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Air-sea exchange in the global mercury cycle
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[1] We present results from a new global atmospheric mercury model coupled with a
mixed layer slab ocean. The ocean model describes the interactions of the mixed

layer with the atmosphere and deep ocean, as well as conversion between elemental,
divalent, and nonreactive mercury species. Our global mean aqueous concentrations of
0.07 pM elemental, 0.80 pM reactive, and 1.51 pM total mercury agree with
observations. The ocean provides a 14.1 Mmol yr~' source of mercury to the atmosphere,
at the upper end of previous estimates. Re-emission of previously deposited mercury
constitutes 89% of this flux. Ocean emissions are largest in the tropics and downwind of
industrial regions. Midlatitude ocean emissions display a large seasonal cycle induced
by biological productivity. Oceans contribute 54% (36%) of surface atmospheric
mercury in the Southern (Northern) Hemisphere. We find a large net loss of mercury to
the deep ocean (8.7 Mmol yr~ '), implying a ~0.7%/year increase in deep ocean

concentrations.
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1. Introduction

[2] Atmospheric mercury deposited to aquatic surfaces
can convert to methyl mercury, a highly toxic species that
bioaccumulates in the aquatic food chain. This results in
human exposure to hazardous levels of mercury in seafood
[National Research Council, 2000], as well as detrimental
effects on wildlife [Wolfe et al., 1998]. Because mercury is
transported over long distances in the atmosphere, these
effects occur even in ecosystems remote from local sources
[Lindgvist et al., 1991].

[3] Mercury is emitted to the atmosphere from anthropo-
genic sources, such as fossil fuel combustion, metal and
cement production, waste incineration, and chemical plants
[Pacyna et al., 2003], with direct anthropogenic emissions
representing approximately one third of the total [Mason
and Sheu, 2002]. The remaining emissions come from land
and ocean sources, each accounting for about a third of
global mercury emissions. Mercury is removed from the
atmosphere via wet and dry deposition, with an overall
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lifetime of 0.5—-2 years [Schroeder and Munthe, 1998]. The
effect of anthropogenic emissions is evident in the sediment
record, which shows a factor of 2—3 increase in mercury
deposition since the onset of the industrial era [Fitzgerald et
al., 1998, and references therein], as well as in measure-
ments showing atmospheric concentration increasing by
1.2-1.5% yr ' from 1977-1990 [Slemr and Langer,
1992]. Mason and Sheu [2002] estimate that since the
pre-industrial age the atmospheric burden and deposition
of mercury have increased by a factor of 3, while land and
ocean emissions have doubled owing to reemission of
anthropogenic mercury. Since 1990, a decreasing trend in
atmospheric mercury concentrations has been observed
[Slemr et al., 1995, 2003].

[4] Exchange between the atmosphere and ocean plays an
important role in the cycling and transport of mercury.
Atmospheric deposition is the main source of mercury to
the ocean, and therefore affects the oceanic distribution of
aqueous mercury. Conversely, the ocean reemits mercury to
the atmosphere as a result of supersaturation of dissolved
gaseous mercury in the ocean with respect to the air
[Schroeder and Munthe, 1998]. Oceanic emissions may
thus contribute to the long-range transport of atmospheric
mercury through a “multihop” mechanism as atmospheric
mercury is deposited to the ocean and then reemitted to the
atmosphere [Schroeder and Munthe, 1998; Hedgecock and
Pirrone, 2004].

[s] There are a number of uncertainties in the ocean
source, including not only its total magnitude but also its
spatial and seasonal distribution. The global sea-air flux of
mercury is estimated to lie between 4 and 13 Mmol yr~
(Table 1) [Fitzgerald, 1986; Kim and Fitzgerald, 1986;
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Table 1. Global Budgets of Mercury in the Mixed Layer
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Mason et al.

Mason and Sheu

Lamborg et al.

[1994a] [2002] [2002] This Study

Sources, Mmol yr~!

Atmospheric deposition 10 15.4 10 22.8

Riverine input 1 0 0
Sinks, Mmol yr!

Net Flux to atmosphere 10 13 4 14.1

Net loss to deep ocean 1 34 6 8.7
Mixed layer burden, Mmol 54 360 54 34
Mixed layer depth, m 100 500 100 537

#Average mixed layer depth.

Lindgvist et al., 1991; Mason et al., 1994a; Hudson et al.,
1995; Lamborg et al., 2002; Mason and Sheu, 2002]. Open-
ocean fluxes calculated from measurements during individ-
ual cruises range from 600 ng m 2 month~' in the North
Pacific in May [Laurier et al., 2003] to 60,000 ng m >
month™! in the Equatorial and South Atlantic in May
and June [Lamborg et al., 1999]. This large regional
and temporal variability appears to be a function of local
wind speed, temperature, aqueous mercury concentration,
and biological activity. It has been suggested that the
cycling of mercury between ocean and atmosphere could
be further influenced by the rapid formation of reactive
gaseous mercury in the marine boundary layer in the
presence of sea salt aerosol [e.g., Hedgecock and Pirrone,
2001].

[6] Several recent global models have advanced our
understanding of the global atmospheric mercury distribu-
tion. Global models have provided insight into the relative
importance of gas-phase oxidants such as ozone and OH
[Bergan and Rodhe, 2001], as well as the effects of cloud
chemistry [Shia et al., 1999] and meteorological variability
[Dastoor and Larocque, 2004]. These models have helped
constrain the lifetime of mercury and the magnitude of
emissions and deposition [Bergan et al., 1999; Shia et al.,
1999], estimate the increase in deposition since the pre-
industrial era [Bergan et al., 1999], and attribute deposition
to local and distant sources [Seigneur et al., 2004]. Com-
parison of model and observations of reactive gaseous
mercury (RGM) and total gaseous mercury (TGM) demon-
strates the importance of photoreduction of RGM and a
possible sea-salt sink in the marine boundary layer, and
suggests a long lifetime for RGM at high altitude [Selin et
al., 2007].

[7] Uncertainties in the magnitude and seasonality of the
ocean source pose a challenge for understanding the budget
and distribution of mercury. To explain discrepancies
between model and observations, Bergan et al. [1999]
suggest that either the ratio of manmade to natural emis-
sions is too low, or that there are large variations in the
natural mercury cycle. Current global models assume that
the ocean source is constant in time and space [Shia et al.,
1999], varies smoothly as a function of latitude without
seasonal variation [Bergan and Rodhe, 2001; Seigneur et
al., 2001], or do not include ocean emissions [Dastoor and
Larocque, 2004].

[8] Here we describe a new global simulation of mercury
that couples the GEOS-Chem global atmospheric chemistry

model with a mixed layer slab ocean model. The atmo-
spheric mercury model is described in a separate paper
[Selin et al., 2007]. This is the first time that a global
chemical transport model incorporates a fully coupled
simulation of air-sea exchange of mercury. Section 2 of
this paper presents observations of aqueous mercury used to
validate our simulation, and section 3 describes the slab
ocean model. We present results in section 4, where we
describe the budget of mercury in the ocean, compare our
results to observations, constrain air-sea exchange of mer-
cury and examine its impact on atmospheric concentrations.

2. Observations

[9] Aqueous mercury in ocean waters is present in the
form of elemental mercury (Hggq), monomethyl mercury
(CH3Hg"), dimethyl mercury ((CHs),Hg), aqueous divalent
mercury (Hggq), colloidal mercury, and particulate mercury
[Morel et al., 1998]. Aqueous mercury measurements are
frequently reported as dissolved gaseous mercury
(DGM), reactive mercury, or total mercury. DGM includes
both Hggq and (CH3),Hg. Reactive mercury is experimen-
tally defined as the mercury that can be reduced and/or
volatilized from solution after addition of SnCl,. It is
considered to be the sum of Hggq and HggCl [Mason et al.,
1998], and includes inorganic mercury ions and kinetically
facile organic complexes [Lamborg et al., 2003]. For total
mercury concentrations, samples are stored in acid solution
for an extended time period so that more mercury is released
from organic compounds and included in the measurement
[Gill and Fitzgerald, 1987], or the samples are oxidized
with bromine monochloride so that all dissolved, particu-
late, and colloidal mercury is included.

[10] Globally, total mercury concentrations in the surface
ocean are estimated to be approximately 1.5 picomolar
(1 pM = 10""% moles liter ') [Lamborg et al., 2002].
However, Gill and Fitzgerald [1987] reported values as
high as 9.6 pM, while measurements in Bermuda [Mason et
al., 2001] show values below 1 pM. Tables S1, S2, and S3
in the auxiliary material' show a compilation of elemental,
reactive, and total mercury observations used in this study.
Reactive mercury comprises a major fraction of total
mercury in the surface waters of the open ocean, with

'Auxiliary materials are available at ftp:/ftp.agu.org/apend/gb/
2006gb002766.
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Figure 1.

Global atmospheric budget for the standard
GEOS-Chem simulation. All fluxes are in Mmol yr ™'

average values ranging from 30 to 60% [Coquery and
Cossa, 1995; Mason and Sullivan, 1999; Horvat et al.,
2003]. The fraction of reactive mercury as Hggq ranges from
45 to 100% in the Atlantic [Mason et al., 1998; Mason and
Sullivan, 1999], and 3 to 45% in the surface waters of the
equatorial Pacific [Mason and Fitzgerald, 1993]. Colloidal
mercury represents 10—50% of the open ocean concentra-
tions [Guentzel et al., 1996; Mason and Sullivan, 1999], and
particulate mercury comprises 3—30% [Coquery and Cossa,
1995; Mason and Sullivan, 1999]. The concentration of
methylated species is below the detection limit in the
surface waters [Cossa et al., 1994; Mason and Fitzgerald,
1993; Mason and Sullivan, 1999].

[11] Mercury enters the ocean mixed layer primarily
through atmospheric deposition [Gill and Fitzgerald,
1987; Mason et al., 1994a], with an additional contribution
from upwelling and mixing from below [Kim and Fitzgerald,
1986; Mason et al., 1994b]. Within the ocean mixed layer,
mercury cycles between Hggq, Hggq, particulate, and organic
forms [Mason et al., 1994a; Morel et al., 1998]. In produc-
tive regions, mercury can exit the mixed layer through
conversion of reactive mercury to particulate form followed
by particle settling [Mason and Fitzgerald, 1996]. Compet-
ing with this process is the reduction of Hg!fq to Hggq,
which can be photochemically [Amyot et al., 1997; Costa
and Liss, 1999; Rolfhus and Fitzgerald, 2004] and/or
biologically [Mason et al., 1995; Rolfhus and Fitzgerald,
2004] mediated.

3. Model Description
3.1. General Description

[12] This study uses the GEOS-Chem global model of
tropospheric chemistry [Bey et al., 2001], which is driven
by assimilated meteorological observations from the
Goddard Earth Observing System (GEOS) of the NASA
Global Modeling and Data Assimilation Office (GMAO).
We conducted a mercury simulation for 2003 using GEOS-4
meteorological fields that have a horizontal resolution of
1° x 1.25°, 55 vertical levels and a temporal resolution of
6 hours (3 hours for mixing depths and surface quantities).
We regrid these meteorological fields to 4° x 5° and
30 vertical levels for computational expediency. GEOS-
Chem is a fully forward Eulerian model. We run the model
for 4 years, long enough to reach steady state, and use only
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the final year for analysis. We use GEOS-Chem version
7-04-01 (http://www.as.harvard.edu/chemistry/trop/geos/).

[13] The new atmospheric mercury simulation is
described and evaluated by Selin et al. [2007]. Briefly, the
model contains three tracers for atmospheric mercury:
elemental (Hg"), reactive (Hg"), and particulate (Hg(P))
(Figure 1). Anthropogenic mercury emissions are taken
from the Global Emissions Inventory Activity for 2000
(J. Pacyna et al., Spatially distributed inventories of global
anthropogenic emissions of mercury to the atmosphere,
2005, available at www.amap.no/Resources/HgEmissions/),
and account for 10.9 Mmol/yr. Land emissions are divided
into a natural component of 2.5 Mmol/yr over natu-
rally enriched soils, and a reemission component of
7.5 Mmol/yr distributed following atmospheric mercury
deposition. Ocean emissions are calculated within the
coupled model as 14.1 Mmol/yr. In the atmosphere, Hg’
is oxidized in the gas phase by Os [Hall, 1995] and OH
[Sommar et al., 2001], and in cloudy regions, Hg" under-
goes aqueous- phase reductlon to Hg". There is no interac-
tion between modeled Hg" and Hg(P), so these species are
considered together when compared to measurements. Atmo-
spheric mercury is lost via wet (11.4 Mmol/yr) and dry
(23.4 Mmol/yr) deposition of Hg" and Hg(P). Dry deposition
is enhanced in the marine boundary layer by a first-order
sink on sea salt aerosols. The resulting global atmospheric
lifetimes are 4 months for Hg’ agamst 0x1dat10n 9.5 months
for TGM (the sum of Hg” and Hg") against Hg" deposition,
and 3 days for Hg(P) against deposition.

[14] GEOS-Chem has no mean bias in TGM concentra-
tions compared to land observations, and accounts for 51%
of the variance in TGM measurements [Selin et al., 2007].
Over the United States, the modeled wet deposition repro-
duces observations from the Mercury Deposition Network
[National Atmospheric Deposition Program, 2003] to
within 10%.

3.2. Ocean Mixed Layer Mercury Model

[15] The atmosphere-ocean exchange of mercury is de-
termined by coupling GEOS-Chem with a slab model of the
ocean mixed layer. The slab ocean has the same horizontal
resolution as the atmospheric model, and each slab ocean
box communicates with the atmospheric box directly above
it. The ocean model contains three mercury tracers: Hgaq,
Hgaq, and Hg,q, where Hgyq is the nonreactive fraction of
the mercury pool, or the drfference between total aqueous
mereury (Hgtm) and the sum of Hgaq + nglq We compare
Hgaq to observations of DGM, as (CH;),Hg concentrations
are generally very low in surface waters [Mason and
Fitzgerald, 1993, Cossa et al., 1994]. We consider the
sum of Hgaq + Hgaq to be comparable to observations of
reactive mercury, while Hg, is compared to observations of
total mercury. The slab ocean model neglects horizontal
transport but takes into account vertical exchange.

[16] Within the slab ocean is a simpliﬁed representation of
aqueous mercury processes, shown in Figure 2 Atmo-
spheric Hg" depos1ted to the ocean becomes Hgaq and is
either reduced to Hgaq with rate constant k,,, or converted to
Hg" with rate constant k.. Hgaq is lost to the atmosphere
through a net sea-air flux (F,,), while Hg" is lost to the
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Figure 2. Annual global ocean budget of mercury for the
standard simulation. F,, is the sea-air flux, Fdep is
deposrtlon from the atmosphere k, is reduction of Hg" to
Hg k. is conversion of Hg to nonreactrve forms, km,k is
partlculate sinking, f,;, is net upwelhng of species X, F,
is entrainment/detrainment of species X as the mixed layer
depth changes, and Fdlf, is dlffusron of species X from
below. All fluxes are in Mmol yr ', tracer amounts are in
Mmol, and concentrations are in pM.

deep ocean by particulate sinking with rate constant kg;,.
All three aqueous species in the mixed layer are exchanged
vertically with the deep ocean by upwelling (£,,) and
diffusion across the thermocline (F). In addition, when
the mixed layer deepens or shoals, mercury from the deep
ocean is entrained or detrained into the mixed layer (F.,,;).
Thus the mass balance equations for the three aqueous
mercury species are

17
d[Hg”q] _ [H 11} _ [Hgll] F§§,+F§{ﬁ+Fg,
dt z z ’
(1)
0
dF&J: P@ﬂ+iﬂt@ﬂﬁ@_ﬂz 2)
dt P e z z’
d[HgZ;] Frr +Fnr +Fnr
L kgl | + = kg [Hg ] (3)

All concentrations ([Hgﬁil]) are in moles m >, fluxes (F;) are
in moles m 2 s, rate constants (k) are in s ~! and the
mixed layer depth (z) is in meters. Below we describe the
parameterization of each term. In particular, the three rate
constants (k., k,, and kg,) are expected to be highly
variable and are poorly constrained. Our approach is to
choose scaling factors for these rate constants in order to
best reproduce mean observations of DGM, reactive
mercury and total mercury.

[17] To account for both biological and photochemical
reduction of Hg", we parameterize the reduction rate k, as
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the product of local shortwave solar radiation at the ground
(RAD, W m %), net primary productivity (NPP, gC m >
month™ "), and a scaling parameter (o). We use NPP as a
proxy for biological productivity because of its availability
from satellite observations. We assume that reduction only
occurs within the top 100 m of the mixed layer, the level at
which light has attenuated to approximately 1% of its
surface level,

ky, = oo x NPP x RAD x 4)

[18] The scaling parameter « is set to 6.1 x 10~** m*

month W' gC~' s! to yield the best fit to aqueous
observations (see above). Three-hour average values of
RAD are taken from the GEOS-4 meteorological fields,
while monthly average NPP fields are from the MODIS
satellite [Esaias, 1996] for 2003 (http://eosdatainfo.gsfc.
nasa.gov/eosdata/ssinc/amodoc_14m_1d.shtml) and regrid-
ded to 4° x 5° resolution. The resultlng global mean value
for k, is 2.4 x 10~ 8 sl In blologrcally productlve
regions, it increases to 1.2 x 1077 Experlments in the
open ocean report reduction rates of 2 x 1078571235 x
1077 s [Mason et al., 1995, and references therein;
Lamborg etal., 1999]. Our values of k&, are thus on the same
order of magnitude as these experiments. We have investi-
gated alternative formulations of k, (linear dependence on
NPP and RAD, dependence on RAD only), but do not find
significant differences in the spatial distribution of aqueous
concentrations or in the predicted sea-air flux, except that
reducing the dependence on NPP reduces the sea-air flux
from productive high-latitude regions.

[19] We assume that conversion of Hgh, to Hghy is
governed by the uptake of mercury on biologically derived
particles with the rate constant .,

min(z, 100)
z .

ke =~ x NPP. (5)

Globally, the mean value of k 1s 1 7 x 107% 57! (with the
scaling factor, 7 = 6.9 x 10~** m* month gC s .

[20] We describe the loss of Hgyy by partlculate sinking,
kgini, based on estimates of the carbon flux. The carbon flux
is determined by multiplying NPP by the temperature-
dependent ef ratio, defined as the ratio of export production
to total production, from Laws et al. [2000]. This approach
yields a carbon export of 13 Gt year ', which i is at the upper
end of estimates ranging from 3.4 Gt year ' [Eppley and
Peterson, 1979] to 13—15 Gt year™ ' [Emerson, 1997]. This
flux is then mu1t1p11ed by a scaling parameter (5 = 1.0 x
107" m? month gC~' s™ "),

ksink:ﬁXNPPX‘?f' (6)

The global mean value of kg, is 9.3 x 10~ s In
productive regions, it increases to 3.4 x 10~ 8571

[21] Air-sea exchange of elemental mercury is given by

Fog = by < ([l | — [t ). ™

where H is the dimensionless temperature-dependent
Henry’s Law constant [Wingberg et al., 2001], and k,, is
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the gas exchange velocity in m s~'. The gas exchange
velocity is taken from Nightingale et al. [2000], and adapted
for mercury using the Schmidt numbers for CO, and Hg
[Poissant et al., 2000, and references therein], with the
diffusivity for Hg from Reid et al. [1987].

[22] The monthly mixed layer depth, z, is from the Navy
Mixed Layer Depth Climatology [Kara et al., 2003] (http://
www7320.nrlssc.navy.mil/nmld/nmld.html), which we
regridded from 1° x 1° to 4° x 5° resolution. As the mixed
layer deepens, all three species of aqueous mercury are
entrained as follows:

el =5 ([pes] - k] ®

where F2, is the entrainment flux of species X (in moles
m > month™") and [Hgffq] p 1s the concentration in the deep
ocean. When the mixed layer shoals (dz/dt < 0), mercury
mass is lost so that mercury concentrations are conserved.
The deep ocean concentrations are assumed to be constant
with values of 0.06 pM, 0.5 pM, and 0.5 pM for Hgdq, Hgaq,
and Hg,q, respectively. The Hgaq deep concentration is
assumed to be close to the mixed layer concentration as
Hgaq concentrations are nearly constant with depth [Mason
et al., 1998; Ferrara et al., 2003]. [Hgaq]D and [Hg,,]p are
chosen at the lower end of observed depth profiles [Mason
and Fitzgerald, 1993; Mason et al., 1998, 2001; Mason and
Sullivan, 1999; Cossa et al., 2004; and Laurier et al., 2004].

[23] We use monthly global wind stress data from
Hellerman and Rosenstein [1983] to derive the upwelling
velocity from Ekman pumping, W,, which is the vertical
velocity associated with divergence or convergence of water
due to wind-driven currents. The net upwelling flux of
species Hgifq is described as

FYX = max(1,,0) [Hgf,;}Derin(We, 0) {Hqu} 9)

[24] Finally, mercury can enter the mixed layer via
diffusion from the thermocline [Mason and Fitzgerald,
1993],

Al

Fiy = D: X (10)

where D, is the thermocline diffusivity, taken to be 0.5 cm?
s~ (S. Emerson, personal communication, 2004).
A[HgX]/Ah is the concentration gradient with depth of
species X at the top of the thermocline, which we assume to
be 0.3 pM/100 m, 0.5 pM/100 m, and 0.5 pM/100 m for

Hggq, Hg}ilq, and Hg,g, respectively, on the basis of observed

profiles [Mason and Fitzgerald, 1993]. Consequently, F

is a uniform, positive flux of mercury into the mixed layer.

[25] As the ocean mercury budget is poorly constrained in
terms of observations and understanding of processes, our
initial approach has been to use a simplified slab ocean
model formulation. In doing so we have neglected a number
of processes, which represent limitations in our model. First,
the slab model 1gnores horizontal advection. The modeled
lifetimes of Hgaq and Hg,q in the ocean mixed layer range
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from weeks to years, long enough to allow oceanic advec-
tion. For characteristic ocean currents of 0.03—0.3 m/s,
these species could be transported from one grid box to
the next over their lifetime, or at the upper end of current
speed, across an ocean basin. Lateral advection along
isopycnals can affect the latitudinal distribution of Hg when
isopycnal surfaces from high Hg deposition areas outcrop at
higher latitudes [Laurier et al., 2004]. Ocean advection
would thus act to smooth out the model calculated distri-
butions of Hgl, and Hgl. The assumption of globally
uniform values for the concentrations and gradients of
mercury below the mixed layer is also a simplification, as
observations indicate differences in the Atlantic and Pacific
deep ocean Hg concentrations [Cossa et al., 2004; Mason et
al., 1998; Gill and Fitzgerald, 1988; Laurier et al., 2004].
Additionally, the description of aqueous mercury chemistry
in the model is very simple, and we do not explicitly
account for methylated, particulate, and colloidally bound
forms of mercury. The reduction of Hqu to Hgaq is treated
as a one-way net process, whereas observatlons suggest that
the reverse reaction, oxidation of Hgaq, may also occur
[Amyot et al., 1997, Lalonde et al., 2001; Mason et al.,
2001].

4. Results
4.1. Global Ocean Budget

[26] Figure 2 summarizes the global ocean budget of
mercury in our simulation. The mean global oceanic con-
centrations of Hggq, Hggq, and Hgyq in the model’s mixed
layer are 0.07, 0.73, and 0.71 pM, respectively, with
corresponding burdens of 1.9, 15.5, and 16.6 Mmol. Mer-
cury enters the ocean mixed layer anarily through depo-
sition of HgII (22.8 Mmol yr '), with an additional
6.8 Mmol yr ' from diffusion from the thermochne The
sources to the ocean are balanced by a loss of Hg” to the
atmosphere (14.1 Mmol yr~ 1), exchange with the deep
ocean (10.7 Mmol yr~ ') and particulate sinking of Hgaq
(4.8 Mmol yr~ h.

[27] Atmospherlc deposition and conversmn of Hg
Hgaq and Hg,q control the levels of Hgaq The resultmg
global mean 11fet1me of Hgaq is 7.3 months. Most of the
Hgaq is then lost through evasion to the atmosphere with a
global mean lifetime of 1.5 months Hgjq has a mixed layer
source from conversion of Hghy, as well as diffusion. These
sources are balanced by losses through mixing and partic-
ulate sinking, resulting in a 1.5 year lifetime.

[28] Table 1 summarizes our mixed layer mercury ocean
budget and compares it to previous studies based on box
models of the ocean [Mason et al., 1994a; Mason and Sheu,
2002; Lamborg et al., 2002]. The apparent discrepancy in
the burdens of mercury for all these studies results from the
use of different mixed layer depths. Normalizing all the
results to a 100 m mixed layer, we have a burden of
64 Mmol, which is consistent with the other estimates
(54—72 Mmol).

[20] Our net ocean-atmosphere flux of 14.1 Mmol yr ' is at
the upper end of these previous estimates (4—13 Mmol yr— !,
Table 1). As noted in section 3.2, the rate constants in our
model are adjusted in order to reproduce observed mean
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Figure 3. (a, b) Monthly mean mercury deposition (wet + dry) flux; (c, d) reduction rate constant, k,;
and (e, f) ocean flux F,, for January and July. Positive values of F,,, indicate that the flux is from the

ocean to the atmosphere.

aqueous concentrations. Thus our ocean-atmosphere flux is
constrained by observations of aqueous mercury, in particular
elemental mercury (see section 4.3). Deposition provides 90%
of the mixed layer Hggq, resulting in reduction of 12.7 Mmol
yr~ ! of recently deposited mercury to Hggq. Thus 89% of the
mixed layer Hggq, and hence of the ocean source, originates
from recently deposited mercury, while the remaining 11%
comes from below the mixed layer.

[30] Our deposition source to the ocean (22.8 Mmol yr~ )
is larger than previous estimates (10—15.4 Mmol yr ',
Table 1). Our global deposition (33.9 Mmol yr™') is similar
to that of Mason and Sheu [2002] (33 Mmol yrfl), but we
find a larger fraction of deposition to the ocean (67%)
compared to their 47%. Lamborg et al. [2002] assume that
48% of their global deposition occurs over oceans, but
they have a smaller global sink of mercury by deposition
(21 Mmol yr ') because their land and ocean emissions are
smaller. Our large deposition to the ocean results from the
high dry deposition velocity for Hg" needed to reproduce
observations of RGM in the boundary layer. Our assumed
rapid uptake of RGM on sea-salt aerosols followed by dry
deposition further contributes to our elevated oceanic de-
position (see Selin et al. [2007] for a detailed discussion).

[31] Because of this large deposition source, mass balance
requires GEOS-Chem to have a larger net loss to the deep
ocean: 8.7 Mmol yr~' as compared to 6 Mmol yr~' given

by Lamborg et al. [2002] and 3.4 Mmol yr ' given by
Mason and Sheu [2002]. Considering only particulate
sinking from the mixed layer, our model has a loss of
4.8 Mmol yr ', in between the 9 Mmol yr ' estimate of
Lamborg et al. [2002] and the 1.4 Mmol yr' estimate of
Mason and Sheu [2002]. The partitioning of loss to the deep
ocean between particulate sinking and vertical mixing is
sensitive to our choice of deep ocean mercury concentra-
tions. If we triple the deep concentrations of Hggq and Hgpg,
we find that particulate sinking represents 52% of the loss to
the deep ocean where as it was only 31% in the standard
simulation. Loss from the deep ocean by sediment burial is
constrained by the sedimentary record at 1 Mmol yr~
[Mason and Fitzgerald, 1996]. Thus our net accumulation
of mercury in the deep ocean is 7.7 Mmol yr', implying an
~0.7%/yr increase in deep ocean mercury concentrations,
nearly 4 times larger than the estimate of Mason and Sheu
[2002] and 75% larger than the estimated rate of increase in
the thermocline [Lamborg et al., 2002].

4.2. Global Distributions

[32] The global distribution of aqueous mercury species is
determined primarily by the global patterns of deposition;
primary productivity, which affects the conversion of ngﬂlq
to Hgd, and Hgay and determines the loss of Hggag; and
upwelling (Figures 3 and 4) (S. Emerson, personal commu-
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Figure 4. Latitudinal distribution of (a) atmospheric deposition to the ocean, F,, (b) HgaqII to Hgaqo

reduction rate, £, (c) upwelling flux of total mercury,

well as the annual mean.

nication, 2004). The model shows high mercury deposition
in the tropics because of high precipitation plus rapid
atmospheric oxidation rates producing RGM for dry
deposition. Deposition is also high in the western North
Atlantic and western North Pacific, which are downwind of
large industrial regions of the eastern U.S. and East Asia
(Figures 3a and 3b).

[33] Because of its dependence on NPP, the reduction rate
constant k, is largest in the productive upwelling regions,
while the ocean gyres have low reduction rates (Figures 3c,
3d, and 4b), consistent with the observations of Kim and
Fitzgerald [1986]. Seasonally, high production regions
migrate from the Southern Hemisphere (SH) in January to
the Northern Hemisphere (NH) in July (Figures 3c, 3d, and
4b). High reduction rates also occur in coastal upwelling
regions such as the west coast of Peru. The most prominent
features in the spatial distribution of F,, are strong upwell-
ing at the equator and downwelhng in the subtropics
(Figure 4c).

[34] Flgure 5 (top) shows the modeled annual reactive
(Hg + Hgaq) and total (HgtOt) mercury concentrations in
the surface ocean. The model displays high concentrations
of both reactive and total mercury (>1.5 pM) in the tropics,
due to large upwelling and deposition fluxes (Figures 4a
and 4c). Reactive and total mercury concentrations are also
enhanced off the east coasts of the United States and East
Asia because of large atmospheric deposition fluxes

7 of

F,

.p» and (d) ocean flux, F,,, in January and July, as

(Figures 3a and 3b). Figure 5 (bottom) shows the modeled
Hggq concentrations in June—August and December—
February. In tropical regions, high values of upwelling,
deposmon and productivity are colocated pr0V1d1ng Hgx,

that is then quickly reduced to Hgacl This results in large
Hgaq concentrations along the equator (0.01-0.66 pM) in
all seasons. Concentrations of Hgaq are also elevated at high
latitudes during summer (>0.15 pM) because of high
biological activity and thus enhanced reduction of deposited
mercury (Figures 3 and 4).

4.3. Comparison to Observed Aqueous Mercury
Concentrations

[35] The observations (Figure 5 and auxiliary material
Tables S2 and SS) llke the model, show h1gher concen-
trations of Hgaq + Hgaq and Hgy in regions of high
deposition (downwind of Asia and the United States), as
well as in regions with high biological productivity and
upwelling (Equator, high latitudes during summer, and on
the west coast of Peru). As discussed in section 3.2, we have
chosen our scaling parameters «, 3 and  to match the mean
observations of aqueous elemental, reactive and total mer-
cury. We have done so by minimizing the mean model bias:
(model-observations)/observations for regions where data is
available. However, the model does not capture the full
range of variability found in the observations. For 88% of
the reactive mercury observations, the model is within 60%
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Figure 5. Modeled concentrations of annual average total (a) aqueous mercury and (b) reactive mercury
in pM. Observations from Coquery and Cossa [1995], Dalziel [1992, 1995], Gill and Fitzgerald [1987],
Mason et al. [2001], Mason and Sullivan [1999], and Laurier et al. [2004] are overplotted in circles.
Modeled elemental mercury concentrations for (¢) May—August and (d) December—February. The circles
are observations from Gdrdfeldt et al. [2003], Kim and Fitzgerald [1986], Mason and Fitzgerald [1993],
Mason et al. [1998], Mason et al. [2001], and F. Laurier (personal communication, 2005).

of the observations, while for Hgy, the model is within

+100% of the observations (auxiliary material Tables S2 and
S3). Modeled Hggq also displays less variability than the
observations (Table S1 in auxiliary materials and Figures 5c
and 5d). In particular, concentrations in August in the North
Atlantic are underestimated by a factor of 3. However, these
observations are high (0.3-0.53 pM) compared to many of
the others (0.05-0.12 pM), and could represent a temporary
situation in which Hggq has been produced faster than it can
be removed [Mason et al., 1998].

[36] Some of the variability in observations could be due
to local stratification in the mixed layer, which cannot be
captured by the model. Indeed, observations show that
mercury concentrations can vary with depth in the mixed
layer by a factor of 3 or more [e.g., Mason and Fitzgerald,
1993; Dalziel, 1995].

4.4. Ocean-Atmosphere Flux

[37] The ocean-atmosphere flux, F,,, depends on Hggq
concentrations as well as on temperature, via the Henry’s
law constant and %,,, and wind speed, via k,, (see equation (7)).
The largest fluxes occur in the tropical regions and low
fluxes toward the midlatitudes, with the annual mean
decreasing from 1000 ng m~2 month™' to 600 ng m >
month™" between the equator and 40° (Figure 4d). This
agrees with evasion flux estimates over the equatorial and
North Pacific showing higher evasion in the tropics

compared to northern waters [Kim and Fitzgerald, 1986;
Laurier et al., 2003]. In tropical regions, high Hggq
concentrations together with warm temperatures cause a
greater degree of supersaturation, which results in a strong
evasion flux to the atmosphere. F,, displays large seasonal
variability poleward of 30° latitude (Figures 3e, 3f, and 4d).
Strong positive F,,, values are present near 50°S in January
and 60°N in July, due to the high level of biological activity
and thus elevated Hggq (Figures 3c, 3d, and 4d). At high
latitudes of the winter hemisphere, the ocean is a net sink
for Hg® (F,, < 0) as a result of cold water temperatures
causing the ocean to be undersaturated in Hg’. This is
consistent with the finding of Marks and Beldowska [2001]
that the Baltic Sea experiences an air-sea transport of
mercury during the winter.

[38] We examined the sensitivity of F,,, to the formulation
of k,,. If we use the parameterization of Liss and Merlivat
[1986], we find that for the same DGM concentrations the
model calculates a sea-air flux of 10.2 Mmol/yr, a 28%
reduction over our standard simulation using Nightingale et
al. [2000].

4.5. Contribution of Ocean Emissions to
Atmospheric Mercury

[39] We compare cruise observations of atmospheric
TGM over the Atlantic [Temme et al., 2003; Slemr, 1996]
with our model simulation in Figure 6. The model system-
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Figure 6. Observed atmospheric TGM concentrations over the Atlantic Ocean in (left) 1994 [Slemr,
1996] and (right) 1996 [Temme et al., 2003] are shown in black circles. The observations are averaged by
model grid box, and the error bars represent the standard deviation of the observations within a grid box.
Model results sampled along the cruise track for the standard simulation (solid line) and a simulation with
a 21.7 Mmol yr—! ocean flux (simulation B, dashed line) are also shown. The dash-dotted and dotted
lines represent the ocean contribution to the surface atmospheric concentration for the standard simulation

and simulation B, respectively.

atically underestimates observations in the NH by 25% and
has an interhemispheric gradient of 1.2, smaller than the
observed gradient of 1.5. Selin et al. [2007] demonstrates
that the GEOS-Chem model does reproduce land-based
observations, which are lower than the ocean cruise obser-
vations at the same latitude [Selin et al., 2007, Figure 3].
Increasing ocean emissions from 14.1 Mmol yr—' to
21.7 Mmol yr~' (simulation B) results in better agreement
with the cruise observations in the NH (dashed line in
Figure 6), but systematically overestimates SH cruise obser-
vations as well as land-based observations (not shown).
Thus the magnitude of the ocean emissions cannot resolve
this discrepancy between model and cruise observations.
One possibility is that halogen chemistry in the marine
boundary layer, which the model neglects, could shift the
latitudinal distribution of deposition to the ocean and hence
of the ocean flux. Another possibility is that biomass
burning emissions, currently neglected in the model, could
provide another NH and tropical source.

[40] The contribution of ocean emissions to surface at-
mospheric Hg? concentrations is shown in Figure 7, which
was obtained by comparing our standard simulation to a
simulation without ocean emissions. In the SH, where
anthropogenic and land sources are relatively small, ocean
emissions account for 54% of surface atmospheric mercury,
while in the NH, their contribution is 36% on average. As
expected, the ocean plays a smaller role (<30%) over
regions with large anthropogenic sources.

[41] The seasonal cycle of regional ocean emissions and
their contribution to surface atmospheric Hg” concentrations
is shown in Figure 8. Ocean emissions at midlatitudes over
the northern Pacific and Atlantic increase by a factor of 2
between winter and spring. This rapid spring increase,
which reaches a maximum in May—June, is driven by the
increase in biological productivity and thus large production
of HggCl via reduction of Hggq. This is further enhanced by a
decrease in mixed layer depth during that period, leading to
the accumulation of atmospheric deposition in a smaller
volume and thus larger Hggq concentrations.

[42] The maximum effect of ocean emissions on atmo-
spheric concentrations occurs in June in the NH and
December in the SH. The largest seasonal cycles (defined
as maximum/minimum) in background Hg" originating
from the ocean are seen over the North pacific (1.32), North
Atlantic (1.24), and Europe (1.28). This seasonal cycle is
smaller over North America (1.21) and the South Pacific
(1.15).

5. Summary

[43] We have coupled a global atmospheric model of
mercury transport with an interactive slab model of the
ocean mixed layer to constrain estimates of ocean emis-
sions, simulate their spatiotemporal variability, and examine
the role of the ocean in mercury cycling. We use observa-
tions of aqueous elemental (Hgy,), reactive (Hggq + Hgi}q ,
and total mercury (Hgio = Hgo+Heh+Hght) to constrain
our oceanic simulation.

[44] Our modeled mixed layer budget shows mercury
entering the ocean mixed layer primarily through atmo-

30°S]

60°S

90°S

180° 150°W 120°W 90°W 60°W 30°W O

o

30°E 60°E 90°E 120°E 150°E

Figure 7. Percent contribution of ocean emissions to
atmospheric surface concentrations of Hg®. Contours shown
are between 25% and 55%, with increments of 5%.
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Figure 8. (left) Seasonal variation in the contribution of the ocean source to surface concentrations of
Hg’ in the North Atlantic (48°W—12°W, 30°N—60°N; solid line), North Pacific (180°W—138°W, 30°N—
60°N; dotted line), South Pacific (180°W—78°W, 30°S—60°N; dashed line), Europe (5°W—45°E, 42°N—
74°N; triangles), and North America (50°W—162°W, 18°N—74°N; circles). (right) Seasonal variation in
F., for the North Atlantic, North Pacific, and South Pacific.

spheric deposition of Hg" (22.8 Mmol yr "), with a smaller
contribution from diffusion across the thermocline
(6.8 Mmol yr"). Within the mixed layer, 33% of Hggq is
converted to Hgly, while 56% is reduced to Hg, and lost to
the atmosphere and the remaining 11% is lost through
mixing to the deep ocean.

[45] The resulting aqueous concentrations of mercury in
the surface ocean are 0.07 pM, 0.73 pM, and 0.71 pM for
Hggq, Hqu, and Hg,q, respectively, consistent with observed
values. The modeled concentrations display the same spatial
and temporal features as the observations but do not
reproduce the full range of variability observed. Concen-
trations of total and reactive aqueous mercury are high year
round in tropical regions where high deposition and strong
upwelling coincide. Hggq concentrations are elevated in
upwelling regions and show seasonal variability with high
concentrations occurring in the northern and southern
oceans during times of intense biological productivity.

[46] We find a net global ocean evasion flux of
14.1 Mmol yr~', at the upper end of previous estimates
(4—13 Mmol yr"). Re-emission of previously deposited
mercury accounts for 89% of our ocean emissions, the
remaining fraction coming from evasion of deep ocean mer-
cury transported to the surface. The modeled ocean emis-
sions are enhanced in the tropics for all seasons owing to
high deposition, upwelling, and warm temperatures. A
secondary maximum in ocean emissions occurs at mid
and high latitudes during late spring to early summer coin-
cident with high biological productivity in these regions.

[47] Mass balance requires GEOS-Chem to have an
8.7 Mmol yr~' net loss to the deep ocean, larger than
previous estimates (3.4—6 Mmol yr~"). Our coupled ocean-
atmosphere simulation thus implies that the deep ocean acts
as a dominant sink of mercury, with concentrations increas-
ing at a rate of ~0.7%/yr.

[48] We find that ocean evasion is a major contributor to
atmospheric concentrations of elemental mercury, particu-
larly in the SH. The ocean contributes 36% of the NH and
54% of the SH surface atmospheric concentration, with the
largest contribution occurring during summer.

[49] To improve our understanding of the spatial and
seasonal variability of the ocean mercury source, as well

as its overall magnitude, more measurements are needed in
the open ocean. Measurements of speciated aqueous mer-
cury in regions such as the southern Pacific and Indian
oceans would be particularly useful. In addition, monthly
measurements over regions with expected high seasonal
variability, such as the North Atlantic, North Pacific, and
Southern Ocean, would help elucidate the factors control-
ling the strong seasonality of ocean emissions.

[50] Acknowledgments. This work was supported by funding from
the National Science Foundation under grant ATM 0238530. The GEOS-
CHEM model is managed by the Atmospheric Chemistry Modeling group
at Harvard University with support from the NASA Atmospheric Chemistry
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