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ARTICLE INFO ABSTRACT

Keywords: Monomethylmercury (MMHg) is a potent neurotoxin that poses a threat to human health. MMHg cycles in all
Atmospheric monomethylmercury spheres of the Earth but the sources and fate of atmospheric MMHg are unclear. Here, we develop a global model
Emissions for atmospheric MMHg, which integrates the presently available data and indicates the limitations of the current
ggglsa_réﬁzglosure study. Constrained by the observations in the atmosphere, the global atmospheric MMHg from all sources is 1009

(205-2474 as an uncertainty range) Mg/yr, with the largest sources from the in-cloud methylation of divalent
mercury (475 Mg/yr) and MMHg sea spray (395 Mg/yr). MMHg has a short lifetime of 1.9 days in the tropo-
sphere due to rapid photo-demethylation. Our model indicates a net loss of marine MMHg to the atmosphere and
thus a detoxifying effect on MMHg contamination in marine fish. However, it suggests additional MMHg
deposition to the land, particularly in densely populated coastal areas, introducing a new risk pathway that needs
to be considered in mercury exposure assessment. The atmosphere plays a non-negligible role in the biogeo-
chemical cycle and human health, which requires further study and consideration in implementing the global

Minamata Convention.

1. Introduction

Monomethylmercury (MMHg) is a strong neurotoxin that can bio-
accumulate and biomagnify in aquatic food webs, posing a significant
threat to human health worldwide (Chen et al. 2008; Zhang et al. 2021).
The aquatic MMHg is mainly produced by the microbe methylation of
inorganic mercury (IHg) from the atmosphere, riverine runoff, and
sediments (Amos et al. 2013; Kim et al. 2006; Lehnherr et al. 2011; Liu
et al. 2021; Wang et al. 2022). Besides, direct atmospheric MMHg
deposition is a potentially important source (Baya et al. 2015). However,
previous studies mostly focus on the biogeochemical cycle of MMHg in
the aquatic and terrestrial systems with few on the atmosphere, hin-
dering our ability to accurately attribute the source of biota MMHg and
mitigate the associated human exposure risks (Baya et al. 2015; Kim
et al. 2017; Lavoie et al. 2013; Qin et al. 2016; Zhang et al., 2020b).

A variety of sources can contribute to the MMHg in the atmosphere:
i) decomposition of dimethylmercury (DMHg) (Baya et al. 2015): DMHg
is volatile and can be released from the ocean, municipal waste landfills,
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and wetlands (Baya et al. 2015; Lindberg et al. 2005; Wang et al. 2019);
ii) direct releases of gaseous MMHg from the surface water, landfills,
sludge-amended soil, and so on (Carpi et al. 1997; Lindberg et al. 2001;
Mester and Sturgeon 2002); iii) the methylation of divalent mercury
(HgH) in cloud water droplets with presence of acetic acid in the atmo-
sphere (Gardfeldt et al. 2003; Hammerschmidt et al. 2007). Field studies
suggest that gaseous MMHg can bind to fine particles, with DMHg
decomposition and MMHg volatilization as the largest source for the
former (Zhang et al. 2019). Atmospheric MMHg is removed by photo
decomposition in the aqueous phase and undergoes wet or dry deposi-
tion (Bittrich et al. 2011; Chen et al. 2018; Graydon et al. 2008; Zhang
et al. 2012).

The available observations of atmospheric MMHg remain scarce,
showing gaseous phase concentrations range from < 0.5-22 pg/m°. The
annual mean concentrations are 2.9 pg/m® in the Arctic and 7.4 pg/m>
in a suburban area of Gothenburg, Sweden (Baya et al. 2015; Lee et al.
2003). There are much more measurements of MMHg concentrations in
precipitation and wet deposition fluxes (Baya et al. 2015; Chen et al.
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2018; Huang et al. 2012; Lamborg et al. 1999; Qin et al. 2016; Weiss-
Penzias et al. 2012; Xu et al. 2014; Zhang et al. 2012). These measure-
ments are mostly located in East Asia and North America. The observed
average MMHg concentrations in precipitation vary from 0.02 to 0.83
ng/L while the average wet deposition fluxes vary from 11 to 540 ng
m2 yr’l.

This study develops a global transport and chemistry model for at-
mospheric MMHg by expanding the GEOS-Chem mercury (Hg) model.
The model considers the sources, photolysis, and deposition of atmo-
spheric MMHg, as well as the repartition of MMHg in different phases.
The sources of atmospheric MMHg include the volatilization of DMHg
from the ocean, landfills, and rice paddies and its decomposition, the
spray of MMHg from the ocean surface, and the methylation of Hg" in
the aqueous phase. The spatial patterns of these sources are from the
simulation of previous models or proxy data. We adopt a cost function to
determine the most likely sources of MMHg in the atmosphere and their
magnitudes are based on available observed data of MMHg concentra-
tions in precipitation. The inferred sources are then used to drive the
atmospheric MMHg model to simulate the transport and transformation
of MMHg in the atmosphere. The marine MMHg spray and atmospheric
MMHg deposition are also added to an ocean MMHg biomagnification
model to evaluate the effects of air-sea exchange on MMHg levels in
marine fish.

2. Methodology
2.1. GEOS-Chem model

The simulation of atmospheric MMHg is conducted in the global 3-D
GEOS-Chem model (www.geos-chem.org; version 12.9.0). The model
has a 2° latitude x 2.5° longitude horizontal resolution and 47 vertical
layers extending to the mesosphere. In this study, we focus only on the
MMHg in the troposphere, which is about 5-17 km in altitude depending
on the locations in the model. Meteorological fields used to drive the
model are from the NASA Modern-Era Retrospective Analysis for
Research and Applications, version 2 (MERRA-2) system (Gelaro et al.
2017). GEOS-Chem model contains three Hg species: elemental mercury
(Hg®), divalent mercury (Hg"), and Hg" absorbed by particles (Hg"P).
The main HgII species include HgHCIZ, HgHBrz, BngHOH, HgH(OH)z,
and so on. Excluding MMHg, anthropogenic Hg emissions are from
Streets et al. (Streets et al. 2019) while other Hg emissions are from
Horowitz et al. (Horowitz et al. 2017).

The photolysis of Hg" and redox reactions of Hg® and Hg" follow
Shah et al., which suggest Br and OH are comparable contributors to
global net oxidation of Hg® to Hg" (Shah et al. 2021). The oxidant fields
are the outputs of the full-chemistry simulation of GEOS-Chem (Wang
et al. 2021). The model also includes the transformation of Hg" and
MMHg in aerosols and cloud droplets (Shah et al. 2021). DMHg can
photodegrade and produce MMHg, which subsequently can degrade to
Hg! (Gardfeldt et al. 2001; West et al. 2022). The photolysis of MMHg
and DMHg follows that of organic particle Hg", which is scaled by
multiplying the local NO, photolysis frequency by a scale factor. Pre-
vious estimates of demethylation rates of DMHg and MMHg in different
waters vary from 2 x 107 to 0.42 d’! and 0.2 to 0.54 d’!, respectively
(Lehnherr et al. 2011; West et al. 2022; West et al. 2020). The mea-
surements of atmospheric MMHg photo decomposition rates are rare,
with a few studies measuring atmospheric MMHg decomposition rates
to be 0.19-19 d'! in the liquid phase, reflecting the drastic variability of
light environment (Bittrich et al. 2011; Gardfeldt et al. 2001). We thus
set the decomposition rates of DMHg and MMHg as 0.8 and 1.6 d,
respectively. The model also considers the dry and wet deposition of Hg
species including the MMHg due to its solubility and affinity to particles
(Shah et al. 2021; Zhang et al. 2019). Dry deposition velocities are
determined by three types of resistances: aerodynamic, boundary, and
surface resistance. Aerodynamic and boundary resistances are calcu-
lated from meteorological variables (e.g., windspeed and temperature),
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while surface resistance is largely based on the land use, surface char-
acteristics (e.g., leaf area index), chemical properties of Hg species, and
meteorological conditions. The partition between gaseous and particu-
late MMHg follows that between Hg!! and Hg'!P as a function of local
temperature and mass concentration of total particulate matter
including sea salt (Amos et al. 2012). The mass accommodation coeffi-
cient o is adjusted to apply to a slower uptake of MMHg to aerosols than
Hg". We run the model from 2012 to 2015 with the first three years as a
spin-up and use the outputs of the last year for result analysis.

2.2. MMHg sources

Several sources of atmospheric MMHg are included in the model:
volatilization and decomposition of DMHg, the spray of marine MMHg,
and the methylation of Hg"! in the aqueous phase. According to previous
studies, DMHg is released from the ocean, landfills, and wetlands such as
rice paddies (Baya et al. 2015; Lindberg et al. 2005; Wang et al. 2019).
The evasion fluxes of marine DMHg (Fpocean) are from existing outputs of
an ocean mercury model based on the Massachusetts Institute of Tech-
nology general circulation model (MITgem-Hg model) (Zhang et al.,
2020a). Gaseous methylmercury (MeHg) concentrations are measured
over local landfills or rice paddies but the global emission inventories
are currently unavailable (Feng et al. 2004; Lindberg et al. 2005; Wang
et al. 2019). The production of MeHg and CHy4 is associated with similar
microbes in anaerobic environments so the emissions of CH4 from solid
waste landfills and agricultural soils are scaled as the emissions of DMHg
from landfills (Fpiqr) and rice paddies (Fpagi) (An et al. 2022; Evans et al.
2019; Gilmour et al. 2018). The CH4 emissions are from the EDGARvV7.
GHG (Emissions Database for Global Atmospheric Research, global
greenhouse gas) inventory (https://edgar.jrc.ec.europa.eu/).

MMHg has been detected in the ocean, landfills, and rice paddies, but
only the direct emissions of MMHg from the ocean is considered in this
study. Indeed, MMHg is much less volatile than DMHg, and we assume
that marine MMHg in the open ocean is carried to the atmosphere by
wind along with sea salt aerosols. The emissions of marine MMHg
(FMocean) are scaled by MMHg concentrations in the surface ocean
(CmMHg, ocean) and emission fluxes of sea salt spray (Fseasalr). The MMHg
concentrations are from the MITgcm-Hg model mentioned above (Zhang
et al., 2020a). The sea salt spray fluxes depend on wind speed and sea
surface temperature (Jaeglé et al. 2011):

FMocean = kMocean X CMMHg.ocean X Fseasalt X (1 - Fracseaice) (1)
Feaat = (0.329 + 0.0904T - 0.00717T? + 0.00027T?) x U1 (2)

where kyocean i @ scaling factor adjusted by the observed MMHg con-
centrations in precipitation (elaborated below), Fraceaice is the fraction
of sea ice in a model grid that ranges between 0 and 1, T is the sea surface
temperature, and Ujgp, is the wind speed at 10 m height.

The relatively consistent ratio between MMHg and Hg" in precipi-
tation indicates that Hg'" is a substrate for MMHg (Hammerschmidt et al.
2007). The MMHg flux (Fpewm) from the methylation of HgII is deter-
mined by the methylation rate (kmem) and atmospheric Hg"! concentra-
tions (Cng) (Hammerschmidt et al. 2007):

Fmeth = kmeth X CHg“ (3)

The atmospheric Hg"" concentrations are simulated in the GEOS-Chem
model.

2.3. Inferring emissions and production

The magnitudes of the above sources (i.e., Fpocean, Fpldf, Fpagri» FMo-
cean, and Fpey) remain largely unknown. We keep the spatial pattern of
these sources but their magnitudes are inferred by observations of
MMHg in precipitation (Table S1). Observed MMHg concentrations are
used rather than MMHg wet deposition because concentrations are more
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robust and less sensitive to the variability of precipitation than deposi-
tion fluxes (Zhang and Jaeglé 2013). We run the model with individual
sources to achieve the spatial pattern of atmospheric MMHg. A cost
function (J) is used to represent the deviation between the modeled
MMHg concentrations in precipitation and the observed ones (Fu et al.
2023):

J = Z(logloc modelm — 10g10C0b5~m)2 @

m

Cmodel.m = an,an (5)

where m (=30) is the number of observed values, n (=5) is the number
of sources, C is the MMHg concentrations in precipitation, S is the
sensitivity of modeled MMHg concentrations in precipitation, and F is
the emissions of each source. The inferred magnitudes of sources are
obtained by minimizing J. We use the fminsearch function provided by
MATLAB software to find the minimum of J. In fact, in addition to the
observations, prior estimates and model uncertainty should also be
included in the cost function (Brasseur and Jacob 2017). However, prior
estimates are excluded here due to their unavailability and minimal
weight in the cost function (Brahney et al. 2021). Model uncertainty is
assessed through various scenarios (or an ensemble) that incorporate
different assumptions about emissions and chemistry. More details on
the simplification of the cost function and the consideration of model
uncertainty are provided in supplementary materials.

The inferred individual emissions are then used to drive the atmo-
spheric MMHg model one at a time. In this way, we can calculate the
contributions of each source.

2.4. MMHg deposition to the ocean and its trophic transfer

We consider the MMHg air-sea exchange, i.e., atmospheric MMHg
deposition to the ocean and direct marine spray, in an ocean MMHg
biomagnification model (Wu and Zhang 2023). The model couples an
ocean Hg model and ecological models to simulate the MMHg transfer
from marine phytoplankton to fish on a global scale (Wu and Zhang
2023; Zhang et al., 2020a). The ocean Hg model simulates the biogeo-
chemical cycle of marine Hg, including air-sea exchange, river
discharge, redox reactions, sinking of particle mercury, methylation,
and demethylation. The Hg" deposition from air to the ocean and its
methylation in the ocean are already considered in this model. As
mentioned in the sections above, the ocean Hg model simulates the
marine DMHg evasion. Also, this study adds the wet and dry deposition
of atmospheric MMHg to the surface ocean in the ocean Hg model and
removes the MMHg sea spray from the surface ocean. The model without
MMHg air-sea exchange serves as a baseline model.

The coupled Darwin-Hg model simulates the passive uptake of
MMHg by phytoplankton and the transfer of MMHg to zooplankton.
Zooplankton can also obtain MMHg from seawater and they lose MMHg
through excretion and death (Zhang et al., 2020a). The Darwin model
has six categories of phytoplankton: two small phytoplankton (Pro-
chlorococcus and Synechococcus), three large phytoplankton (diatoms,
diazotrophs, and other large eukaryotic phytoplankton), and one
intermediately sized phytoplankton (coccolithophores) (Dutkiewicz
et al. 2009). There are also two categories of herbivorous zooplankton
with different sizes and dietary preferences for phytoplankton.

The marine fish model (FEISTY) is coupled with the ocean Hg model
to simulate the MMHg biomagnification in upper trophic levels of ma-
rine ecosystems. The fish model is based on the size and traits of fish and
has five fish guilds: epipelagic fish, mesopelagic fish, large pelagic fish,
mid-water predators, and demersal fish (van Denderen et al. 2021). The
five fish guilds have different maximum body sizes, vertical distribution
characteristics, and feeding strategies. Fish get MMHg from seawater
and their food, including zooplankton, benthic production, and other
fish with smaller body sizes. The same as zooplankton, fish lose MMHg
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through excretion and death. The mature fish spawn, and in this process,
some of the MMHg in their bodies is transferred to the eggs.

2.5. Quality assurance/quality control

The models in this study, including atmospheric Hg model GEOS-
Chem (Shah et al. 2021), marine Hg model MIT-gcm (Zhang et al.,
2020a), marine ecosystem model Darwin and FEISTY (Dutkiewicz et al.
2009; van Denderen et al. 2021), are validated by observations and are
widely used in related fields. The new species (i.e., MMHg and DMHg)
added to GEOS-Chem may influence the simulation of existing species
such as Hg" but their modeled concentrations and spatial patterns are
comparable with benchmarks. The emission inventory, EDGAR, in-
tegrates situ and remote sensing observations, conducts uncertainty
analysis, and is verified by inverse models (Janssens-Maenhout et al.
2019).

The modeled concentrations of gaseous and particulate MMHg in the
air, as well as MMHg in precipitation, are validated against available
observed data (see further details of the comparison in Results and
discussion section). These observed data, derived from field studies,
have been peer-reviewed (Table S1).

The inferring of atmospheric MMHg sources is performed using
fminsearch function in Matlab software, which has been employed in
previous studies (Brahney et al. 2021; Fu et al. 2023). Here, a dataset of
observed MMHg concentrations in precipitation serves as a constraint.
We use “leave one out” strategy to assess the performance of the infer-
ring process to this dataset. A total of 30 iterations, corresponding to the
number of observed values, are performed. In each iteration, one
observed value is dropped out. This will generate 30 sets of emissions
and their distribution will be analyzed.

3. Results and discussion
3.1. Inferred emissions

The total atmospheric MMHg emitted or produced from all sources is
1009 Mg/yr (Fig. 1) with a 95 % confidence interval (CI) of 940-1139
Mg/yr around the minimum cost (Fig. 5¢-d). The primary emissions (i.e.,
marine MMHg spray, decomposition of DMHg from the ocean, landfills,
and rice paddies) are 534 (95 %CI: 469-655) Mg/yr, while the sec-
ondary production (Hg" methylation) is 475 (95 %CI: 374-580) Mg/yr.
The largest source is in-cloud Hg"! methylation (475 Mg/yr), followed by
marine MMHg spray (395 Mg/yr), volatilization and decomposition of
DMHg from the ocean (89 Mg/yr), landfills (43 Mg/yr), and rice paddies
(7 Mg/yr) (Fig. 1). High fluxes of Hg" methylation are over the southern
hemisphere (Fig. 1¢), where high concentrations of Hg"" from oxidation
of Hg® and precipitation are favorable to the generation of MMHg
(Dastoor and Larocque 2004; Shah et al. 2021). Hg" methylation is a
three-dimensional source and occurs mainly in the troposphere, with
two peaks at 2 km and 11 km (Fig. S2), which is influenced by the
vertical distribution of cloud fraction (i.e., aqueous phase) associated
with convections (Xi et al. 2010).

The marine sources, including both direct marine MMHg emissions
and volatilization and decomposition of marine DMHg, are relatively
high in the eastern equatorial Pacific Ocean and high-latitude (latitude
> 60°) oceans (Fig. 1b and 1d). The spatial patterns of these two sources
are largely controlled by the distribution of ocean surface MeHg, with
total emissions determined by the inferring process. Lower solar radia-
tion and colder temperatures result in slower demethylation and thus
higher MeHg concentrations in the high-latitude oceans. The atmo-
spheric inorganic Hg deposition and enhanced microbial activity in the
subsurface of the eastern equatorial Pacific Ocean favor the production
of MeHg and its upwelling contributes to 17 % of the MeHg in the sur-
face, resulting in the high MeHg concentrations in the surface ocean
(Zhang et al., 2020a).

The two terrestrial sources, landfills and rice paddies contribute
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(c) Hg" methylation

107

Fig. 1. Inferred MMHg emissions or production from various sources. (a) All sources; (b) MMHg from the ocean; (c) MMHg from the methylation of cloud and rain
Hg"; (d-f) MMHg from the volatilization and decomposition of DMHg from the ocean, landfills, and rice paddies, respectively. Note that fluxes in panels (c-f) are

vertical integration in the troposphere.

relatively small amounts to the atmospheric MMHg (Fig. 1). The high
emissions of MMHg from landfills are simulated in East Asia, Europe,
and southern North America, associated with dense population and
affluence (Fig. le) (Bogner and Matthews 2003). The emission fluxes
from rice paddies are high in South and East Asia due to the concen-
trated rice cultivation in these areas (Fig. 1f) (Janssens-Maenhout et al.
2019). Although MMHg emissions from rice paddies account for less
than 1 % of global total emissions, their contributions in some areas of
South and East Asia are comparable to other major sources. The flooded
soils of rice paddies provide an ideal environment for in situ methylation
and are suggested to be sources of atmospheric MMHg in inland regions
(Wang et al. 2019).

There are some prior estimates for atmospheric MMHg sources, such
as Hg"" methylation rate and MMHg emissions from the volatilization
and decomposition of ocean DMHg. The reported range of in-cloud Hg"
methylation rate in previous field and laboratory studies is 9.0 x 107 —
5.4 x 10571 (Gardfeldt et al. 2003; Hammerschmidt et al. 2007), and
the rate inverted from the inferred production in this study is 1.8 x 10
s1, within the prior range. The emission of MMHg from the volatili-
zation and decomposition of ocean DMHg (89 Mg/yr) is lower than that
derived from the evasion flux of DMHg simulated by MITgem (262 Mg/
yr). The difference is attributed to the uncertainties of the constraint
data and photodegradation rates of MeHg in this study (see Un-
certainties section below), as well as the uncertainties of methylation
transformation and air-sea exchange processes of MITgcm, but our es-
timate is within the uncertainty range of the MITgcm model (30-40 %
for seawater MeHg concentrations but a factor of 2-3 for air-sea ex-
change fluxes) (Zhang et al., 2020a).

3.2. MMHg in precipitation

The inferred individual emission or production of MMHg discussed
above is used to drive the atmospheric MMHg model one at a time. Fig. 2
shows the modeled spatial pattern of MMHg concentrations in precipi-
tation and the contributions from each source. The model (0.15 + 0.11
ng/L) generally reproduces the observed MMHg concentrations in pre-
cipitation (n = 30, 0.19 + 0.19 ng/L), with slightly lower mean value
and lower spatial variability than observations (Fig. 2a-b).

The two marine sources have a similar spatial pattern to the observed
MMHg concentrations in precipitation (Fig. 1b, 1d, and 2b). Relatively
high concentrations are measured in Hudson Bay (0.83 ng/L) and the
Canadian Arctic Archipelago (0.4 ng/L), which are located in the high-
latitude regions, with lower observed concentrations at middle latitudes
(30° < latitude < 60°), and the lowest observed concentration of 0.02
ng/L over the equatorial Atlantic Ocean (Baya et al. 2015; Lamborg et al.
1999). Therefore, greater weight is allocated to these two sources when
inferring the emissions. Indeed, direct marine MMHg emissions
contribute to more than 70 % of the MMHg in precipitation in the high-
latitude regions and mid-latitude oceans (Fig. 2c). Despite the similarity
in the horizontal distribution of emissions (Fig. 1b and 1d), the esti-
mated emission from the volatilization and decomposition of marine
DMHg is much lower than direct marine MMHg emission. DMHg
released from the ocean is transported throughout the atmosphere
before it is decomposed into MMHg, so its contribution to the precipi-
tation MMHg has different latitudinal distributions than sea MMHg
spray (Fig. 2d). Similarly, Baya et al. show that atmospheric MMHg in
the Arctic is from the ocean but the difference is that they suggest marine
DMHyg is the primary source based on the detected depletion of DMHg in
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Fig. 2. Annual mean MMHg concentrations in precipitation. (a) MMHg concentrations in precipitation, (b) comparison with observations (Table S1), (c-g) the
contribution of different sources: marine MMHg, Hg" methylation, volatilization and decomposition of DMHg from the ocean, landfills, and rice paddies. In panel (a),
the circles are observations from literature as listed in Table S1. In panel (b), the markers are the averages of observed values, the dashed line is the 1:1 line, the solid
lines are the observed ranges, the shapes of the markers denote the regions, and the colors denote the latitude. R? and RMSE are calculated based on the logarithm of

the concentrations.

the surface ocean (Baya et al. 2015). Both DMHg and MMHg can evade
from the ocean and their actual evasion fluxes need more measurements
to confirm (Mester and Sturgeon 2002; Soerensen et al. 2016).

The transport of MMHg from landfills is almost limited to land,
contributing 30-50 % of the MMHg in southern North America, the
areas around the Mediterranean Sea, and East Asia (Fig. 2f). MMHg from
rice paddies is significantly concentrated in East Asia, where rice culti-
vation is widespread, accounting for 15-42 % of the total concentrations
(Fig. 2g). The observed MMHg concentrations in precipitation are
comparable in North America and East Asia while the MMHg emissions
from landfills are also close in both regions, which is different from the
distribution of MMHg emission from rice paddies that is concentrated in
East Asia. As a result, the MMHg emission from landfills is weighted
more heavily than emission from rice paddies in the inferring process,
but both are much smaller than the marine sources and in-situ atmo-
spheric methylation. The above four sources are from the ocean or land
surface and they contribute 56 % of the simulated precipitation MMHg
in Beijing, China, which is comparable to the contribution of similar
sources to the atmospheric particulate MMHg (66.5 %) identified by a
field study in this area, including DMHg decomposition, surface MMHg
volatilization (waters, wetlands, sediments, or landfills), combustion,
and marine sources (Zhang et al. 2019).

Direct in-cloud methylation of Hg" plays an important role in the
low-latitude (latitude < 30°) regions, with an average contribution of
54 % (Fig. 2¢). Atmospheric Hg" is widely distributed in the atmosphere
and its methylation maintains atmospheric MMHg concentrations in
areas of low marine or terrestrial sources. Indeed, the Hg" methylation
fluxes are high in the southern hemisphere but its contribution at middle
and high latitudes is far outweighed by the ocean sources of MMHg. The
observation at low latitudes remains scarce, but the model is consistent
with the observation in the equatorial Atlantic Ocean, providing some
constraint on this source (Fig. 2b).

3.3. Atmospheric MMHg budget

The mass of total MMHg (both gaseous and particulate MMHg) in the
troposphere is 5.5 Mg (Fig. 3a). The largest removal pathway for at-
mospheric MMHg is through photodegradation (882 Mg/yr), followed
by total deposition (201 Mg/yr). The majority of MMHg deposition is to
the ocean (182 Mg/yr) and only 9 % is to the land (19 Mg/yr). The
lifetime of atmospheric MMHg is 2.3 days against photodegradation and
10 days against total deposition. Overall, MMHg has a short lifetime of
1.9 days in the atmosphere, so relatively high emissions are needed to
maintain the observed concentrations in precipitation. Compared with
the existing Hg budget in the atmosphere, the MMHg mass accounts for
only 0.14 % of the tropospheric inorganic Hg mass (4 Gg) (Shah et al.
2021). The total atmospheric MMHg emissions (excluding Hg"
methylation in the atmosphere) are 534 (469-655) Mg/yr, which is
about 3.9-7.7 % of the total emissions for atmospheric Hg (8500-12000
Mg/yr) (Horowitz et al. 2017; Shah et al. 2021; Zhang et al. 2023).
Indeed, atmospheric MMHg makes a much faster turn-over pool than
atmospheric Hg® which has a lifetime of several months (Shah et al.
2021; Song et al. 2022).

3.4. Atmospheric MMHg concentrations and depositions

The spatial pattern of surface gaseous MMHg is largely determined
by that of the sources (Fig. 3b and 1a). The short lifetime of MMHg
prevents it from being transported a long distance in the atmosphere but
is mostly distributed near sources. Indeed, the gaseous MMHg concen-
trations are higher in the high-latitude oceans, especially the Arctic
Ocean connected to the Atlantic Ocean and the Southern Ocean adjacent
to the Pacific Ocean. Surface particulate MMHg also has high concen-
trations at high latitudes. However, unlike the high concentrations of
gaseous MMHg that occur over the ocean, the high concentrations of
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(b) Surface gaseous MMHg

0

Fig. 3. (a) A global budget for atmospheric MMHg in the troposphere, (b) Modeled surface gaseous MMHg concentrations, (c) Modeled surface particulate MMHg
concentrations, and (d) MMHg wet deposition fluxes. In panel (a), the sun denotes the photolysis and the cloud droplets denote the liquid-phase reactions. In panel

(d), the circles are observations from literature as listed in Table S1.

particulate MMHg generally occur over the land (Fig. 3c). The modeled
gaseous MMHg concentrations in the Arctic marine boundary layer are
2.7 + 2.1 pg/m°, close to the observations (2.9 + 3.6 pg/m®) (Baya et al.
2015). The modeled mean concentration is slightly lower (1.9 pg/ms) in
the suburban area of Gothenburg, Sweden, which is lower than the
observation (7.4 pg/mg) (Lee et al. 2003). Unlike in the Arctic, there are
no observations of MMHg concentrations in precipitation in Europe to
constrain the simulation here, resulting in large deviations between
modeled and observed concentrations. The simulated annual mean
concentration of particulate MMHg in Beijing, China is 0.72 pg/m°,
which is higher than the observed average concentration of 0.21 + 0.17
pg/m° but within the observed range of < 0.01-1.33 pg/m® (Zhang et al.
2019). Overall, there is a lack of validation data for the modeling of
gaseous and particulate MMHg and some uncertainties remain.

The wet deposition fluxes reflect the amount of precipitation and
MMHg concentrations in the atmosphere. Similar to its concentrations in
precipitation, the MMHg wet deposition is also much higher in the high
latitudes than in the middle and low latitudes (Fig. 3d). The measure-
ments of MMHg wet deposition are even more sparse and mostly located
in the mid-latitude areas. Overall, the model (259 + 169 ng m~2 yr’l)
reproduces the observed wet deposition fluxes (233 + 174 ngm 2 yr 1),
but it slightly overestimates in East Asia and underestimates in North
America. Over the Arctic Ocean, our modeled MMHg deposition is 14
Mg/yr, slightly higher than previous studies (2.6-10 Mg/yr) (Jonsson
et al. 2022; Soerensen et al. 2016). Compared with MMHg concentra-
tions in precipitation, the model deviation of the MMHg wet deposition
fluxes from the measurements bears additional uncertainty from pre-
cipitation depths (Fig. 2a and 3d).

3.5. Uncertainties

Our results are subject to significant uncertainties that arise from the
model parameters, proxy data, observational datasets, and inferring
processes. For example, uncertainties can be introduced by the photo-
degradation rates of DMHg and MMHg. Furthermore, observed MMHg

concentrations in precipitation as a constraint on emissions, proxy data
for the spatial distribution of emissions, and atmospheric Hg" and
seawater MMHg/DMHg concentrations from previous models also
contribute to the uncertainty in our emission estimates (Fig. 4). We
discuss these aspects of uncertainty separately and compare their
magnitudes.

The estimate of MMHg sources bears uncertainty due to potential
inconsistencies in MMHg concentration measurements in precipitation.
This means the estimate varies when different measurements are used as
constraints. We adopt a “leave one out” strategy to estimate the uncer-
tainty range of each source of MMHg: each data point is knocked out at a
time in repeated inferring processes. The resulting ranges of the
ensemble of MMHg from marine MMHg spray, Hg'l methylation, vola-
tilization and decomposition of DMHg from the ocean, landfills, and rice
paddies are 231-461, 318-682, 0-244, 23-50, and 0.3-11Mg/yr,

Constraint data
Photodegradation
Proxy data
Previous models
Emissions

Ul i
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— Hg'" methylation —
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Sea salt aerosol s Ocean MMHg -
surface MMHg |
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L Paddies DMHg -~

Fig. 4. A conceptual diagram of the model. The spatial patterns of emissions
are scaled by proxy data or taken from previous models. The magnitudes of
these emissions are constrained by the observed MMHg concentrations in pre-
cipitation. The uncertainties are from several factors: (i) the observed MMHg
concentrations as a constraint on emissions, (ii) photodegradation rates of
DMHg and MMHg, (iii) proxy data for emissions, and (iv) previous models as
the foundations of this study.
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respectively (Fig. 5a). The range of MMHg from total sources is consis-
tently between 887 and 1170 Mg/yr, demonstrating good agreement
across all observed data points.

Our estimate of MMHg emissions and production is closely associ-
ated with the decomposition rates of DMHg and MMHg. The former
determines the MMHg generation rate from DMHg, and eventually the
emissions from the ocean, landfill, and rice paddies, while the latter
directly influences the atmospheric lifetime of MMHg and can impact
our estimation of all sources. Based on the previously reported ranges of
photodegradation rates of DMHg (2 x 10™* to 0.42 d!) and MMHg
(0.19-19 d'l) in waters and atmospheric liquid environments (Bittrich
et al. 2011; Gardfeldt et al. 2001; Lehnherr et al. 2011; West et al. 2022;
West et al. 2020), the photodegradation rates of MMHg and DMHg are
perturbed by one order of magnitude, i.e., 0.13-1.3 and 0.51-5.1 d! for
DMHg and MMHg, respectively, which results in a range of 436-2217
Mg/yr for total sources (Fig. 5b). As expected, when the photo-
degradation rate is elevated, higher emissions are required to maintain
the observed MMHg concentrations in the atmosphere, especially the
large elevations in the decomposition of marine DMHg and Hg'!
methylation. Further higher photodegradation rate requires an unrea-
sonably high volatilization flux of marine DMHg. Similarly, the
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simulated concentrations are not well fitted to the observed ones if the
rate is too low.

Another source of uncertainty is the spatial proxy data we used for
MMHg emissions (e.g., the CH4 emission or sea salt spray flux). The
microbes involved in Hg" methylation and methanogenesis are not
identical and sometimes the condition associated with MeHg production
inhibits methanogenesis, resulting in differences in the spatial pattern of
their emissions (Du et al. 2021; Wu et al. 2020). Sea salt aerosols are
formed from the film and jet drops produced during the burst of bubbles
and carried by wind from the ocean, during which the marine MMHg is
possible to be carried to the atmosphere (Prather et al. 2013; Wang et al.
2017). However, the marine MMHg emissions scaled by sea salt spray
ignore the direct volatilization of marine MMHg as it is more volatile
when combined with halogens (e.g., CHsHgCl) (Mester and Sturgeon
2002). The CHy4 emissions are from the EDGAR and the sea salt spray is
affected by temperature and wind. To assess the uncertainties of these
proxy data, we use CH,4 emissions from IIASA (International Institute for
Applied Systems Analysis) and only consider the influence of wind speed
on sea salt spray. We find that different proxy data do not significantly
change the magnitude of emissions, with total emissions ranging from
1004 to 1107 Mg/yr (Fig. 5b).

(b) Other uncertainties
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Fig. 5. Uncertainties of inferred emissions and production of MMHg from various sources. (a) Uncertainties by “leave-one-out” strategy; (b) uncertainties from proxy
data for DMHg released from landfills and rice paddies, MMHg sea spray, and photodegradation rates; (c) total emissions and production of MMHg varying with
iteration times in “fminsearch” processes; (d) probability distribution of total emissions and production estimated by “fminsearch” processes. “Test” is the scenario
that used to analyze in the sections preceding the Uncertainties section.
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In all the above scenarios, we provide emission estimates that
minimize the deviation between the modeled and observed concentra-
tions, i.e., the cost function. There is a range of estimates that vary with
the number of iterations when using the “fminsearch” function to find
the minimum cost. As shown in Fig. 5c, the emissions fluctuate around
the final inferred value before reaching the minimum cost, and these
values are also reasonable ranges for emission estimates. Estimates in
different scenarios start from a similar value, with the medium estimate
reaching the final value more quickly than the high- or low-end esti-
mates and showing a narrower probability distribution (Fig. 5d).
Considering the 95 % confidence intervals of those estimates near the
minimum cost during the inferring process, the uncertainty range for the
above scenarios widens slightly from 436-2217 to 205-2474 Mg/yr.

Finally, previous models used as foundations of this study, e.g.,
MITgem-Hg and GEOS-Chem Hg model, bear some uncertainties.
MITgcm-Hg model captures the spatial pattern of the observed MeHg in
the surface ocean but slightly underestimates the concentrations (Zhang
et al., 2020a). The simulated HgH, as a substrate for methylation, is from
GEOS-Chem Hg model and is lower than the actual concentrations (Shah
et al. 2021). The sources for atmospheric MMHg are constrained by the
observed MMHg concentrations and the modeled MMHg concentrations
in precipitation are consistent with the observed ones (Fig. 2b), indi-
cating that the uncertainties of previous models do not largely propagate
to this study.

Overall, the total uncertainty range of the inferred sources is
205-2474 Mg/yr, with the largest uncertainty arising from the photo-
degradation rates of DMHg and MMHg. The MMHg fluxes from
decomposition of DMHg from landfills and rice paddies are also
extrapolated significantly in this study because the evasion fluxes of
DMHg from these areas are not reported in previous studies and their
spatial patterns are scaled by CH4 emissions. The other three sources are
also rarely reported but the output of previous models, e.g., the modeled
atmospheric HgII and seawater MMHg, can provide some constraints on
the spatial patterns of Hg"' methylation, MMHg and DMHg released from
the ocean although the previous models bear some uncertainties.

However, we find that Hg'! methylation and marine MMHg spray are
always the primary sources while emissions from landfills and rice
paddies are relatively small in all uncertainty scenarios (Fig. 5). Their
spatial patterns are also relatively robust, due to their association with
the underlying biogeochemical drivers. Indeed, our model is not a full-
functioning predicting tool yet for the atmospheric MMHg levels
because of the large uncertainty. It serves as a diagnostic tool to point
out potentially important sources and processes, e.g., marine sources,
Hg" methylation, and photodegradation rates of MeHg, which require
more direct observations and empirical evidence in future research.

3.6. Implications for human health

The global total MMHg deposition to the ocean is 182 Mg/yr,
compensating for 46 % of the loss of ocean MMHg due to marine MMHg
spray. The ocean has a net loss of 213 Mg of MMHg during the air-sea
exchange (i.e., sea spray emissions — atmospheric deposition) per
year, leading to a reduction in available MMHg for marine organisms.
Compared with the simulation of the baseline model without MMHg air-
sea exchange (Fig. S3), the simulated spatial pattern of MMHg concen-
trations in marine mature fish that are most relevant to marine fisheries
and human exposure remains largely unchanged, with high concentra-
tions in productive high-latitude regions and low in oligotrophic mid-
latitude oceans (Fig. 6a) (Wu and Zhang 2023). However, the MMHg
concentrations in fish are decreased by 4.0 % in the global ocean after
considering the net loss of MMHg to the atmosphere (Fig. 6b), sug-
gesting that the decrease of marine MMHg will be propagated to top
predators in the marine ecosystems. The decreases are even higher in the
high-latitude oceans where the modeled MMHg content in fish is rela-
tively higher. For example, the maximum decrease is up to 34 % in the
Southern Ocean and up to 69 % in the Arctic Ocean. This indicates a
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Fig. 6. Effects of atmospheric MMHg deposition on ocean and land. (a) The
spatial pattern of MMHg concentrations in marine mature fish with MMHg air-
sea exchange, (b) the relative changes in MMHg levels in mature fish by MMHg
air-sea exchange, and (c) total atmospheric MMHg deposition to land.

lower estimate of MMHg exposure from seafood consumption for the
local populations than the modeling assessment without MMHg air-sea
exchange.

Uncertainties in inferred emissions and model processes can propa-
gate to the simulation of MMHg contamination in marine fish by
affecting the marine MMHg spray and atmospheric MMHg deposition
fluxes. A robust finding in all uncertainty scenarios shown in Fig. 5A-B is
that the ocean is always a net source of atmospheric MMHg. The net loss
of marine MMHg in these scenarios results in a 1.8-4.8 % reduction in
the global average MMHg concentrations in marine mature fish
(Fig. S4). The 95 % confidence interval of the reduction is narrow
(3.7-4.1 %), due to the consistency in the observed data points discussed
above. In addition, the maximum reduction in the Southern Ocean
ranges between 19 % and 38 %, with a 95 % confidence interval of
32-34 %.

Previous studies also identify MMHg as an issue of concern in
terrestrial ecosystems because of its close association with human
exposure to rice and freshwater products (Driscoll et al. 2013; Liu et al.
2018; Liu et al. 2019; Xu et al. 2020). Our model indicates that the land
is a net sink for atmospheric MMHg (19 Mg/yr), especially those
populated coastal regions (Fig. 6¢). The largest contributor to the MMHg
deposition to land is marine MMHg spray (44 %), followed by Hg"
methylation (25 %), decomposition of DMHg from the landfills (20 %),
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oceans (6.4 %), and rice paddies (4.6 %) (Fig. S5). The MMHg deposited
to land increases the MMHg contaminations in rice paddies, rivers, and
lakes that are related to human exposure. Indeed, this additional
deposition is much higher than the global generation of MMHg in rice
plants (3.5 Mg/yr) by a factor of 5 and the MMHg deposited to soils will
be bioaccumulated by rice (Liu et al. 2019; Meng et al. 2011). Notice-
ably, the atmospheric MMHg deposition to East Asia with heavy rice
cultivation is higher than to most other places on land, indicating po-
tential higher health risks.

Our results reveal an atmospheric MMHg cycle that is largely over-
looked in previous studies. With large sources from the ocean, the fast
turnover of atmospheric MMHg provides a detoxification mechanism to
reduce human exposure to marine MMHg. On the other hand, the net
atmospheric transport of MMHg from the ocean to the land constitutes
an additional risk to terrestrial ecosystems. It is necessary to consider
that the atmospheric MMHg is severely understudied, and our conclu-
sions derived from limited observations undergo large uncertainties.
However, this study identifies the largest uncertainties and sheds light
on future research directions. For example, more observations on pho-
todegradation rates, which largely determine the fate of MMHg, or
marine emissions and Hg"! methylation, which are potentially important
sources, are needed. We thus call for more such studies as MMHg is the
most toxic Hg chemical form that is most relevant to human health. The
atmospheric MMHg cycle should be taken into full consideration for Hg
pollution control and risk mitigation as required by the United Nations
Minamata Convention.
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