
Chemical cycling and deposition of atmospheric mercury:

Global constraints from observations

Noelle E. Selin,1,2 Daniel J. Jacob,1,2 Rokjin J. Park,1,2 Robert M. Yantosca,1,2

Sarah Strode,3 Lyatt Jaeglé,3 and Daniel Jaffe4
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[1] We use a global 3-D model of atmospheric mercury (GEOS-Chem) to interpret
worldwide observations of total gaseous mercury (TGM) and reactive gaseous mercury
(RGM) in terms of the constraints they provide on the chemical cycling and deposition of
mercury. Our simulation including a global mercury source of 7000 Mg yr�1 and a TGM
lifetime of 0.8 years reproduces the magnitude and large-scale variability of TGM
observations at land sites. However, it cannot capture observations of high TGM from ship
cruises, implying a problem either in the measurements or in our fundamental
understanding of mercury sources. Observed TGM seasonal variation at northern
midlatitudes is consistent with a photochemical oxidation for Hg(0) partly balanced by
photochemical reduction of Hg(II). Observations of increasing RGM with altitude imply
a long lifetime of Hg(II) in the free troposphere. We find in the model that Hg(II)
dominates over Hg(0) in the upper troposphere and stratosphere and that subsidence is the
principal source of Hg(II) at remote surface sites. RGM observations at Okinawa Island
(Japan) show large diurnal variability implying fast deposition, which we propose is due
to RGM uptake by sea-salt aerosols. Observed mercury wet deposition fluxes in the
United States show a maximum in the southeast, which we attribute to photochemical
oxidation of the global Hg(0) pool. They also show a secondary maximum in the industrial
Midwest due to regional emissions that is underestimated in the model, possibly because
of excessive dry deposition relative to wet (dry deposition accounts for 68% of total
mercury deposition in the United States in the model, but this is sensitive to the assumed
phase of Hg(II)). We estimate that North American anthropogenic emissions contribute on
average 20% to U.S. mercury deposition.
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deposition of atmospheric mercury: Global constraints from observations, J. Geophys. Res., 112, D02308, doi:10.1029/2006JD007450.

1. Introduction

[2] Concern over the toxicity and human health risks of
mercury deposited to ecosystems and bioaccumulating as
methyl mercury in fish has prompted efforts to regulate
anthropogenic emissions. Current atmospheric concentra-
tions of mercury are 3 times higher than preindustrial values
[Mason et al., 1994]. Effective regulation requires knowl-
edge of source receptor relationships; such knowledge,
however, is limited by large uncertainties in mercury
sources, atmospheric chemistry, and deposition processes.

A critical uncertainty is the redox chemistry between
gaseous elemental mercury (Hg(0)), which has an atmo-
spheric lifetime �1 year, and Hg(II), the principal deposited
form [Mason and Sheu, 2002; Pehkonen and Lin, 1998;
Schroeder and Munthe, 1998]. Extensive atmospheric
measurements have become available in the last few years
that can provide constraints on the chemical cycling and
deposition of mercury. We use here a global 3D chemical
transport model (GEOS-Chem CTM) to interpret these
observations from a global budget perspective and to
estimate the relative contributions of domestic and interna-
tional sources to mercury deposition in the United States.
[3] Direct anthropogenic releases of mercury are primar-

ily from coal-fired power plants, metal smelting, and waste
incineration [Pacyna et al., 2005; Streets et al., 2005], and
contribute about one third of the current emissions to the
atmosphere [Mason and Sheu, 2002]. Other sources are
oceans, soils, terrestrial vegetation, and biomass burning;
these sources include both a natural component and an
anthropogenic component from recycling of previously
deposited mercury [Mason and Sheu, 2002]. Recycling
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through the ocean is included in GEOS-Chem with a
coupled ocean-atmosphere model [Strode et al., 2006].
Previous global model studies have examined the con-
straints on the mercury sources from atmospheric observa-
tions of total gaseous mercury (TGM) [Bergan and Rodhe,
2001; Ryaboshapko et al., 2002; Seigneur et al., 2004]. We
focus here on exploiting the spatial and temporal variability
in worldwide observations of both TGM and reactive
gaseous mercury (RGM, representing the gas-phase com-
ponent of Hg(II)) as constraints on atmospheric redox and
deposition processes.
[4] Much of the limitation in using atmospheric models to

quantify source receptor relationships for mercury deposi-
tion arises from the uncertainty in mercury redox chemistry.
Ozone and OH are generally assumed to be the main global
Hg(0) oxidants [Lin et al., 2006], but the mechanisms and
rates are poorly understood [Calvert and Lindberg, 2005].
Halogen oxidants could also be important [Holmes et al.,
2006; Lin et al., 2006], and this is well established in Arctic
spring where rapid conversion of Hg(0) to Hg(II) is
observed [Schroeder et al., 1998]. Aqueous-phase reduction
of Hg(II) has been observed by Pehkonen and Lin [1998],
but its mechanism and atmospheric relevance are uncertain
[Gårdfeldt and Jonsson, 2003].
[5] A few previous global model studies have examined

the constraints from atmospheric TGM observations on the
atmospheric chemistry of mercury. Bergan and Rodhe [2001]
found that using OH as the only Hg(0) oxidant with the rate
constant of Sommar et al. [2001], and no Hg(II) reduction,
resulted in average Hg(0) concentrations a factor of three
below observed values in North America and Europe.
Seigneur et al. [2004] included gas-phase oxidation of Hg(0)
by O3, OH, and Cl2, as well as aqueous redox chemistry,
resulting in annual average TGM concentrations consistent
with observations and an atmospheric lifetime for TGM of
1.2 years. We go beyond these previous model studies by
using extensive observations of both TGM and RGM, and by
examining the information contained in both the spatial and
temporal patterns for constraining the chemistry and deposi-
tion of mercury. The data sets include monitoring observa-
tions from major networks in Europe (EMEP), Canada
(CAMNet), and the United States (MDN) [Ebinghaus et
al., 2002; Kellerhals et al., 2003; Co-operative Programme
for Monitoring and Evaluation of the Long-Range Trans-
missions of Air Pollutants in Europe (EMEP), EMEP mea-
surement data, edited, accessed via internet, hereinafter
referred to as EMEP, 2005; Environment Canada, 2003,
Canadian Atmospheric Mercury Network, Data, Meterolog-
ical Service of Canada, Toronto, hereinafter referred to as
Environment Canada, 2003]. They also include research data
sets from surface sites [Baker et al., 2002; Jaffe et al., 2005],
ship cruises [Lamborg et al., 1999; Laurier et al., 2003;
Temme et al., 2003a], and aircraft [Banic et al., 2003; Friedli
et al., 2004]. Anthropogenic emissions in the model are for
the year 2000 [Pacyna et al., 2005; Wilson et al., 2005], and
we focus our analysis on 1998–2005 observations.

2. Model Description

2.1. General Description

[6] We use the GEOS-Chem CTM version 7.04 (http://
www.as.harvard.edu/chemistry/trop/geos/) [Bey et al., 2001]

to simulate three species of mercury in the atmosphere:
elemental mercury (Hg(0)), divalent mercury (Hg(II)), and
primary particulate mercury (Hg(P)). Hg(II) can partition
between the gas and particulate phases. Primary Hg(P) is
assumed to be nonvolatile and chemically inert, and we
deposit it as a submicron aerosol.
[7] Our simulation is conducted for a 6-year period

(2000–2005), with the first 3 years used for initialization.
It uses assimilated meteorological data from the NASA
Goddard Earth Observing System (GEOS-4), including
winds, mixed layer depths, temperature, precipitation, and
convective mass fluxes. These data are available with 6-hour
temporal resolution (3 hours for surface quantities and
mixing depths), a horizontal resolution of 1� � 1.25�, and
55 hybrid sigma-pressure levels in the vertical. We degrade
the horizontal resolution to 4� � 5� for input to GEOS-
Chem. We focus most of our analyses on model statistics for
2003, but also use 2004 and 2005 results for comparison to
observations taken in those years.

2.2. Mercury Emissions

[8] We use the Global Emission Inventory Activity
(GEIA) global inventory of anthropogenic emissions for
the year 2000. This inventory includes Hg(0), Hg(II), and
Hg(P) at 1278, 720, and 192 Mg yr�1, respectively, with a
horizontal resolution of 1� by 1� and no seasonal variation
[Pacyna et al., 2005; Wilson et al., 2005]. Major sources in
that inventory are electric power generation and waste
incineration. Mobile sources are not consistently included,
although recent data suggest that they could be significant
[Edgerton and Jansen, 2004; Lynam and Keeler, 2006]. The
global emission rate of anthropogenic mercury declined by
5.5% from 1995 to 2000 according to GEIA, but there have
been more substantial regional changes. Emissions in the
United States and Russia declined by 12% and 46% respec-
tively, while emissions in India, Brazil, Mexico, and Spain
increased. Emissions in China declined 1.9%. Asia
accounted for 54% of global anthropogenic mercury emis-
sions in 2000.
[9] Oceans and land are major natural sources of Hg(0),

involving both primary emission (from ocean upwelling and
mercury-containing rocks) and reemission of previously
deposited mercury. We use the GEOS-Chem ocean model
of Strode et al. [2006] dynamically coupled to our atmo-
spheric simulation. This model includes three species of
mercury in the oceanic mixed layer: Hg(0), Hg(II), and
nonreactive nonvolatile mercury. Hg(0) and Hg(II) exchange
with the atmosphere and with the deep ocean but are not
transported horizontally. In the oceanic mixed layer, Hg(II) is
converted to Hg(0) and to nonreactive mercury at rates
proportional to the local net primary productivity. These
rates are adjusted by Strode et al. [2006] to match mean
oceanic observations of elemental, reactive, and total aque-
ous mercury. The resulting Hg(0) net emission from the
ocean is 2800 Mg yr�1.
[10] We include a primary land source of 500 Mg yr�1

[Lindqvist, 1991] distributed following the locations of
mercury mines [Frank, 1999] as an indicator of mercury
deposits. Land emissions are known to vary with tempera-
ture, solar radiation, and precipitation [Gustin et al., 1997]
but we ignore this variability here due to lack of quantitative
information. We map reemission of mercury previously
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deposited to land according to the deposition patterns of
current sources, following the methodology of Bergan et al.
[1999] and Seigneur et al. [2001]. This is consistent with
Schlüter [2000], who argues that most of upper soil mercury
outside of areas with large natural mercury deposits origi-
nates from atmospheric mercury deposition. We scale the
total global reemission to 1500 Mg yr�1, at the low end of
the range estimated by Lindberg et al. [1998], and more
consistent with other literature [Mason and Sheu, 2002]. We
neglect the uncertain contributions of emissions from vol-
canoes and biomass burning, the former estimated between
110 and 700 Mg yr�1 [Nriagu and Becker, 2003; Pyle and
Mather, 2003], and the latter between 100 and 860 Mg yr�1

[Friedli et al., 2001].

2.3. Mercury Chemistry

[11] The model includes Hg(0) oxidation to Hg(II) by
OH (k = 9 � 10�14 cm3 s�1 [Pal and Ariya, 2004a;
Sommar et al., 2001]) and ozone (k = 3 � 10�20 cm3 s�1

[Hall, 1995]). No temperature dependence is included in
these rate constants due to lack of data. Oxidation rates are
calculated using archived monthly mean 3-D fields of OH
and O3 concentrations from a detailed GEOS-Chem tropo-
spheric chemistry simulation [Park et al., 2004]. We
distribute the OH concentration during daytime hours as
the cosine of the solar zenith angle. The resulting lifetime of
Hg(0) is 0.31 years against oxidation, with OH providing
the dominant sink (83%). Pal and Ariya [2004b] reported
k = 7.5 � 10�19 cm3 s�1 for Hg(0) oxidation by ozone,
but this would imply an Hg(0) atmospheric lifetime of
�20 days which is inconsistent with observations as
discussed below.
[12] The chemical speciation of Hg(II) measured in the

atmosphere as RGM is unknown [Mason and Sheu, 2002];
the Hg(II) product of the reactions of Hg(0) with O3 and OH
is likely HgO [Sommar et al., 2001]. HgO is very soluble in
water (Henry’s Law constant of 2.7 � 1012 M atm�1), and
thus dissolves in aqueous aerosols and clouds [Schroeder
and Munthe, 1998]. In the aqueous phase, HgO dissociates
to Hg2+ [Pleijel and Munthe, 1995]. Under most atmospheric
conditions, Cl� concentrations in the aqueous phase are
sufficiently high to drive recomplexation to HgCl2 [Lin
and Pehkonen, 1998], which has a Henry’s Law constant
of 1.4 � 106 M atm�1 [Lin and Pehkonen, 1999] and should
thus volatilize from the aqueous aerosol except in the
presence of cloud. Following Lin et al. [2006], we view
Hg(II) as HgCl2 for purpose of calculating gas-aqueous
partitioning relevant to in-cloud reduction and wet and dry
deposition.
[13] Aqueous-phase photochemical reduction of Hg(II) to

Hg(0) has been observed in the laboratory and in irradiated
rainwater samples [Pehkonen and Lin, 1998; J. Lin, personal
communication, 2003] but it remains uncertain and the
mechanism is unknown [Gårdfeldt and Jonsson, 2003;
Goodsite et al., 2004]. We include it in our model as an in-
cloud photochemical process applied to dissolved Hg(II) and
scaled to match constraints on TGM lifetime and seasonal
variation as described below. Dissolved Hg(II) is obtained
from the cloud fraction in each gridbox diagnosed by the
gridbox relative humidity [Sundqvist et al., 1989] and the
corresponding in-cloud liquid water content diagnosed by
the gridbox temperature [Somerville and Remer, 1984]. The

photoreduction rate constant (s�1) applied to aqueous Hg(II)
is parameterized as 8.4� 10�10 [OH], where [OH] is the gas-
phase concentration in units of molecules cm�3 also used to
compute Hg(0) oxidation. This rate constant results in a mean
lifetime of 20 min for dissolved Hg(II) in cloud in the model.
The in-cloud reduction scheme is applied in the model over
30-min time steps as part of the overall mercury chemistry
module, and the corresponding Hg(II) reduction rate is thus
principally determined by this length of the time step; we
effectively assume that air resides for 30 minutes in cloud.

2.4. Mercury Deposition

[14] Wet deposition of mercury in GEOS-Chem is applied
to Hg(II) and Hg(P), but not to Hg(0) because of its low
Henry’s Law constant (0.11 M atm�1 at 298K [Lin and
Pehkonen, 1999]). The simulation of wet deposition
includes rainout and washout from large-scale and convec-
tive precipitation, and scavenging in convective updrafts
[Liu et al., 2001]. We assume that Hg(II) is scavenged
quantitatively by liquid precipitation but is released to the
gas phase when water freezes (zero retention efficiency).
Hg(P) is scavenged with the same efficiency as a water-
soluble aerosol [Liu et al., 2001].
[15] Dry deposition of Hg(0) to the ocean in GEOS-Chem

is simulated as part of the bidirectional exchange model of
Strode et al. [2006] presented above. Dry deposition of
Hg(0) to land is neglected, although there is some evidence
of bidirectional exchange [Lindberg et al., 1998; Poissant et
al., 2004a]. Dry deposition of Hg(II) and Hg(P) is simulated
with a standard resistance-in-series scheme based on local
surface type and turbulence [Wang et al., 1998; Wesely,
1989]. We assume zero surface resistance for Hg(II), con-
sistent with observations of very high deposition velocities
including 7.6 cm s�1 as a median value over wetlands in
summer [Poissant et al., 2004b] and 5–6 cm s�1 in the
daytime over a forest in summer [Lindberg and Stratton,
1998]. Simulated monthly mean dry deposition velocities
exceed 3 cm s�1 over land in summer.
[16] We also include in GEOS-Chem a uniform first-order

sink for Hg(II) throughout the marine boundary layer
(MBL) to simulate uptake by sea-salt aerosols followed
by deposition. Coastal measurements in Florida show evi-
dence of this uptake [Malcolm et al., 2003], and it repre-
sents our best explanation for the low concentrations and
large diurnal variation of RGM observed at Okinawa Island
by Jaffe et al. [2005], as discussed below. We assume a time
constant of 7 h for uptake of Hg(II) by sea salt uniformly
throughout the MBL, which we set to match the Okinawa
constraints. This time constant is consistent with expected
uptake rates for soluble gases; a GEOS-Chem simulation by
Alexander et al. [2005] derived a mean uptake time constant
of 1 h for HNO3 by sea salt in the MBL.

2.5. Global Mercury Budget

[17] Figure 1 shows the global budget of mercury in
GEOS-Chem, including the cycling between different com-
ponents. Hg(0) has a lifetime against oxidation of 4 months,
but reduction of Hg(II) brings the overall lifetime of TGM
up to 0.79 years (9.5 months). Hg(II) has a tropospheric
lifetime of 16 days against deposition; this relatively long
lifetime for a soluble gas is due to a dominant contribution
of higher altitudes to the inventory, as discussed below.
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[18] Table 1 compares the GEOS-Chem TGM budget to
those from previous global model studies. Literature values
for the TGM lifetime average 1.1 ± 0.3 years, reflecting
observational constraints in particular from the interhemi-
spheric gradient [Bergan et al., 1999; Lamborg et al., 2002;
Mason et al., 1994; Mason and Sheu, 2002; Seigneur et al.,
2004; Seigneur et al., 2001; Shia et al., 1999], although we
will argue below that these constraints are more consistent
with a shorter lifetime. Dry deposition in GEOS-Chem
dominates globally over wet deposition. The RGM sink
via uptake onto sea-salt aerosols contributes 33% to global
dry deposition. The sources and sinks in Table 1 carry much
larger uncertainties than is apparent from the range of
global model budgets, since different models tend to follow

similar parameterizations and assumptions for emissions
and chemistry.

3. Annual Mean Concentrations of TGM and
Interhemispheric Gradient

[19] Figure 2 (top panel) shows observed annual mean
concentrations of TGM in surface air compared to model
results. TGM in the model is taken as the sum of Hg(0) and
Hg(II); this ignores the partitioning of Hg(II) into the
aerosol but the associated error is small since Hg(0) is the
dominant component of surface TGM. The measurements
include 1998–2004 annual mean data from 22 nonurban
land-based sites, 20 in the northern hemisphere and two in

Figure 1. Global atmospheric mercury budget in GEOS-Chem. Inventories are in Mg and rates are in
Mg yr�1. Tropospheric inventories are given in parentheses (most of atmospheric Hg(II) is in the
stratosphere).

Table 1. Global Present-Day Budgets of Total Gaseous Mercury (TGM) in the Literature

Mason
et al. [1994]

Bergan
et al. [1999]

Shia
et al. [1999]

Seigneur
et al. [2001]

Lamborg
et al. [2002]

Mason
and Sheu [2002]

Seigneur
et al. [2004]a

This
Work

Total sources (Mg yr�1)b 7000 6050 6100 6107 4400 6600 6410 7000
Primary anthropogenic 4000 2150 2100 2104 2600 2400 2140 2200
Primary land 1000 500 2000 500 1000 810 630 500
Reemission land 1000 2000 2000 1500 1000 790 1670 1500
Primary ocean 2000 1400 2000 2000 800 1300 442 400
Reemission ocean 2000 1400 2000 2000 800 1300 1536 2400

Total sinks (Mg yr�1) 7000 6050c 6100 6107d 4200 6600 6410 7000
Wet deposition 2800 3920 2100
Dry deposition 3300 2680 4700e

TGM burden 5000 6050 10400 6900e 5220 5000 7690e 5360
TGM lifetime (y) 0.71f 1.0 1.7 1.1 1.3 0.76 1.2 0.79g

aBase case scenario.
bWe distinguish between ‘‘primary’’ emissions that originate from outside the Earth surface reservoirs (atmosphere, soil, vegetation, ocean mixed layer)

and ‘‘re-emissions’’ that involve recycling between the surface reservoirs.
cNot given; assumed here from steady state; dry deposition is stated as contributing less than 15% to total deposition.
dNot given; assumed here from steady state.
eIncluding 1540 Mg y�1 from uptake by sea-salt aerosols followed by deposition.
fMason et al. quote a lifetime of 1 year, which excludes 2000 Mg y�1 anthropogenic emissions deposited near source regions.
gTGM lifetime versus deposition of Hg(II). There is also a sink from oceanic uptake of Hg(0) although the ocean is a net source [Strode et al., 2006].

D02308 SELIN ET AL.: CHEMICAL CYCLING OF ATMOSPHERIC MERCURY

4 of 14

D02308



the southern hemisphere (Table 2). Model results are for
2003, with anthropogenic emissions for 2000. We also show
in Figure 2 observations from three ship cruises although
these do not represent annual means (see caption).
[20] The mean annual TGM concentration observed at all

22 land-based sites in Table 2 is 1.58 ± 0.19 ng m�3, and
this is reproduced by the model with no mean bias (1.63 ±
0.10 ng m�3). GEOS-Chem agrees within 0.10 ng m�3 at
12 sites, and the model can account for 51% of the spatial

variance in the measurements (r2 = 0.51). GEOS-Chem
overestimates concentrations at the two southern hemi-
sphere sites of Cape Point, South Africa and Neumayer
Station, Antarctica. Cape Point in the model is affected by a
large industrial source in South Africa (Figure 2).
[21] The cruise data in the northern hemisphere show

systematically higher concentrations than the land-based
sites at corresponding latitudes (Figure 3). The model shows
the opposite pattern, reflecting its dominant continental

Figure 2. Annual average mercury concentrations in surface air. Model results (background, for year
2003) are compared to observations (circles) from long-term surface sites (Tables 2 and 3). Also shown
are observations from ship cruises in the tropical Atlantic in May–June 1996 [Lamborg et al., 1999],
across the Atlantic (north-south transect) in December 1999 to January 2000 from Temme et al. [2003b],
and across the NW Pacific in May–June 2002 from Laurier et al. [2003]. The top panel shows total
gaseous mercury (TGM) in the observations, and the sum of Hg(0) and Hg(II) in the model. The bottom
panel shows the sum of reactive gaseous mercury (RGM) and total particulate mercury (TPM) in the
observations, and the sum of Hg(II) and Hg(P) in the model. TPM observations are not available for some
sites in Table 3 and for the Laurier et al. [2003] cruise, and in those cases we plot RGM observations
only. Color scales are saturated at the maximum values indicated in the legend.
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source of mercury and consistent with the patterns found in
previous global models [Seigneur et al., 2004]. The model
is thus biased low relative to the cruise data in the northern
hemisphere. The Temme et al. [2003b] cruise data extending
from high northern to high southern latitudes show a
considerably stronger interhemispheric gradient than is
found in the land-based data or in the model. Though we
might not expect to capture episodic mercury-rich plumes
transported to sea in our model, we underestimate the cruise
data throughout the northern hemisphere. Strode et al.
[2006] show that increasing ocean emissions results in
better agreement with northern hemisphere cruise data but
overestimates southern hemisphere data. An increase of
natural land sources in northern Africa could also contribute
to higher levels over the North Atlantic.
[22] Several previous studies have used observations of

the TGM interhemispheric gradient to place constraints on
the atmospheric lifetime of mercury, although confidence
in the approach would require reconciliation of the apparent
inconsistency between the land-based and cruise data.
Lamborg et al. [2002] estimated the range of plausible
interhemispheric TGM concentration ratios for surface air
as between 1.2 and 1.8. Temme et al. [2003b] reported an
average interhemispheric ratio of 1.49 ± 0.12 from several
Atlantic cruises in 1996–2001, and inferred from this a
1-year atmospheric lifetime for TGM. In GEOS-Chem the
zonal mean interhemispheric ratio at the surface is 1.2, and
the corresponding TGM lifetime is 0.79 years; this ratio is
consistent with the land-based data (Figure 3) but lower
than the cruise data. Increasing the ratio in the model would
require a shorter TGM lifetime, but as discussed below this
would compromise simulation of the seasonal variation in
TGM concentrations at surface sites. A change in the ratio
of emissions between the northern and southern hemi-
sphere, as discussed above in the interpretation of the

northern hemisphere cruise data, could also alter the inter-
hemispheric concentration ratio.

4. TGM Seasonal Variation

[23] Figure 4 shows the simulated versus measured sea-
sonal variations of TGM concentrations at the two Arctic
sites and 12 northern midlatitudes sites of Table 2 for which
monthly resolved data are available. The Arctic observa-
tions show the well-known minimum in spring due to Hg(0)
oxidation by halogen radicals followed by Hg(II) deposition
[Schroeder et al., 1998]. This halogen chemistry is not
included in the model, resulting in the seasonal overesti-

Table 2. Long-Term Total Gaseous Mercury Measurements Used for Model Evaluation

Sitea Observation Years

Annual Mean Concentration, ng m�3

ReferencebObservations Model (2003)

Alert, Canada (82N, 62W)* 1995–2002 1.55 1.57 [1]
Zeppelin, Norway (79N, 12E)* 2000–2004 1.55 1.61 [2]
Pallas, Finland (67N, 24E)* 1998–2002 1.34 1.65 [2]
Lista, Norway (58N, 6E)* 2000–2003 1.68 1.63 [2]
Råö, Sweden (57N, 11E)* 2001 1.66 1.67 [2]
Rörvik, Sweden (57N, 25E)* 2001–2002 1.66 1.70 [2]
Zingst, Germany (54N, 12E)* 2000 1.56 1.74 [2]
Mace Head, Ireland(54N, 10W)* 1995–2001 1.75 1.56 [3]
Langenbrügge, Germany (52N, 10E)* 2002 1.70 1.74 [2]
Esther, Canada (52N, 110W) 1997–1999 1.69 1.63 [4]
Mingan, Canada (50N, 64W) 1997–1999 1.62 1.60 [4]
Delta, Canada (49N, 123W)* 1999–2001 1.73 1.71 [1]
Reifel Island, Canada (49N, 123W) 1997–1999 1.69 1.71 [4]
Cheeka Peak, Washington, United States (48N, 125W)* 2001–2002 1.56 1.71 [5]c

Burnt Island, Canada (46N, 83W) 1997–1999 1.58 1.66 [4]
St. Anicet, Canada (45N, 74W)* 1997–1999, 2001 1.70 1.65 [4], [6]
St. Andrew, Canada (45N, 67W)* 1997–1999, 2001 1.41 1.60 [1]
Kejimkujik, Canada (44N, 65W)* 2001 1.49 1.60 [1]
Egbert, Canada (44N, 80W) 1997–1999 1.65 1.67 [4]
Pt. Petre, Canada (44N, 77W) 1997–1999 1.90 1.70 [4]
Cape Point, South Africa (34S, 19E) 1998–2002 1.23 1.54 [7]
Neumayer, Antarctica (70S, 8W) 2000 1.06 1.26 [8]

aAsterisk indicates that monthly mean observations are also available from the reference; the monthly data are used in Figure 4.
b(1) Environment Canada (2003); (2) EMEP (2005); (3) Ebinghaus et al. [2002]; (4) Kellerhals et al. [2003]; (5)Weiss-Penzias et al. [2003]; (6) Poissant

et al. [2005]; (7) Baker et al. [2002]; (8) Ebinghaus et al. [2002].
cHg(0) data.

Figure 3. Variation of TGM surface air concentrations
with latitude. Zonally averaged, annual mean model results
(line) are compared to observations (symbols). The cruise
data are those of Figure 2 and are averaged over 4�
latitudinal bins; land-based stations are annual means from
Table 2.
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mate. The Hg(0) depletion in the observations is confined to
below 1 km altitude, as shown by aircraft profiles taken in
springtime over Arctic Canada [Banic et al., 2003]. Much of
the depleted mercury is reemitted from the snowpack in
summer [Steffen et al., 2005], as reflected by the observed
summer maximum in Figure 4 that largely balances the
spring depletion.
[24] Measurements of TGM at most northern midlatitudes

sites in Table 2 show a seasonal trend with high concen-
trations in winter and spring, and low concentrations in
summer and fall [Kellerhals et al., 2003; Environment
Canada, 2003]. Two of the sites in Table 2, Cheeka Peak
(Washington) and Lista (Norway) show an opposite sea-
sonal variation for reasons that are unclear [Weiss-Penzias et
al., 2003]. For the ensemble of 12 northern midlatitudes
sites in Table 2 with available monthly data, the mean
difference between the seasonal maximum (January) and
minimum (August) is 0.19 ng m�3 and statistically signifi-
cant (p < 0.02). The model closely reproduces this seasonal
variation, with a seasonal amplitude from minimum to
maximum of 0.17 ng m�3. The model seasonal variation

would be stronger if the dominant photochemical oxidation
of Hg(0) in the model (Figure 1) were not partly compen-
sated by photoreduction of Hg(II). This is illustrated in
Figure 4 by results from sensitivity simulations with either
OH or O3 as only Hg(0) oxidant, no photochemical reduc-
tion, and oxidation rate constants adjusted to maintain a
TGM lifetime of 0.79 years. The OH-only simulation shows
a seasonal amplitude (0.36 ng m�3) much higher than
observed, while the O3-only simulation underestimates the
seasonal amplitude (0.10 ng m�3) and has a poorly defined
seasonal phase. An uncertainty in this analysis is that we do
not take into account seasonal variation in the reemission of
mercury from land, which would tend to dampen the
seasonal amplitude in the TGM observations. We also do
not take into account the temperature dependence of Hg(0)/
Hg(II) redox kinetics due to lack of information, and this
could also affect the simulation of the seasonal amplitude.

5. Vertical Profiles of Hg(0)

[25] Aircraft vertical profiles of Hg(0) mixing ratios up to
7 km altitude have been reported by Banic et al. [2003] over
Ontario in winter and by Friedli et al. [2004] near southern
Japan in spring. Banic et al. [2003] find no significant
vertical trend (±10%); the corresponding model fields for
the same region and season show a 10% monotonic decline
from 0 to 7 km. Comparison of model results to the Friedli
et al. [2004] data is shown in Figure 5. The observations
show two maxima, in the boundary layer and at 5–7 km
altitude. The model reproduces the strong boundary layer
enhancement driven by Chinese outflow. However, it shows
a monotonic decrease with altitude, reflecting the loss
from Hg(0) oxidation, and does not reproduce the
observed 5–7 km enhancement. Friedli et al. [2004] find
that the 5–7 km enhancement is not associated with elevated
CO, which argues against a simple pollution influence.

Figure 4. Mean seasonal variation of TGM at the Arctic
and northern midlatitudes sites of Table 2. Standard model
results (red) are compared to observations (black). The
Arctic panel shows data for Alert (solid) and Zeppelin
(dashed). The northern midlatitudes panel shows averages
for the 12 sites in Table 2 with monthly data available;
vertical bars show the standard deviations of the monthly
means across sites. Blue dashed and green dotted lines show
results from sensitivity simulations with OH and O3 as the
only Hg(0) oxidants, respectively (see text).

Figure 5. Vertical distribution of Hg(0) mixing ratios near
southern Japan. Observations from the ACE-Asia aircraft
campaign in April–May 2001 [Friedli et al., 2004] (in
black) are compared to monthly mean model results for
April over the same domain (in red). The observations are
averaged in 1 km bins, and error bars indicate 1 standard
deviation. ‘‘sm3’’ refers to a cubic meter under standard
conditions of temperature and pressure, so that ‘‘ng sm�3’’
is a mixing ratio unit.
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High-altitude recycling of Hg(II) by photolysis might offer an
alternate explanation; many Hg(II) complexes including with
OH�, Cl�, and organic ligands absorb UV radiation [Nriagu,
1994]. However, this explanation runs counter to indepen-
dent evidence for rapid increase of RGM with altitude, as
discussed below. In the model, photoreduction of Hg(II)
takes place only in the aqueous phase in clouds and is
therefore mostly confined to the lower troposphere.

6. Time Series of Hg(0), RGM, and CO at
Okinawa

[26] Jaffe et al. [2005] report speciated mercury measure-
ments in Asian outflow at Okinawa, Japan (27N, 128E)

during April 2004 with near-continuous 3-hour temporal
resolution. Figure 6 shows the simulated versus measured
time series for CO, Hg(0), and RGM concentrations. The
GEOS-Chem CO simulation is as described by Heald et al.
[2003]. GEOS-Chem reproduces the day-to-day variation in
Hg(0) and CO driven by Asian outflow; the slight time
offset is due to Okinawa’s position at the western edge of
the GEOS-Chem (4� � 5�) grid square. The variability of
Hg(0) is predominantly driven by Chinese outflow and
correlates with CO [Jaffe et al., 2005]. The correlation
(r2) between simulated CO and Hg(0) at Okinawa is 0.91
in the model, compared to 0.84 in measurements. The
Hg/CO enhancement ratio determined from the slope of the
reduced major axis regression line is 0.0057 ng m�3 ppbv�1

in the observations as compared to 0.0039 in the model,
suggesting that the Asian source of Hg(0) in the model is
30% too low (the CO simulation is unbiased, as shown by
Heald et al. [2003]). Jaffe et al. [2005] previously used their
observed Hg(0)/CO enhancement ratio to argue that Asian
Hg(0) sources could be as high as 1460 Mg yr�1, as
compared with 590 Mg yr�1 as Hg(0) in the GEIA 2000
inventory of Pacyna et al. [2005] (that inventory includes in
addition 460 Mg yr�1 anthropogenic mercury from Asia
emitted as RGM and Hg(P)). The total Asian source of
Hg(0) in GEOS-Chem is 1180 Mg yr�1, including emission
from land added to the GEIA 2000 inventory.
[27] Total particulate mercury (TPM) observed by Jaffe et

al. [2005] at Okinawa correlates weakly with Hg(0) and CO
(r2 = 0.24 and 0.25, respectively), and does not correlate
with RGM. Mean observed TPM is 3.0 pg m�3, compared
to 12 pg m�3 Hg(P) in the model, suggesting that the GEIA
inventory overestimates particulate emissions of mercury.
[28] RGM at Okinawa does not correlate significantly

with CO or Hg(0), either in the model or in the observations
(Figure 6). Observed multiday periods of elevated RGM are
generally captured by the model, where they reflect low
wind speeds suppressing RGM deposition. The observations
show a large diurnal cycle, which we display in Figure 7 as
the residual diurnal variation after removal of the 24-hour
running mean from the data shown in Figure 6. There is a
peak in RGM at 13 local time (LT) and a broad minimum at
night. Such a midday RGM maximum has been observed
previously in the marine boundary layer [Hedgecock et al.,
2003; Lindberg and Stratton, 1998] and over land [Poissant
et al., 2005]. It implies a photochemical source of RGM and
a fast nonphotochemical sink, presumably from deposition.
We find in GEOS-Chem that deposition of gas-phase Hg(II)
to the ocean (even with zero surface resistance) is not fast
enough to drive the midday maximum of RGM. We repro-
duce it instead by incorporating RGM uptake onto sea-salt
aerosol; there is still a 2-hour phase lag in the model diurnal
maximum (15 LT). Results from a sensitivity simulation
without RGM uptake by sea-salt aerosol show overall RGM
concentrations that are 3 times higher than observed, a
maximum later in the day at 18 LT, and too slow a decrease
at night.
[29] Hedgecock et al. [2003] previously observed a sim-

ilar diurnal variation of RGM in a Mediterranean cruise, but
found in a box model simulation that oxidation of Hg(0) by
OH could explain only half of the diurnal amplitude. They
suggest that oxidation of Hg(0) in the marine boundary
layer (MBL) could be driven by the halogen radicals Br and

Figure 6. Hg(0), RGM, and CO concentrations at
Okinawa in April 2004, Model results (red) are compared
to observations from Jaffe et al. [2005] (black).
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BrO [Hedgecock and Pirrone, 2004]. In our simulation,
most of the observed diurnal amplitude in RGM at Okinawa
can in fact be accounted for on the basis of Hg(0) oxidation
by OH. However, the RGM observations show a much
steeper increase at sunrise than is simulated by the model
(Figure 7), which could indicate Hg(0) oxidation by Br
produced from photolysis of Br2 accumulated at night
[Goodsite et al., 2004]. A difficulty with invoking the
oxidation of Hg(0) by Br instead of OH would be an
increased inconsistency between land-based and ship

TGM measurements (section 3), since Br is expected to
be higher in the MBL than over land.

7. Global Distribution of Oxidized Mercury

[30] Evaluation of model results for Hg(II) suffers from the
ambiguity that Hg(II) in the observations may be partitioned
between the gas and aerosol, i.e., between RGM and TPM,
while observed TPM also includes the refractory component
simulated in the model as Hg(P). RGM/TPM ratios in the
observations cover a wide range (Table 3). There is presently

Figure 7. Diurnal variation of RGM concentrations at Okinawa in April 2004, shown as average hourly
values after removal of the 24-hour running mean from the data in Figure 6. Model results for Hg(II) (red)
are compared to observations from Jaffe et al. [2005] (black).

Table 3. Long-term RGM and TPM Measurements Used for Model Evaluation

Site Observation Years

Annual Mean Concentrations (pg m�3)

Referenceb
Observations Model (2003)

RGM TPM Hg(II) Hg(P)a

Barrow, Alaska, United States (71N, 157W) 1999–2001c 24 NA 23 0.2 [1]
Avspreten, Sweden (58N, 17E) 1998–1999d 8 9 18 6 [2]e

Rörvik, Sweden (57N, 12E) 1998–1999c 15 5 18 8 [2]e

Zingst, Germany (54N, 13E) 1998–1999c 25 22 18 13 [2]e

Mace Head, Ireland (54N, 10W) 1998–1999c 18 5 19 2 [2]e

Neuglobsow, Germany (53N, 13E) 1998–1999c 18 25 18 13 [2]e

St. Anicet, Canada (45N, 74W) 2003 3 26 21 5 [3]
Potsdam, New York, United States (45N, 75W) 2002–2003 4.2 NA 21 5 [4]
Sterling, New York, United States (43N, 77W) 2002–2003 6 NA 21 13 [4]
Stockton, New York, United States (42N, 80W) 2002–2003 5.7 NA 21 15 [4]
Durham, North Carolina, United States (36N, 79W) 1999–2001f 16 NA 21 10 [1]
Baltimore, Maryland, United States (32N, 77W) 1999–2001e 23 NA 21 4 [1]
Everglades, Florida, United States (26N, 81W) 1999–2001e 15 NA 22 2 [1]

aGEOS-Chem Hg(P) represents primary-emitted particulate mercury.
b(1) Landis et al. [2002]; (2) Munthe et al. [2003]; (3) Poissant et al. [2005]; (4) Han et al. [2005].
cSix field studies between April 1999 and February 2001.
dFive campaigns of 14-day duration between November 1998 and November 1999.
eEstimated from figure.
fSix field studies between April 1999 and February 2001.
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no knowledge of the gas-aerosol partitioning ofHg(II) or of the
partitioning of TPM between labile and refractory mercury.
We choose to compare in Figure 2 the simulated and observed
surface air concentrations of total oxidized mercury, defined as
the sumofRGM+TPM in the observations vs. Hg(II) +Hg(P)
in the model. TPM data are not always available (Table 3), in
which case we still include the corresponding RGM observa-
tions in Figure 2.
[31] Continental sites for which RGM+TPMmeasurements

are available observe average concentrations in the range
17–47 pg m�3, while simulated concentrations at the same
sites are in the range 21–31 pg m�3 (Figure 2 and Table 3).
Maximum values are near sources in Germany in both model
and measurements. Levels greater than 20 pg m�3 are also
simulated in polar regions where photochemical reduction is
suppressed. Lowvalues over the oceans in themodel are due to
the sea-salt sink and are consistent with the measurements at
Okinawa (see discussion above) and the NW Pacific cruise of
Laurier et al. [2003]. Laurier et al. [2003] show highest values
over the central Pacific, which the model reproduces and
attributes to low winds, suppressing dry deposition.
[32] In addition to anthropogenic source regions, the

model predicts high surface Hg(II) concentrations over
elevated land, and over continental deserts where deep
vertical mixing brings high-altitude air to the surface
(Figure 2). Hg(II) concentrations in the model increase
rapidly with altitude because of the sustained source from
Hg(0) oxidation and the decrease in efficacy of the Hg(II)
sinks from deposition and in-cloud photoreduction.
Remarkably, Hg(II) in the model dominates over Hg(0) in
the stratosphere (Figure 8). Sillman et al. [2005] present
measurements from an aircraft campaign off the coast of
Florida in June 2000 where RGM concentrations increased
from less than 20 pg m�3 at the surface to a mean of about
100 pg m�3 at 3 km altitude with isolated measurements
>200 pg m�3. Their simulation of these observations with
the CMAQ regional model shows an increase with altitude
from 10 pg m�3 at the surface to 40 pg m�3 at 3 km but then
a slight decrease up to 6 km. The aircraft observations show
anticorrelation between Hg(0) and RGM, which is repro-
duced by CMAQ, but also an anticorrelation between RGM

and TGM which is not. Single-particle aircraft measure-
ments by Murphy et al. [2006] suggest that most mercury in
the lower stratosphere is present in the aerosol phase, and
that this mercury originates from oxidation rather than
condensation of Hg(0) as the peak is not coincident with
the altitude of lowest temperature. This is consistent with
our results, assuming that Hg(II) is partitioned into the
aerosol at the cold temperatures of the lower stratosphere.
Although Figure 8 shows relatively smooth vertical gra-
dients of Hg(0) and Hg(II) from the troposphere to the
stratosphere in a global mean sense, we would expect in the
observations to find sharp gradients at the local tropopause.
[33] Further evidence for increasing Hg(II) concentrations

with altitude is offered by data from mountaintop sites.
Measurements at Mauna Loa Observatory, Hawaii (4 km
altitude) show RGM levels higher than sea level measure-
ments [Renner, 2004]. May–August 2005 measurements
made by Swartzendruber et al. [2006] at Mt. Bachelor,
Oregon (2.7 km a.s.l.) show a mean of 43 pg m�3and
significant negative correlation with water vapor. Taking into
account only RGM nighttime data greater than 50 pg m�3

over 6-hour periods, Swartzendruber et al. find in their
observations a strong negative correlation between RGM
and Hg(0) (r2 = 0.80) with regression slope dRGM/dHg(0) =
�0.89 mol mol�1, implying in situ conversion of Hg(0) to
RGM. They also present comparisons to our GEOS-Chem
model results for that site, showing for the model a similar
anticorrelation (r2 = 0.80) and slope (dRGM/dHg(0) =
�0.73 mol mol�1) as in the observations, although the
model cannot reproduce the magnitude of the observed
RGM events which reached a maximum of 600 pg m�3.

8. Deposition of Mercury to the United States

[34] Wet deposition measurements of mercury are made
in the United States at an increasing number of sites through
the Mercury Deposition Network (MDN) [National Atmo-
spheric Deposition Program, 2003]. Figure 9 compares
simulated and observed mercury wet deposition fluxes for
2003–2004. The model predicts the magnitude of wet
deposition within 10% nationally and shows good spatial
correlation (r2 = 0.69). Wet deposition fluxes of mercury are
low in the west and north, and maximum in the southeast, in
both the observations and the model. This maximum in the
model reflects a combination of high OH concentrations
(low latitudes) and frequent precipitation, and originates
from the global pool of Hg(0) that is converted to Hg(II)
and then deposited. Simulated precipitation is highest in the
southeast and low in the west, consistent with measure-
ments. The measurements also show high wet deposition
fluxes in the industrial Midwest, reflecting deposition of
locally emitted Hg(II) and Hg(P); the model greatly under-
estimates this feature (simulating only a 2 mg m�3 yr�1

enhancement for the region). In the model, deposition of
emitted Hg(II) is mostly dry instead of wet; Hg(II) is
assumed to be in water-soluble gaseous form and thus has
a high dry deposition velocity. Most of the wet deposition of
locally emitted mercury in the model is from Hg(P), which
accounts for only a small fraction of emitted reactive
mercury (Figure 1) but has a low dry deposition velocity.
The model wet deposition flux from regional sources could
be much greater if Hg(II) were partitioned into the aerosol

Figure 8. Global annual mean vertical profiles of Hg(0)
(bold) and Hg(II) mixing ratios (thin) simulated by the
model. ‘‘sm3’’ refers to a cubic meter under standard
conditions of temperature and pressure, so that ‘‘ng sm�3’’
is a mixing ratio unit.
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