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H I G H L I G H T S

• Arctic mercury concentrations respond to
changes in emissions and environmental
change.

• Modeling shows rapidmercury deposition
decline with aggressive reduction mea-
sures.

• Delaying action will limit the impact of
mercury emission reduction measures.

• Until 2050, mercury emissions influence
ocean mercury concentrations more than
environmental change scenarios.

• There is a need for prompt and ambitious
action to reduce mercury concentrations
in the Arctic.

G R A P H I C A L A B S T R A C T

A B S T R A C TA R T I C L E I N F O

Editor: Zhouqing Xie Arctic mercury (Hg) concentrations respond to changes in anthropogenic Hg emissions and environmental change.
This manuscript, prepared for the 2021 Arctic Monitoring and Assessment Programme Mercury Assessment, explores
the response of Arctic Ocean Hg concentrations to changing primary Hg emissions and to changing sea-ice cover, river
inputs, and net primary production. To do this, we conduct a model analysis using a 2015 Hg inventory and future an-
thropogenic Hg emission scenarios. We model future atmospheric Hg deposition to the surface ocean as a flux to the
surface water or sea ice using three scenarios: No Action, New Policy (NP), and Maximum Feasible Reduction
(MFR). We then force a five-compartment box model of Hg cycling in the Arctic Ocean with these scenarios and
literature-derived climate variables to simulate environmental change. No Action results in a 51% higher Hg deposi-
tion rate by 2050 while increasing Hg concentrations in the surface water by 22% and <9% at depth. Both “action”
scenarios (NP and MFR), implemented in 2020 or 2035, result in lower Hg deposition ranging from 7% (NP delayed
to 2035) to 30% (MFR implemented in 2020) by 2050. Under this last scenario, ocean Hg concentrations decline by
14% in the surface and 4% at depth. We find that the sea-ice cover decline exerts the strongest Hg reducing forcing
on the Arctic Oceanwhile increasing river discharge increases Hg concentrations. Whenmodified together the climate
scenarios result in a ≤5% Hg decline by 2050 in the Arctic Ocean. Thus, we show that the magnitude of emissions-
induced future changes in the Arctic Ocean is likely to be substantial compared to climate-induced effects. Further-
more, this study underscores the need for prompt and ambitious action for changing Hg concentrations in the Arctic,
since delaying less ambitious reductionmeasures–like NP–until 2035may become offset byHg accumulated from pre-
2035 emissions.
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1. Introduction

In this paper, we explore the potential changes in mercury (Hg) concen-
trations in the Arctic atmosphere and ocean under future Hg emissions and
simplified climate scenarios. The work was prepared for the 2021 Arctic
Monitoring and Assessment Programme Mercury Assessment (AMAP,
2021).

Future changes in Hg concentration in the Arctic atmosphere and ocean
will result from multiple, interacting societal and environmental phenom-
ena. The amount of Hg which will be present in the Arctic in the future de-
pends not only on howHg emissions and releases change with time but also
on emissions of other pollutants, which affect atmospheric chemical inter-
actions, and on the change in global and regional climate. Emissions of pol-
lutants (including Hg) as well as greenhouse gases are shaped by global and
regional trajectories involving economic activities, energy use, regulatory
constraints, and the availability and application of technologies. Assessing
likely changes in Hg concentrations thus requires examining potential
changes in these underlying drivers, the resulting emissions, and the envi-
ronmental and climate interactions that affect Hg transport and fate in
the Arctic ecosystem.

Changes in Hg concentration in the Arctic atmosphere and ocean will
take place on different time scales. Short-term timescales (i.e., over the
next few years) are relevant for near-term decision-making, including the
first effectiveness evaluation of the Minamata Convention, which will be
carried out by 2023; atmospheric models can simulate the influence of
changing emissions in the present and near future. In the medium term
(i.e., over the next several years to a few decades), enhancements in legacy
emissions from current as well as future emissions will play a substantial
role (Amos et al., 2013). The degree of climate change occurring in the me-
dium term (i.e., over the next few decades until 2050) has largely been de-
termined by existing greenhouse gas trajectories. In the longer term
(i.e., beyond 2050), trajectories of future greenhouse gas emissions will
play a substantial role in determining Arctic climate, and combined with
continued anthropogenic Hg emissions, will further influence Hg concen-
trations.

The relative importance of primary emissions, legacy emissions, and cli-
mate changes to Hg concentrations differs depending on these timescales;
previous efforts have not consistently accounted for these different pro-
cesses. For the atmosphere, in the short term (i.e., over an individual
year), concentration changes and Hg deposition will follow changes in
emissions in different regions and their relative contributions and can be
calculated based on source-receptor information. Many previous modeling
efforts to quantify the impacts of changes in deposition to global regions
(e.g., Corbitt et al., 2011; Chen et al., 2014; Travnikov et al., 2017) have
simulated these dynamics. For the ocean, the timescales of ocean circula-
tion may result in a lag relative to changes in the atmosphere, but many
of these changes will overlap. In the medium term (i.e., years to decades),
enhancements in current and future emissions can be accounted for using
dynamical biogeochemical cycle models and coupled ocean-atmosphere
models (Angot et al., 2018; Selin, 2018). For timescales of decades and lon-
ger, ecosystem changes due to climate change will influence the global Hg
cycle (Obrist et al., 2018), and these influences will also affect the Arctic;
assessing them requires quantifying future climate change trajectories and
applying process-based models that account for ecosystem changes.

Mercury concentrations in the Arctic Ocean are the result of past and
current emissions and processes such as atmospheric deposition, riverine
inputs, biotic and abiotic transformations, and settling to the deep ocean en-
abled by the biological pump. When evaluating future trends in ocean Hg
concentrations, it is important to not only consider trends in industrial ac-
tivities and national and global policies that influence Hg emissions, and
by extension depositions on the surface ocean, but also consider how con-
comitant climatic and environmental shifts may exacerbate or dampen sea-
water Hg concentrations. Biogeochemical models can be used to consider
these simultaneous changes and provide integrated estimates of future
trends. The ultimate forward-looking model of Hg cycling will be able to
combine emission scenarios, climate change simulations and speciated Hg

modeling to produce future trends. But because of a limited understanding
of how Hg inputs from sources other than the atmosphere will change
(e.g., rivers, erosion) this model does not yet exist. However, currently
available models can: (1) generate projections based on future anthropo-
genic deposition scenarios, assuming that other fluxes and processes are
constant; and (2) consider the effects of some large-scale climate-related
changes (e.g., increased freshwater discharge, permafrost thaw, melting
of ice caps or reduction of sea ice extent) on Hg fluxes. These models can
also be used to compare the relative impact of policy decisions.

Here, we explore potential changes in Hg concentrations in the Arctic
atmosphere and ocean under future Hg emissions scenarios, by examining
possible trajectories over the next few decades (i.e., until 2050). In doing
so, we also survey the state of the science on differentiating the impact of
direct emissions and accounting for their further biogeochemical cycling
in the context of other drivers, such as climate change. A key contribution
of this study is to better quantify the importance for Arctic Hg concentra-
tions of primary Hg emissions relative to other changes, including climate
and legacy emissions changes. This study applies a systems approach, eval-
uating trajectories of Hg concentrations in the context of assumptions about
anthropogenic Hg emissions pathways, many of which contribute to uncer-
tainty and variability in future projections and some of which can be deter-
mined by future decisions. In the following sections, existing anthropogenic
Hg emissions scenarios are compared, with particular attention to the as-
sumptions they make about underlying socio-economic trajectories and
emissions control policies, including for greenhouse gases. Next, a range
of changes in future Hg concentrations in the Arctic atmosphere are
projected using one set of future Hg emissions scenarios, accounting for
the direct anthropogenic emissions and legacy impacts that may affect the
Arctic in the short and medium term until 2050; quantitative results are
compared with previous literature that evaluated the impact of climatic
changes on Hg emissions and concentrations in the longer term. Atmo-
spheric deposition from these short- and medium-term scenarios is then
used to drive an ocean model. We conclude by discussing the potential
for different emissions trajectories to affect Arctic concentrations in the
short, medium, and long term; we also make recommendations regarding
the model development and research needed to improve the simulation of
future Hg scenarios.

2. What are the future anthropogenic emissions scenarios when
comparing existing literature estimates?

Several efforts have been made to project global and regional anthropo-
genic Hg emissions into the future (Table S1); these differ not only on the
potential trajectories of future Hg but also on their underlying assumptions,
base years, and temporal and spatial extent. The processes that affect the
emission of Hg globally also contribute to the emission of other pollutants
(e.g. sulfur dioxide (SO2), nitrogen oxides (NOx), black carbon), including
greenhouse gases. Anthropogenic emission scenarios for Hg thus require as-
sumptions of underlying socio-economic activities, and some build upon
scenarios that have been developed and used to understand greenhouse
gas emissions and global climate change.

Scenarios have been developed to facilitate analysis of the pollution im-
plications of different global socio-economic trajectories (Hayhoe et al.,
2017). Most of the anthropogenic emission scenarios that exist for Hg rely
on the underlying socio-economic assumptions from the Intergovernmental
Panel on Climate Change (IPCC)'s Special Report on Emissions Scenarios
(SRES; IPCC, 2000). The SRES scenarios are emissions-based and capture
“storylines” (A1, A2, B1, B2) which provide illustrative trajectories of
socio-economic and technological change (four sets of scenarios called
“families”). The scenarios in the group denoted A1 (A1B; balanced and
A1FI; fossil-fuel intensive) represent a future characterized by rapid eco-
nomic growth and a convergence across regions but differ in their specifica-
tions of technological change (i.e., the A1FI scenario is more fossil-fuel
intensive than A1B); not explicitly discussed here are the scenarios A1T
(which assumes the use of predominantly non-fossil energy sources) and
A2 (which assumes more fragmented economic growth and technological
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development than other storylines). In the scenarios in the group denoted
B, the B1 scenario includes reductions in material intensity under a global-
ized service-oriented economy, while the B2 scenario emphasizes local sus-
tainability solutions. Importantly, none of the SRES scenarios includes any
sort of policies or measures to limit climate change. More recent analysis of
socio-economic trajectories and climate change policies have built upon the
Representative Concentration Pathways (RCP) outlined in the IPCC Fifth
Assessment Report (AR5; IPCC, 2014); these are radiative forcing scenarios
and reflect climate policies that incorporate lower warming targets.
Associated Shared Socio-economic Pathways (SSP) were developed and
constrained to create scenarios that can be used in impact, adaptation,
and vulnerability analysis (Riahi et al., 2017). However, widely applied
Hg emissions scenarios have not been built upon these more recent
global-scale scenarios. Thismeans thatmost future projections of anthropo-
genicHg emissions are not strictly comparable to thosewhich address other
pollutants, orwith associated projections of climate change. This challenges
the interpretation of and comparison between the magnitudes of the con-
centrations change of other pollutants projected as a result of future climate
scenarios, which have been assessed in a few studies, and those in studies
which project Hg concentrations. This is discussed further below.

With respect to Hg in particular, comparisons between future emissions
scenarios aremade more difficult because existing scenarios build from dif-
ferent base year inventories, make different assumptions regarding under-
lying activities, and specify different rates of application and varying
efficiencies of air pollution and Hg-specific control technologies. These as-
sumptions affect the total amount of Hg emitted as well as its speciation.
When it comes to global emissions scenarios, there are large differences
in projections, which are driven not only by differences in the scenarios
but also by base case assumptions. Existing future Hg emissions scenarios
from previous literature are summarized in Table S1; the projections of
global anthropogenic Hg emissions from the different scenarios are
shown in Fig. 1.

Streets et al. (2009) used a base year of 2006 (2480 Mg) and projected
Hg emissions to 2050 under four different SRES scenarios (A1B, A2, B1 and
B2). Beginningwith 2006, global emissions increase under the A1B, A2 and
B2 scenarios (by 96%, 57% and 6%, respectively) and decrease slightly
under the B1 scenario (by 4%). They found that in developing countries,
coal combustion is the largest cause of emission increases; they also calcu-
lated that the application of an activated carbon injection (ACI) system on

all coal-fired power plants could lower the range of emissions over the dif-
ferent scenarios from 2386–4856 Mg to 1670–3840 Mg. Lei et al. (2014)
also projected Hg emissions using IPCC SRES scenarios (A1B, B1 and
A1F1); global emissions in 2050 range from 2390 to 5990 Mg, a 9% to
173% increase over a base year of 2000 (2190 Mg; from Pacyna et al.,
2006). Rafaj et al. (2013) projected emissions for Hg beginning from a
2010 base year using the International Institute for Applied Systems Analy-
sis (IIASA) Greenhouse Gas and Air Pollution Interactions and Synergies
(GAINS)model under scenarios of energy consumptionwith no greenhouse
gas mitigation efforts and with climate policies which aim to limit the
global temperature rise to within 2 °C of pre-industrial levels. For these un-
derlying activity scenarios, they examined two different sets of air pollution
and Hg control measures: (1) current legislation to control air pollution by
2030 and no further effort between 2030 and 2050; and (2) a Maximum
Feasible Reduction (MFR) scenario assuming the full adoption of the best
available technologies. Under the base case scenario (BAS), emissions in-
crease from 1554 Mg in 2010 to 2661 Mg in 2050; Hg emissions are re-
duced to ~850 Mg under the scenario consistent with a below 2 °C
temperature goal (CLIM) and to~620Mg if air pollution legislation and cli-
mate policies are adopted in parallel (CLIM-MFR scenario). Pacyna et al.
(2016) projected future activities and emissions reduction scenarios to
2035, under current policies (CP), new policies (NP) and MFR scenarios.
They adopted underlying activity rates from the World Energy Outlook
and based their estimates on economic projections and other trends.
Under the CP scenario, emissions increase from 1885 Mg in 2010 to
1960 Mg in 2035; Hg emissions are reduced to 1020 Mg and 300 Mg
under the NP and MFR scenario, respectively.

Regional studies have provided additional scenarios for key source re-
gions of importance to deposition in the Arctic and have shown that
socio-economic assumptions embedded within emissions scenarios, as
well as climate and energy policies, have a large impact on the overall tra-
jectory of Hg emissions, compared with the impact of differences in appli-
cation of control technologies. Giang et al. (2015) designed scenarios for
the power sector in India and China based on activity use in the A1B and
B1 scenarios and with a no additional control (NAC) and two different
end-of-pipe (EOP) control technology scenarios consistent with Minamata
Convention requirements. They found that the underlying assumptions
about energy use (especially coal use) had a larger effect on emissions
from the sector in question than the application of control technology.

Fig. 1.Global anthropogenic emissions projections under different scenarios. Scenarios that started before 2015 are linearly interpolated and extrapolated to 2050 (assuming
constant annual growth or decrease). Emissions for 2000–2008 are from Streets et al. (2009) while emissions for 2009–2015 correspond to an A1B scenario. Current Policy
(CP), New Policy (NP) and Maximum Feasible Reduction (MFR) scenarios are from Pacyna et al. (2016). A1B, A2, B1 and B2 scenarios are from Streets et al. (2009). BAS,
CLIM and CLIM-MFR are from Rafaj et al. (2013). A1F1 scenario is from Lei et al. (2014). The framed scenarios are used in the modeling below.
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Rafaj et al. (2014) compared a baseline scenario for Europe with a scenario
including the highest possible electricity generation from renewables by
2050. They found that co-control technologies used to abate air pollutants
reduce Hg emissions by 35% to 45% and that the largest fraction of
emissions cuts under the MFR scenario are attributed to the deployment
of renewables in the power sector. Mulvaney et al. (2020) examined inter-
actions between the Paris Agreement and Minamata Convention require-
ments under seven different scenarios that combined climate policies and
end-of-pipe control policies to the year 2030. They found that climate pol-
icies consistent with the Paris Agreement in China can serve to mitigate Hg
levels when implemented together with theMinamata Convention, with an
additional 5% reduction under more ambitious climate goals simulated.

3. What are the predicted changes in mercury concentrations in the
atmosphere?

For this study, we conduct a model analysis using the present-day
(2015; BASE simulation) AMAP/UNEP 2015 inventory developed for the
latest Global Mercury Assessment (AMAP/UNEP, 2019) and future anthro-
pogenic Hg emission scenarios from Pacyna et al. (2016) to simulate a
range of potential changes in Arctic atmospheric Hg concentrations
(Fig. 1; framed scenarios are used here, and Table S1). These scenarios
are used to force the ocean model in Section 4 of this manuscript. The NP
scenario assumes that policy commitments and plans to reduce greenhouse
gas emissions are fully implemented. In this scenario, the use of Hg in
products is reduced by 70%. This scenario assumes global emissions of
~1020 Mg/y. The MFR scenario assumes that all countries reach the
highest feasible/available reduction efficiency in each emission sector
(global emissions of ~300 Mg/y). It should be noted that the NP and
MFR scenarios both assume a significant decrease of Chinese emissions,
the main contributor to Hg deposition in the Arctic (AMAP, 2021; AMAP/
UN Environment, 2019).

According to the source apportionment analysis performed by Dastoor
et al. (this issue) and AMAP (2021) (Chapter 3), global natural and second-
ary emissions are the main contributors to Hg deposition in the Arctic
(~70%). Using a global box model framework, Chen et al. (2018) showed
that present-day Hg deposition over the Arctic Ocean is mainly from histor-
ical anthropogenic emissions from Asia (31%), followed by North America
(18%), South America (12%), the former USSR (12%) and Europe (11%).
Hg deposition due to primary anthropogenic emissions is mostly due to
emissions in East Asia (~33%; China, Korea and Japan). Europe, Southeast
Asia, South Asia, Sub-Saharan/sub-Sahel Africa, South America, and
Russia/Belarus/Ukraine each contribute ~7% to ~9%. Anthropogenic
emissions north of 66°N currently only contribute ~2% of Hg deposition
in the Arctic. As a result of these source contributions, trajectories for
Asia will likely be the most influential for future Arctic deposition, espe-
cially since future global emissions trajectories are greatly affected by
Asia's emissions. While local source increases may be important for other
pollutants such as aerosols and ozone (see, for example, Marelle et al.,
2018), they are unlikely to become future sources in the Arctic.

According to the model ensemble (AMAP, 2021: Chapter 3, Dastoor
et al. (this issue)), the annual mean atmospheric Hg(0) concentration in
the Arctic (north of 60°N) is 1.4 ng/m3 (BASE scenario). Note that the
BASE scenario refers to simulations performed using the year 2015 AMAP
global anthropogenic emissions inventory developed for the 2018 Global
Mercury Assessment. This mean Hg(0) concentration drops to 1.2 and 1.1
ng/m3 assuming global anthropogenic emissions of ~1020 Mg/y (NP sce-
nario) or ~300 Mg/y (MFR scenario), respectively. The impact of different
regulatory strategies is of the same order of magnitude for both Hg(0) con-
centrations and atmospheric deposition. Hereafter, we focus on deposition
since it is the main pathway of Hg transfer from the atmosphere to the
ocean and ecosystems. The best-case estimate shows the potential for
short-term reductions: that is, it illustrates the maximum possible impact
of the primary emissions reduction scenario without accounting for
changes in legacy emissions. Under the NP case, deposition to Arctic land
decreases from 6.9 μg/m2/y under the BASE case to 5.6 μg/m2/y (i.e., a

19% reduction of Hg deposition), and to the Arctic Ocean from 7.4 μg/
m2/y to 6.1 μg/m2/y (i.e., a 18% reduction of Hg deposition; Fig. 2). The
MFR scenario reduces Arctic deposition further, to 5.0 μg/m2/y and
5.4 μg/m2/y to land and ocean, respectively (i.e., a 28 and 27% reduction
of Hg deposition, respectively).

To investigate how delays in implementing anthropogenic Hg emission
reductions and the associated growing legacyHg reservoir affect deposition
fluxes to the Arctic, we followed the methodology of Angot et al. (2018).
Because the parameterization of this effect is challenging, many global-
scale chemical transport models (CTMs) hold legacy emissions constant
while changing future anthropogenic Hg emission scenarios. Fully account-
ing for legacy emissions requires coupled atmosphere-ocean-land models
that are not widely accessible and are extremely computationally intensive.
To account for the effect of legacy emissions, Angot et al. (2018) developed
a methodology that links CTM simulations with biogeochemical cycle
modeling, which adjusts legacy deposition flux to account for future in-
creases. To accomplish this, the impact of legacy emissions is isolated
using a sensitivity simulation in the model; the resulting spatially resolved
deposition flux is scaled based on the global average increase of legacy
emissions calculated using the fully coupled biogeochemical cycle model.
This method allows calculation of the magnitude of changes in the legacy
component of deposition in a spatially resolved way but assumes that its
distribution does not change from the present day. To estimate the impacts
of delay, we assume that anthropogenic Hg emissions grow following the
trajectory of a No Action scenario (+55.9 Mg/y; constructed based on
the A1B scenario by Streets et al., 2009) until implementation of a NP or
MFR scenario. This A1B scenario assumes rapid increases in energy use
and economic growth, low population growth, continued globalization,
and rapid introduction of new and more efficient technologies.

Fig. 2 shows deposition when NP an MFR are implemented in 2015,
2020, and 2035. It shows that the relative impact of NP or MFR policy on
Arctic deposition decreases by ~50% or ~35%, respectively, for each 5-
year delay. Under a 20-year delay in both the NP and MFR cases, the effect

Fig. 2.Mercury deposition flux to land and ocean areas of the Arctic (north of 60°N;
in μg/m2/y) using future emissions scenarios and assuming a short-term or delayed
implementation by 5 and 20 years of global mitigation efforts. Base year (2015) Hg
(gray bar) depositionfluxes are from themodel ensemble (AMAP, 2021: Chapter 3).
The blue bars represent Hg deposition under the New Policy (NP) scenario and
green bars are deposition under the Maximum Feasible Reduction (MFR) scenario.
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of added emissions to the legacy pool during that 20-year period entirely
offsets the reductions to primary emissions that occur later.

Fig. 3A and B illustrate the relative change in Hg deposition over the
Arctic Ocean under the three policy scenarios. Fig. 3A shows the time
trend between 1850 and 2050 used in this study to drive the ocean
model. Since there is no Arctic Ocean specific time series, we produced
one by forcing the global box model published by Amos et al. (2013) with
the different emission scenarios and delays in implementation. Amos
et al. (2013) model produces global depositions which we convert into
change terms relative to 2015 and assume that similar changes in deposi-
tions occur over the Arctic Ocean. However, when comparing Figs. 3A
and 2 we see that the global depositions underestimate the impacts of de-
layed action. Angot et al. (2018) suggested that this difference is due to re-
mote regions being more influenced by global rather than local emissions
and thus carry a stronger legacy emissions penalty. Fig. 3B isolates the rel-
ative change in Hg deposition between 2015 and 2050 from the time series
in Fig. 3A.We see that the No Action scenario (A1B) results in a 51% higher
Hg deposition rate by 2050. Both “action” scenarios (NP andMFR) result in

reductions inHg deposition ranging from7% (forNP delayed by 20 years to
2035) to 30% (for MFR, delayed by 5 years, thus implemented in 2020).

The atmospheric changes prompted by changes in anthropogenic Hg
emissions can be compared with the magnitude of changes expected from
climate change, in the short, medium and long term. Lei et al. (2014) esti-
mated the relative contribution of anticipated anthropogenic Hg emission
and climate change on U.S. atmospheric Hg levels. They found that anthro-
pogenic emissions would deliver 32–53% while climate and natural emis-
sion would contribute 47–68% of projected changes by 2050. The Arctic
Hg cycle is intrinsically linked to sea-ice extent, surface-atmosphere gas ex-
change, river exports, permafrost extent, and seasonal snow depth
(Macdonald, 2005; Obrist et al., 2018; Schuster et al., 2018; St Pierre,
2018; Stern, 2012), all of which are expected to change in the future. For
example, using a modeling approach, Dastoor et al. (2015) showed that
an increase in net deposition in the Arctic under climate change is primarily
driven by changes in snowpack and sea-ice conditions. Changes in sea-ice
dynamics may indeed shift how much Hg(0) is available for oxidation
(Moore et al., 2014). Changes in sea ice extent could also affect atmospheric
Hg depletion events (AMDEs), by changing the availability of reactive hal-
ogens (Douglas and Blum, 2019). It has also been suggested that air temper-
ature changes can impact the timing of and thus deposition fluxes (Cole and
Steffen, 2010). Climate change could also increase Hg emissions fromwild-
fires by 14% globally and by 13% in Eurasia by 2050 (Kumar et al., 2018)
resulting in increased Arctic Hg deposition (as wildfires contribute ~10%
of the total annualHg deposition to the Arctic; Kumar andWu, 2019). In ad-
dition, tundra and permafrost soils serve as reservoirs of a large legacy pool
of past and present Hg emissions that accumulated in the Arctic (Olson
et al., 2018; Schuster et al., 2018; Lim et al., 2020) and climate-driven per-
mafrost thaw could release significant amount of previously locked-away
Hg (Schaefer et al., 2020). The greening of the Arctic will also likely impact
air/surface exchanges (Grannas et al., 2013) and reduce the extent of re-
emission of Hg from the cryosphere (Dastoor and Durnford, 2014;
Dastoor et al., 2015). On the other hand, higher surface temperature may
enhance the photo-reduction and re-emission of Hg from the Arctic
Ocean, affecting atmospheric concentrations. Since accounting for these
long-term ecosystem changes on Hg deposition would require yet-to-be-
developed process-based models, here we limit our analysis of projected
changes in Hg deposition to near-future (2050) changes in anthropogenic
emissions.

4. What are the predicted changes in total mercury concentrations in
the Arctic Ocean?

Since 2012, nine modeling studies on Hg in the Arctic Ocean (or global
studies that include the Arctic Ocean) have been published. The models
vary in resolution, spatial coverage and Hg species that are included.
They also vary in design, falling into 3 categories: (1) box models;
(2) slab-ocean models integrated into an atmospheric framework; and
(3) global biogeochemical models of the ocean. The studies conducted
using these models provide an initial quantitative assessment of important
drivers of Hg concentrations and speciation in the Arctic Ocean. Table S2
gives an overview of these models and their major findings. Of the
nine studies, only one reported projections for Hg concentrations in
the Arctic Ocean (Chen et al., 2018). They did so using a global
source-receptor model including a five-compartment Arctic box model
based on Soerensen et al. (2016a).

Soerensen et al. (2016a) developed a mass budget for total Hg and the
first budget for monomethylmercury (MMHg) and dimethylmercury
(DMHg) in the Arctic Ocean; and showed that the upper part of the Arctic
Ocean is very responsive to changes in Hg inputs. They used a box model
to reassess the lifetime of Hg in the Arctic Ocean and reported that Hg
takes 13 years to cycle out of the upper ocean (<200 m), and 45 years to
cycle out of the deep Arctic Ocean (>200 m). The Arctic food web is highly
dependent on planktonic activity in the upper ocean, suggesting that policy
actions that reduce atmospheric deposition and Hg concentrations in the
upper ocean can have a relatively rapid impact on the food web Hg burden.

Fig. 3. Changes in mercury deposition on the Arctic Ocean. A. Hg deposition from
1850 to 2050 relative to Base Year (2015) used to drive the Arctic Ocean mercury
box model. No Action (A1B) scenario (cream; Streets et al., 2009), the New Policy
(blue; Pacyna et al., 2016), and Maximum Feasible Reduction (green; Pacyna
et al., 2016) scenarios implemented in years 2020 and 2035. B. Bars represent the
relative change in Hg deposition on the Arctic Ocean surface in three scenarios.
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The deeper central Arctic Ocean has a considerable lag in response to
changing inputs to the surface ocean, which will also mean a slow response
to future changes. Thus, both changes in the external forcing and changes to
the lifetime of Hg in the different parts of the water column will control the
Hg concentration in the future Arctic Ocean.

Themain inputs of Hg to the Arctic Ocean from outside the Arctic are to
the surface layer, such as atmospheric deposition or riverine discharge
(Soerensen et al., 2016a; AMAP, 2021: Chapter 3 and Dastoor et al.
(2022a, 2022b) for more information on sources of Hg to the Arctic). Atmo-
spheric deposition is predicted to contribute 40% to 50% of external inputs
(including deposition to snow and ice released during spring/summer) and
rivers and coastal erosion contribute 50% to 55%. Soerensen et al. (2016a)
showed how increasing atmospheric deposition between 1850 and 2010
had an almost equal response in the increase of surface water concentra-
tions but propagated down the water column with a long lag time to the
deep Arctic water. Chen et al. (2018) ran a range of future emissions scenar-
ios (2015–2050) with all other parameters kept constant. Under a constant
emission scenario, they found that a 12% increase in atmospheric Hg re-
sulted in a 9% increase in Arctic Ocean Hg mass, while a “zero emissions”
scenario resulted in a rapid 50% decline in Hg deposition but only a 10%
Arctic Ocean Hg decline by 2050.

The importance of rivers as a source of Hg to the Arctic Oceanwas dem-
onstrated by Fisher et al. (2012). They used the GEOS-Chem model with a
slab-ocean module to simulate the impact of seasonal variability of Hg
fluxes with river discharge. This simulation showed the importance of sea-
sonality in external sources in causing seasonal variability not only in the
surface ocean but also in the marine boundary layer Hg concentration
due to the rapid interaction between the surface ocean and atmosphere.
They thus highlighted the connectedness and fast response in the Arctic sur-
face ocean. Zhang et al. (2015) and later Sonke et al. (2018), using a global
biogeochemical model (MITgcm) but with a specific focus on the Arctic
Ocean processes, also found that rivers are major drivers of seasonal vari-
ability in the surface ocean Hg concentrations. Measurements made since
2015 are consistent with these modeling results. For example, Charette
et al. (2020) reported elevated Hg within the Transpolar Drift, a current
that transports river-influenced Eurasian shelf waters and sea ice to the cen-
tral Arctic Ocean.

Several modeling studies show that sea ice plays an important role in
regulating the air-sea exchange of Hg. Fisher et al. (2012) first showed
the importance of air-sea exchange as a mechanism that results in a rapid
adjustment of the surface ocean Hg concentrations as the Hg influx to the
surface ocean fluctuates (on seasonal scale). Zhang et al. (2015) reported
that 80% of the riverine Hg input evades to the atmosphere once it reaches
the Arctic Ocean. Air-sea exchange of Hg is greatly influenced by the frac-
tion of open ocean. For example, Zhang et al. (2015) showed that the west-
ern Arctic Ocean has higher Hg concentrations than the eastern Arctic
Ocean and proposed the difference is due to increased deposition because
of more frequent AMDEs and greater summertime ice cover in the western
Arctic Ocean. Two other modeling studies directly addressed the impact of
declining ice cover and concluded that the loss will result in lower surface
ocean Hg concentrations (Chen et al., 2015; Soerensen et al., 2016a).
Soerensen et al. (2016a) showed that declining sea-ice area since the
1970s resulted in an increase in the net loss of Hg to the atmosphere due
to the impact of evasion (reaching a relative difference in surface ocean
concentrations of ~10% in 2010).

In addition to changes in sea-ice cover, other processes undergoing
climate-driven shifts can influence the Arctic Hg cycle, such as air and sea-
water temperature or Arctic sea-ice regime shifts from multi-year to first-
year ice dominance (Schartup et al., 2020). For example, Zhang et al.
(2020) showed that heat transfers from rivers to estuaries increases Hg
(0) evasion by accelerating snowmelt, and increasing transfer velocity of
Hg(0) and turbulence. Fisher et al. (2013) used historic simulations from
the GEOS-Chem global Hg model with a slab ocean module to analyze the
drivers of interannual variability in Arctic atmospheric Hg. They found
that climate related shifts such as high air temperatures, declining sea-ice
area, warmer spring temperatures (Bekryaev et al., 2010) and increased

cloudiness (Eastman and Warren, 2010) lead to lower fluxes of Hg from
the atmosphere to the cryosphere and from the cryosphere to the ocean.

Until very recently, there were no high resolution MeHg concentrations
profiles for the central Arctic Ocean (Heimbürger et al., 2015) and the
drivers of Hgmethylation are still virtually unknown. Because of these lim-
itations, only three models include MeHg species in their simulations: the
Soerensen et al. (2016a) box model and the two global biogeochemical
models MITgcm and NEMO (Zhang et al., 2020; Semeniuk and Dastoor,
2017). Soerensen et al. (2016a) developed the first MeHg budget for the
Arctic Ocean and concluded that most MeHg is produced in situ in subsur-
face ocean waters (20–200m). Zhang et al. (2020) proposed that theMeHg
concentrations in the top 100 m of ocean waters are higher in the Arctic
(and Antarctic) than elsewhere because of lower demethylation rather
than higher methylation. Semeniuk and Dastoor (2017) suggested that abi-
otic methylation driven by dissolved organic carbon could be important for
MeHg production at depth. Because of the limited understanding of MeHg
production in the Arctic Ocean, here we focus exclusively on changes in
total Hg.

For this study, we conducted model simulations to quantify the impact
of different policy scenarios (see Section 2) on the future total Hg concen-
trations in the Arctic Ocean with a focus on the change during the period
2015–2050. The goal was to compare the impact of management strategies
for anthropogenic Hg emissions to the influence of climate change-driven
changes in the Arctic ecosystem on seawater Hg concentrations. Based on
the literature review of the existing model results (Table S2) and drivers
identified in AMAP, 2021 (Chapter 5), we selected three quantifiable
climate-related changes predicted to impact the Arctic Ocean Hg cycle in
the coming decades: sea-ice cover, river discharge and net primary produc-
tion (NPP). The simulations are performed with a low spatial resolution
level (box model) to capture major impacts on the total Hg cycle in the
Arctic Ocean.

4.1. Ocean model description

Weperform themodel simulations using afive-compartment boxmodel
(3 water column layers and shelf and deep ocean sediments; see Fig. 4).
This is a simplified version of the Soerensen et al. (2016a) model that
only computes inorganic Hg processes (Hg(II) andHg(0)). A full description
of the model parameterizations can be found in Soerensen et al. (2016a).
Briefly, the model includes external Hg inputs such as atmospheric deposi-
tion, river discharge, erosion and snowmelt as well as ocean circulation.
The internal processes considered are particle settling, diffusion, evasion
and chemical transformation between Hg(II) and Hg(0). Process specific
rates and/or fluxes are calculated using first order differential equations de-
duced from the present-day Hg budget presented in Soerensen et al.
(2016a). For the climate changemodel runs, literature-derived climate var-
iables are used to scale rates/fluxes to evaluate their projected impact on
the Hg cycle. Atmospheric Hg deposition to the surface ocean is modeled
as a direct flux to the surface water or deposition on sea ice. Thus, the rela-
tive change in the fraction of open ocean to sea ice influences Hg concentra-
tions in thewater and redox transformations. The extent of sea-ice coverage
also impacts the release of Hg from the springtime/summertime meltwater
and evasion of Hg(0).

The solids budget is based on Rachold et al. (2004) but modified to in-
clude changes in net primary production and in sea ice cover (Hill et al.,
2013). The settling of suspended particles considers the fraction of solids re-
maining at each modeled depth in the water column after remineralization
(Moran et al., 1997; Rachold et al., 2004; Cai et al., 2010). The fraction of
solids from rivers and NPP remaining after remineralization at each depth
is 50% in the surface ocean, 30% in the subsurface water and 1% in the
deep ocean (Fig. 4). Solids from erosion are assumed not to remineralize.
Hg settling is estimated based on the mass of settling particles and an aver-
age concentration of Hg in suspended solids found in the Arctic (Soerensen
et al., 2016a). To estimate the impact of NPP on seawater concentrations,
themodel is run forced by past (1850–2015) relative changes and projected
changes to 2050.
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The model is run from 1850 to 2015 to create a common starting point
for the scenario simulations (Soerensen et al., 2016a). For each model run,
the known variability in deposition, sea-ice area, NPP and river water dis-
charge is included. The individual 2015–2050 climate scenarios are run
while changing only one climate variable, while the others are kept con-
stant at the 2015 level in order to be able to quantify the impact of each
driver. A final run simulates the impact of all three climate variables simul-
taneously with constant deposition.

4.2. Future scenarios

Here we explore the relative influence of changing Hg deposition under
policy scenarios described in Section 3 and of changing sea ice, riverine
input, and NPP on Hg concentrations in the Arctic Ocean.

4.2.1. Sea ice scenario
This scenario examines the influence of changes in sea ice on the Hg

ocean reservoir through simulating the relative change in the sea-ice cov-
ered area of the Arctic Ocean. The change between 1950 and the present
day is based on observations (e.g., from the U.S. National Snow and Ice
Data Center; NSIDC), while the future trend is based on the CMIP6 simula-
tions under the SSP2-4.5 scenario where surface air temperatures increase
by~3 °C by 2100 (SIMIP, 2020). Fig. 5 shows that according to this projec-
tion the Arctic Ocean will have lost approximately 20% of its sea-ice cover
by 2050 compared to 2015. Changes in sea-ice cover impact the exchange
of Hg between seawater and the atmosphere as well as the amount of Hg
that can be stored or released by the sea ice in the summer (Fisher et al.,
2013; Zhang et al., 2015; Soerensen et al., 2016a; Agather et al., 2019;
DiMento et al., 2019; Schartup et al., 2020). Sea ice also influences
surface-water redox processes by controlling howmuch light penetrates
the water column. We thus expect that the observed rapid decline in sea-
ice volume and extent from the central Arctic Ocean will lead to lower
seawater Hg concentrations. Reductions in sea-ice content track linear
changes in global temperature and carbon dioxide emissions, although
there is great uncertainty in the sensitivity of sea ice to warming
(SIMIP, 2020).

4.2.2. Riverine input scenario
The riverine input scenario indicates the direction and proportional ef-

fect of an increase in external forcing from the terrestrial environment on
ocean Hg concentrations, although it likely underestimates actual increases
from terrestrial sources. Modeling studies described in AMAP (2021) (-
Chapter 4) indicate that Arctic rivers contribute amounts of Hg to the Arctic
Ocean that are of the same magnitude as atmospheric sources. Sonke et al.
(2018) used a combination of field measurements and modeling to reduce
the uncertainty on the current day riverine Hg flux into the Arctic Ocean,
which they estimated to be 44 ± 4 Mg/y. However, this riverine flux of
Hg is expected to increase because river water discharge has been

Fig. 4. Simplified layout of the five-compartments Arctic mercury box model. Detailed parameterization of external and internal processes can be found in Soerensen et al.
(2016a).

Fig. 5. Bars represent the relative change in sea-ice area (pattern), river discharge
(blue) and net primary production (green) used in future scenario simulations
between 2015 and 2050.
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increasing since consistent monitoring began in 1930s (Peterson et al.,
2002) and Hg laden permafrost thaw is expected to release increasingly
larger amounts of Hg (Vonk et al., 2015; Schuster et al., 2018; Schaefer
et al., 2020). To create the river scenario used in this section, we used dis-
charge data covering the period from 1936 through to 1999 obtained
from Peterson et al. (2002). Future trends were reported in Haine et al.
(2015) for 1980 through to 2100 (2000–2010) reaching 5500 km3/y by
2100. If Hg control policies are implemented, Hg deposition to the water-
shed should decline and decrease river Hg concentrations (with some
time lag). On the other hand, thawing permafrost is likely to release stored
Hg to rivers, thus increasing Hg concentrations in river discharge (Schuster
et al., 2018; Koven et al., 2012; Schaefer et al., 2020). Because the overall
result of these opposing forcings is unknown, we assume a constant Hg con-
centration in riverwater as discharge increases giving an overall increase in
the Hg load from rivers. Fig. 5 shows an approximately 12% increase in the
riverine discharge scenario between 2015 and 2050. This is within the
range of the increased discharge observed between 1975 and 2015
(AMAP, 2021: Chapter 5).

4.2.3. Net Primary Production scenario
To address the impact of changing NPP on the ocean Hg reservoir, we

use the most conservative projections of NPP increase in this scenario
(about a 5% rise between 2015 and 2050; Fig. 5). Reduction in sea-ice cov-
erage results in more light reaching the Arctic Ocean. This has been sug-
gested to increase NPP, and most models agree that NPP will increase in
the future. NPP has been shown to enhance algal scavenging of Hg in Arctic
lakes and NPP is expected to increase the removal of Hg from the upper
layers of the Arctic Ocean, thus reducing its bioavailability (Brazeau
et al., 2013; Grasby et al., 2013; Soerensen et al., 2016b). However, no
prior Arctic Ocean model simulations have investigated the importance of
changes to the NPP. Expected future trends in NPP are less well constrained
than sea-ice decline or river discharge (Vancoppenolle et al., 2013). Arrigo
and van Dijken (2015) show a negative correlation between NPP and sea-
ice cover (i.e., increasing NPP with decreasing sea-ice volume). However,
NPP in the Arctic Ocean could also decrease if the nitrate supply is not
large enough to sustain the excess growth. The CMIP5 performed simula-
tions with 11 Earth systemmodels between 1900 and 2100 and found con-
flicting results (Vancoppenolle et al., 2013). Overall, the models' mean
increase in NPP is smaller (+58 TgC/y) than the increases predicted from
simple linear extrapolations between NPP and sea-ice observations. For ex-
ample, Arrigo and van Dijken (2011) calculated a 300 TgC/y increase in

NPP between 1998 and 2009, and Arrigo and van Dijken (2015) reported
a 30% increase between 1998 and 2012. Our model scenario does not ac-
count for the impact of higher NPP on the surface ocean chemistry.

4.3. Impact of anthropogenic mercury emission policies and delays in
implementation on Arctic Ocean total mercury concentrations

We use the No Action, NP and MFR deposition scenarios to force the
ocean model to predict changes in Hg concentrations for the surface, subsur-
face and deep Arctic Ocean in 2050 (Fig. 3). Fig. 6 presents the Arctic Ocean's
response as the percentage change in concentrations in 2050 compared to
2015 due to the implementation of the various policy scenarios. In this simu-
lation, all other parameters, including climate variables, are kept constant.

TheNoAction scenario results in a total Hg concentration increase rang-
ing from 22% in the surface to almost 9% at depth by 2050. Under the most
aggressive scenario, MFR-2020, concentrations decrease by 14%, 10% and
4% in the surface, subsurface and deep ocean, respectively, by 2050. Thus,
the difference in response between the two extreme scenarios (No Action
and MFR-2020) is 36% for the surface ocean and 13% for the deep ocean.
These results are consistent with Chen et al. (2018) who found that the
No Action scenario would result in a 9% increase in Hg mass, while a
zero emissions scenario would lead to 10% reduction in Hg mass by 2050
for the entire Arctic Ocean (surface, subsurface and deep ocean reservoirs
combined). The NP scenarios also result in total Hg declines in the surface
and subsurface water layers, albeit more moderate, and in the deep ocean
they result in very little change (from a 1% reduction to a 3% increase).
The NP and MFR simulations show the importance of prompt action with
the impact particularly visible in the surface ocean, which has a faster re-
sponse time. In the surface ocean, where changes are overall smaller than
in the atmosphere,Hghas a lifetime of about 10 years; thus, delaying imple-
mentation to 2035 results in 5%moreHg in the water by 2050 compared to
policy implementation in 2020. The deep ocean, in which changes to con-
centration lag the surface ocean and where concentration has not reached
a steady-state, mostly continues to see increases driven by legacy Hg inputs
and only theMFR-2020 scenario offers a small trend reversal by 2050 (a 4%
reduction).

4.4. Impact of climate variables on Arctic Ocean total mercury concentrations

Fig. 7 shows the impacts of changes in sea-ice cover, river discharge and
NPP individually and combined on total Hg concentrations by 2050. In

Fig. 6. Relative change in Arctic Ocean Hg concentrations between 2015 and 2050 in the surface (0–20 m, left panel), subsurface (20–200 m, middle panel) and deep ocean
(<200 m, right panel), under the No Action (cream), New Policy (blue) and Maximum Feasible Reduction (green) scenarios implemented in 2020 and 2035.
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these simulations, the atmospheric deposition is kept constant at 2015
levels to be able to compare the influence of these drivers on Hg concentra-
tions to the influence of policy scenarios and implementation delays shown
in Fig. 6.

The role of sea-ice extent on the Hg cycle is multi-fold. It controls the
amount of atmospheric Hg that deposits directly to the surface of the
water column, sunlight penetration, air-sea exchange and Hg release from
melting sea ice in the spring and summer. The model considers the com-
bined influences of these processes and projects that the continued retreat
of sea ice (an additional 20% by 2050) will reduce Hg concentrations in
the Arctic Ocean. This is true for all depths, although the reduction is
highest (−8%) in the surface ocean and smallest in the deep ocean
(<1%) because of the lag time in the response. This decline in surface
ocean Hg of 0.2% per year due to disappearing sea ice covered areas is in
the same range as the decline calculated by Soerensen et al. (2016a) be-
tween 1975 and 2010, during which a loss of approximately 15% of sea-
ice cover was observed.

The increased river discharge adds 2% to 3% to seawater Hg concentra-
tions to all the water masses. This is because the model considers it to be a
simple and uniform external input equivalent to atmospheric deposition. In
reality, the impact of river discharge has a very different spatial distribution
from atmospheric deposition, with a larger influence on shelves and near-
shore areas. The river discharge increases by 12% by 2050 in this scenario
(Fig. 5), which corresponds to~3.3% of external inputs to the Arctic Ocean
and is reflected in the change in seawater concentration.

Sea-ice retreat increases NPP (Arrigo and van Dijken, 2015) which in
turn enhances particle settling and Hg scavenging (Soerensen et al.,
2016b). The model estimates that the predicted 5% increase in NPP by
2050 (Fig. 5) will cause an increase in the removal of Hg from the surface
ocean and slightly lower the concentration (<1%). Because the settling
from the deep ocean to the seafloor is slow, some of this scavenged Hg ac-
cumulates in the deep ocean layer (Fig. 7). This causes the Hg concentration
in the deep ocean to increase in this scenario by 2%. Overall, the predicted
NPP effect is small, but this could be due to multiple assumptions made in
this modeling. As the NPP projections are very uncertain, a conservative in-
crease was used to drive the model (Vancoppenolle et al., 2013). For exam-
ple, if NPPwere to double by 2050 (Arrigo and vanDijken, 2011) themodel
calculates a much larger (7%) decrease in surface Arctic Ocean Hg concen-
tration. In addition, the modeling described here relies on an older solids
budget; a study by Tesán Onrubia et al. (2020) estimated a downward

flux of particulate Hg using the radionuclide pair 234Th/238U coupled to
particulate Hg/234Th and found a larger sinking flux that could change
the aforementioned estimates and the influence of increasing NPP.

We find that, of the 3 climate variables considered, the declining sea-ice
cover exerts the strongest Hg reducing forcing on all layers of the Arctic
Ocean, whereas river discharge exerts the largest increase, although smaller
in absolute terms than sea ice. In the final combined scenario (with atmo-
spheric deposition kept constant at 2015 levels), the surface and subsurface
ocean layers see 5% and 4% Hg declines by 2050, respectively. The cumu-
lative influence of these climate variables in the deep ocean is below a 1%
increase. It should be noted that this model does not consider the impact of
Hg that evades due to lower sea-ice cover on the atmospheric Hg levels and
the potential local and global redeposition of this Hg (Chen et al., 2018).
While we do not present an exhaustive list of climate drivers, the study
shows their contrasting impacts on the Hg cycle in the Arctic Ocean. It
also shows that our chosen climate drivers have a smaller influence on Hg
concentrations in the Arctic Ocean than the influence of Hg anthropogenic
emission control policies.

5. Conclusions and recommendations

We surveyed future projections of emissions and concentration changes
in the Arctic atmosphere and ocean, and conducted a model-based assess-
ment of projected changes in concentrations in the atmosphere and ocean
in the short- and medium-term (to 2050). We assessed the implications of
different emissions trajectories, and compared the relative importance of
primary emissions changes, legacy emissions, and climate change to Arctic
Hg concentrations.

The most aggressive global emissions reductions trajectories can reduce
future Arctic Hg atmospheric concentrations both in the near- andmedium-
term. Different projections of future anthropogenic emissions globally
exhibit a large range, including both substantial increases and decreases.
Thus, different trajectories of global emissions changes can have
correspondingly substantial effects on atmospheric concentrations in the
Arctic. For deposition to the Arctic, the MFR scenario could lead to a 27%
decrease relative to the present-day. Under the “No action” scenario, con-
centrations could increase, implying an even larger effect of emissions con-
trol policy. For ocean surface concentrations, this corresponds to a 36%
difference in surface water Hg concentration between the two extreme esti-
mates (“No action” and MFR-2020).

Fig. 7. Relative change in Arctic Ocean Hg concentrations between 2015 and 2050 in the surface (0–20 m, left panel), subsurface (20–200 m, middle panel) and deep ocean
(<200m, right panel), under four climate scenarios: sea ice (pattern), river discharge (blue), net primary production (green) and “all”which represents their combined impact
(dark gray). For eachmodel run, atmospheric depositions are kept constant at 2015 levels while themodel is run forced by changes in one variable from 1850 to 2050. In the
“all” scenario, sea ice, river discharge and net primary production change over time while deposition is kept constant at 2015 levels after 2015.
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The changes in Hg deposition to the Arctic that are possible because of
aggressive emissions reductions, however, may be substantially
counteracted by the growing impact of continuing emissions if these
changes are not implemented rapidly. Delaying emissions reduction mea-
sures until 2035 means that emissions in the intervening years could
completely counteract the impacts of less ambitious emission cuts (the NP
scenario), due to the continued cycling of these pre-2030 emissions glob-
ally. This underscores the large impacts of prompt action for changing Hg
concentrations in the Arctic environment.

The magnitude of emissions-induced future changes in the Arctic atmo-
sphere and ocean are likely to be substantial in comparison with climate-
induced effects, especially for the ocean. For the atmosphere, the changes
projected under different emissions scenarios relative to the present are
comparable in magnitude over mid-latitudes to those calculated under fu-
ture emissions scenarios, but no atmospheric model analyses have previ-
ously focused on the Arctic in particular.

Sensitivity scenarios for key climate parameters and their impact on
ocean concentrations show that these effects are likely to be offsetting in
different directions and overall have a smaller impact on Hg concentrations
in the Arctic Ocean than the influence of anthropogenic Hg emission con-
trol policies. We modeled the impact of three climate variables individual
and together – declining sea-ice cover, riverine discharge, and increased
NPP. We show that sea ice cover exerts the strongest Hg reducing forcing
on all layers of the Arctic Ocean, whereas river discharge exerts the largest
increase. It is important to note that thismodel does not consider the impact
of these climate variables on the biogeochemistry and speciation of Hg.
Moreover, especially for assessing the impact of climate change in 2050
and beyond, we are also not considering that scenarios that project socio-
economic activity associated with higher greenhouse gas emissions and
thus awarmer climatewould likely be associatedwith higher Hg emissions.
For the atmosphere, as a result, it is likely that the higher-end estimates of
Hg cycling changes under a warming climate would be associated also with
larger direct emissions contributions. If climate change mitigation efforts
continue, and proceed together withHgmitigation, this implies that the rel-
ative impact of Hg emissions changes compared with climate impacts for
the Arctic may be even larger than that simulated here.

Several areas of uncertainty affect our analysis of future changes across
all timescales. For the short-term, the overall magnitude of emissions is un-
certain, and different models vary in their estimates of regional source con-
tributions to Arctic deposition (AMAP, 2021). In the medium-term,
uncertain parameters in global biogeochemical cycle models, including
global ocean processes, affect the magnitude of legacy emissions. For the
longer-term, efforts to compare potential changes in Arctic Hg driven by cli-
mate and future Hg emissions in amore quantitative way should apply con-
sistent projections of Hg emissions and future climate policywhen assessing
their relative magnitudes. Hg emissions projections that are fully consistent
with the state-of-the-art scenarios used in climate modeling are currently
not available, challenging researchers' abilities to assess and attribute po-
tential changes in concentrations. Further development of emissions inven-
tories and use of consistent climate projections in coupled atmosphere-
ocean-land models will be necessary to better understand the importance
of future emissions changes and to monitor the effectiveness of future con-
trols.

Future research is necessary to better quantify the processes that influ-
ence the global transport, deposition, and cycling and transformations of
Hg in the Arctic environment. Also, a better understanding and integration
of the influence of climate sensitive variables, such as temperature, plank-
ton size and distribution, or erosion, on Hg inputs and speciation are
needed to improve ocean Hg modeling.
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