atmosphere. (b) 
Modeled concentrations of 
GEM in the atmosphere in 
2013. (c) Modeled annual 
Hg deposition in 2013 
(from AMAP/UNEP 
2015). Based on an 
ensemble of three chemical 
transport models 
(GLEMOS, GEOS-Chem, 
and GMHG). Used with 
permission from AMAP/
UNEP (2015)
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Amos et al. (2013) estimated that about 13% of the atmospheric Hg deposited 
globally was from natural sources. According to their calculations, the current 
atmospheric deposition of Hg on a global basis can be apportioned as follows: 3% 
primary natural; 10% legacy natural, 27% primary anthropogenic, and 60% legacy 
anthropogenic Hg. Variations from this global Hg deposition apportionment are to 
be expected on local and regional scales where anthropogenic emissions of oxidized 
Hg are important.

Estimates for the global budget of Hg (Table 3.1) suggest that the modern atmo-
spheric Hg reservoir may be as much as 7.5 times larger relative to natural levels 
due to increasing anthropogenic Hg emissions since the start of the industrial revo-
lution (Amos et  al. 2013). This conclusion was questioned by Engstrom et  al. 
(2014); a detailed study of Hg in lake sediment cores indicated that the magnitude 
of early Hg emissions from artisanal gold mining were overestimated by Amos et al. 
(2013), and that the modern/natural deposition ratio should be closer to 3–5. Amos 
et al. (2015) tried to harmonize the time periods for observed and modeled estimates 
of anthropogenic enrichment and reported that the mean enrichment from the pre-
colonial era (3000 BC–1550 AD) to the twentieth century maximum (1950–1975) 
was 19 for varved sediment cores and 26 for peat cores. Consistent with these 
results, Enrico et al. (2017) estimated enrichment of 15 ± 4 from the Holocene to the 
present-day as reconstructed from a peat bog. Regardless of the exact value, Hg 
concentrations in the modern atmosphere, and atmospheric Hg deposition, are sig-
nificantly elevated over pre-industrial times.

Emissions of Hg to the atmosphere from anthropogenic activities over time since 
the 1400s were summarized by Beal et al. (2015; Fig. 3.3). Primary anthropogenic 
Hg emissions were slightly higher (~500 Mg/yr) from 1450–1650, then declined  
to ~100–150  Mg/yr from 1650–1850. Starting around 1850, Hg emissions  
increased dramatically, associated with the American gold and silver rush period 
when amalgamation with liquid Hg was used to extract precious metals from ores. 
Emissions of Hg peaked again from 1940–1975 due to increased commercial and 
industrial use. Temporary declines in Hg deposition following those two emission 
peaks demonstrate the relatively rapid response time of atmospheric Hg deposition 

Table 3.1 Estimated amounts of Hg in the atmosphere, terrestrial, and oceanic reservoirs for 
natural, preindustrial (pre-1840), and modern conditions, with enrichment factors for the modern 
reservoir relative to natural levels

Compartment Natural Preindustrial Present day Modern/Natural ratio

Atmosphere 700 2000 5300 7.5
Terrestrial Fast 1900 4800 11,000 5.8

Slow 9800 24,000 50,000 5.1
Armored 170,000 180,000 210,000 1.2

Ocean Surface 530 1300 3100 5.9
Subsurface 26,000 67,000 140,000 5.3
Deep 95,000 130,000 200,000 2.1

Adapted from Amos et al. (2013)
Units are Mg of Hg
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to changes in the atmospheric loading. Primary anthropogenic input has apparently 
declined by about 20% from 1990 to 2010 due to reductions in the use of Hg in 
man-made products (and the incineration of those products) and improved Hg 
scrubbing during coal combustion (Zhang et al. 2016).

Estimates for the global distribution of atmospheric Hg deposition rates (subdi-
vided by source region) were derived from an ensemble of three chemical transport 
models (GLEMOS, GEOS-Chem, GMHG) (Fig.  3.4; AMAP/UNEP 2015). The 
model results demonstrate strong seasonality for Hg deposition and the importance 
of natural and legacy Hg emissions. For example, over North America, Hg deposi-
tion peaks in the spring and summer months. Emission of Hg from North American 
sources only account for 5–12% of the total Hg deposition over North America 
(lowest during the spring and summer months). Legacy anthropogenic and natural 
emissions and primary natural emissions dominate the deposition of atmospheric 
Hg everywhere but are least important (60–70%) over East Asia and South Asia 
where local and regional emissions are more dominant. Further research on both 
modern and historical Hg deposition rates on a global scale is needed to help con-
strain these model estimates.

Fig. 3.3 Records of total Hg deposition in mountain glacier ice cores from Alaska (panel a) and 
Wyoming (panel b) with estimates for primary anthropogenic Hg emissions (panel c). (Beal et al. 
2015). The red lines in panel a are smoothed estimates obtained from locally weighted polynomial 
regression (LOESS). (Reprinted with permission from Beal et al. (2015). Copyright 2015 American 
Chemical Society)
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3.2  Importance of Atmospheric Hg Speciation on Transport 
and Deposition

As noted above, gaseous elemental mercury (GEM) has a lifetime in the atmosphere 
of approximately 6–12 months. Species with such long atmospheric lifetimes are 
usually widely dispersed throughout the troposphere with relatively modest varia-
tions in concentration (Fig. 3.2b). The resulting dry deposition of GEM is therefore 
driven primarily by global sources as opposed to local emissions.

Oxidized mercury [Hg(II)], in contrast, has a lifetime of only a few weeks in the 
free troposphere (~2–18 km altitude), like other aerosols (e.g. sulfate) and highly 
soluble gases (e.g. nitric acid) (Seinfeld and Pandis 2016). However, within the 
planetary boundary layer (<2 km altitude), both GOM and PBM have much shorter 
lifetimes, around 1 day, since they are removed by dry deposition on contact with 
the surface. Consequently, oxidized mercury is predominantly deposited near its 
emission source (up to 100 km away), although it can be transported much farther 
if it is lifted above the boundary layer.

While very high Hg(II) concentrations have been reported around anthropogenic 
sources, observations from aircraft sampling campaigns and monitoring on moun-
tain tops show that Hg(II) concentrations generally increase with altitude. This is 

Fig. 3.4 Monthly Hg deposition (2013) attributed to Hg emissions from various geographic 
regions. (Used with permission from AMAP/UNEP 2015)
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believed to be caused by oxidation of GEM to produce Hg(II) that accumulates in 
the upper troposphere and is consistent with the model results shown in Fig. 3.1 
where net oxidation of GEM to Hg(II) is on the order of 5000 Mg/yr. This region of 
the atmosphere rarely experiences rain and it can take a month or longer for air to 
mix down to lower altitudes. As a result, Hg(II) deposition is high where large- scale 
high-pressure systems transport air downwards (Shah and Jaegle 2017). This hap-
pens mainly at sub-tropical latitudes (which includes Florida). In addition, Hg(II) 
deposition is high in regions with frequent deep convection, like Florida, that can 
scavenge Hg(II) directly from high altitudes.

3.3  Modifiers to the Atmospheric Hg Cycle that Influence Hg 
Deposition in the Everglades

Guentzel et al. (2001) reported rainfall Hg data collected across the state of Florida 
from 1993 through 1996 (the Florida Atmospheric Mercury Study; FAMS) and con-
cluded that strong convective thunderstorms in the summer months were responsi-
ble for ~84% of the annual rainfall Hg deposition vs. lower altitude rain events and 
winter-time frontal storms. They showed that wet deposition of Hg was nearly uni-
form at 20–23 μg/m2-yr from West Palm Beach to Ft. Myers and throughout the 
Florida Everglades and that rainfall Hg deposition reached a peak during the sum-
mer months when convective thunderstorms are very common over southern 
Florida. Similar results were reported by Shanley et al. (2015) who observed ele-
vated rainfall Hg concentrations and fluxes from summertime thunderstorms at a 
pristine site in Puerto Rico. To explain their findings, Guentzel et al. (2001) hypoth-
esized that there must be a rapidly-replenished reservoir of “background” Hg(II) in 
the free troposphere that supplies Hg(II) to these thunderstorms when the southeast-
erly trade winds shift north and flow across southern Florida.

When Guentzel et  al. (2001) obtained their rainfall Hg data across southern 
Florida (1993–1996), no data had been published on Hg(II) concentrations in the 
free troposphere anywhere in the world, and the hypothesis could not be tested. 
Since then, aircraft sampling for Hg(II) in the free troposphere over the Bahamas 
found very high Hg(II) concentrations (50–250  pg/m3) between 1–4  km height 
(Landis et al. 2005; Sillman et al., 2007). Brooks et al. (2014) reported Hg(II) con-
centrations as high as 150 pg/m3 at 4 km during the spring and summer months over 
Tullahoma, TN (10–30 times higher than concurrent ground level measurements). 
Both aircraft Hg(II) data sets were collected using KCl-coated annular denuders 
that subsequently have been reported to under-collect Hg(II) by as much as a factor 
of 2 (Swartzendruber et al. 2009; Gustin et al. 2013); thus, the concentrations of 
Hg(II) in the free troposphere may be significantly higher than were reported. This 
reservoir of Hg(II) could easily support the summertime rainfall Hg concentrations 
and fluxes that Guentzel et al. (2001) reported across southern Florida. Further sup-
port for this hypothesis comes from Holmes et al. (2016) who used rainfall Hg data 
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from the NADP-MDN program across the continental US and GridSat-B1 satellite 
cloud-top brightness data to conclude that thunderstorms generate 50% higher rain-
fall Hg concentrations relative to weak convective or stratiform events of equal pre-
cipitation depth. In a modeling study, Kaulfus et al. (2017) concluded that, after 
controlling for precipitation depth, the highest Hg deposition occurs in supercell 
thunderstorms, with decreasing deposition in disorganized thunderstorms, quasi- 
linear convective systems (QLCS), extratropical cyclones, light rain, and land- 
falling tropical cyclones. Convective morphologies (supercells, disorganized, and 
QLCS) enhanced wet deposition by a factor of at least 1.6 relative to non-convective 
morphologies.

Lacking any data on Hg(II) concentrations in the free troposphere, Guentzel 
et  al. (2001) likely overestimated that local and regional emissions of Hg could 
account for 30–46% of the rainfall Hg deposition across southern Florida. More 
recent estimates for the importance of local and regional source of atmospheric Hg 
for Hg deposition in the Everglades are discussed in Chap. 5, this volume. Briefly, 
the Florida Mercury TDML Study (FDEP 2013) concluded that Florida sources 
accounted for less than 2% of the total Hg deposition at the Everglades National 
Park site.

3.4  Evasion of Hg

Recent modeling studies of the global Hg cycle suggest that uptake and evasion 
losses of GEM are roughly balanced for terrestrial ecosystems (Amos et al. 2013; 
Song et al. 2015; Horowitz et al. 2017; see Fig. 3.1). The very low GEM evasion 
estimate of Amos et al. (2014) was an exception to these other three studies, with 
evasion loss approximately sixfold less, although their uptake fluxes are similar. 
Excluding the very low evasion flux indicated by Amos et  al. (2014), the global 
modeling studies cited above indicate that GEM evasion accounts for 50 ± 5% of 
the total Hg deposition to terrestrial surfaces (wet plus dry GEM, GOM, and PBM). 
In a more detailed model of Hg uptake by terrestrial ecosystems, Smith-Downey 
et al. (2010) suggest that plants take up GEM but do not release 100% of it. Plants 
also collect GOM and PBM, some of which is photo-reduced back to GEM. Overall, 
GEM evasion accounted for 67% of the total Hg deposition to terrestrial systems 
(Smith-Downey et al. 2010). In a field experiment, Poulain et al. (2006) measured 
33–59% GEM evasion from mesocosms spiked with Hg(II). These various esti-
mates for GEM evasion agree reasonably well and suggest that GEM evasion from 
wetland ecosystems is probably on the order of 50–60% of total Hg deposition.

With respect to the oceans, however, current estimates indicate that evasion 
losses of GEM from the ocean surface greatly exceed uptake fluxes of GEM from 
the atmosphere (median ratio for the four studies is 3:1). The large GEM evasion 
losses from the surface ocean are due to Hg(II) reduction in surface waters. The 
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GEM flux approximately balances the deposition of GOM and PBM and influences 
how rapidly the Hg reservoir in the surface ocean turns over (~ 0.25 year; Amos 
et al. 2013; Song et al. 2015).

3.5  Conclusions

The atmospheric Hg cycle is extremely complex in part due to the variety of emis-
sion sources and emission speciation profiles (GEM vs. Hg(II)) and their geographic 
distribution. It is also complex because transformations of GEM to GOM are driven 
by a variety of atmospheric oxidants with different sources and distributions in the 
atmosphere and because the physics of atmospheric mixing varies spatially. 
Significant progress has been made in recent years on modeling the in situ processes 
influencing GEM oxidation and Hg(II) reduction, but there is still much to learn. 
The residence times for GEM and Hg(II) in the troposphere with respect to their 
inputs are on the order of 6–12 months and 25 days, respectively, while Hg(II) in the 
boundary layer is deposited much more quickly than GEM. As a result, the atmo-
spheric deposition of Hg is strongly influenced by the magnitude and speciation of 
Hg emissions on local and regional scales, and by the patterns of vegetation and 
rainfall across the globe. Both field data and model simulations suggest that convec-
tive thunderstorms yield significantly higher rainfall Hg concentrations and fluxes 
due to scavenging of Hg(II) from the free troposphere. Local and regional Hg emis-
sions can have significant impacts on regional Hg deposition; the lack of accurate 
emission inventories and emission profiles [GEM vs. Hg(II)] however continues to 
affect the reliability of model predictions for Hg deposition.

The state of knowledge on the atmospheric mercury cycle continues to advance, 
and more recent information on Hg emissions and deposition has been summarized 
in the 2018 UNEP Global Mercury Assessment (GMA).
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