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Abstract

Mercury (Hg) is emitted to air by natural and anthropogenic sources, transports and deposits
globally, and bioaccumulates to toxic levels in food webs. It is addressed under the global 2017
Minamata Convention, for which periodic effectiveness evaluation is required. Previous analyses
have estimated the impact of different regulatory strategies for future mercury deposition.
However, analyses using atmospheric models traditionally hold legacy emissions (recycling of
previously deposited Hg) constant, and do not account for their possible future growth. Here, using
an integrated modeling approach, we investigate how delays in implementing emissions reductions
and the associated growing legacy reservoir affect deposition fluxes to ecosystems in different
global regions. Assuming nearly constant yearly emissions relative to 2010, each 5-year delay in
peak emissions defers by additional extra ca. 4 years the return to year 2010 global deposition. On
a global average, each 5-year delay leads to a 14% decrease in policy impacts on local-scale Hg
deposition. We also investigate the response of fish contamination in remote lakes to delayed
action. We quantify the consequences of delay for limiting the Hg burden of future generations
and show that traditional analyses of policy impacts provide best-case estimates.

*angot@mit.edu

SUPPORTING INFORMATION

Results of tests performed to check the robustness of our method and a detailed description of the SERAFM model parameterization
are available in Supplementary Information. Additional Tables and Figures are also available: Summary of some characteristics of the
modeled lakes (Table S1), Lake geometry values from a lake in Mighigan’s Upper Peninsula (Table S2), Ratios of lake characteristics
from a lake in Mighigan’s Upper Peninsula (Table S3), Lake Hg model evaluation (Fig.S1), Location of Maine and Tribal
communities (Fig. S2), Global impact of NP vs. MFR implementation (Fig. S3), Hg emissions in Maine (Fig. S4), Year 2011 U.S.
state-level Hg emissions (Fig. S5), Origin of air masses influencing Maine tribal areas (Fig. S6), Total Hg concentration in predatory
fish fillets collected in Maine tribal areas (Fig. S7), and Median response of Maine lacustrine predatory fish contamination to delayed
implementation of a MFR scenario (Fig. S8).
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1. INTRODUCTION

Mercury (Hg) is an environmental toxicant dangerous to human health and the environment.
Because of its long lifetime in the atmosphere (0.3-1 year)1:2, Hg travels regionally and
globally in its gaseous elemental form (Hg(0)). It deposits to ecosystems by wet and dry
processes as Hg(0) and gaseous/particulate divalent Hg (Hg(ll)), and converts to highly toxic
methylmercury (MeHg) which bioaccumulates in aquatic systems®-3. Fish consumption is
thus a main source of exposure to Hg for the general population®-5.

Regulatory actions to reduce human exposure to Hg aim to reduce anthropogenic inputs to
the environment. In that context, the Minamata Convention on Mercury’ entered into force
in August 2017 and has 98 parties as of October 2018. Under Article 8, parties “shall take
measures to control, and where feasible, reduce emissions of Hg to the atmosphere”, and
anthropogenic Hg emissions to the atmosphere are projected to begin to decrease based on
current and enhanced policy efforts®9. However, emitted Hg circulates for decades to
centuries, and anthropogenic emissions have a long-lasting impact on the global Hg cyclel©.
Legacy emissions (/.e., recycling of previously deposited Hg) from soil and oceanic
reservoirs account for about three-fifths of Hg annually emitted to the atmospherel®. Even if
anthropogenic emissions stay constant, Hg deposition will continue to increase due to legacy
emissions!112,

Parameterizing legacy emissions in atmospheric models is challenging due to a paucity of
models which can capture both three-dimensional atmospheric transport and oceanic/
terrestrial cycling simultaneously?314. The majority of policy analyses conducted using
atmospheric models therefore only reflect changes in direct anthropogenic emissions, and do
not consider the effect of changing legacy emissions. For example, Pacyna et al.? estimated
that year 2035 global anthropogenic emissions would be reduced by 940 tons compared to
2010 and Hg deposition to ecosystems by 20-30% (except in India) if policy commitments
and plans are fully implemented. However, in their analysis, while anthropogenic and natural
sources keep emitting Hg during the period 2010-2035 and the Hg legacy reservoir grows,
legacy emissions were simulated at 2010 level®. Another recent analysis1® of future policy,
investigating projected Hg deposition in Asia by 2050, also did not account for legacy Hg.
However, using a biogeochemical cycle model, the authors estimated that legacy Hg changes
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could alter the magnitude of calculated policy impacts by 30%, but they did not resolve this
effect spatially.

Here, using an integrated approach that combines biogeochemical cycle modeling with
global-scale chemical transport modeling, we investigate the impacts of delayed global
action on global- and local-scale Hg deposition and evaluate associated changes in policy
impacts, including their spatial resolution. We test the hypothesis that a longer delay in near-
term peak emissions will lead to a larger Hg legacy pool and thus a measurable influence on
expected policy impacts. We further examine consequences of delayed global mitigation
efforts in different regions of the world to illustrate implications relevant to environmental
justice concerns. For one of these regions, a Native American community in the U.S., we
examine the impact on fish contamination in remote lakes where the main source of
contamination is atmospheric deposition from the global Hg pool.

2. METHODS

2.1 Conceptual framework

The conceptual framework of this study is presented in Fig. 1. Present-day (2010) and future
simulations were performed using the chemical transport model (CTM) GEOS-Chem (see
Section 2.3). As in traditional future projections with other atmospheric models®, legacy
emissions were initially assumed constant to 2010 level to calculate the effects of changes in
direct anthropogenic emissions (see Section 2.2). A global biogeochemical cycle (GBC)
model was used to calculate a global legacy penalty as a function of the amount of emission
since 2010 (see Section 2.4). This global legacy penalty was then spatially-distributed and
added to future deposition fluxes from the CTM (see Section 2.4). Using this approach,
adjusted Hg deposition from the CTM and the effective policy impacts differ as a function of
the total amount of mercury emitted, which is greater for longer policy delay. Adjusted Hg
deposition fluxes were then used as inputs to a lake Hg model (see Section 2.5) to
investigate the influence of delayed global action on lacustrine fish contamination.

Throughout this paper, we compare policy impacts assuming an immediate (/.e., traditional
method — no delay/legacy penalty) or delayed global action to reduce emissions. For each
grid box of the CTM, policy impacts (PI, in Aug/m2/yr) are calculated as the difference in
total deposition between future and present-day simulations. The percent change (PC) in
policy impacts due to a global action delayed to year YYYY (YYYY = 2020, 2025, 2030,
2035, or 2050) is calculated according to Equation (1):

Pl csion delayed to YYYY — Pl

PCyyyy = P

1 traditional method

traditional method % 100 (1)

The mean percent change in policy impacts, given by Equation (2), is the average percent
change due to a near-term (2020-2035) 5-year delay:
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— (PCyp35 = PCy30) + (PCrp30 = PCgp5) + (PCopp5 = PC50)
pC= - @

2.2 Present-day and future emissions scenarios

Simulations performed with the CTM and the GBC model are listed in Table 1. The GEOS-
Chem present-day (2010) BASE simulation was performed using the AMAP/UNEP
inventoryl’, applying emission controls to U.S., Canadian, European and Chinese emissions
from coal fired power plants'8. The CTM PRE-2010 LEGACY simulation was performed to
quantify deposition from current (2010) legacy emissions and evaluate its spatial pattern.
FUTURE simulations were performed using gridded emissions inventories developed by
Pacyna et al.. Briefly, the Current Policy (CP) scenario projects that annual Hg emissions
will slightly increase in 2035 (ca. +75 Mg compared to 2010, Ze., +3.02 Mg yr™1).
Increasing energy demand contributing to increased emissions globally will be offset by the
implementation of additional control measures. The more stringent New Policy (NP)
scenario indicates that annual emissions will significantly decrease by 2035 (ca. —-820 Mg
compared to 2010, /.e., —32.7 Mg yr~1). This scenario assumes that policy commitments and
plans announced by countries worldwide to reduce greenhouse gas emissions and phase out
fossil fuel subsidies are fully implemented. Additionally, this scenario assumes that the use
of Hg in products will be reduced by 70% by implementing Article 4 of the Minamata
Convention on Hg-added products. Finally, the Maximum Feasible Reduction (MFR)
scenario leads to a dramatic decrease of annual Hg anthropogenic emissions (ca. —1500 Mg
compared to 2010, /.e., —59.9 Mg yr~2). In this scenario, all countries reach the highest
feasible reduction efficiency in each emission sector.

The GBC model was driven by 2000 BCE to 2008 CE primary anthropogenic emissions
from Streets et al.1%, Hg discharges from rivers (held constant at present-day levels)16, and
global geogenic emissions (90 Mg yr~1)2921, For consistency with the emissions inventories
used in the CTM, we did not include additional 1850-2008 atmospheric Hg emissions from
commercial products (105 Gg) proposed by Horowitz et al.22. For 2009-onward primary
anthropogenic emissions, we used future emissions scenarios developed by Pacyna et al.® as
described above.

2.3 Chemical transport modeling

The global CTM GEQOS-Chem (www.geos-chem.org) was used to project present-day and
future total (wet+dry) gross Hg deposition fluxes to ecosystems. The model is driven by
assimilated meteorological data from the NASA GMAO Goddard Earth Observing
System?3, MERRA-2 data were used for the simulations (https://gmao.gsfc.nasa.gov/
products/). GEOS-Chem is a global-scale model that couples a 3D atmosphere224.25 a 2D
surface-slab ocean?5, and a 2D terrestrial reservoir?’ at a 2°x2.5° horizontal resolution. A
two-step oxidation mechanism of Hg(0) initiated by Br was used. The second-stage HgBr
oxidation is mainly by the NO, and HO, radicals using the new mechanism for atmospheric
redox chemistry developed by Horowitz et al.2. Oxidant fields from Schmidt et al.28 have
4°x5° horizontal resolution. Photoreduction of aqueous-phase Hg(l1)-organic complexes is
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dependent on the local concentration of organic aerosols, the NO, photolysis frequency, and
an adjusted coefficient (K_RED_JNO2) set to 9.828x10’2 m3 ug~! here for simulations with
MERRA-2 meteorological fields and use of the slab ocean??. For further details, a
comprehensive description of the model is available elsewhere3°,

2.4 Legacy penalty

We used a previously-published fully coupled seven-reservoir GBC modell1-16 (available at
https://github.com/SunderlandLab/gbc-boxmodel) to scale legacy emissions. The model
allows full coupling of the atmosphere, ocean (surface, subsurface, and deep ocean), and
terrestrial ecosystems (fast terrestrial, slow and armored soils). Hg cycles between reservoirs
and is ultimately removed by burial in deep marine sediments. In order to evaluate the
impact of delayed action on global Hg deposition, incremental 5-year delays in
implementing a NP or MFR scenario were tested (see Table 1, FUTURE simulations). We
assumed a CP scenario (/.e., a 3.02 Mg yr~1 increase) until implementation of a NP or MFR
scenario. A total of six simulations were performed with the GBC model (PRE-2010 and
PRE-YYYY LEGACY in Table 1) in order to quantify the contribution to global Hg
deposition of emissions during the policy delay At. The At-dependent global legacy penalty
was defined as the difference in global deposition between PRE-YYYY and PRE-2010
LEGACY simulations (where YYYY = 2020, 2025, 2030, 2035, or 2050). The global legacy
penalty was then spatially-distributed (see below) and added to future deposition fluxes from
the CTM in each grid-box (see Fig. 1). Rather than assuming a globally homogeneous
distribution of legacy emissions (/.e., global legacy penalty evenly divided among all
2°x2.5° grid boxes of the CTM), we used the spatial distribution of the legacy emissions
contribution to Hg deposition (PRE-2010 LEGACY simulation with the CTM, see Table 1).
Spatial differences in legacy impact relate to atmospheric transport, geographic factors (e.g.,
land vs. ocean) and reemissions. In GEOS-Chem, reemission of Hg previously deposited to
land follows the deposition patterns of current sources3Z.

Local consequences of delayed global action for Hg deposition fluxes to ecosystems are
discussed (see Section 3.2) at four selected sites located at varying distance from
anthropogenic sources: A) tribal areas of Eastern Maine, USA, representative of remote
regions and used to illustrate implications relevant to environmental justice concerns (see
Section 3.3); B) Ahmedabad, the largest city of the Indian state of Gujarat and the location
of two coal-fired power plants of more than 1000 MW electricity generation32; C) Shanghai,
China’s biggest city and one of the main industrial centers, where elevated atmospheric Hg
concentrations have been reported33-3%; and D) an area of the Southern Pacific known for
albacore tuna fisheries36. Sunderland et al.37 recently estimated that seafood harvested from
the Equatorial and South Pacific Ocean accounts for 25% of the U.S. population-wide MeHg
intake.

2.5 Fish contamination

To investigate the influence of delayed global action on fish contamination, we used a
recently-developed implementation of the mechanistic model SERAFM (Spreadsheet-based
Ecological Risk Assessment for the Fate of Mercury) of Hg in aquatic environments
developed by the U.S. Environmental Protection Agency (EPA)38:39, This model has been
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widely used and evaluated since its development#%-46, The implementation of SERAFM
used here was developed by Hendricks*’ in the programming language R and modified for
non-steady state conditions to enable prediction of lake responses to changes in loadings. A
description of this mass balance model is provided by Perlinger et al.#8. Briefly, the model is
a three-reservoir box model (epilimnion, hypolimnion, and sediments). It enables prediction
of aqueous Hg concentrations based on the characteristics of the lake of interest (e.g., depth,
retention time), its watershed (e.g., surface area), and the local Hg atmospheric deposition
flux. The model does not include fish population dynamics and solves for an annually
averaged MeHg concentration in the water column that is multiplied by bioaccumulation
factors (BAFs) for mixed feeders or piscivorous fish38 to give a distribution of MeHg
concentrations in fish. We therefore neglect the time required (3-7 years) for fish populations
to reach steady state following a change in Hg loadings*®-°0. Additionally, Hg runoff from
catchments is set to be proportional to atmospheric deposition (see S.I. Section 1.2.a). This
approach assumes that only recently deposited Hg is susceptible to leaching leading to a fast
response to changes in Hg deposition*®. More information regarding the parameterization
used here and the model performance can be found in S.1. Section 1.2 and Fig.S1.

Although some lake Hg contamination can be attributed to direct inputs from local
sources®: 52, we focus here on remote lakes where the main source of contamination is
atmospheric deposition from the global Hg pool (see Section 3.2). More specifically, we
concentrate on remote tribal regions of Eastern Maine, USA (see Fig.S2) since Native
Americans are particularly vulnerable to Hg contamination due to traditional subsistence
fishing®3. In order to investigate the response to changes in atmospheric deposition, the
model was first run for 10 years (2000-2010) to reach steady-state, and then transiently
using the adjusted deposition values from the CTM described in Section 2.1. Here, we
evaluated the response of fish contamination to delayed global action assuming everything
else (e.g., food web structure, nutrient loading) constant. While Hg biogeochemical cycling
will be affected by climate and land-use changel454-56  this is not taken into account here
for consistency and ease of comparison with other traditional policy impact studies.

3. RESULTS AND DISCUSSION

3.1

Impact of delayed action on global Hg deposition

The impact of delayed action on global Hg deposition was quantified using the fully coupled
seven-reservoir GBC model'118 (FUTURE simulations, see Table 1). Fig.2a shows global
anthropogenic emissions to the atmosphere from 1950 onward. Emissions rise steadily after
1950 due to increased coal use and artisanal gold mining®®. Over recent years, decreasing
emissions in Europe and North America due to domestic regulation have been offset by an
increase in East Asia, leading to an overall increase®19. Global Hg deposition is depicted in
Fig.2b. The atmosphere responds relatively quickly (though not proportionally) to
decreasing emissions. If a NP scenario is implemented in 2020, deposition begins to
decrease by 2021. In this scenario, global primary emissions decrease by ca. 980 Mg from
2020 to 2050 while deposition decreases by ca. 635 Mg. These results reflect the balance
and cycling of Hg between the various reservoirs. Return to year 2010 deposition (arbitrary
threshold) is achieved in 2038, /.¢e., 18 years after NP implementation. On the other hand,
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return to year 2010 deposition is achieved in 2027 if a more stringent MFR scenario is
implemented in 2020 (see Fig.S3).

To evaluate the impact of delayed global action, a NP scenario was implemented for various
years between 2020 and 2050. Return to year 2010 deposition level is reached in 2038,
2047, 2056, or 2064 if a NP scenario is implemented in 2020, 2025, 2030, or 2035,
respectively. On average, each near-term 5-year delay in implementing a NP scenario in
turns delays by additional extra ca. 4 years a return to its year 2010 level (this level is not the
goal of policy action but used here for illustrative purposes). Each near-term 5-year delay
leads to a ca. 2.2% increase of the atmospheric reservoir mass, mainly due to the feedback
from legacy emissions.

Based on these results, we also compare the emissions reduction rate needed in order to
reach the same given deposition target at the same time but assuming delayed global action.
According to Fig.2b, return to year 2010 deposition level is reached in 2038 if emissions
reduction is initiated in 2020 at a —32.7 Mg yr~2 reduction rate (NP). To reach the same
deposition target (year 2010 level) at the same time (2038), reduction rates of —48.0, —83.0
and —230.0 Mg yr~1 are needed if emissions reduction is initiated in 2025, 2030, or 2035,
respectively. In other words, emissions reduction must be ca. 1.5, 2.5 or 7.0 times more
stringent if initiated in 2025, 2030 or 2035, respectively, instead of 2020 due to legacy
emissions and increasingly shortened recovery periods.

3.2 Local consequences and percent change in policy impacts

Using the integrated modeling approach described in Section 2.1, we calculated the local
consequences of delayed global action for Hg deposition fluxes to ecosystems at the four
selected sites (see Section 2.4). Following a traditional atmospheric modeling method (7.e.,
no delay/legacy penalty — see Fig. 1), the NP scenario leads to a 15.3%, 55.1%, and 12.9%
decrease in Hg deposition (vs. present-day levels) in Maine, Shanghai, and the South Pacific,
respectively (see Table 2). In contrast, a 25.9% increase is observed in Ahmedabad, India
due to projected growth of regional anthropogenic emissions®. The MFR scenario leads to
consistent global-scale Hg deposition reduction, with a 25.8%, 38.4%, 68.3%, and 22.1%
decrease in Maine, Ahmedabad, Shanghai, and the South Pacific, respectively. These results
are consistent with those reported by Pacyna et al.? despite the use of the a different CTM
with a formulation, spatial resolution, and physical and chemical process parameterizations
considerably different from GLEMOS and ECHMERIT3O.

As expected, policy impacts are lower in remote regions, far from emissions sources®48. 57,
While North America contributes a significant fraction of global anthropogenic
emissions!?:58:59 Hg emissions are low in Maine8% (~50 kg yr~1) and in the neighboring
New England states (see Fig.S4 and Fig.S5) due to a lack of major emitting sources as well
as the adoption in 1998 of a regional Hg action plan with aggressive emission reduction
goals®l. Based on Fig. 1 in Giang and Selin®’, little impact is expected from domestic U.S.
regulations in eastern Maine in terms of avoided deposition. As inferred by 2007-2016
hourly air back-trajectories computed with the HYSPLIT model52 (see Fig.S6), Maine tribal
areas are mainly influenced by air masses originating from Canada and the Arctic (Hudson
Bay), /.e., the Northern Hemisphere atmospheric background, rather than U.S. emissions.
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Sunderland et al.3 also showed that, in the early 2000s, anthropogenic emissions in the U.S.
and Canada resulted in ~30% of Hg deposition to the Gulf of Maine, with the rest (~ 70%)
from global anthropogenic and natural sources. In that context, a decrease of Hg deposition
in Maine tribal areas can only be achieved through the reduction of the global background
Hg concentration, 7.e., through global action. Potential additional effects of global change
(climate, biomass burning, land use) on Hg deposition have recently been investigated in
Michigan’s Upper Peninsula (USA) and projected to have modest impacts compared to
changes in direct anthropogenic emissions?8.

Figure 3 depicts the mean percent change in policy impacts due to a near-term (2020-2035)
5-year delayed implementation of a NP scenario. On a global average, each 5-year delay
leads to a ca. 14% decrease in NP impacts. The consequences of delayed global action
depend on the stringency of the policy as each 5-year delay leads to a ca. 8% decrease in
MFR impacts (global average, see Table 2). Remote regions are proportionally more
impacted by delayed global action than regions close to emission sources and a clear
gradient between the Northern and Southern Hemispheres can be observed (see Fig.3).
While a 5-year delay leads to a —=12.5 and —16.2% change in NP impacts in Maine and South
Pacific, respectively, it induces a —5.4 and -1.1% change in Ahmedabad and Shanghai,
respectively (see Table 2 and Fig.3). This can be explained by the relatively lower policy
impact in remote regions (see above) and therefore proportionally higher influence of the
legacy penalty. Consequences in terms of human exposure through fish consumption are
further discussed in the next section, with a specific focus on remote inland waters of
Eastern Maine, USA.

3.3 Local impacts on fish contamination: a tribal case study

In the U.S., rates of fish consumption and type of fish consumed vary widely. Whereas fish
forms a small component of the diet of many Americans, some groups such as Native
American tribes eat fish as frequently as daily6°-67. Additionally, fishing is an important
component of cultural and religious practice for many Native Americans®8. Therefore, fish
contamination poses special risks for tribal members and is an issue relevant to
environmental justice®®. According to a study performed in Maine tribal areas®, total Hg
concentration in predatory fish exceeds the 0.3 mg kg™ U.S. EPA threshold? in 16 out of
20 lakes (see Fig.S7) despite their remoteness from emissions sources (see Section 3.2). As
discussed by Perlinger et al.*8, the susceptibility of lakes to being contaminated depends on
the total supply of Hg to lakes but more importantly on factors leading to production and
accumulation of MeHg (e.g., prevalence of forests and wetlands in the catchment, low
alkalinity, pH or nutrients, and long water residence time). In order to navigate the gap
between safe and desired fish consumption levels for populations with significant exposure
to Hg, it is necessary to model changes in fish contamination over time’! and to investigate
the response to delayed global action.

The median response (over 20 lakes, see S.I. Section 1.2) of lacustrine predatory fish
contamination to changes in atmospheric deposition can be seen in Fig.4. All the lakes
within the study area respond with a rapid decrease in MeHg concentration over a decade,
followed by a slower decline toward steady state. Using the SERAFM model, Knightes et al.
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39 modeled the response to a hypothetical 50% decline in deposition across a range of lake
types and also found a similar response. However, the time response reported here is at the
upper range of those reported in Knightes et al.3°. Assuming an immediate implementation
of a NP scenario (/.e., no delay/legacy penalty — traditional method), the median MeHg
concentration in predatory fish rapidly declines by ca. 11%. This suggests that even in the
case of an immediate NP implementation and of a rather fast response time to changes in
deposition, the median MeHg concentration is still above the U.S. EPA threshold. These
results are in line with those recently reported in Michigan’s Upper Peninsula®®. Substantial
and rapid response of fish contamination to reduced emissions have been observed near
emissions sources’2~"4, However, the relatively lower policy impacts in remote areas (see
Section 3.2) are likely to considerably prolong the time required to see substantial decreases
in fish Hg concentrations. Under an immediate implementation of a MFR scenario, the
median MeHg concentration drops to about 0.3 mg kg2, /.e,, the U.S. EPA threshold. A
desired subsistence fish consumption of 300-500 grams per day requires a safe level target of
~0.018 mg kg~148.66.71 The predatory fish Hg concentrations under the MFR scenario
therefore indicate that, even under the strictest global Hg regulations, a traditional-
subsistence diet high in predatory fishes (e.g., brook trout, brown trout, burbot, landlocked
salmon, smallmouth bass) will lead to unsafe MeHg exposure in Maine tribal areas. While
flawed from the standpoint of environmental justice, a diet that shifts toward mixed feeders
(e.g white sucker, also known as mullet or bay fish) would reduce MeHg exposure (see
Fig.S1). This suggestion also holds true for riverine fish in the study area’>. Although not a
true substitute for a pristine environment, another alternative is the increasing consumption
of lower-Hg containing fish from aquaculture®®. The Aroostook Band of Micmacs located in
Presque Isle (see Fig.S2) has recently made this choice and created a recirculating
aquaculture brook trout fish hatchery?.

The impact of delayed global action on MeHg fish concentrations was then evaluated.
Return to year 2010 MeHg level (an arbitrarily-defined threshold used here for illustrative
purposes) is achieved in 2021, 2027, 2033, or 2043 if a NP scenario is implemented in 2020,
2025, 2030, or 2035, respectively. In other words, the longer the delay, the longer it takes to
reach the same MeHg concentration target. While the U.S. EPA threshold is reached in a
decade if a MFR scenario is implemented in 2010 (see Fig.4), this target is never reached in
case of delayed MFR implementation (see Fig.S8).

3.4 Uncertainties in atmospheric Hg modeling

Uncertainties in atmospheric Hg modeling for policy evaluation, in particular for linking
sources to receptors, have recently been thoroughly discussed by Kwon and Selin13. Major
uncertainties arise from biogeochemical cycling, atmospheric chemistry, and anthropogenic
emissions. There is for example ongoing controversy in the literature and a rapidly evolving
understanding of Hg pool sizes and fluxes in the global Hg cycle 13:22.77-81 The fully
coupled seven-reservoir GBC modell1:16 ysed in this study to scale legacy emissions is
based on Streets et al.’s19 all-time emission inventory, which assumes a major atmospheric
Hg impact from late 191" century Gold Rush mining in North America. Recent studies,
including historical documents on Hg use, ore geochemistry and a large array of ice and lake
sediment records, have challenged this account, as documented in a critical review by
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Outridge et al.””. This synthesis argues for a “low-mining emissions” scenario which
translates into smaller legacy pools in the oceans and soils than considered until now. In
order to investigate the consequences of a smaller legacy pool on the calculated legacy
penalty, we cut historical (1850-1920 CE) mining emissions in the Streets et al.1? inventory
by 50%, as proposed by Engstrom et al.”8. This “low-mining emissions” scenario did not
lead to any significant change in the influence of delayed action on NP policy impacts. As
suggested by Amos et al.”®, atmospheric deposition is most sensitive to the profile of
anthropogenic emissions in recent decades, and results presented here are robust to the
uncertainty in historical emissions. Our results also depend on the emissions scenario used
from year 2010 until implementation of the NP scenario. We conducted a perturbation
analysis to investigate the effect of this uncertainty on the percent change in policy impact.
We calculated a mean legacy penalty for each near-term 5-year delay of 107 Mg, 115 Mg
(see Table 2), or 123 Mg assuming constant emissions (+ 0 Mg yr~1), a CP scenario (+3.02
Mg yr1), or a 2xCP (+6.04 Mg yr~1) rate. We find that, on a global average, each 5-year
delay leads to a 13%, 14% or 15% decrease in NP policy impacts, respectively. Perturbations
to the legacy penalty therefore have little impact on our results.

Implications

Our results show that traditional spatially-resolved analyses of prospective policy impacts
from mercury reductions that do not consider future changes in legacy emissions can
overestimate changes driven by policy implementation by up to 110% by 2050 and should
be considered as best-case estimates. Though legacy impacts have previously been evaluated
at global scale using global biogeochemical cycling models, these effects are not widely
appreciated by policy-makers. Selin12 recently proposed a global metric to help policy-
makers better understand the implications of policy options by taking into account near-term
changes in legacy Hg. Using the integrated modeling approach described here, the effect of
legacy Hg changes on policy impact can be resolved spatially. Future work could build upon
this study by (re)examining the impact of other or upcoming future emission scenarios
beyond those developed by Pacyna et al.? evaluated here. Future policy analyses should
account for future legacy emissions and associated deposition to better inform policy
decision-making; the approach outlined here provides a straightforward methodology to
estimate this effect without relying on advanced coupled atmosphere-ocean models.
Alternately, an even simpler approach could scale legacy emissions and resulting deposition
globally using a global-scale estimate of biogeochemical model output? if running a global
biogeochemical cycle is infeasible.

Our results highlight the benefits of near-term aggressive Hg mitigation efforts. Return to
year 2010 global deposition is achieved 2.6 times faster under a MFR vs. NP scenario (see
Section 3.1). Contrary to the NP scenario, the MFR scenario leads to consistent global-scale
Hg deposition reduction (see Section 3.2). We also show that each near-term delay in taking
global action to reduce emissions has a non-negligible influence on expected policy impacts
due to legacy emissions. Global emissions reduction must be ca. 1.5, 2.5 or 7.0 times more
stringent if initiated in 2025, 2030 or 2035, respectively, instead of 2020 (see Section 3.1).
On a global average, each 5-year delay leads to a ca. 14% decrease in NP impacts (see
Section 3.2). Finally, while the median MeHg concentration in predatory fish in Maine lakes
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is still ca. 25% too high for safe fish consumption in case of an immediate NP
implementation, the U.S. EPA threshold is achieved under immediate implementation of a
MFR scenario (see Section 3.3). However, this level is never reached if policy is delayed. It
should also be emphasized that under a business-as-usual scenario (CP), deposition fluxes to
ecosystems will gradually increase. Even if moderately delayed, NP and MFR scenarios lead
to reductions in Hg deposition and MeHg concentration, highlighting the positive impact of
concerted global action.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRADITIONAL METHOD: constant legacy emissions
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Figure 1:
Conceptual framework. Due to a challenging parameterization, chemical transport models

(CTMs, GEOS-Chem in this study) traditionally hold legacy emissions constant at present-
day (2010) levels when making future projections. The latter thus only reflect changes in
direct anthropogenic emissions. Using a fully-coupled seven-reservoir global
biogeochemical cycle model!1.16 we account for future legacy emissions as a result of both
past and future emissions by adjusting GEOS-Chem outputs. The effective policy impacts in
terms of local Hg deposition are then dependent on policy delay. The adjusted deposition
flux is then used as input to a lake Hg model to evaluate the response of fish contamination
to delayed action. Current Policy (CP), New Policy (NP) and Maximum Feasible Reduction
(MFR) refer to future global emissions scenarios developed by Pacyna et al.®.
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Figure 2:

(a) Global primary anthropogenic emissions of Hg to the atmosphere (in Mg). A New Policy
(NP) is implemented in 2010 (black), 2020 (blue), 2025 (red), 2030 (green), 2035 (yellow)
or 2050 (purple). The NP annual emissions target? is reached at a rate of —=32.7 Mg yr—1 even
in case of delayed global action. (b) Global atmospheric Hg deposition to ecosystems (in
Mg). Each 5-year delay in implementing NP delays by additional extra ca. 4 years the return
of Hg deposition to its year 2010 level (chosen for illustrative purposes) due to legacy
emissions.
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Figure 3:
Mean percent change in policy impacts due to a near-term (2020-2035) 5-year delayed

implementation of a New Policy (NP) scenario. Results are discussed at selected sites with
varying impact from emissions sources, focusing on A) tribal areas of Eastern Maine, USA,
B) Ahmedabad, India, C) Shanghai, China, and D) an area of the Southern Pacific known for
albacore tuna fisheries. This Figure was made using the R package autoimage®4.
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Figure 4:
Median response of Eastern Maine (USA) lacustrine predatory fish contamination to delayed

implementation of a New Policy (NP) or Maximum Feasible Reduction (MFR) scenario.
Black dashed line: year 2010 MeHg concentration. Red dashed line: U.S. EPA reference
dose for MeHg (0.3 mg kg™?).
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Table 1:

Simulations performed with the chemical transport model (CTM) GEOS-Chem and the seven-reservoir global
biogeochemical cycle (GBC) model16. Current Policy (CP), New Policy (NP), and Maximum Feasible

Reduction (MFR) refer to future global emissions scenarios developed by Pacyna et al.?. A number of
simulations listed here were performed to check the robustness of the method (see S.I. Section 1.1).

Simulation CT™ . Global biogeochemical cycle (GBC) model
Meteorological year simulated: 2010 Years simulated: 2000 BCE-2100 CE
BASE 2010 AMAP/UNEP inventory'” and emissions Street et al.® from 2000 BCE to 2008 CE. CP from 2009
controls'® onward.

Primary anthropogenic emissions completely eliminated as of

PRE-2010 LEGACY Primary anthropogenic emissions zeroed out. 2010

FUTURE Future (CP, NP or MFR) emissions NP or MFR implemented in YYYY = 2010, 2020, 2025, 2030,
inventories®. 2035 or 2050.
Same as PRE-2010 LEGACY since 2010- Primary anthropogenic emissions completely eliminated as of:
PRE-YYYY LEGACY | vvy'y emissions are not taken into account YYYY = 2020, 2025, 2030, 2035 or 2050.

*
The model was run for meteorological years 2007-2010, with the first three years used as the initialization period. We used consistent 2007-2010
meteorology for present and future runs to isolate the effect of emissions.

Ak
In order to evaluate present-day model outputs against observations and account for inter-annual variability, this simulation was also performed

for meteorological years 2009-2015 following a three-year spin-up.
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Table 2:

Policy impact on local Hg deposition (Apg/m2/yr, percent in parentheses) assuming an immediate
implementation and no legacy penalty (traditional method). Policy impact is calculated as the difference in
deposition between FUTURE and BASE simulations. The following columns give the percent change in
policy impact depending on year of implementation, i.e., length of the delay. The percent change in policy
impact is calculated according to Equation (1). The mean percent change in policy impact is the average
percent change due to a near-term (2020-2035) 5-year delay, calculated according to Equation (2). New Policy
(NP) and Maximum Feasible Reduction (MFR) refer to future global emissions scenarios developed by

Pacyna et al.%.

Policy impact in
Aug/mZlyr under
traditional method (%
change vs. present)

Percent change in policy impact (%)

Year of implementation Traditional method 2020 | 2025 | 2030 | 2035 2050 mean

Global average

NP ~1.4 (-13.6%) -33.6 | —485 | -62.7 | -76.2 | -1141 | -142
MFR -2.5 (-23.8%) -191 | 275 | -355 | —432 | -646 | -80
Global legacy penalty (Mg) 0.0 272 | 392 | 506 | 615 921 | 1145

Maine, USA (A)

NP -2.9 (-15.3%) -29.5 | -42.6 | -55.0 | -66.9 | —-100.0 | -12.5

MFR -4.9 (-25.8%) -175 | =253 | -32.7 | -39.7 | -59.5 =74

Ahmedabad, India (B)

NP +4.2 (+25.9%) -12.7 | 184 | -23.7 | -28.9 | -43.2 -5.4

MFR -6.3 (-38.4%) -8.6 | -124 | -16.0 | -195 | -29.2 -3.6

Shanghai, China (C)

NP -6.3 (-55.1%) =-2.7 -3.9 -5.0 -6.1 -9.1 -11

MFR -7.8 (-68.3%) 22 | 31 | 41 | <49 | -74 | -09

South Pacific (D)

NP -1.7 (-12.9%) -38.3 | -55.3 | -71.4 | -86.9 | —-130.1 | -16.2

MFR -3.0 (-22.1%) -22.8 | -32.8 | -424 | -516 | -77.2 -9.6
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