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SCIENCE FOR SOCIETY Mercury is a toxic metal that mainly affects human health through seafood con-
sumption. TheMinamata Convention onMercury, an international agreement, aims to protect human health
by reducing mercury emissions. However, the mercury in our environment is not only from current anthro-
pogenic sources but also from re-emissions from land and ocean that have accumulated historical emis-
sions. To effectively reduce environmental mercury levels, it is crucial to have a complete understanding
of the global mercury budget.
In our study, we integrated the latest advances in atmospheric mercury redox chemistry, vegetation uptake,
seawater sources, and riverine discharges through use of a coupled air-land-seamodel. Our findings indicate
40% higher total mercury emission than previously estimated, mainly because of higher ocean re-emissions.
This highlights the need for more aggressive emission reduction efforts to achieve the goal set by the Mina-
mata Convention on Mercury.
SUMMARY
The effectiveness of reducing the environmental level of mercury (Hg) by controlling anthropogenic emis-
sions depends on the magnitude of re-emissions from the land and ocean, which requires a comprehensive
understanding of its global biogeochemical cycle. Recent advances in atmospheric Hg redox chemistry,
vegetation uptake, seawater Hg sources, and riverine discharges greatly challenge our understanding of
the global Hg cycle, but the overall effects remain understudied. Here, we develop a new coupled atmo-
sphere-land-ocean model and find potentially 40% higher total atmospheric Hg emissions than previously
recognized primarily because of higher re-emissions from the ocean. Our results suggest a likely smaller
sensitivity of environmental Hg levels to anthropogenic emission changes, stressing that potentially more
aggressive emission control is required to decrease Hg levels.
INTRODUCTION

Mercury (Hg) and its compounds are neurotoxic and cause signif-

icant health impacts on the global population.1 The Hg in the envi-

ronment is from anthropogenic (e.g., coal burning in power plants
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and gold mining) and natural (e.g., volcanic eruption and hydro-

thermal vents) sources.2 Hg from these sources can be deposited

into the land/ocean and partially re-emitted into the atmosphere;

these emissions are at least 2- to 3-fold larger than the

primary emissions.3 The Minamata Convention on Mercury, an
blished by Elsevier Inc.
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international legally binding treaty that aims to reduce the anthro-

pogenic emissions and health impacts caused by Hg, is in effect

since 2017 (https://www.mercuryconvention.org). However, the

effectiveness of the convention largely depends on themagnitude

of the re-emissions and requires a comprehensive understanding

of the global Hg cycle.

By synthesizing our understanding of Hg biogeochemistry and

measurements in different environmental compartments, previous

studies have developed several global budgets of Hg cycling.3–8

These budgets generally agree that the present-day total atmo-

spheric emissions are�9,000Mg year�1 with anthropogenic emis-

sions of �2,000 Mg year�1 and land and ocean re-emissions

contributing �2,000 and �5,000 Mg year�1, respectively. The at-

mospheric deposition is balanced to the total emissions, with land

and ocean receiving �3,000 and �6,000 Mg year�1, respectively,

making a net burial of anthropogenic emissions to land and ocean

�1,000 Mg year�1 each. Divalent Hg (HgII) is the dominant form of

deposition, contributing approximately two-thirdsof the total flux to

the land and ocean, with the remaining in the form of elemental Hg

(Hg0). Geogenic emissions and burial of Hg at the deep ocean floor

are generally much less (�300 Mg year�1).

Such a budget is challenged by recent advances in our under-

standing of the global Hgcycle: (1) updated atmosphericHg redox

chemistry that considers the photo-reduction of HgII species,9,10

(2) atmospheric Hg0 uptake by leaf stomata is found to be the

dominant source of Hg in terrestrial ecosystems such as tundra

and Amazon forests,11,12 (3) seawater Hg isotope data suggest

that the atmospheric deposition of Hg0 and HgII contributes

approximately equally to the ocean,13 and (4) a new spatial esti-

mate suggested that global riverine Hg export has been underes-

timated by many previous studies.14 The implications of these

findings for the global Hg cycle, especially their interactions, are

expected to be important but remain understudied.

In this study, we synthesize these new findings and develop an

updated global Hg budget. We use a coupled atmosphere-land-

ocean model system to incorporate these updates in multiple

environmental compartments (see Experimental procedures for

details). The model system consists of the GEOS-Chem (https://

www.geos-chem.org; version 12.9.0),10 global terrestrial mercury

model (GTMM),5 and MITgcm15 models for the atmosphere,

land, and ocean, respectively, coupled dynamically by the

NJUCPL coupler.16 The model results are evaluated against the

reference models (i.e., the original GEOS-Chem, GTMM, and

MITgcm model version without our modifications) and available

measurementdata.Ourfindings indicate that the land isamoresig-

nificant sink for atmosphericHg and that theoceanmay be a larger

source of re-emission than previously estimated by modeling

studies. Our model also reveals a 40% increase in total atmo-

spheric Hg emissions and a shorter atmospheric residence time.

This suggests that reducing environmental Hg levels, as required

by the Minamata Convention on Mercury, may require more strin-

gent emission control measures because the environment may be

less sensitive to changes in anthropogenic emissions in the future.

RESULTS AND DISCUSSION

Updated Hg budget
Figure 1 shows the updated budget for the global Hg cycle,

simulated by the coupled atmosphere-land-ocean model using
the reference year of 2012. The primary atmospheric emissions

are from anthropogenic sources (2,340 Mg year�1)17 and vol-

canoes (250 Mg year�1).10 The model agrees with observed

near-ground atmospheric Hg concentrations and wet deposition

fluxes, mainly in North America, western Europe, and East Asia

(Figures S1 and S2). The simulated HgII deposition to land

(including particulate bound HgII [Hg(P)], the same after therein)

is estimated as 1,870 Mg year�1 (dry: 960 Mg year�1; wet: 910

Mg year�1), consistent with previous modeling studies (e.g.,

1,600 Mg year�1).10 We simulate a twice-higher global Hg0 dry

deposition to land (gross flux of 2,220 Mg year�1; i.e., not count-

ing land re-emissions, same in hereafter except noted) than pre-

vious models (e.g., 1,200 Mg year�1),10 reflecting higher vegeta-

tion stomatal uptake as a result of higher biological reactivity of

Hg0 mainly over tropical/subtropical forests such as the Amazon

and Southeast Asia18 (Figure S3). This is consistent with most

recent field studies and syntheses,19,20 which estimate global

flux ranging from 2,110–3,810 Mg year�1. The spatial pattern

also agrees with data-derived soil Hg concentrations in the

topsoil.21

Direct measurement data of terrestrial Hg0 re-emissions

remain sparse. Agnan et al.22 developed an observational

data-derived estimate of global terrestrial Hg re-emissions.

They synthesized available chamber- and micrometeorolog-

ical-derived flux data measured at land-air interfaces and esti-

mated global total land Hg0 re-emissions from �513 to 1,353

Mg year�1 as a 25% confidential interval (Figure S3). Although

they reported their estimates as net fluxes (i.e., gross Hg0 re-

emission – gross Hg0 deposition), these fluxes are close to the

gross Hg0 re-emissions because most of the data available are

soil-air exchange fluxes under the canopy and do not consider

the foliar intake that is the major pathway for Hg0 deposition to

land.20,22 The GTMM adopted in this study is the first mecha-

nistic model for soil inorganic Hg storage and re-emissions

considering the vegetation uptake and soil organic carbon

pools,5 but it generally simulates too-high soil re-emissions

(2,900 Mg year�1), which is close to the total atmospheric depo-

sition flux to land (3,260 Mg year�1) used to drive the GTMM

model. This is much higher than the estimate by Agnan et al.22

and may not be consistent with the accumulation of a large

mass of Hg in the terrestrial environment.23 This overestimation

may be caused by (1) a high photoreduction rate of HgII deposi-

tion in the surface soil/leaf pool, (2) a low fraction of deposited

Hg0 associated with stomata, and (3) a high fraction of Hg0 re-

emission from soil organic pools.24 By adjusting these parame-

ters (Experimental procedures), the simulated Hg0 re-emissions

from the global land (including soils and vegetation) in this study

are reduced to 1,330Mg year�1 (Figure 1), which is slightly higher

than in previous studies (e.g., 1,100 Mg year�1)4,10 that derived

the land re-emissions by mass balance with global atmospheric

depositions. Our results are more consistent with recent findings

of greater retention of Hg in the terrestrial environment19,25 and

the estimate by Agnan et al.22

Observations of Hg0 and HgII deposition fluxes remain sparse

over the ocean, but the ratio diagnosed by isotopic signature is a

more reliable constraint. A recent study uses marine even-MIF

(mass-independent fractionation; D200Hg) composition mea-

surements and suggests a ratio of 1:1.13 The ratio is much higher

than those from previousmodeling studies that suggest a ratio of
One Earth 6, 316–325, March 17, 2023 317
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Figure 1. Updated global atmospheric Hg budget at present day (the reference year 2012)

Blue and brown arrows are for Hg0 and HgII, respectively. Masses of Hg in the troposphere have a unit of megagrams and all fluxes (in italics) have a unit of

megagrams per year. HgII-related fluxes andmasses also include Hg(P). The fluxes from/to land constitute the total of soil and vegetation. The HgII deposition flux

to the ocean is separated into two terms: dry/wet deposition and uptake by sea salt. All fluxes are gross ones, and the net fluxes can be calculated by differencing

two competing gross fluxes.
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1:2.010 or 1:2.7.26 We speculate that previous models may have

underestimated Hg0 dry deposition to the ocean (or air-sea ex-

change). The exchange velocity (k) depends on wind speed (u)

with different parameterizations derived from in situ measure-

ments of CO2, O2, or dimethyl sulfide (DMS), as summarized

by Zhang et al.16 and Osterwalder et al.27 These parameteriza-

tions use a linear, quadratic, or cubic form of wind speed,28–33

and a quadratic form has been widely used in past Hg modeling

studies analogous to CO2.
6,10,16,26 However, the different

parameterizations in the literature indicate additional driving fac-

tors, such as wave breaking and bubble formation, which are

dependent on the properties of different gases, and no single

wind speed parameterization exists for all gases.34 Indeed, the

first direct measurement of Hg0 air-sea exchange flux using

micrometeorological methods suggests a cubic form of wind

function, reflecting the stronger influence of wave and bubble

conditions on lower-solubility gases such as Hg0 (45 mg L�1 at

20�C versus 9.1mg L�1 for O2 and 1.7 g L�1 for CO2).
27 However,

direct application of this function (k = 0.18 u3) to the global ocean

may not be feasible because it only represents the shallow

coastal conditions of the Baltic Sea, the dynamic range of wind

speed is relatively narrow, and the variability of the measure-

ments is still high.27

We thus adopt the McGillis et al.31 scheme, which has been

tested in global models.16 This scheme also uses a cubic func-

tion of wind speed but with a smaller pre-cubic term coefficient

(k = 3.3 + 0.026 u3). The resulting global deposition of Hg0 and
318 One Earth 6, 316–325, March 17, 2023
HgII to the ocean is simulated as 3,270 Mg year�1 and 4,860

Mg year�1 (including a dry deposition flux of 910 Mg year�1 via

uptake by sea salt), respectively, with a Hg0:HgII ratio of 1:1.5

(Figure 1), more consistent with the marine isotope-derived

constraint. It also results in a gross ocean emission of 7,220

Mg year�1 and a net Hg0 evasion flux (i.e., gross emission – gross

deposition) of 3,950Mg year�1, which is higher than previous es-

timates (e.g., 3,360 Mg year�1 by Zhang et al.16 and 2,900 Mg

year�1 by Horowitz et al.26) but is still within the constraint of

available observations (Figures S4 and S5). The modeled in-

crease in net Hg0 evasion also enhances the atmospheric Hg

pool in the marine boundary layer, which thus increases the at-

mospheric deposition to the ocean. An alternative hypothesis

to get a higher Hg0:HgII ratio is a lower HgII deposition flux.13

However, observational evidence for this hypothesis is lacking

so far. We thus suggest that it has a lower possibility than a

higher Hg0 flux because of our better understanding of the HgII

deposition process than Hg0.35 Lower HgII deposition flux over

the ocean may also mean an equivalent lower flux over land,

which is generally not supported by land-based HgII wet deposi-

tion observations (Figure S1).

In our new model, the previous estimate of riverine Hg

discharge to the global ocean (5,400 Mg year�1)24 was

substituted for a five-times lower estimate (1,000 Mg year�1).14

The impact of riverine export on the global Hg cycle seems small

at a decadal timescale, probably associated with the refractory

nature of the riverine particulate HgII, with more than 80%



Figure 2. Cumulate primary atmospheric Hg

emission sources and their sinks

(A–D) 2005–2019 (A) and 2020–2035 (B–D) for three

future emission scenarios: (B) Current policy (CP),

(C) new policy (NP), and (D) maximum feasible

reduction (MFR). Emission sectors include geogenic

(geo), metal production (metal), artisanal and small-

scale gold mining (asgm), industry, fossil fuel com-

bustion (fuel), and waste incineration (waste). 1 Gg =

103 Mg.
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deposited in the coastal environment14,36 (Figure S6). However,

the impact of riverine discharge on the coastal environment

could be significant (Figures S6 and S7).37 Coastal oceans are

the most biologically productive parts of the entire ocean, and

a substantial fraction of fish and shellfish consumed by the world

population is from near-shore aquaculture and capture.38

Indeed, Hg accumulation flux one to two orders of magnitude

higher over coastal regions than the open ocean is simulated

by the model, consistent with observations (Figures S5 and

S8). Additionally, we noticed that these regions could be a net

source of Hg to the atmosphere as a result of the riverine

discharge; i.e., the net evasion of Hg0 surpasses the atmo-

spheric deposition of HgII39 (Figures S9–11).

The model suggests that 1,670 Mg year�1 of Hg from direct

anthropogenic emissions are sequestered in the global land and

910 Mg year�1 in the global ocean. This reflects a potential

regimen shift in our understanding of the fate of primary atmo-

spheric emissions: from mainly sequestered in the ocean to the

land. Selin et al.4 developed a preindustrial Hg budget with soil

and ocean sequestering 40 Mg year�1 and 460 Mg year�1 of the

geogenic emissions, respectively. Horowitz et al.26 simulated a

present-day sink of 780 Mg year�1 and 1,700 Mg year�1 by land

and ocean, respectively. The updated atmospheric Hg redox

chemistry simulates more HgII deposition to the land with a net

sink of 1,400 Mg year�1 and 1,100 Mg year�1 for land and ocean,

respectively.10 In this study, we find that the increased Hg0 dry

deposition to land and ocean Hg0 evasion further partition the

sink of primary Hg emissions to the land, consistent with Feinberg

et al.18 This implies that the regional anthropogenic emissions are

more retained by local soil and vegetation, which probably causes

a larger local impact but a smaller global impact than previously

thought.40,41 A recent study also found that an intact forest in

the Peruvian Amazon intercepts large amounts of Hg emissions
from nearby artisanal gold mining activ-

ities.42 A similar intercept effect can be ex-

pected for East Asia, Southeast Asia, and

Central Africa, where anthropogenic emis-

sions are high but covered by tropical/sub-

tropical forests (Figure S10). These updates

thus need to be considered for a more ac-

curate source-receptor relationship for

the emissions from these regions, which

is key for a successful effectiveness

evaluation of the Minamata Convention on

Mercury.

The simulated global total Hg emissions

to the atmosphere amount to 12,000 Mg
year�1, with primary emissions of 2,590 Mg year�1 (2,340 Mg

year�1 from anthropogenic sources and 250 Mg year�1 from

geogenic sources) and re-emissions of 2,000 Mg year�1 and

7,200 Mg year�1 from the land (including biomass burning) and

ocean, respectively (Figure 1). This is 40% higher than in previ-

ous studies (8,500–8,700Mg year�1)3,10,26 because of the poten-

tially higher re-emissions from the ocean in this study. The

modeled surface atmospheric Hg0 concentrations and HgII wet

deposition fluxes are still comparable with available observa-

tions (Figures S1 and S2), given a relatively large uncertainty

range. Our model simulates an atmospheric Hg mass of 4,500

Mg with 3,800 Mg in the troposphere, consistent with observa-

tionally constrained �4,000 Mg for tropospheric Hg mass.43

The photo-reduction of HgII-organic complexes is 60% lower

in our model, which results in stronger net oxidation to balance

the higher total atmospheric emissions. This also results in a

slightly shorter tropospheric Hg lifetime against deposition

(3.8 months) than in Shah et al.10 (5.5 months). However, there

is still a lack of direct measurements of the atmospheric Hg

redox rates and the model uncertainty for the abundance of

important Hg0 oxidants; e.g., Br/BrO is also as large as a factor

of two.26,44 Overall, our updated model is within the constraint of

available observations (Figures S1–S5) and shows similar levels

of agreement with observations compared with the reference

models (Table S1). We simulate a likely stronger Hg0 exchange

and shorter turnover timescale between the atmosphere and

land/ocean pools than previously recognized, reflecting our

recent advance in understanding Hg processes and fluxes.

Fate of anthropogenic emissions
We find the land potentially as the largest sink of primary atmo-

spheric emissions during 2005–2019 (Figure 2A), similar to the

budget of 2012, as discussed above (Figure 1). The primary
One Earth 6, 316–325, March 17, 2023 319



Figure 3. Projected primary versus re-emis-

sions of Hg to the atmosphere during 2020–

2035

(A) The CP scenario.

(B and C) The NP (B) and MFR (C) scenarios.

The orange lines are the fractions of primary

anthropogenic over total atmospheric emissions.
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anthropogenic emissions to the atmosphere increased from

1,964 Mg year�1 in 2000 to 2,390 Mg year�1 in 2015, with an

average growth rate of 1.78% year�1 during 2010–2015.17 The

total cumulated primary emissions amount to 38,200 Mg during

2005–2019 and drove a slightly increased atmospheric Hg mass

by 500 Mg during the 15 years, as suggested by our model (Fig-

ure 2A). The remaining 37,700 Mg emissions are predicted to be

buried in land (25,900 Mg or 1,730 Mg year�1, 68%) and ocean

(12,300 Mg or 820 Mg year�1, 32%).

The future anthropogenic emissions during 2020–2035 are

also predicted to bemainly sequestered by the land environment

(Figures 2B–2D). We consider three emission scenarios for 2035

following Pacyna et al.:45 (1) current policy (CP), in which the

emissions are almost steady as the Hg emission increase driven

by a growing population/economy is offset by implementation of

control measures and practices that are decided at present; (2)

new policy (NP), in which the Hg emissions are substantially

reduced as a co-benefit of reducing greenhouse gas emissions;

and (3) maximum feasible reduction (MFR), in which all countries

reach the highest feasible/available reduction efficiency in each

emission sector. The CP, NP, and MFR scenarios project a

global total anthropogenic emission of 1,960, 1,020, and 300

Mg year�1, respectively, in 2035, and linearly routing the current

emissions to this year results in cumulated anthropogenic emis-

sions of 36,200, 28,100, and 21,900Mg, respectively. Our model

simulates a slightly increased (+200 Mg) atmospheric Hg mass

for the CP scenario, while the NP and MFR scenarios result in

a decrease of 1,000 Mg and 1,400 Mg, respectively. The frac-
320 One Earth 6, 316–325, March 17, 2023
tions of the primary emissions (including

anthropogenic and geogenic emissions)

buried in the land during 2020–2035 are

predicted to be close to 68% for all three

scenarios (Figures 2B–2D), close to the

value for 2005–2019 (Figure 2A).

Lower environmental sensitivities
The re-emissions of Hg from land and

ocean may buffer the effect on environ-

mental Hg levels by controlling the primary

emissions in the future because the re-

emissions are modeled to change much

slower than the primary sources (Figure 3).

The CP scenario simulates an increase of

total atmospheric Hg emissions from

12,000 Mg year�1 in 2020 to 13,000 Mg

year�1 in 2035, with the land and ocean

re-emissions increasing from 2,300 to

7,300 Mg year�1 to 2,900 and 7,900 Mg

year�1, respectively. The fraction of pri-

mary anthropogenic emissions is pre-
dicted to keep steady (19%–21%) during this period. While the

NP and MFR scenarios project primary anthropogenic emission

decreases by 58%and 86%during 2020–2035, respectively, the

re-emissions may only decrease by 17% and 25%, resulting in

25% and 37% decreases in total atmospheric emissions. The

fractions of primary anthropogenic emissions over the total are

predicted to be only 11% and 4.1% in 2035 for the NP and

MFR scenarios, respectively (Figure 3).

The projected changes in atmospheric deposition reflect

that of total atmospheric emissions at a decadal timescale

given the proposed 3.8 months of lifetime for atmospheric

Hg against deposition (Figures 4A and 4B). Compared with

the level in 2020, the projected decrease in surface seawater

methylmercury (MeHg) concentrations, which are more rele-

vant to human exposure, is 9.5% and 17% for NP and MFR

in 2035 (Figure 4C), respectively, smaller than the changes

in atmospheric deposition (19% and 31%, respectively). It is

largely caused by upwelling of subsurface waters enriched

with inorganic Hg and MeHg.7,15,24 The likely higher fraction

of Hg0 in the total atmospheric deposition to the ocean

(40% versus 30% as previously estimated) also reduces the

methylation efficiency because only HgII is ready to be meth-

ylated.15 Overall, our study suggests that the marginal effect

of abating anthropogenic Hg emissions diminishes with

more thorough control, further dampening along the chain of

processes from anthropogenic emissions to seawater MeHg

concentrations and potential human exposure. Variability

caused by climate and other environmental factors would be



Figure 4. Modeled trends of environmental

Hg levels during 2005–2035

(A) Primary anthropogenic emission to the atmo-

sphere.

(B and C) Total atmospheric Hg deposition,

including Hg0, HgII, and Hg(P).

(C) Global average surface seawater (0–100 m)

MeHg concentrations.

Three scenarios are considered during 2020–2035:

CP, NP, and MFR, following Pacyna et al.45 The

bolded lines are yearly running means with the

thinner lines as monthly values.
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more pronounced and may offset the effects of anthropogenic

emission reduction.46

Our updated global Hg budget proposes 40% higher total at-

mospheric emissions than previously estimated, which suggests

a lower sensitivity of atmospheric levels to anthropogenic emis-

sions. The legacy emissions sequestered in the terrestrial and

marine environment may play a more important role than previ-

ously recognized. Although it is hard to directly compare with

previous studies because of different model setups, we indeed

predict smaller changes in atmospheric deposition responding

to emission reductions. Taking two studies using the same future

emission inventories as we do as an example, compared with a

19% and 31% decrease in 2035 for NP and MFR scenarios,

respectively, in our study, Pacyna et al.45 project a 20%–30%

decrease for the NP scenario and 35%–50% in the northern

hemisphere and 30–35% in the southern hemisphere for the

MFR scenario; Angot et al.47 also project a 24% decrease for

the NP scenario compared with the CP one.

Uncertainties and implications
Our model results are subject to significant uncertainties from a

few sources. One is from the GEOS-Chemmodel representation

of atmospheric chemistry and physical processes, such as

anthropogenic emissions, atmospheric transport, and redox

chemistry, which can be represented by the normalized root-

mean-square error between the modeled and observed
ground-level total atmospheric Hg levels (30%). Our ability to

develop a global atmospheric Hg budget is also limited by exist-

ing scientific knowledge and observations. Compared with a

reference model developed by Shah et al.,10 even though both

models generally agree with existing data of Hg content in the

atmosphere, ocean, and soils, we notice a multiplicity of solu-

tions for the exchange fluxes between the atmosphere and the

land/ocean. The variabilities among our model and previous

modeling studies could represent the overall model uncertainties

for the global Hg budget. For example, the ocean re-emissions

and vegetation uptake of Hg0 vary by approximately 30% and

50%, respectively. Further reducing the uncertainty requires

more observations of these exchange fluxes. Large-scale Hg

isotopic signatures also provide useful constraints for the relative

magnitudes of many such fluxes.13 The global Hg budget thus

evolves with scientific advances and new data. Furthermore,

the model simulates an increasing atmospheric abundance dur-

ing 2005–2020 (Figure 4B), driven by increasing anthropogenic

emissions (Figure 4A). This contradicts the decreasing atmo-

spheric Hg levels observed in the northern hemisphere.48

Reconciling such an apparent paradox indeed merits further

studies, especially to disentangle the potential contributions

from changing re-emissions from the land and ocean.

Our findings imply that potentially amore aggressive decrease

in primary anthropogenic emissions is required to achieve the

goal of reducing environmental Hg levels. The recently proposed
One Earth 6, 316–325, March 17, 2023 321
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more ambitious carbon emission reduction plans by major

carbon emission countries (e.g., net-zero targets by China,

the United States, the European Union, and India) are on

the right track (https://www.un.org/en/climatechange/net-zero-

coalition), which will have a substantial co-benefit for Hg emis-

sion reductions.45,48 Nevertheless, artisanal and small-scale

gold production, the largest source of global atmospheric Hg

emissions, is projected to have a relatively small reduction rate

in the future even under the MFR scenario.45 More stringent con-

trol and potentially more international intervention are indeed

required for this source.49

Global environmental change strongly influences the ex-

change of atmospheric Hg with the land and ocean, which are

both important sinks for anthropogenic Hg emissions. The

climate-vegetation-human nexus can substantially alter the

land Hg sinks regionally and globally (e.g., changed temperature

and precipitation, decreased tropical forest area, and CO2 fertil-

ization), potentially increasing fire frequencies, and increased

afforestation in the northern mid-latitudes.21 Similarly, the in-

crease in seawater temperature and acidity, weaker wind,

enhanced light penetration, coastal eutrophication, and

decreased productivity largely impact the ability of the ocean

to absorb anthropogenic Hg emissions.50 Although our model

is not yet able to consider these factors, they need to be consid-

ered when evaluating the fate of future anthropogenic emissions,

especially over a longer term, when climate change impact is

more pronounced.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Yanxu Zhang (zhangyx@

nju.edu.cn).

Materials availability

This study did not generate new unique materials.

Data and code availability

The GEOS-Chem code and GTMM model code are available at https://www.

geos-chem.seas.harvard.edu. TheMITgcmmodel code is available on GitHub

(https://github.com/MITgcm/MITgcm.git). Other code and datasets have been

deposited at Mendeley Data (https://doi.org/10.17632/gbnnv93f7v.1). Any

additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

General model description

TheGEOS-ChemHgmodel simulates the atmospheric redox chemistry, trans-

port, and deposition of Hg species at a horizontal resolution of 4� latitude by 5�

longitude and 47 vertical layers. The time step of the model is 10 min. The

model is driven by MERRA2 re-analysis meteorological data. The Hg redox

chemistry includes the initial oxidation of Hg0 by Br andOH, subsequent oxida-

tion of monovalent Hg (HgI) by ozone and radicals, and HgII photolysis in the

gas and aqueous phases.10 The model also simulates Hg(P) by inorganic

and organic aerosols as well as its dynamic partition with gaseous HgII.10

The model uses the anthropogenic Hg emission inventory developed by

Streets et al.,17 which is for 2005–2015 and has a global total Hg emission of

2,300 Mg year�1 with 1,400 Mg year�1 as Hg0 and 900 Mg year�1 as HgII

(including Hg(P)) in 2012. The growth rates during 2010–2015 are extended

to 2016–2019 to estimate the emissions during these years.

The GTMM includes a mechanistic simulation of soil and terrestrial

ecosystem inorganic Hg storage and emissions following the CASA terrestrial

biogeochemical cycle model. The model has a horizontal resolution of 1� 3 1�

with a monthly time step. It is run as a module of the GEOS-Chem model by
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taking atmospheric deposition as input. The deposited Hg is distributed

among leaf, litter, and different soil carbon pools, and the re-emission of Hg

from these pools is returned to the GEOS-Chem model.5

The MITgcm Hg model simulates the global ocean circulation on a lat-lon-

cap grid that has a nominal horizontal resolution of approximately 1� 3 1�

with 50 vertical layers and higher resolution at the equator (�0.5� latitude)

and the Arctic (�30 km) based on the ECCO v4 framework.51 The Hg simula-

tion includes Hg redox chemistry in the seawater, the partitioning onto partic-

ulate organic carbon (POC), the subsequent sinking to the ocean floor,15 and

the riverine Hg discharge to the ocean.14 The model time step is an hour. The

air-sea exchange of Hg (including atmospheric HgII deposition to the ocean

and bidirectional exchange of Hg0) is handled by the NJUCPL.16

GEOS-chem update

The dry deposition velocity of Hg0 over land is calculated by a resistance in se-

ries approach.52 We include the dry deposition velocity of Hg0 by increasing its

biological reactivity (f0) following Feinberg et al.;18 the f0 of Hg0 is increased

from 1 3 10�5 to 3 3 10�5 globally following Hg vegetation uptake measure-

ments,19,53–56 and the f0 value is increased to 0.2 over the rainforest to be

consistent with micrometeorological flux tower data over the Amazon.12 We

further increase the f0 value to 9 3 10�5 over tundra ecosystems to match a

ratio of Hg0:HgII deposition flux of 7:3 over this region.11

The loss of HgII to sea-salt aerosols in the marine boundary layer (MBL) is

modeled as a first-order kinetic process limited by the mass transfer of HgII

species to particles.57 The loss rate is parameterized as a function of wind

speed and humidity to match the observed gaseous HgII concentrations,

which were measured with a KCl-coated denuder method. Later studies sug-

gest that such a method may be significantly biased low because of the low

HgII collection efficacy by the KCl denuder.58 This is especially true over

high-humidity conditions in the MBL. He and Mason59 found, on average, an

80% lower bias for the KCl denuder method compared with cation exchange

membrane methods over the tropical and north Pacific oceans. We therefore

decrease the loss rate of HgII to sea-salt aerosol by 80% to compensate for the

actually much higher gaseous HgII concentrations than used by Holmes et al.57

GTMM update

In the GTMM, approximately one-quarter of the Hg0 and HgII dry deposition is

partitioned to the interior leaf pools, with the remaining to the surface leaf/soil

pool. In this study, we assume that all of the Hg0 dry deposition is incorporated

into the interior leaf pool, reflecting the high stomatal uptake of Hg0 found by

recent studies.11,19 We assume that all of the HgII dry deposition is incorpo-

rated into the surface leaf/soil pool because there is no direct evidence to sup-

port the stomatal uptake of HgII.20 The photoreduction of dry and wet depos-

ited HgII in the surface soil/leaf pool is also decreased by a factor of 10

following Amos et al.24 We also reduce the re-emission of Hg0 from its associ-

ated soil organic carbon pool after decomposition by 50%, reflecting greater

retention of Hg by the terrestrial environment.19,25

The Hg0 emissions from biomass burning are considered in the GEOS-

Chem model based on the Global Fire Emission Database (GFED v.4), and

the monthly Hg0 emission flux is calculated based on the carbon emissions

and aHg:CO ratio.43 In this study, we double this ratio to reflect higher biomass

burning Hg emissions suggested by recent studies such as Friedli et al.,60 Ku-

mar et al.,61 and Shi et al.62 The emitted Hg0 from biomass burning is also sub-

tracted from vegetation and land pools in the GTMM to achieve a mass bal-

ance. The subtraction starts from the surface leaf and soil pool but is

extended to the fast, intermediate, slow, and armored organic soil pools, in

that order, when the preceding Hg pool is exhausted.

MITgcm update

The sinking of seawater HgII that is bound to POC is the dominant pathway

(also known as the biological pump) for anthropogenic Hg entering the deep

ocean.8 The modeled sinking flux of POC decreases exponentially with depth

because of the continuous remineralization process by microbes on these

sinking particles.63 We find a significant underestimation of the Hg accumula-

tion flux over the deep ocean, as suggested by Sanei et al.64 and Liu et al.37

This reflects the existence of a fast sinking and/or refractive sinking POC

pool. In this study, we consider this pool following Kawai et al.65 The magni-

tude of this fast or refractory sinking POC flux is assumed to be �5% of the

https://www.un.org/en/climatechange/net-zero-coalition
https://www.un.org/en/climatechange/net-zero-coalition
mailto:zhangyx@nju.edu.cn
mailto:zhangyx@nju.edu.cn
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https://github.com/MITgcm/MITgcm.git
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total flux out of the euphotic layer and kept unchanged through the water

column.

The air-sea exchange of Hg0 is influenced by the concentration gradient

across the interface and the piston velocity, which is modeled as a non-linear

function of wind speed.28 Different modeling schemes have been developed

for the piston velocity calculation.28–31,66 The influence of different schemes

has been investigated by Zhang et al.;16 however, it is not discernable by cur-

rent observations of surface ocean Hg0 concentrations and exchange fluxes.

In this study, we use theMcGillis et al.31 scheme, which assumes a cubic func-

tion of wind speed and simulates the highest piston velocity among these

schemes.
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