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• Emission inventories need regular/
consistent updating with improved Hg
speciation.

• Models confirm important impact of
changing meteorology on Arctic atmo-
spheric Hg.

• 75% of anthropogenic Hg deposition is
from industrial and ASGM gold mining
sources.

• Significant geographic and seasonal varia-
tions exist in Arctic Hg contamination.

• Geographical distribution of airmonitoring
needs improvement to capture changes.
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 Global anthropogenic and legacy mercury (Hg) emissions are the main sources of Arctic Hg contamination, primarily
transported there via the atmosphere. This review summarizes the state of knowledge of the global anthropogenic
sources of Hg emissions, and examines recent changes and source attribution of Hg transport and deposition to the
Arctic using models. Estimated global anthropogenic Hg emissions to the atmosphere for 2015 were ~2220 Mg,
~20% higher than 2010. Global anthropogenic, legacy and geogenic Hg emissions were, respectively, responsible
for 32%, 64% (wildfires: 6–10%) and 4% of the annual Arctic Hg deposition. Relative contributions to Arctic deposi-
tion of anthropogenic origin was dominated by sources in East Asia (32%), Commonwealth of Independent States
(12%), and Africa (12%). Model results exhibit significant spatiotemporal variations in Arctic anthropogenic Hg depo-
sitionfluxes, driven by regional differences in Hg air transport routes, surface and precipitation uptake rates, and inter-
seasonal differences in atmospheric circulation and deposition pathways. Model simulations reveal that changes in
meteorology are having a profound impact on contemporary atmospheric Hg in the Arctic. Reversal of North Atlantic
Oscillation phase from strongly negative in 2010 to positive in 2015, associated with lower temperature andmore sea
ice in the Canadian Arctic, Greenland and surrounding ocean, resulted in enhanced production of bromine species and
Hg(0) oxidation and lower evasion of Hg(0) from ocean waters in 2015. This led to increased Hg(II) (and its deposi-
tion) and reduced Hg(0) air concentrations in these regions in line with High Arctic observations. However, combined
changes in meteorology and anthropogenic emissions led to overall elevated modeled Arctic air Hg(0) levels in 2015
compared to 2010 contrary to observed declines at most monitoring sites, likely due to uncertainties in anthropogenic
emission speciation, wildfire emissions and model representations of air-surface Hg fluxes.
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1. Introduction

Mercury (Hg) is emitted to the atmosphere from both anthropogenic
and natural sources in inorganic form; it then circulates and accumulates
in global environments through a series of complex physicochemical pro-
cesses involving transport, physico-chemical transformations, and air-
surface exchanges on a global scale and within the Arctic (AMAP, 2011).
Dastoor et al. (2022) presented a comprehensive review of the present-
day total Hg mass balance (Hg levels, fluxes, and reservoir budgets) in the
Arctic. Identifying the origin ofmercury in theArctic environment is central
to addressing policy to reduce Arctic mercury contamination. Action to re-
duce present-day anthropogenic Hg emissions and releases, through for ex-
ample the Minamata Convention on Mercury, is the key to reducing the
further accumulation of Hg in environmental media and future re-
emissions of Hg (Schartup et al., 2022). Given the vulnerability of Arctic
populations to mercury pollution, monitoring and assessment of mercury
levels and their trends in the region are of particular interest to the Conven-
tion in the context of effectiveness evaluation. The effects of profound shifts
in the climate and the cryosphere in warming Arctic (AMAP, 2019; Box
et al., 2019; Saros et al., 2019) are complex because of potential interactive
alterations to multiple processes including Hg transport and surface ex-
changes (Chételat et al., 2022), and biogeochemical transformations
(MacMillan et al., 2015; Yang et al., 2016). In addition, climate change im-
pacts vary across the Arctic, due to regional differences in warming, sea-ice
loss, and snow cover changes (AMAP, 2017). Considerations of these effects
on atmosphericHg transport, transformation, and deposition arewarranted
to assess the impacts of concurrent changes in climate and emissions on Hg
cycling. While monitoring data show the combined impact of changes in
multiple factors affecting Hg cycling such as anthropogenic emissions,
land use, environmental chemical composition, and climate, evaluating
the effectiveness of the Convention entails isolating the impacts attributable
to the Convention from changes occurring due to other factors. Mechanistic
models can be used to resolve the intervening Hg processes and help quan-
titatively attribute mercury levels and their temporal trends to different
sources and drivers. Reliable time-varying inputs of anthropogenic emis-
sions of Hg species from global source regions are necessary to simulate
mercury levels and their changes accurately using the atmospheric models.

This review is a contribution to the Virtual Special Issue on the AMAP
Assessment 2021: Mercury in the Arctic (AMAP, 2021). It presents the de-
velopment of the most recent (2015) global inventory of anthropogenic
Hg emissions to air (that contribute to Hg contamination globally and in
the Arctic). Mercury enters the Arctic environment via the atmosphere,
ocean currents, and river runoff. Hg observations in Arctic environments
are scarce due to the challenges associated with the size and remoteness
of the region. However, since the previous AMAP mercury assessment
(AMAP, 2011), major measurements campaigns and new analytical tech-
niques have elucidated Hg pathways with greater clarity. Advances have
been made in the understanding of Hg chemistry (Dibble et al., 2020),
andflux exchange processes with vegetation (Obrist et al., 2017), snowpack
(Douglas et al., 2017), andmarine surfaces (DiMento et al., 2019). Based on
these advances, process representations in Hg models have been improved
(Angot et al., 2016; Zhou et al., 2021), reducing uncertainties in estimates
of Hg transport and deposition in the Arctic. Using updated global Hg
models, Hg transport and deposition in the Arctic was simulated based on
2015 AMAP/UN-Environment anthropogenic emissions (AMAP/UNEP,
2019).

In order to assess the impact of global sources of Hg emission on con-
temporary Hg levels in Arctic ecosystems, we review here the state of
knowledge and understanding of the global sources of Hg emissions to
the atmosphere, and Arctic Hg transport and levels and their changes and
source attribution using Hg models. A review of observed Hg trends and
their long-term changes in Arctic atmosphere due to climate change influ-
ences are presented separately in this special issue (Chételat et al., 2022;
MacSween et al., 2022). Long-term trends in global atmospheric Hg emis-
sions and associated model simulated atmospheric Hg levels in the Arctic
are not addressed due to inconsistencies in available datasets representing
2

global anthropogenic Hg emission trends and their spatial distribution.
However, the models were applied to simulate recent changes in atmo-
spheric Hg levels (2010 to 2015) to develop an insight into the drivers for
changes in Arctic atmospheric Hg between these two years, including not
only changes that might occur related to changing anthropogenic emis-
sions, but also those directly and indirectly associated with climate
warming. Next, the attribution of atmospheric Hg deposition to specific
sources such as primary anthropogenic and legacy mercury emissions as
well as the relative importance of local sources vs. global sources was deter-
mined using the model ensemble. Finally, conclusions and recommenda-
tions are provided for future evaluation of atmospheric Hg sources, levels,
and their changes in the Arctic.

2. Sources of mercury emissions to air contributing to mercury in
Arctic environments

Evidence of a notable increase in present-day Hg concentrations in
Arctic environments compared to pre-industrial levels and the lack of
any significant anthropogenic mercury emissions sources within the
Arctic region itself implies that the majority of Hg contaminating the
Arctic environment originates from sources outside the Arctic (Dietz
et al., 2009; AMAP, 2011). Long-range transport via air, oceans, and riv-
ers is therefore the dominant means by which mercury is delivered to,
and contaminates the Arctic environment and its ecosystems (AMAP,
1998, 2005, 2011; Dastoor et al., 2022). The atmospheric pathway is
particularly important in this respect.

The main species of Hg emitted to the atmosphere, gaseous elemental
mercury (Hg(0); GEM), has a long lifetime in the air (0.5–1 year;
Horowitz et al., 2017), which transports and deposits on a global scale. Ad-
ditionally, Hg(0) reacts with strong oxidants in air, and forms oxidizedmer-
cury species (Hg(II): gaseous oxidized mercury (GOM) and particulate
bound mercury (PBM)) that readily deposit to global ecosystems by direct
uptake and precipitation scavenging on a shorter time-scale (up to two
weeks). In coastal andmarine Arctic environments, Hg oxidation and depo-
sition processes intensify during springtime, facilitated by increased photo-
chemical production of bromine (Br) species from snowpacks over sea ice
(Moore et al., 2014; Toyota et al., 2014a; Wang et al., 2019). The resulting
Arctic mercury depletion events (AMDEs) enhance the net deposition of
mercury in springtime in areas where AMDEs occur. Due to its volatile na-
ture, a fraction of historically deposited Hg reenters the atmosphere from
earth's surfaces, significantly amplifying environmental Hg circulation
and transport to the Arctic through the process of global fractionation.
Burial in long-term storage archives such as lake sediments, ocean sedi-
ments, subsurface soils, and glacial ice ultimately immobilizes Hg from its
circulation in global environments.

The Global Mercury Assessment 2018 (AMAP/UNEP, 2019) included
an updated global Hg budget (Outridge et al., 2018) that estimates
present-day global emissions of Hg to air at approximately 8000 Mg yr−1

(4600 Mg yr−1 and 3400 Mg yr−1 from terrestrial and marine sources,
respectively). These emissions originate from the following sources:
~500 Mg yr−1 from natural (geogenic) sources; ~1600 Mg yr−1 from re-
emissions from the soil, vegetation, and open biomass burning;
~3400 Mg yr−1 from evasion from surface ocean waters; and ~ 2500 Mg
yr−1 from anthropogenic sources. The atmosphere is estimated to hold
~4400 Mg of Hg, representing a percentage increase due to human activi-
ties of ~450% since around the mid-15th century. The average global mer-
cury emissions by wildfires have been estimated in the range of 400 to
675 Mg yr−1 (Friedli et al., 2009; De Simone et al., 2017; Kumar et al.,
2018). The global budget also includes an estimate of ~600 Mg of Hg re-
leased to freshwater aquatic environments in 2015 from anthropogenic
sources; this amount does not include releases associated with artisanal
and small-scale gold mining (ASGM) activities, which are estimated to con-
tribute ~1200 Mg of Hg in combined releases to land and water in 2015
(AMAP/UNEP, 2019; Kocman et al., 2017). ASGM-associated releases to
water are additional to the significant contribution that this sector makes
to emissions of Hg to air.
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Current annual emissions to air from anthropogenic sources (contribut-
ing ~30% of total Hg emissions) and natural sources (contributing <10%)
are substantially lower than re-emissions/evasion from soils/vegetation
and surface ocean waters, which together contribute ~60% of total Hg
emissions. However, it should be recognized that the re-emissions—essen-
tially a result of natural processes—are themselves largely a consequence of
the build-up of Hg in the environment following historical anthropogenic
emissions and releases. In the context of the budget, emissions from Hg
released or disposed of to land (e.g., landfill, mine tailings, and waste
rock, etc.) are also treated as re-emission sources. Action to reduce
present-day anthropogenic Hg emissions and releases (through, for exam-
ple, the global Minamata Convention on Mercury) is, therefore, the key to
reducing the further accumulation of Hg in environmental media and fu-
ture re-emissions of Hg (see Schartup et al., 2022).

Due to the sparse population and limited human activities in the Arctic,
natural emissions (geogenic and legacy (from previously deposited) emis-
sions including wildfire emissions) within the Arctic also play an important
role in the region. Combined geogenic and re-emissions of Hg from soils/
vegetation and marine surfaces in the Arctic are estimated in the range of
7 to 59 Mg yr−1 (median: 24 Mg yr−1) and 23 to 45 Mg yr−1 (median:
32 Mg yr−1), respectively (Dastoor et al., 2022). Arctic soils have been
found to be long-term storage for a large amount of Hg (Schuster et al.,
2018), and releases of legacy Hg stored in boreal forests (Jiskra et al.,
2018) and soils can be significant under large-scale fire events. Kumar
et al. (2018) estimated that around 95%of Hgwildfire emissions in the Arc-
tic are from boreal forests and 5% are from other vegetation types. Emis-
sions estimates from boreal forest fires range from ~20 Mg yr−1

(McLagan et al., 2021; Friedli et al., 2003a) up to 200 Mg yr−1 (Kumar
et al., 2018). Recently, Dastoor et al. (2022) estimated mean wildfire Hg
emissions north of 60°N at 8.8 ± 6.4 Mg yr−1 (2001 to 2019) based on
the mean burned area (Giglio et al., 2013, 2016; Lizundia-Loiola et al.,
2020), the mean fuel load of Canadian Arctic biomes (Amiro et al., 2001),
and the emission factors based on McLagan et al. (2021).

Uncertainties in Hg re-emission estimates are high due to a lack of ob-
served air-surface flux estimates representing all surface types and seasons.
Increased melting of permafrost, glaciers, and ice sheets in the Arctic over
the last decades is suggested to be releasing Hg into the Arctic environment
(Milner et al., 2017; Schuster et al., 2018), but estimates of air emissions
from these sources are currently lacking (Schaefer et al., 2020). Wildfire
emission uncertainties are associated with the estimation of annual burned
area and emission factors, limited near-source atmospheric Hg measure-
ments in wildfire plumes (Friedli et al., 2009; De Simone et al., 2017;
McLagan et al., 2021), and lack of speciated wildfire emission inventories
(Friedli et al., 2003; Finley et al., 2009; Kohlenberg et al., 2018; Fraser
et al., 2018). Peatlands are an important sink for organic matter and Hg
in the circumboreal regions, and the burning of peat-rich soils likely leads
to a significantly greater release of Hg than is currently estimated (Turetsky
et al., 2006; Fraser et al., 2018). Fire frequency, intensity and length of the
burning season are expected to increase in the future under warming condi-
tions and might lead to higher wildfire Hg emissions (Mack et al., 2011;
Veira et al., 2016; Walker et al., 2019).

The following sections provide estimates of anthropogenic emissions of
Hg relevant to Arctic Hg contamination. The anthropogenic emissions for
2015 described here were used to simulate present-day geospatial distribu-
tions of Hg levels in the Arctic air and deposition, and to determine the
source apportionment of Hg deposition using multiple models.

2.1. Anthropogenic emissions

2.1.1. Global anthropogenic emissions in 2015
Due to the significance of long-range transport from sources remote to

the Arctic, mercury assessments prepared under the auspices of the AMAP
over the past 3 decades have included consideration of global emissions
of mercury. An important contribution to this work involved the construc-
tion of global inventories of anthropogenic mercury emissions to air, their
spatial distribution, and modeling of global atmospheric transport in
3

order to investigate source-receptor relationships to inform policy aimed
at reducing Arctic mercury contamination. As part of the AMAP, 2011
and 2021mercury assessment cycles, this emission inventory work was un-
dertaken by joint AMAP/UNEP expert groups to provide technical input
also to UN Global Mercury Assessments (GMA; UNEP, 2013; UNEP,
2019). The most recent AMAP/UNEP global inventory of Hg emissions to
air from anthropogenic sources is for 2015, building on earlier AMAP
global anthropogenic emissions inventory work reported in AMAPmercury
assessments (AMAP, 1998, 2005, 2011; Pacyna and Pacyna, 2002; Pacyna
et al., 2006, 2010) and applying a revised methodological approach that
was introduced in preparing the global inventory of Hg emissions for
2010 (AMAP/UNEP, 2013). Results of the 2015 anthropogenic emissions
inventory are presented in detail in the Technical Background Report to
the Global Mercury Assessment 2018 (AMAP/UNEP, 2019); with methods
and underlying data extensively described in the technical annex to that
report (available at https://www.amap.no/documents/doc/technical-
background-report-for-the-global-mercury-assessment-2018/1815). The
inventory estimates national emissions for ~220 countries in 11 subconti-
nental regions for each of the 17 main emission sectors. Tables 1 and 2
summarize, by region and source sector, the resulting 2015 emission
estimates, which total ~2220 Mg of Hg (2000–2820 Mg).

The 2015 inventory estimates identify sources in Asia as responsible for
about 50% of global Hg emissions in 2015, with East and Southeast Asia
contributing ~40% and South Asia contributing ~10% (see Table 1).
This reflects the growth in industrial development in these regions in recent
decades and, in particular, the use of coal as a primary source of energy. Sta-
tionary combustion of fossil fuels and biomass burning is responsible for
some 24% of estimated global Hg emissions (21% from coal burning). In-
dustrial activities involving high-temperature processes, such as ferrous
and non-ferrous metal smelting and cement production, are responsible
for a further 28% of global Hg emissions.

The other main sources of Hg emissions are associated with the inten-
tional use of Hg. These include use in mercury-added products, such as
lamps, batteries, and instruments (e.g., medical instruments, such as ther-
mometers, sphygmomanometers, and measuring devices, such as barome-
ters) as well as in dental amalgam, all of which generate wastes that are
sources of emissions, especially where these wastes are subject to uncon-
trolled burning. The intentional use of Hg also includes its use in industrial
processes, such as the manufacture of vinyl chloride and the production of
chlor-alkali using the mercury-cell process. However, by far the largest
source of Hg emissions from intentional Hg use is that associated with
ASGM, which globally is estimated to contribute ~38% of the total anthro-
pogenic emissions inventory and~68% of emissions in the Southern Hemi-
sphere. The majority of ASGM emissions occur between 30°N and 30°S;
ASGM contributes ~70% of emissions in South America and up to 80% of
emissions in Sub-Saharan Africa as well as contributing a significant part
of the emissions in East and Southeast Asia. As a result, South America
and Sub-Saharan Africa are responsible for ~18% and ~16% of global
emissions of Hg, respectively. However, if ASGM emissions are excluded,
the pattern of regional contributions changes, and regions such as South
Asia and CIS (Commonwealth of Independent States), and other European
countries appear higher in the ranking. Overall, the patterns of both re-
gional and sectoral contributions to global emissions in 2015 were similar
to those in 2010.

The inventory methodology also recognizes that there may be addi-
tional emissions from sectors that it is not possible to quantify using the cur-
rent methodology and available data; these could contribute between an
additional few tens to several hundreds of Mg of Hg emissions per year.
These include anthropogenic emissions associated with the incineration
of industrial and sewage sludge and some hazardous wastes, oil and gas ex-
traction (upstream of refineries), and agricultural burning. Some of these
sources may be significant in a local and/or Arctic context.

Estimates of global Hg emissions from agricultural burning are included
in the Emissions Database for Global Atmospheric Research (EDGAR; see
Section 2.1.4), consistently increasing and almost doubling from 1970 to
2012 and totaling ~90 Mg in 2012 (Muntean et al., 2018). In 2012, their

https://www.amap.no/documents/doc/technical-background-report-for-the-global-mercury-assessment-2018/1815
https://www.amap.no/documents/doc/technical-background-report-for-the-global-mercury-assessment-2018/1815


Table 1
Contributions from various regions to the estimated global inventory of anthropogenic Hg emissions to air in 2015 for four main groups of emissions sectors (AMAP/UN En-
vironment, 2019).

Region Sector group (emissions, Mg)

Fuel
combustion

Industry
sectors

Intentional-use (including product
waste)

Artisanal and small-scale gold
mining

Regional total in Mg
(range)

% of global
total

Australia, New Zealand & Oceania 3.57 4.07 1.15 0.0 8.79 (6.93–13.7) 0.4
Central America and the Caribbean 5.69 19.1 6.71 14.3 45.8 (37.2–61.4) 2.1
CIS & other European countries 26.4 64.7 20.7 12.7 124 (105–170) 5.6
East and Southeast Asia 229 307 109 214 859 (685–1430) 38.6
EU28 46.5 22.0 8.64 0.0 77.2 (67.2–107) 3.5
Middle Eastern States 11.4 29.0 12.1 0.225 52.8 (40.7–93.8) 2.4
North Africa 1.36 12.6 6.89 0.0 20.9 (13.5–45.8) 0.9
North America 27.0 7.63 5.77 0.0 40.4 (33.8–59.6) 1.8
South America 8.25 47.3 13.5 340 409 (308–522) 18.4
South Asia 125 59.1 37.2 4.50 225 (190–296) 10.1
Sub-Saharan Africa 48.9 41.9 17.1 252 360 (276–445) 16.2
Global inventory 533 614 239 838 2220 (2000–2820) 100.0
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share in the total global Hg emissions estimated by EDGAR was about 5%,
with the greatest contributions to agricultural emissions from Brazil (17%),
India (15%), and Indonesia (11%).

Comparing the 2015 global inventory results (AMAP/UNEP, 2019)
with other national and regional emissions estimates is not straightfor-
ward. No comparable global inventories exist for 2015. However,
Muntean et al. (2018) have compared global emissions estimates of
Hg from the Emission Database for Global Atmospheric Research
(EDGAR) in 2010 (totaling ~1770 Mg) with the 2010 GMA inventory
estimates reported in AMAP/UNEP, 2013 (which updated totaled
~1810 Mg; AMAP/UNEP, 2019).

Comparisons between the 2015 AMAP/GMA inventory estimates and
other national estimates from countries that maintain emissions inventory
systems and with regional estimates for 2015 reported under the United
Nations Economic Commission for Europe (UNECE) Convention on Long-
Range Transboundary Air Pollution (CLRTAP) indicated a generally reason-
able level of consistency with respect to estimates for national total
emissions, considering the associated uncertainties (AMAP/UNEP, 2019).
However, estimates for particular emissions sectors were more variable,
reflecting a large degree of differences in the way emissions are classified
or categorized under different Hg emissions reporting systems, many of
which have been adapted from systems developed for reporting emissions
Table 2
Contributions from various source sectors to the estimated global inventory of anthropo

Sector

Artisanal and small-scale gold mining (ASGM)
Biomass burning (domestic, industrial and power plant)
Cement production (raw materials and fuel, excluding coal)
Cremation emissions
Chlor-alkali production (mercury process)
Non-ferrous metal production (primary Al, Cu, Pb, Zn)
Large-scale gold production
Mercury production
Oil refining
Pig iron and steel production (primary)
Stationary combustion of coal (domestic/residential, transportation)
Stationary combustion of gas (domestic/residential, transportation)
Stationary combustion of oil (domestic/residential, transportation)
Stationary combustion of coal (industrial)
Stationary combustion of gas (industrial)
Stationary combustion of oil (industrial)
Stationary combustion of coal (power plants)
Stationary combustion of gas (power plants)
Stationary combustion of oil (power plants)
Secondary steel production *
Vinyl-chloride monomer (mercury catalyst) *
Waste (other waste)
Waste incineration (controlled burning)
Total

4

of other pollutants. Thesemajor considerations would need to be addressed
in any regulatory emissions reporting context.

2.1.2. Geospatial distribution and speciation of emissions
An important additional component of the work on the AMAP/GMA

global mercury emission inventories involves their geospatial distribution
to generate datasets that could then be used by modelers investigating,
for example, long-range atmospheric transport of Hg (see Sections 4
and 5). As with the methods for preparing global emissions estimates, the
methods used for spatial distribution have developed over time (Pacyna
et al., 2003, 2010; Wilson et al., 2006; Steenhuisen and Wilson, 2015).
For the 2015 inventory, this work comprised allocating national Hg emis-
sions totals to specific point sources, or their area-wide distribution (within
0.25° grid cells) based on expected emissions distributions for the sectors
concerned. The methods applied and the results of this work are detailed
in Steenhuisen and Wilson (2019). Fig. 1 presents the geospatially distrib-
uted inventory for total mercury emissions (THg) viewed from an Arctic
perspective.

At the same time as spatially distributing emissions, the approach em-
ployed in the GMAwork also assigned emissions to three Hg species classes
using a generic speciation scheme to classify total mercury (THg) emissions
between GEM, GOM, and PBM according to the source sector concerned,
genic Hg emissions to air in 2015 (AMAP/UN Environment, 2019).

Mercury emission (range), Mg Sector % of total

838 (675–1000) 37.7
51.9 (44.3–62.1) 2.33
233 (117–782) 10.5
3.77 (3.51–4.02) 0.17
15.1 (12.2–18.3) 0.68
228 (154–338) 10.3
84.5 (72.3–97.4) 3.8
13.8 (7.9–19.7) 0.62
14.4 (11.5–17.2) 0.65
29.8 (19.1–76.0) 1.34
55.8 (36.7–69.4) 2.51
0.165 (0.13–0.22) 0.01
2.70 (2.33–3.21) 0.12
126 (106–146) 5.67
0.123 (0.10–0.15) 0.01
1.40 (1.18–1.69) 0.06
292 (255–346) 13.1
0.349 (0.285–0.435) 0.02
2.45 (2.17–2.84) 0.11
10.1 (7.65–18.1) 0.46
58.2 (28.0–88.8) 2.6
147 (120−223) 6.6
15.0 (8.9–32.3) 0.67
2220 (2000–2820) 100



Fig. 1. Distribution of global anthropogenic mercury emissions showing proximity of emissions in major source regions to the Arctic.
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and three emission height classes. An acknowledged deficiency in the GMA
inventory work concerns the fact that the approach currently employed to
define the Hg species that are emitted to the atmosphere is oversimplistic
and outdated.

Mercury species emitted depend on several factors, including, inter alia,
the air pollution control devices (APCDs) that are applied at emission point
sources. The application of APCDs has changed considerably over recent
decades, with developments taking place in different countries at different
times. The use of combinations of APCD technologies, together with chang-
ing properties of fuels, raw materials and plant operating conditions, can
have significant impacts on the mercury removal efficiency of APCDs
(Zhang et al., 2016; Cao et al., 2022). The applied GMA inventory method-
ology incorporates the possibility to address such factors in quantifying
emission totals, but this has not been reflected in GMA inventory geospatial
distribution work to date—although the most recent inventory tools allow
for this to be done, it was outside the scope of the work undertaken.

A large number of recent publications have documented speciation as-
pects of emissions, generally at large point sources such as power plants,
smelters, and other industrial facilities, in particular in Asia (e.g., Wu
et al., 2012; Zhang et al., 2015). This represents a considerable body of
new information available to improve speciation schemes.

Muntean et al. (2018) performed a comprehensive literature review on
Hg speciation for different sectors and developed three retrospective emis-
sions scenarios based on different hypotheses related to the proportion of
Hg species in the THg emissions. The reference scenarios use the split fac-
tors provided in AMAP/UNEP (2008), i.e. the scheme applied to all global
anthropogenic Hg emissions inventories reported in AMAP and UN Envi-
ronment GMA work (inventories for the years 1990–2015) as well as in
EDGARv4.tox2. The other two scenarios apply split factors derived primar-
ily from field measurements; from the United States Environmental Protec-
tion Agency's (EPA's) Information Collection Request (ICR; Bullock and
Johnson, 2011), and scientific literature (Friedli et al., 2001, 2003a,
2003b; Park et al., 2008; Wu et al., 2012; Chen et al., 2013; Giang et al.,
2015; Zhang et al., 2015), respectively. Fig. 2 presents the variation be-
tween the proportion of Hg(0) and reactive mercury (GOM and PBM) in
the scenarios corresponding to the speciation scheme applied to the
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AMAP/GMA inventories and the scheme based on the reviewed scientific
literature for different sectors. The share of the THg emissions that com-
prise Hg(II) species (gaseous and particulate) emissions was 25.3% for the
reference scenario and 22.9% and 21.4% for the other two emissions sce-
narios. However, regional Hg speciation footprints may differ considerably
depending on the characteristics of Hg-emitting sources located in different
regions (see details in Muntean et al., 2018). Much of the recent literature
on emissions speciation at industrial facilities concerns plants in East Asia
(China, Japan, and the Republic of Korea), with speciation often depen-
dent on the air pollution control technologies employed at the different
plants. An evaluation of the three scenarios using the GEOS-Chem
global 3-D Hg model showed a variation in deposition estimates of ap-
proximately ±10%. A comparison with measurements within a nested
grid in sensitivity simulations for the United States indicated that
speciated emissions estimated based on field measurements can im-
prove wet deposition estimates near sources.

Changes in speciation from GEM to PBM or GOM would imply that
Hg may be captured or deposited closer to its source regions and therefore
have less potential for transport to the Arctic. Appropriate speciation of
(geospatially distributed) Hg emissions datasets is important to modeling
atmospheric transport from source to receptor regions including the Arctic
(see Section 3). Steenhuisen andWilson (2019) further investigated this for
somemajor emissions sectors with respect to Chinese emissions using infor-
mation compiled by Zhang et al. (2015). This clearly showed the influence
of using updated speciation information, decreasing the relative propor-
tions of GOM at locations associated with power plants and increasing the
relative proportions of Hg(0) in areas of domestic and residential heating.
Extending this work to the global scale would benefit from additional infor-
mation on emissions speciation for other parts of the world. While newly
available information on the speciation of emissions at major point sources
presents the possibility for better addressing this aspect in future work; a
significant knowledge gap still concerns the fate of Hg emitted from
ASGM activities. Mercury used to amalgamate or concentrate gold is evap-
orated to recover the gold and is therefore by definition emitted as GEM.
ASGM emissions occur close to the ground and thus the emitted Hg may
be subject to faster removal via direct uptake by vegetation and by chemical



Fig. 2. Proportions of Hg(0) and Hg(II) (gaseous plus particulate) in the speciation
scheme applied to the AMAP/GMA inventories for different sectors compared with
information presented in recent literature (Muntean et al., 2018, and references
cited therein). EoP: end-of-pipe measures; ESP: electrostatic precipitator; FF:
fabric filter; FGD: flue gas desulfurization; SCR: selective catalytic reduction.

A. Dastoor et al. Science of the Total Environment 839 (2022) 156213
transformations through interactionwith surfaces or adsorption to dust par-
ticles than might be the case for GEM emitted, for example, from power
plant stacks (Gerson et al., 2022).

2.1.3. Anthropogenic emissions and releases in an Arctic context
The most recent AMAP assessment (AMAP, 2021) includes an updated

Hg budget for the Arctic land and ocean (Dastoor et al., 2022), and the
Arctic region is also evaluated in atmospheric transport source-receptor
modeling work (see Section 5).

Based on the geospatial distribution of the 2015 emissions inventory,
sources within the Arctic region (north of 60°N) contribute only a small
part of global anthropogenic Hg emissions to air, ~14 Mg (<1%) of the
total estimated inventory of 2220 Mg in 2015 (AMAP, 2021) (Table S1).
It should be noted that this value has a relatively high associated uncer-
tainty due to limitations of the spatial distribution methods for certain
sectors in regions of sparse population. The majority of the anthropogenic
Hg emissions in the Arctic region occur in Russia and are associated with
relatively few point sources, including the non-ferrous metal smelters at
6

Norilsk and on the Kola Peninsula (see Fig. 3). The Arctic also hosts coal-
fired power plants along with other industrial facilities (including cement
and ferrous metals production plants) in larger population centers, as well
as mining and oil refining operations within or in close proximity to the
Arctic. Smaller local emission sources are associated with diesel generators
and waste dumps in smaller communities.

Although the anthropogenic Hg emissions within the Arctic region are
small, it should be recognized that the Arctic States as a whole contribute
significantly to global Hg emissions; these States together with other coun-
tries that are observers to the Arctic Council were responsible for ~44% of
estimated global anthropogenic Hg emissions in 2015.

2.1.4. Trends in anthropogenic emissions
Mercury emissions to air have changed over time. Historically, gold and

silver mining have been major sources of mercury emissions and releases.
Following the industrial revolution and the subsequent rise of fossil fuel
economies (i.e., from the 1850s onwards), Hg emissions increased
(AMAP, 2011; AMAP/UNEP, 2019). Emissions during the first part of the
21st century are estimated globally at around 2000 to 2500 Mg yr−1 with
emissions increasing in some geographical regions and decreasing in
others.

Comparisons between global anthropogenic emission inventories pro-
duced at different times since the 1990s (AMAP, 1998, 2005, 2011;
Pacyna and Pacyna, 2002; Pacyna et al., 2006, 2010) is complicated by
the fact that, over time, additional sectors have been added to the invento-
ries, as well as by changes in the methods applied for calculating emissions.

In the 2021 AMAP assessment (AMAP, 2021) it was only considered ap-
propriate to compare the 2015 inventory results (AMAP/UNEP, 2019) with
results from the 2010 inventory (AMAP/UNEP, 2013), as these were pre-
pared using a similar methodology, and then only after the latter had
been updated to introduce new sectors which were considered in 2015
(e.g., biomass burning in power generation, industry and domestic
sources), newly available 2010 activity data, and some changes in methods
for calculating emissions from ASGM and the disposal of Hg-added product
wastes). The results (Fig. 4) indicate that estimated global anthropogenic
emissions of Hg to the atmosphere for 2015 were approximately 20%
higher than in 2010. Within this trend, modest decreases in emissions in
North America and the European Union associated with continuing action
to reduce emissions and shifts in fuels used for energy (i.e., away from
coal) are more than offset by increased emissions in other regions, in Asia
in particular. The overall trend appears to reflect a continuation of an up-
turn in global Hg emissions following decreasing emissions during the
last decades of the 20th century, as described in the previous AMAP mer-
cury assessment (AMAP, 2011), and also the possible impact of the global
crisis of 2008 which depressed economic activity in the period of the
2010 inventory.

This contrasts somewhat with results of global Hg emissions estimates
from EDGAR (Muntean et al., 2014, 2018) which show an increasing rather
than a decreasing trend in global emissions in the last decades of the 20th
century. Muntean et al. (2018) report global anthropogenic Hg emission
trends over the period 1970 to 2012 based on an analysis of data from
EDGAR (see Fig. 4). The EDGAR dataset applies a consistent methodology
across all years. They show global emissions (excluding ASGM) increasing
by 45% between 1970 and 2012.

In a recent review, Streets et al., (2019a), report annual trends in global
emission in the period 2010–2015 applying a common menthodology.
Their results, also shown in Fig. 4, are generally consistent with those pro-
duced under the GMA work for 2010 and 2015, but with higher overall
total emissions in each of these years; by 22% and 8%, respectively.

Analysis of the magnitude of changes in estimated Hg emissions be-
tween 2010 and 2015 by region and sector in the GMA work (AMAP/
UNEP, 2019) reveals that emissions in North America and the European
Union (EU28) decreased across most sectors, resulting in modest decreases
(~11 Mg) in total estimated emissions in each of these two regions (see
Table S2). In all other regions, total regional Hg emissions increased be-
tween 2010 and 2015. In some regions, notably South America, increased



Fig. 3. Contributions and locations of anthropogenic point source mercury emissions in or close to the Arctic.

Fig. 4. Trends in global anthropogenic emissions of mercury to the atmosphere as produced by four emission inventory approaches. These approaches are not directly
comparable as they use different methodologies, and do not necessarily include the same set of source sectors. AMAP/GMA estimates are reported in AMAP/UN
Environment (2019); AMAP 1900–2005 estimates are from AMAP (2010); EDGAR estimates are from Muntean et al. (2014, 2018); Streets et al., estimates are from
Streets et al. (2019).
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ASGMactivity contributed significantly to the increase in emissions both in
percentage and absolute terms; in other regions, such as East and Southeast
Asia, increased emissions are associated with industrial development and
therefore are reflected in industry and energy sectors, in particular in
non-ferrous metal production (NFMP). On a relative basis, the greatest in-
creasewas associatedwithHgproduction in Central America and the Carib-
bean where Hg emissions grew by a factor of almost 20 due to new Hg
production frommines inMexico; industrial coal combustion also increased
considerably in the same region (440%); however, in absolute terms, this
corresponds to only a few Mg of emitted Hg. In absolute terms, the sectors
showing the largest increases in estimated emissions of Hg were ASGM
(159 Mg), NFMP (79 Mg), cement production (47 Mg), Hg-product waste
disposal (32 Mg), and coal combustion in power plants (24 Mg), contribut-
ing to a total increase for all sectors of 413 Mg. Sectors with decreasing es-
timated emissions included (mercury-cell process) chlor-alkali production,
which is being phased out globally, and oil combustion in the industry;
however, the associated reductions were relatively small in absolute
terms (6 Mg and 2 Mg, respectively). In general, apart from ASGM-related
emissions, Hg emissions are strongly related to a growth in the industrial
activity that in most regions reflects a growth in the consumption of fuels
and raw materials to produce energy, cement, and ferrous and non-
ferrous metals, among other activities. Increased industrial activity in
many regions more than offsets emissions reductions achieved through,
for example, more widespread application of air pollution control devices.

In addition to the challenges in comparing national/sector estimates over
time, there are similar challenges with respect to comparing geospatially-
distributed Hg emissions for different years/periods; here, there is the
added complexity of documenting changes in the locations of emissions, par-
ticularly in the case of major point sources. Information concerning new
power plants and industrial facilities, the closure of plants, and changes in
fuels and technology applied at energy production and industrial facilities
(e.g., to control emissions) is generally lacking or is not available in the public
domain. This is a particular problem in areas with rapidly developing econo-
mies and in countries lacking consistent long-term tracking of Hg emissions.

The increasing trends in anthropogenic emissions in recent years are not
generally reflected in Hg air concentrations observed at Arctic background
air monitoring sites, most of which show decreasing trends, but increasing
at a site in Western Canada where the trend has been attributed to increas-
ing Asian emissions (MacSween et al., 2022). This inconsistency between
emissions estimates and air concentration trends is likely related to the
proximity of monitoring sites to regions where Hg emissions have declined
significantly in recent decades (NorthAmerica and Europe), to the effects of
changes in speciation of emitted Hg, and to the influence of changes in re-
mobilization, natural sources and deposition rates associated with climate
change (see Section 4).

3.Modeling of atmosphericmercury transport to Arctic environments

This section briefly describes the atmospheric mercury transport, trans-
formation, and removal mechanisms contributing to mercury in Arctic en-
vironments and its modeling.

3.1. Transport

In-situ measurements and modeling provide evidence for year-round
transport of pollution from southern latitudes to the Arctic troposphere.
Pollution transport to the Arctic is dominated by northern Eurasian sources
in winter and by mid-latitude Asian and North American sources in spring
(Sharma et al., 2013; Law et al., 2014; Monks et al., 2015; Willis et al.,
2019). In spring, mid-latitude cyclones following a northerly course over
eastern Asia and the North Pacific are frequent (Fuelberg et al., 2010).
Evidence for springtime long-range transport events of atmospheric Hg
from Asian sources to western North America and the Arctic is well docu-
mented (Jaffe et al., 2005; Weiss-Penzias et al., 2007; Obrist et al., 2008;
Durnford et al., 2010; Moran et al., 2014). Durnford et al. (2010) analyzed
Hg transport pathways to the Arctic and confirmed that Eurasian transport
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dominated inwinter, while Asian andNorth American transport dominated
in spring. The study estimated that the majority of long-range transport
events in the Arctic originated in Asia (~55%) followed by events fromEur-
asian (~29%) and North American (~16%) sources.

The thermal stratification of the lower atmosphere at high latitudes, es-
pecially during the winter months, causes isolation of the High Arctic lower
troposphere from lower latitudes creating a transport barrier referred to as
the polar dome (Klonecki, 2003). The polar dome strongly influences the
transport of air masses frommid-latitudes, increasing transport during win-
ter and reducing during summer. The spatial extent of the polar dome
strongly varies seasonally, from about 40° N polewards in the winter,
when it envelopes snow-covered North America and Eurasia, to roughly
north of the 70° N in the summer (Klonecki, 2003; Jiao and Flanner,
2016). This transport barrier is frequently disturbed by synoptic-scale
weather systems that foster exchange between mid-latitude and Arctic air
masses.

Recent measurement campaigns such as POLARCAT-IPY and NETCARE
(Law et al., 2014; Bozem et al., 2019) provided evidence for three primary
pollution transportmechanisms to the Arctic lower troposphere frommajor
anthropogenic emission regions (Stohl, 2006): (1) low-level transport over
snow-covered regions in winter, primarily from northern Eurasia; (2) low-
level transport from mid-latitude regions located within the polar front
(mainly in Europe) followed by uplift at the Arctic front and slow descent;
and (3) upper tropospheric transport from southern mid-latitudes (mainly
from North America) and Asia due to lifting of air mass by convention or
warm conveyor belts and slow descent in the Arctic due to radiative
cooling. In contrast to the low-level transport, oxidation and wet scaveng-
ing can remove a significant amount of Hg outside the Arctic in high-level
transport. The lower troposphere in the Arctic is highly stably stratified dur-
ing the winter months, with surface inversions persisting for several days;
these conditions result in reduced dry deposition of pollutants during the
transport process. Additionally, the lower troposphere is extremely dry in
winter, which prevents precipitation scavenging. The age of the surface
air in the High Arctic is about oneweek in winter and twoweeks in summer
and reduces to about 3 days in the upper troposphere (Stohl, 2006). In ad-
dition to the above pathways, transport of smoke plumes from boreal wild-
fires into the Arctic has been reported (Paris et al., 2009); Hg emitted
during strong boreal wildfire events can be lofted by pyroconvection and
entrained into the polar environment (Peterson et al., 2018).

Tropospheric transport in and around the Arctic is marked by a pro-
nounced continental flow in winter and a zonal transport over the marine
environment in summer. Synoptic-scale atmospheric transport to the Arctic
from major emission source regions is primarily driven by three major
semi-permanent pressure systems, most pronounced in winter. These in-
clude a low pressure system located in the sub-polar North Pacific Ocean
just south of the Bering Sea (the Aleutian Low), a low pressure center south-
east of Greenland near Iceland (the Icelandic Low), and a high pressure sys-
tem situated over eastern Siberia (the Siberian High) (Bottenheim et al.,
2004). Air circulation around the Icelandic Low, aided by the Siberian
High, transports pollution from northern Europe and Siberia into the Arctic
(AMAP, 2011). Pollutants from North America reach northern Europe
along the southern portion of the Icelandic Low. The Aleutian Low induces
an eastward flow of air along its southern portion from East Asia to north-
western Canada, Alaska, and into the western Arctic. The same air circula-
tion transports pollutants from western North America into the Arctic. In
the summertime, changes in land-sea contrast in surface heating lead to
the weakening of low pressure systems and the replacement of continental
highs by low pressure systems, causing a seasonal shift in air transport pat-
terns. Durnford et al. (2010) and Octaviani et al. (2015) identified main ex-
port routes of pollution air masses from the Arctic through northeastern
Canadian Arctic and eastern Siberia.

Mid-latitude atmospheric blocking events, characterized by a high-
pressure center around 60°N and a low-pressure center to the south lasting
up to 15 days, are known to significantly increase the transport of air pollu-
tion to the Arctic (Davini et al., 2012). Blocking events are more frequent in
winter and spring, predominantly observed in the northeastern Atlantic
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Ocean and to a lesser extent in the northeastern Pacific Ocean. The Arctic
Oscillation (AO) and the North Atlantic Oscillation (NAO) are the two dom-
inant sources of large-scale variability in northern hemisphere climate that
affect pollution transport to the Arctic (Duncan and Bey, 2004; Hirdman
et al., 2010). The AO is a hemispheric-scale mode of oscillation in atmo-
spheric circulation, with large anomalies over the North Atlantic and
North Pacific oceans. During a positive AO phase, surface pressure is abnor-
mally low in the Arctic, which leads to efficient high mid-latitude pollutant
transport from Western Europe and eastern North America to the Arctic
(Feldstein, 2002; Eckhardt et al., 2003). The NAO is a regional pattern asso-
ciated with the strength of Icelandic Low, and mainly influences the
strength of the westerlies over the North Atlantic and Eurasia (Eckhardt
et al., 2003). During the positive phase of the NAO, pollution transport
from Europe is enhanced, particularly in winter and spring. Conversely,
during the negative phase of the NAO (weaker Icelandic Low), air transport
to the Arctic from Europe and Siberia is reduced, and from North America
increased. Both oscillations (AO and NAO) exert the greatest influence on
Arctic transport during winter and the weakest during fall.

The above atmospheric pathways can directly transport Hg-rich air
masses from global anthropogenic Hg source regions to the Arctic. How-
ever, the long lifetime of Hg(0) in air and its global-scale transport and
mixing result in a nearly well-mixed tropospheric background of Hg. Atmo-
spheric transport of background Hg from lower latitudes accounts for the
majority of Hg found in the Arctic environment. In addition, Hg transport
to the Arctic is amplified as emitted Hg is successively deposited to surfaces
and reemitted back into the air during its movement in the direction of the
prevailing winds favoring higher Hg accumulation rate in the colder re-
gions such as the Arctic. In the Arctic, mercury accumulates in vegetation,
soils and glaciers at a rate comparable to or higher than in the lower lati-
tudes (Dastoor et al., 2022). Cryptogamic vegetation such as lichen and
mosses (dominant Arctic vegetation) have substantially higher Hg concen-
trations than vascular plants (mean: 62± 41 ng g−1 in lichen, 61± 39 ng
g−1 in mosses, and 10 ± 5 ng g−1 in vascular plants), which leads to rela-
tively high bulk vegetation Hg concentrations in the Arctic (mean: 49 ±
37 ng g−1) (Dastoor et al., 2022). Overall the studies suggest that tundra
ecosystems contain aboveground Hg biomass pools of up to 29 μg m−2

compared to boreal and lower-latitude forests with much longer growing
seasons (15–45 μg m−2) (Obrist et al., 2017; Olson et al., 2019;
Wohlgemuth et al., 2020). Arctic soils have accumulated large pools of
Hg (~597 Gg, 0–3 m depth) via atmospheric Hg deposition over millennia
(Lim et al., 2020). Observations inWestern Siberia show notably increasing
accumulation of Hg in soils with latitude from 0.8 mg m−2 at 56°N to
13.7 mg m−2 at 67°N (0–1 m depth), suggesting substantially lower losses
of soil Hg via re-emission in the higher latitudes (Lim et al., 2020).

Several mechanisms drive the inter-hemispheric pollution transport in-
cluding vertical convective transport, seasonal changes in the Hadley circu-
lation due to the shifting of the Intertropical Convergence Zone across the
Equator, monsoon circulation as well as transport generated by eddies
and wave breaking (Wu et al., 2018; Yan et al., 2021). Moreover, the
inter-hemispheric transport is most efficient in the tropical region (between
30°N and 30°S) driven by convective lifting, where majority of the ASGM
sources are located (~94% in 2015).

In recent decades, nearly twice the rate of rising in temperature in the
Arctic compared to lower latitudes (Arctic amplification) is causing changes
in the mid-latitude circulation patterns (Dobricic et al., 2016; Pithan et al.,
2018).Warmer sea surface temperature and lower sea ice concentrations in
the Arctic are linked to anomalies in wintertime atmospheric circulation
(Lee et al., 2015; Francis et al., 2017), shown to impact pollution transport
in the Arctic (Pozzoli et al., 2017; Chételat et al., 2022).

3.2. Transformation and removal

In addition to atmospheric transport, the oxidation of Hg(0) to Hg(II)
strongly influences the dispersal of Hg in the atmosphere due to high depo-
sition velocities of oxidized Hg (GOM and PBM) relative to Hg(0). Oxida-
tion of Hg(0) reduces residence time for Hg in the atmosphere, and the
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reduction of Hg(II) to Hg(0) extends the residence time of Hg in the air.
Knowledge of Hg redox chemical mechanisms and atmospheric concentra-
tions of the key chemical reactants involved in Hg transformations are im-
portant to modeling Hg transformation and removal processes.

Laboratory experiments and investigations using theoretical chemistry
have suggested rate constants for many gas-phase Hg oxidation processes.
The reaction of Hg(0) with ozone has been studied in the laboratory (Pal
and Ariya, 2004; Spicer et al., 2005; Rutter et al., 2012), but later it has
been established that this reaction is not possible in the atmosphere since
HgO is not stable in the gas phase (Peterson et al., 2007). Although the fea-
sibility of the OH-initiated oxidation of Hg(0) was questioned since the re-
action intermediate HgOHwas found to be unstable (Goodsite et al., 2004),
Dibble et al. (2020) found that this channel could bemore significant. Other
oxidation pathways were reviewed by Subir et al. (2011, 2012), which
include such species as Cl2, Br2, H2O2, BrO, and ClO, but oxidation rates
are believed to be unimportant due to low concentrations and small rate
constants (Horowitz et al., 2017). Currently, the Br-initiated oxidation
mechanism is thought to be the main oxidation pathway of atmospheric
Hg(0) (Jiao and Dibble, 2015; Saiz-Lopez et al., 2020). However, there ex-
ists significant uncertainty in the concentrations of Br (Wang et al., 2019).
The role of Hg(II) photo-reduction in the gas phase still needs to be further
investigated and implemented into contemporarymodels (Saiz-Lopez et al.,
2018; Saiz-Lopez et al., 2019). The Hg(II) partitioning bettwen gas (GOM)
and condensed (PBM) phase is another factor determining the Hg atmo-
spheric lifetime against dry and wet deposition (Amos et al., 2012;
Steffen et al., 2014). Toyota et al. (2014) proposed that multiphase Br
chemistry could play a role in the partitioning of Hg(II) between GOM
and PBM. The mechanisms of gas-phase mercury redox chemistry are
mostly known from computational studies, and more experimental studies
are needed to confirm the rate constants. Additional studies are also needed
to improve the understanding of oxidation and reduction reactions of Hg at
environmental surfaces and aqueous environments.

The springtime photochemical release of gaseous Br to air from snow on
sea ice and coastal land surfaces in the polar region and the rapid oxidation
of ambient Hg(0) to Hg(II) via Br chemistry and subsequent deposition of
Hg(II) to the surfaces lead to atmospheric mercury depletion events
(AMDEs; Steffen et al., 2008). During these events, the gaseous Br concen-
trations increase to excessive levels not observed in other seasons of the
polar atmosphere or other domains of the global atmosphere (Abbatt
et al., 2012; Simpson et al., 2015). Oxidized Hg can either remain in the
gas phase (GOM), adsorb to the surface of aerosol particles or be absorbed
to aerosol bulk volumes (PBM; Lyman et al., 2020). Both forms of Hg (GOM
and PBM) can either dry deposit directly to surfaces or be taken up by epi-
sodic precipitation and wet deposit in snowfall (Skov et al., 2006; Steffen
et al., 2014). The deposition of Hg to surface snow is anomalously elevated
during AMDEs (Wang et al., 2017). DepositedHg(II) is primarily reduced to
Hg(0) within snow due to photolytic-induced reactions. However, dark and
biological reduction mechanisms in snow have been reported (Douglas
et al., 2012). Using membrane-based methods, Osterwalder et al. (2021)
measured 5 times higher atmospheric Hg(II) concentrations than measured
by traditional denuder-based detectionmethod at the ZeppelinObservatory
on Svalbard (March–July 2019), and suggested that springtime atmo-
spheric Hg(II) deposition has been underestimated in the Arctic marine
environment.

High-latitude locations, particularly in the northern Arctic, experience
two markedly different seasons, each with its own unique Hg deposition
mechanisms. As in lower latitudes, Hg species can be deposited directly to
vegetation surfaces (Demers et al., 2013; Jiskra et al., 2017; Obrist et al.,
2017; Zhou et al., 2021), organic matter (Bartels-Rausch et al., 2011),
and water during the summer and to snow/ice surfaces in winter by precip-
itation and dry deposition (Skov et al., 2006). In earth's high latitudes,
where winter lasts for up to nine months, wintertime deposition of Hg to
snow and ice surfaces can be significant. In the springtime, GOM produced
during AMDEs is persistently scavenged from the air by snow and ice crys-
tals as well as dry deposited to snowpacks leading to anomalously elevated
Hg deposition to snow and ice surfaces along the coast and over the Arctic
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Ocean (Brooks et al., 2006; Douglas et al., 2008; Douglas et al., 2012;
Douglas and Blum, 2019). Once deposited to the snow pack, an average
of 40–90% of Hg in the High Arctic snowpack is re-emitted to the atmo-
sphere by photo-reduction prior to snowmelt (Ferrari et al., 2005; St.
Louis et al., 2005; Johnson et al., 2008; Durnford et al., 2012; Durnford
and Dastoor, 2011). However, in coastal and oceanic regions, a high per-
centage of snowpack Hg is retained and released in snowmelt (Douglas
et al., 2012; Durnford et al., 2012; Dastoor and Durnford, 2014; Douglas
and Blum, 2019). The dry and wet deposition rates of Hg species control
the overall lifetime of Hg in the atmosphere.

3.3. Models and simulations

Four chemistry transport models were applied to simulate air concen-
tration and deposition fluxes of Hg in the Arctic: DEHM (Christensen
et al., 2004; Skov et al., 2020), GEM-MACH-Hg (Dastoor et al., 2008;
Durnford et al., 2012; Kos et al., 2013; Dastoor and Durnford, 2014;
Fraser et al., 2018; Zhou et al., 2021), GEOS-Chem (Holmes et al., 2010;
Fisher et al., 2012), and GLEMOS (Travnikov and Ilyin, 2009). Detailed de-
scription and evaluation of the models against observations are available in
(Angot et al., 2016; Travnikov et al., 2017; Dastoor et al., 2022). All the
models simulate emissions, atmospheric transport, transformations, and de-
position of threeHg forms –GEM,GOM, and PBM. They differ in spatial res-
olution, vertical coverage, and model formulation in terms of driving
meteorological data. All themodels simulate the redox chemistry of Hg spe-
cies in the atmosphere but differ in the realization of particular chemical
mechanisms.

In the polar regions, the largest differences among the models relate to
parameterizations of the Br-initiatedmechanism of Hg oxidation during the
springtime atmospheric Hg depletion events (AMDEs) and air-surface Hg
exchange including re-emission from snowpack and evasion from the sea
surface (Dastoor et al., 2022). Increased oxidation of Hg(0) during
AMDEs in the Arctic is parameterized either by temperature-dependent
springtime enhancement of Br species (GEM-MACH-Hg, Toyota et al.,
2014; GEOS-Chem, Holmes et al., 2010; GLEMOS, Travnikov et al., 2017)
or by faster oxidation rates depending on solar radiation and air tempera-
ture (DEHM, Christensen et al., 2004). Air-snow exchange is simulated
using solar radiation-dependent parameterization of Hg(0) re-emission
from snowpack (GEOS-Chem, Fisher et al., 2012, GLEMOS, Travnikov
and Ilyin, 2009) or dynamicmultilayer algorithmof air/snowpack/meltwa-
ter exchange (GEM-MACH-Hg, Durnford et al., 2012). Besides, Hg evasion
from the Arctic Ocean waters and sea ice during summer is implemented
(GEM-MACH-Hg, Durnford et al., 2012; GEOS-Chem, Fisher et al., 2012)
to explain the observed summertime maximum in Hg(0) concentrations
(Steffen et al., 2005; Berg et al., 2013).

Despite significant improvements in model simulations of Hg cycling in
the Arctic atmosphere and the Arctic Ocean, important gaps remain. The
Br-initiated oxidation of Hg(0) is expected to be dominant in the global tro-
posphere. However, simulated data on atmospheric concentrations of
atomic Br are uncertain, since modeling of Br chemistry is challenging in
general and is especially complicated in polar environments. Knowledge
gaps exist in the quantification of the processes controlling Br chemistry,
and model studies have simulated springtime Br chemistry in the polar
boundary layer with various levels of complexity.

The geospatially distributed global Hg anthropogenic emissions for
2010 and 2015 were used in the model simulations (Section 2). Besides,
the models estimate primary and secondary Hg emissions from terrestrial
surfaces as a function of environmental conditions and soil Hg content
(Selin et al., 2008; Durnford et al., 2012). Geogenic Hg emissions are dis-
tributed according to the locations of Hg deposits, and the revolatilization
Fig. 5.Model ensemble simulated mercury annual average surface air gaseous elementa
2015. Model ensemble simulated changes in atmospheric mercury surface air concentra
2010 and 2015 due to changes in meteorology (d, e, f), emissions (g, h, i), and both emis
concentrations, and wet and total deposition observations are from ECCC-AMM (Cole e
(2017).
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of legacy Hg from soils and vegetation is distributed based on patterns of
historic Hg deposition fluxes.

All four models were used to perform simulations of Hg dispersion on a
global scale for 2015 with appropriate multi-year model spin-up. Addi-
tional simulations were conducted for 2010 to estimate changes in Hg con-
centration and deposition between 2010 and 2015 using three models
(DEHM, GEM-MACH-Hg, GEOS-Chem). A set of model sensitivity simula-
tions were also conducted to analyze the influences of meteorological and
emissions factors on the changes in Hg levels. Additionally, a number of
model sensitivity simulations were carried out to determine source appor-
tionment of Hg deposition to the Arctic using all four models. For this pur-
pose, themodeling results from simulationswith zeroed-out emissions from
particular source regions were subtracted from the base run with the full
emissions field. The final modeling results of the model ensemble are pre-
sented as the median of four models (DEHM, GEM-MACH-Hg, GEOS-
Chem, GLEMOS) for Hg concentration and deposition in the Arctic and
the source apportionment and of three models (DEHM, GEM-MACH-Hg,
GEOS-Chem) for evaluation of changes between 2010 and 2015.

4. Changes in atmospheric mercury in the Arctic between 2010 and
2015

The main factors driving changes in atmospheric Hg levels are anthropo-
genic, wildfire and other legacy emissions, and atmospheric transport, redox,
deposition, and evasion processes. Long-term anthropogenic mercury emis-
sion inventories indicate that worldwide air emissions of Hg peaked around
the 1990s and then declined until ~2005–2010 before continuing to rise
again (Zhang et al., 2015; Streets et al., 2019b; AMAP emissions inventory;
see Section 2.1.4). The meteorological factors that are contributing to
changes in atmospheric Hg in warming Arctic include air and water temper-
ature, precipitation, sea ice cover, air pressure at sea level, aerosol loading
and optical properties, and wind speeds and their patterns (IPCC, 2013;
AMAP, 2017; Meredith et al., 2019; Serreze and Barry, 2011; Pistone et al.,
2014; Screen and Simmonds, 2010). Production of reactive halogen species
that oxidize Hg is favored under conditions of increased first-year sea ice
and more open sea ice leads (Abbatt et al., 2012). Convective mixing over
more prevalent open leads to increase Hg(0) concentrations in near-surface
air that can be oxidized and deposited to surrounding snowpacks (Moore
et al., 2014; Douglas et al., 2005). Conversely, reduced sea ice can result in
a net increase in Hg evasion from water to air, through enhanced Hg reduc-
tion and open water surface area (Chen et al., 2015).

Atmospheric Hg trends in the Arctic have been estimated to be decreas-
ing at a rate of 0.6% yr−1 from 1995 to 2007 (Cole and Steffen, 2010; Cole
et al., 2013). Long term Hg observations at the High Arctic sites show sea-
sonally variable and annually neutral (Ny-Ålesund, Svalbard) to decreasing
air concentrations of Hg(0) (≤ 1.0% yr−1, Alert, Canada, and Villum Re-
search Station, Greenland) (Cole et al., 2013; Skov et al., 2020). Whereas,
increasing springtime Hg(II) concentrations have been observed at Alert
(9–17% yr−1; Cole et al., 2013). Consistent with measurements at Alert, a
decreasing trend in surface air Hg(0) concentrations in the Canadian Arctic
(~0.8% yr−1 from 1990 to 2005) was modeled by Dastoor et al. (2015).
The authors suggested that the decline in air Hg(0) was driven equally by
the reduction in anthropogenic emissions and increase in net deposition
of Hg due to a reduction in snow cover and greater first-year sea ice. In a re-
cent study, MacSween et al. (2022) found trends in annual mean total gas-
eous mercury at 8 of the 11 measurements sites (including high-, coastal-
and sub-Arctic) for the available years (average about 10 years) to be neg-
ative. The largest annual negative trends were found at Villum and
Amderma (Russia) (~−2.8% and− 2.3% yr−1), and the lowest negative
trends were observed at Ny-Ålesund and Alert (~−0.6% and− 1% yr−1).
l mercury (Hg(0)) concentrations (a),wet deposition (b), and total deposition (c) in
tions of Hg(0) (d, g, j), wet deposition (e, h, k), and total deposition (f, i, l) between
sions andmeteorology (j, k, l). Circles show observations in the same color scale. Air
t al., 2013), AMNet (Gay et al., 2013), EMEP (Tørseth et al., 2012) and Obrist et al.
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In the Subarctic, Virolahti and Pallas (Europe) sites had no significant an-
nual trends, but Little Fox Lake (Northwest Canada) had a significant in-
creasing trend of ~ +0.9% yr−1. In addition, the High Arctic sites (Alert
and Ny-Ålesund) revealed increasingly declining trend in recent years.

The model ensemble was applied to simulate atmospheric Hg transport
and deposition to the Arctic in 2015 and their changes from 2010. The
drivers for the changes in atmospheric Hg between 2010 and 2015were an-
alyzed. Fig. 5 presents simulated model ensemble Hg annual average sur-
face air concentrations (Hg(0)), wet deposition, and total deposition in
2015, and their changes from 2010 due to changes in anthropogenic emis-
sions and meteorology. The figures also compare modeled Hg levels and
their changes with observations. The distribution of Hg in air and deposi-
tion in the Arctic and its evaluation were discussed in Angot et al. (2016)
and Dastoor et al. (2022). Briefly, air Hg(0) concentrations are charac-
terized by a latitudinal gradient with concentrations over 1.4 ng m−3 across
most of the Subarctic and less than 1.4 ng m−3 over the Canadian Arctic
Archipelago (CAA), Greenland, and the Arctic Ocean. While minimum Hg
(0) concentrations driven by AMDEs are observed in spring (Steffen et al.,
2008), maximum Hg(0) concentrations are observed in summer, which are
attributed toHg emissions from snowand sea icemelt and open oceanwaters
(Dastoor andDurnford, 2014) (see Fig. S1). TheArctic is characterized by low
wet deposition fluxes (<5 μgm−2 yr−1 vs. up to 30 μgm−2 yr−1 in lower lat-
itudes; Angot et al., 2016; Pearson et al., 2019; Gay et al., 2013), especially in
the CAA, Greenland, and Siberia. Springtimewet deposition Hg fluxes can be
anomalously high during AMDEs, primarily in coastal and marine regions
(Steffen et al., 2013; see Fig. S2). Model ensemble simulated average total
deposition fluxes of Hg are ~6.8 μg m−2 yr−1 over land north of 60o N and
~ 7.4 μg m−2 yr−1 over the Arctic Ocean. The highest modeled Hg deposi-
tion rates (up to 20 μgm−2 yr−1) occur in the Subarctic where local Hg emis-
sions (e.g., Europe), efficient trans-Pacific transport (northwestern North
America), boreal forests, and relatively high precipitation rates (ocean around
Greenland, and coastal northwestern Europe and North America) are found
(Fig. 5c).

Model ensemble simulated changes in Arctic Hg air concentrations, wet
deposition, and total deposition from 2010 to 2015 in response tometeoro-
logical conditions are shown in Fig. 5d-f. In general, changes in meteorol-
ogy decreased the concentrations of Hg(0) in the CAA and the
surrounding Arctic Ocean, Subarctic Canada (east), and the Baffin Bay,
and increased concentrations in the rest of the Subarctic. Nearly opposite
pattern is simulated in the changes of total deposition, indicating an influ-
ence of deposition processes on surface air concentrations of Hg(0).
Model results suggest strongest increases in wet deposition over Southwest
Alaska and Eastern Greenland to Scandinavia, driven by increasing precip-
itation in recent decades (see Fig. 6b) (Box et al., 2019;Mernild et al., 2015;
Sprovieri et al., 2017), and to the Labrador sea due to enhanced Hg oxida-
tion. The primarymeteorology factors leading to the changes in atmospheric
Hg are discussed later in the section. Changes in anthropogenic emissions
(Fig. 5g-i) led to an increase inHg(0) concentrations everywhere in theArctic
(most significantly in the Subarctic) between 2010 and 2015, driven by
~20% increase in global anthropogenic emissions (see Section 2). However,
the impact of the increase in anthropogenic emissions is minor on wet and
total deposition in the Arctic.

Overall changes simulated by the model ensemble in Arctic Hg air con-
centrations, wet deposition, and total deposition from 2010 to 2015 are
shown in Fig. 5j-l. The simulations suggest a 0.01–0.10 ng m−3 increase
in Hg(0) concentrations from 2010 to 2015 due to cumulative (meteorol-
ogy plus emission) changes in most of the Arctic and 0.02–0.08 ngm−3 de-
crease in the CAA and surrounding ocean. These cumulative changes are
relatively small, in agreement with observations, butmore positive than ob-
served in the Arctic (MacSween et al., 2022). The rise in emissions resulted
in an increase in concentrations of Hg(0) at Little Fox Lake, in agreement
with observations (MacSween et al., 2022). The simulated total annual
Hg wet deposition flux in the Arctic was higher in 2015 than in 2010 by
~5 Mg yr−1. The model ensemble annual Hg total deposition flux was
higher in the Arctic (mainly due to increase in the Subarctic) by ~10 Mg
yr−1 (with equal contributions from wet and dry depositions).
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While there are differences between models, GEM-MACH-Hg simula-
tions are used here to explain the influence of major meteorological factors
that led to changes (between 2010 and 2015) in atmospheric Hg in the Arc-
tic (Fig. 6). The changes in temperature and precipitation are shown in
Fig. 6a-b. The impact of changes in air circulation characteristics on Hg
transport to the Arctic was simulated for a Hg(0)-like passive tracer with
2015 anthropogenic Hg emissions and a fixed exponential decay corre-
sponding to a lifetime of 6 months (Fig. 6c); no other Hg removal process
was included. The NAO index was strongly negative in 2010 (NOAA,
2020). In contrast, 2015 was marked by a positive NAO phase. The NAO
differences were most pronounced in winter and spring. The positive
phase of the NAO is associated with below normal temperature and more
sea ice in the Canadian Arctic (most pronounced in the east), Greenland,
Baffin Bay, Davis Strait, and the Labrador Sea, and above normal tempera-
tures across northern Europe often extending well into northcentral Siberia
and the Arctic Ocean (Fig. 6a). The positive phase of the NAO is also asso-
ciated with above-normal precipitation across the North Atlantic Ocean
(between Greenland and Scandinavia) and northern Europe, predomi-
nantly in winter (Fig. 6b; Seager et al., 2020). During the negative phase
of the NAO, opposite pressure, temperature, and precipitation anomalies
occur.

Based on the past two decades of satellite measurements, Bougoudis
et al. (2020) suggested that several factors such as air temperature, sea
ice, atmospheric pressure, and winds play an important role in changes in
tropospheric BrO concentrations over the Arctic. Bougoudis et al. (2020)
found amoderate spatiotemporal relationship (r=0.32, p< 0.05) between
springtime tropospheric BrO concentrations and thefirst-year sea ice extent
in the Arctic Ocean. Sea ice cover and thickness around the VillumResearch
Station have changed notably over the last decade (Selyuzhenok et al.,
2020). Pöhler et al. (2010) measured BrO by active long-path differential
optical absorption spectroscopy (LP-DOAS) and found that BrO concentra-
tions were strongly correlated with temperature, increasing almost linearly
with lower temperatures below−15 °C. A fewmore recent studies also es-
tablished that lower temperatures promote BrO production in the Arctic
(Swanson et al., 2020; Bognar et al., 2020; Seo et al., 2020).

Fig. 6d-l present GEM-MACH-Hg simulated atmospheric mercury sur-
face air concentrations of Hg(0) and Hg(II), and evasion from the oceanwa-
ters and melting sea ice for the years 2010 and 2015 and their differences.
The model simulations were conducted using meteorology for specific
years while keeping anthropogenic Hg emissions fixed at the 2015 level.
Satellite observations show significant BrO enhancements over coastal
CAA, Baffin Bay, and north and east of Greenland in 2015 (Bougoudis
et al., 2020). Higher BrO concentrations suggest the prevalence of en-
hanced bromine species involved in AMDE-led oxidation of Hg(0). Using
field measurements, Stephens et al. (2012) examined the role of a large
suite of halogen radicals in oxidizing Hg(0) in springtime, and suggested
that Br and BrO are the dominant oxidants for Arctic AMDEs. Driven by in-
crease in Hg(0) oxidation, the GEM-MACH-Hg model simulated signifi-
cantly elevated concentrations of Hg(II) and lower concentrations of Hg
(0) in these regions in 2015 relative to 2010 (Fig. 6d-i), which is in agree-
ment with Hg(0) and Hg(II) observations at Alert and Ny-Ålesund
(MacSween et al., 2022). Reduced oxidation of Hg over the Arctic Ocean
north of Alaska and eastern Siberia in 2015 is also in-line with the decline
in measured BrO concentrations over these regions. In addition, signifi-
cantly lower sea surface temperature in the CAA and around Greenland in
2015 resulted in lower evasion fluxes of Hg(0) from melting sea ice and
open waters, further reducing air concentrations of Hg(0) in these regions
(Fig. 6j-l). Higher temperature over northern Europe in 2015 (compared
to 2010) likely led to more vertical mixing of Hg(0) (deeper boundary
layer height) in the source regions of Europe, and reduced surface air
concentrations of Hg(0) (Fig. 6f). Octaviani et al. (2015) found that during
positive phases of AO and NAO, net import of persistent organic pollutants
to the Arctic tends to be lower than normal fromNorth America, and higher
from Asia (Urals−Siberia). While the Hg tracer-transport simulation sug-
gests a similar impact on Hg transport to the Arctic (Fig. 6c), atmospheric
Hg levels are found to be more sensitive to changes in temperature.
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The general pattern of meteorological influence on atmospheric Hg sug-
gested by the models is in-line with observations and is helpful in
explaining observed trends. Meteorology-led changes combined with
changes due to anthropogenic emissions resulted in an overall increase in
modeled air concentrations of Hg(0) in the Arctic (predominantly in the
Subarctic), in contrast with observed declines at most monitoring sites. It
is likely that the impact of rising emissions is currently overestimated in
the models, in tandem with underestimation of the influence of changes
in meteorology. According to AMAP 2015 emission inventory (used in
this study) global anthropogenic Hg emissions have risen between 2010
and 2015 by ~20%, primarily due to the rise in emissions from increased
industrial activity in East and Southeast Asia and ASGM in South
America. Whereas, the global anthropogenic emission estimates by
Streets et al. (2019a) suggest a growth of 9.2% over the same time period.
Anthropogenic emission speciation and release heights are uncertain (see
Section 2.2.4; Zhang et al., 2015), and it is likely that shift in these param-
eters altered Hg redox and deposition processes that are not captured in
the model simulations. Osterwalder et al. (2021) measured 5 times higher
Hg(II) concentrations using membrane-based methods comapared to
denuder-based detection method at the Zeppelin Observatory on Svalbard
(March–July, 2019), suggesting significant underestimation of springtime
Hg deposition in the Arctic marine environment. Recent observations in in-
tact forests near intense ASGM activities in the Peruvian Amazon reveal
exceptionally high total mercury concentrations in the atmosphere, canopy
foliage, litterfall, and soils that are comparable to (or higher than) global in-
dustrial regions (Gerson et al., 2022). Majority of total Hg deposition
(~94%) in the intact forests was driven by dry deposition of particulate
and gaseous mercury to vegetation at a rate proportional to total leaf
area, highlighting the role of the forest canopy in scavenging ASGM-
derivedHg from the atmosphere. Model representations for Hg transforma-
tion and removal processes likely need revision to account for these
observations.

Mercury models currently lack mechanistic representations of the acti-
vation of Br sources from snowpacks and blowing snow and the sea ice dy-
namics, important to the High Arctic Hg chemistry. The models did not
account for the impacts of changes occurring in the terrestrial biosphere
(such as the extent of vegetation cover and the length of the growing sea-
son, legacy and wildfire Hg emissions, and Hg emission from thawing per-
mafrost) on air-surface Hg exchange processes. The biogeochemical
changes in the terrestrial ecosystem are likely altering the legacy Hg fluxes
(Chételat et al., 2022).Wildfire Hg emissions were estimated to be lower in
2015 compared to in 2010 (~2Mg yr−1; Dastoor et al., 2022), which is not
taken into account in the model simulations. Vegetation Hg deposition is
projected to increase with increasing vegetation cover and density (Wang
et al., 2020). Conversely, Hg evasion from soils is projected to increase in
response to permafrost thaw-led microbial reduction and release of stored
Hg in soils (Schaefer et al. 2020). The development of fully interactive
atmosphere-land-ocean biogeochemical models is needed to simulate the
impacts of concurrent changes in biogeochemistry in the Arctic and global
Hg emissions on Hg levels and explain Hg trends in the Arctic.

5. Source attribution of mercury deposition in the Arctic

The mercury model ensemble was applied to analyze detailed source
apportionment of Hg deposition in various regions of the Arctic using
AMAP global anthropogenic emissions of 2224 Mg yr−1 in 2015 (see
Section 2), shown in Fig. 7–9. The model ensemble median annual Hg
deposition (i.e., originating from contemporary global anthropogenic and
geogenic emissions, and re-emission of legacy deposition) estimates north
of 60° N and north of 66.5°N in the Arctic in 2015 are 243 ± 41 and
133±31Mg yr−1, respectively. In the Arctic, contemporary global anthro-
pogenic Hg emissions are responsible for 32% of annual Hg deposition
(Fig. 7a), and seasonally for 35% in spring, 30% in winter, 28% in fall
and 26% in summer. Re-emissions of legacy deposition (of anthropogenic
and geogenic origin) from soils and oceans and primary geogenic emissions
contribute to 64% and 4% of the annual Hg deposition in the Arctic,
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respectively (Fig. 7a). It should be noted that accumulated anthropogenic
deposition in global ecosystems since the inception of industrial activities
contributes to a larger portion of legacy re-emissions, which is expected
to grow in the future in the absence of (or delayed) anthropogenic emission
reduction efforts (Kwon and Selin, 2016). Seasonal contributions to annual
anthropogenic Hg deposition in the Arctic (i.e., the portion of Hgdeposition
of contemporary anthropogenic origin) are distributed as 50% in spring
followed by 25% in summer, 13% in fall and 12% in winter.

The models were applied to estimate the relative contributions of an-
thropogenic emissions of Hg from different sectors to the total annual an-
thropogenic Hg deposition in the Arctic (Fig. 7b). Total anthropogenic
emissions of Hg were aggregated into four general groups: (i) power gener-
ation, 347 Mg yr−1 (15.6%), (ii) industrial sources, 874 Mg yr−1 (39.3%),
(iii) intentional use and product waste, 166 Mg yr−1 (7.5%), and (iv)
ASGM, 838 Mg yr−1 (37.6%; see Section 2.1.1). Chemical speciation of
Hg emissions differs considerably between different sectors. Emissions
from power generation consist of approximately equal contributions of ele-
mental and oxidized forms of Hg. The proportion of oxidized Hg is much
smaller in emissions from industrial sources (20%). One-fourth of the
total Hg emissions from intentional use and product waste is emitted in
the oxidized Hg forms. Whereas, all Hg emitted from ASGM is in elemental
gaseous form. Due to the large proportion of oxidized Hg emissions from
the power generation sector significant portion of Hg from this sector is de-
posited locally in the regions of major stationary combustion sources lo-
cated in East and South Asia, Europe, North America, and South Africa.
The power generation sector accounts for 17% of the total anthropogenic
deposition of Hg in the Arctic. Hg emissions from the industrial sector are
more widely distributed over the world and contain a substantial fraction
of GEM (80%), resulting in approximately half (48%) of the anthropogenic
deposition of Hg in the Arctic. The majority of ASGM emission sources are
located in the low latitudes of both hemispheres; however, Hg emission
from this sector, being in the elemental form, is transported globally and
makes up 28% of the total anthropogenic deposition of Hg in the Arctic.
The contribution from intentional use and product waste comes to 7%,
which is consistent with the proportion of its share in total Hg emissions.
It should be noted that speciation of Hg in emissions from different sectors
is associatedwith significant uncertainties (see Section 2.1.2). Speciation of
Hg emission influences the balance between long-range Hg transport and
local Hg deposition and, in turn, the source attribution of anthropogenic
Hg in the Arctic. Measured fractions of ~0.75 or higher of Hg(0) to total
mercury in coal-fired power plant emission plumes have been reported in
Europe, North America and China (Weigelt et al., 2016; Deeds et al., 2013;
Wang et al., 2010). A recent global anthropogenic Hg emissions inventory
(2010–2015) found that from 2010 to 2015 the fraction of Hg(0) to total
Hg inworldwide emissions has remained stable at∼0.69, andHg(0) fraction
in coal combustion emissions slightly increased from ~0.61 to 0.63 (Streets
et al., 2019a).

The proportions of annual anthropogenic Hg deposition from emissions
in various global source regions to the Arctic are in the following order
(Fig. 7c): East Asia (32%), CIS countries (12%), Africa (12%), Europe
(8%), Southeast Asia (8%), South Asia (7%), South America (7%), Central
America (6%), Arctic (3%), North America (3%), Middle East (2%), and
Australia and New Zealand (0.1%). However, some seasonal differences
exist, marked by distinct atmospheric circulations and deposition patterns
(Fig. S1 & S2). The anthropogenic contributions from East Asia are 1.2,
1.5, 2.0, and 1.8 times higher than that of combined CIS and European con-
tributions in winter, spring, summer, and fall, respectively. In summer and
fall, the anthropogenic contribution from Africa dominates contributions
from CIS countries and South Asian contribution dominates European con-
tribution; the converse is the case in winter and spring.

The spatial distribution of the relative contributions of anthropogenic
Hg deposition to the total annual Hg deposition simulated by the model en-
semble in the Arctic is presented in Fig. 8a. The central and eastern High
Arctic is estimated to receive a relatively higher proportion of annual Hg
deposition from anthropogenic sources (30% to 50%) than the western
High Arctic (≤30%). Anthropogenic deposition contributions of Hg are
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Fig. 7. Model ensemble simulated relative contributions of global anthropogenic, legacy (reemission of historic anthropogenic and geogenic deposition) and geogenic Hg
emissions to annual total deposition of Hg (a) in the Arctic in 2015. Model ensemble simulated relative contributions of anthropogenic emissions from different sectors
(b) and different source regions (c) to annual anthropogenic Hg deposition in the Arctic in 2015, and definition of global anthropogenic emission source regions (d).

A. Dastoor et al. Science of the Total Environment 839 (2022) 156213
lower to terrestrial surfaces (below 30%) than they are to the ocean with an
exception of watersheds of the Yenisei and Kolyma rivers in Eurasia. The
lowest anthropogenic contributions are estimated for the Mackenzie,
Yukon, and Lena river basins, but these watersheds accumulate a relatively
higher percentage of Hg deposition from wildfires (Fig. 9a). Measurements
and model ensemble estimates suggest Hg runoff from Yenisey and Lena
rivers to the Arctic Ocean to be the largest (Zolkos et al., 2020; Dastoor
et al., 2022). In order to further analyze the spatiotemporal variations of
global anthropogenic Hg emission contributions within the Arctic, season-
ally distributed median anthropogenic Hg deposition contributions were
estimated in six Subarctic regions (defined as 1–6 L) and six High Arctic re-
gions (defined as 1–6H) using the model ensemble simulations (see defini-
tions in Fig. 8a) (Fig. 8b-f). Subarctic regions mostly encompass terrestrial
regions and the High Arctic regions cover oceanic surfaces, with an excep-
tion of the regions defined as 5 L and 5H (eastern Canada to western
Greenland).

Average total Hg deposition fluxes from all emission sources in the Arc-
tic range from 7.6 to 10.7 μg m−2 yr−1 in Subarctic regions (10.7, 9.5, 8.6,
7.6, 10.4 and 8.6 μg m−2 yr−1 in 1L, 2L, 3L, 4L, 5L, and 6L, respectively),
and 3.6 to 8.9 μg m−2 yr−1 in High Arctic regions (8.1, 7.7, 8.9, 6.3, 3.6
and 5.9 μg m−2 yr−1 in 1H, 2H, 3H, 4H, 5H, and 6H, respectively). Gener-
ally, differences in anthropogenic Hg deposition contributions from emis-
sions in various worldwide geographic regions to different Arctic regions
(1–6L and 1–6H) are found to be small (Fig. 8b-f), reflecting a long lifetime
of Hg in the atmosphere giving rise to a well-mixed distribution. The largest
total anthropogenic contributions occur in 1L (3.33 μg m−2 yr−1) and 5L
Fig. 6.GEM-MACH-Hg simulated changes between 2015 and 2010 in air temperature in
mercury-like passive tracer (c). Hg(0) passive tracer simulationwas conducted using 201
6 months and no other removal processes, and shows the impact of changes in meteorolo
meteorology: atmospheric mercury surface air concentrations of Hg(0) in 2010 (d), and 2
2015 (h), and their differences (i); and Hg evasion from ocean waters and melting sea ic
impact of changes in meteorologywere conducted usingmeteorology for the specific yea
the same color scale.
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(3.13 μg m−2 yr−1), primarily reflecting proximity to mid-latitude anthro-
pogenic sources and higher precipitation rates in these regions. Although
total anthropogenic deposition contributions are comparable in 1L and
5L, the European contribution is twice that of the North American contribu-
tion in 1L, but comparable to the North American contribution in 5L. In the
High Arctic, eastern regions (1–3H) receive larger total anthropogenic de-
position contributions (2.6–2.9 μg m−2 yr−1) than the western regions
(1.1–1.9 μg m−2 yr−1, 4–6H). The western High Arctic regions are charac-
terized by both lower precipitation and lower import of emissions to the
Arctic.

Seasonally, there are notable spatial variations in total anthropogenic
Hg deposition contributions (Fig. 8c-f), mainly arising from inter-seasonal
shifts in atmospheric circulation, precipitation, and vegetation regimes. In
fall and winter, there is no clear distinction in contributions between Sub-
arctic and High Arctic regions; the highest anthropogenic depositions in
the Subarctic occur in 5L and 6L. Springtime anthropogenic contributions
are exacerbated by AMDEs over sea ice, meaning that deposition is highest
in High Arctic regions, especially in 1–3H. In summer, the northward re-
treat of the polar front limits the pollution transport to the High Arctic; ad-
ditionally, efficient vegetation Hg uptake in temperate and Subarctic
regions enhances anthropogenic Hg deposition in the Subarctic regions
and lessens in High Arctic regions (see Fig. S2). Overall, relative contribu-
tions of anthropogenic Hg to the total Hg deposition are found to be slightly
higher in High Arctic regions compared to Subarctic regions, and anthropo-
genic contributions are estimated to be highest in winter and spring (31%
to 38%) and lowest in summer (25% to 28%).
the springtime (a), yearly average precipitation (b), and surface air concentrations of
5 anthropogenicHg emissions, afixed exponential decay corresponding to lifetime of
gy on air transport characteristics. GEM-MACH-Hg simulated impacts of changes in
015 (e), and their differences (f); surface air concentrations of Hg(II) in 2010 (g), and
e in 2010 (j), and 2015 (k), and their differences (l). The model simulations for the
rs and anthropogenic Hg emissions fixed at 2015 level. Circles show observations in
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Fig. 8.Model ensemble simulated relative contributions of global anthropogenicHg emissions to annual total deposition ofHg, and definitions of sub-arctic (1L-6L) and high-
arctic (1H\\6H) regions (a). Model ensemble simulated contributions of global anthropogenic Hg emissions from different source regions (bar colors) to total deposition Hg
fluxes (μg/m2/y) in sub-arctic and high-arctic regions in 2015: annual (b), winter (Dec.–Feb.) (c), spring (March–May) (d), summer (June-Aug.) (e), and fall (Sept.–Nov.) (f).
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Measurements and modeling confirm that Hg deposition to vegetation,
and thus summertime deposition, dominates other terrestrial deposition
pathways and is a major source of Hg to boreal forests and tundra soils
(Dastoor et al., 2022). Legacy Hg deposition accumulated in vegetation
and active soils is released back to the atmosphere during wildfires
(Friedli et al., 2001; Obrist et al., 2017; Fraser et al., 2018). Present-day
global and Arctic (north of 60°N) wildfire emissions are estimated at
400–675 Mg yr−1 and ~20–200 Mg, respectively (see Section 2). Domi-
nant source regions of wildfire emissions are Africa (43.8% of global emis-
sions), Eurasia (31%), and South America (16.6%), and global wildfire Hg
emissions are estimated to increase by 14% in 2050 due to climate change
(Kumar and Wu, 2019). Models estimate that global wildfire emissions are
responsible for 12–17 Mg yr−1 of Hg deposition in the Arctic, representing
6% to10% of annual Hg deposition in the Arctic (Kumar and Wu, 2019;
GEOS-Chem simulation: Fig. 9a). Using GEOS-Chem, Kumar and Wu
(2019) estimated wildfire contributions to the annual Hg deposition from
Eurasia, Africa, and North America of 5.3%, 2.5%, and 1% in the Arctic
spread across all seasons, but more than 50% of wildfire-induced Hg depo-
sition originated from Eurasia and North America boreal forest fires in sum-
mer and fall. Fraser et al. (2018) reported that the western Canadian Arctic
(the Northwest Territories and Yukon) is consistently more impacted by
wildfires and found the Great Slave Lake region in the Northwest
16
Territories to be a wildfire Hg deposition “hotspot”. Recent measurements
from lake sediment collected north of Great Slave Lake reported that char-
coal deposition from wildfires since the late 1800s co-occurred with excess
deposition of Hg to the lakes (Pelletier et al., 2020). GEOS-Chem simulation
in Fig. 9a shows a highly variable spatial distribution of the impact of wild-
fire emissions in 2015 with wildfire contributions of over 20% in the Sub-
arctic regions of western Canada and eastern Siberia. The proportion of
Hg released as Hg(0) in wildfires varies between 50% and 95% based on
aircraft measurements (Friedli et al., 2003b), satellite measurements
(Finley et al., 2009), and laboratory experiments (Obrist et al., 2008;
Kohlenberg et al., 2018), but models currently assume wildfire Hg mostly
emitted as Hg(0) due to a lack of speciated wildfire emission inventories.

Finally, the model ensemble was applied to estimate the relative contri-
bution of Arctic region emissions (emissions located north of 66°N) from
human activities to total anthropogenicHg deposition in the Arctic. Sources
within the Arctic region contribute <1% (~14 Mg yr−1) of the total esti-
mated anthropogenic emissions of 2220 Mg yr−1 in 2015, the majority of
which are located in Russia (see Section 2.1.3). The model ensemble esti-
mates an average contribution of 3% from anthropogenic emissions in the
Arctic region to the annual total anthropogenic Hg deposition in the Arctic
(Fig. 7c), which is comparable to the contribution fromNorth American an-
thropogenic sources. The spatial distribution of the relative impact of Arctic
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region anthropogenic emissions on total anthropogenic Hg deposition in
the Arctic is shown in Fig. 9b-f. Model ensemble results suggest that the rel-
ative contribution of Arctic region anthropogenic emissions to annual an-
thropogenic Hg deposition varies between 2% and 7% over the Arctic
Ocean (Fig. 9b). On land, local anthropogenic sources account for up to
35% of anthropogenic Hg deposition in Eurasia annually. Anthropogenic
emissions include a fraction of Hg emission as oxidized Hg, which contrib-
utes to high deposition to local landscapes owing to its short lifetime.Model
results show that local anthropogenic sources influence the Hg deposition
in Eurasian watersheds (e.g., the Yenisey and Kolyma watersheds), thus
also contribute to river Hg runoff to the Arctic Ocean. It should be noted
that there are additional anthropogenic Hg sources between 60 and 66°N
that are not considered here. Fig. 9c-f present the seasonal differences in an-
thropogenic emission contributions from the Arctic region to seasonal total
anthropogenic Hg depositions in the Arctic. Notable seasonal differences in
Hg deposition contributions of local anthropogenic origin are found, driven
by distinct seasonal atmospheric transport and deposition pathways (see
Section 3). In winter and fall, efficient low-level Hg transport of north Eur-
asian emissions over frozen surfaces combined with inefficient removal
processes lead to relative local anthropogenic contributions of 3% to 15%
and over 15% to the eastern Arctic Ocean and High Arctic terrestrial re-
gions, respectively. Conversely, in summer and spring, both weak transport
into the Arctic polar dome and efficient wet and dry removal of Hg result in
more deposition in the vicinity of sources on land and generally <3% con-
tribution of local anthropogenic sources to the ocean.

6. Conclusions and recommendations

Estimated global anthropogenic emissions of Hg to the atmosphere for
2015 were 2220 Mg (range: 2000–2820 Mg), approximately 20% higher
than comparable estimates for emissions to air in 2010. Most anthropo-
genic emissions of Hg occurred outside the Arctic, with only an estimated
14 Mg (0.63%) emitted north of 60°N. Mercury models support the conclu-
sion that anthropogenic and legacy Hg emissions in other parts of the world
are important sources of Hg to the Arctic, which is transported there via the
atmosphere and ocean currents. Wildfires around the globe are an impor-
tant re-emission pathway of legacy Hg to the atmosphere, including fires
in the boreal forest in the Arctic (north of 60°N).

The model ensemble was applied to simulate the changes in atmospheric
Hg transport and deposition to the Arctic between 2010 and 2015 and their
drivers. The general pattern ofmeteorological influence onArctic atmospheric
Hg simulated by the models is in-line with observations and is helpful in
explaining observed changes. The modeling results in combination with
trends in observed atmospheric Hg and anthropogenic emissions reveal that
changes in meteorology are having a profound impact on contemporary Hg
cycling due to alterations in Arctic Hg physicochemical processes. In 2015,
belownormal temperature andmore sea ice in theCanadianArctic, Greenland
and the surrounding ocean linked to the positive phase of NAO led to en-
hanced production of bromine species in these regions in spring and summer.
Consequently, AMDE-led oxidation of Hg(0) was elevated in the Canadian
Arctic Archipelago, eastern Subarctic Canada, northern Greenland, and sur-
rounding ocean in 2015, which resulted in modeled increased air concentra-
tions of Hg(II) and reduced air concentrations of Hg(0) in agreement with
observations at Alert and Ny-Ålesund. Lower evasion flux of Hg(0) frommelt-
ing sea ice andopenwaters drivenby reduced sea surface temperature in 2015
further reduced air concentrations of Hg(0) in these regions. Model results es-
timated an overall increase in total deposition of Hg in the Arctic (~10 Mg
yr−1, equally from dry and wet depositions) in 2015 relative to 2010, mainly
driven by Hg oxidation over waters in Canada, the Labrador Sea, and the Baf-
fin Bay, and increase in precipitation from eastern Greenland to Scandinavia
and in northwestern North America. The model results suggest that changes
in meteorology can exacerbate the impact of global anthropogenic emissions
onHgdeposition in theArctic, especially in the regionsmore susceptible to cli-
mate warming.

When meteorology-led changes are combined with the recent increase
in anthropogenic emissions, the model ensemble estimated an overall
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increase in surface air concentrations of Hg(0) in the Arctic from 2010 to
2015 (predominantly in the Subarctic), in contrast with observed declines
atmostmonitoring sites (MacSween et al., 2022). It is likely that the impact
of rising emissions is currently overestimated in themodels, in tandemwith
underestimation of the influence of changes in meteorology. While global
anthropogenic Hg emissions are estiamted to have risen by~20% between
2010 and 2015 in the AMAP emission inventory, the emission inventory by
Streets et al. (2019a) suggests a growth of 9.2% over the same time period.
Anthropogenic emission speciation and release height are uncertain (Zhang
et al., 2015), and shift in these parameters likely altered Hg redox and de-
position processes that are not captured in the model simulations. The
models did not account for the impacts of changes occurring in the terres-
trial biosphere (such as the extent of vegetation cover and the length of
the growing season, legacy and wildfire Hg emissions, and Hg emission
from thawing permafrost) on air-surface Hg exchange processes (Chételat
et al., 2022). Wildfire Hg emissions were estimated to be lower in 2015
compared to in 2010 (~2 Mg yr−1; Dastoor et al., 2022), which was not
taken into account in themodel simulations. Osterwalder et al. (2021)mea-
sured 5 times higher atmospheric Hg(II) concentrations using membrane-
based method than measured by traditional denuder-based detection
method at the Zeppelin Observatory on Svalbard (March–July 2019),
which suggests that springtime Hg deposition is currently underestimated
in the Arctic marine environment. Observations in the Peruvian Amazon
near intense ASGM activities reveal exceptionally high Hg concentrations
in canopy foliage, litterfall, and soils, suggested to be driven by dry deposi-
tion of particulate and gaseous mercury to vegetation at a rate proportional
to total leaf area (Gerson et al., 2022). Model representations for Hg re-
moval processes likely need revision to account for these observations.

The model ensemble estimated that contemporary global anthropogenic
Hg emissions (i.e., 2015) are responsible for 32% of the annual Hg deposition
in the Arctic, re-emissions of legacy deposition (anthropogenic and geogenic
origin) from soils and oceans for 64%, and primary geogenic emissions for
4%. Half of annual anthropogenic Hg deposition in the Arctic occurs in spring
followed by 25% in summer, 13% in fall, and 12% in winter. Anthropogenic
contributions to the total deposition of Hg in the Arctic were found to be
highest in winter and spring (31% to 38%) and lowest in summer (25% to
28%). Relative contributions from Hg emissions in various global source re-
gions to annual Arctic anthropogenic Hg deposition were: East Asia (32%),
CIS countries (12%), Africa (12%), Europe (8%), Southeast Asia (8%), South
Asia (7%), South America (7%), Central America (6%), Arctic (3%), North
America (3%), Middle East (2%), and Australia and New Zealand (0.1%).
Global mercury emissions from the industrial sector contributed half (48%)
of the Arctic anthropogenic Hg deposition followed by contributions from
ASGM (28%), power generation (17%), and the intentional use and product
waste group (7%). Models estimate that global wildfire emissions are respon-
sible for 12–17 Mg yr−1 of Hg deposition in the Arctic, representing 6% to
10% of annual Hg deposition in the Arctic, with wildfire contributions from
Eurasia, Africa, and North America of 5.3%, 2.5%, and 1%, respectively.

The model ensemble simulates significant geographic and seasonal vari-
ations in global anthropogenic Hg deposition contributions in the Arctic,
reflecting regional differences in proximity to themid-latitude anthropogenic
sources, land use, precipitation amounts, and inter-seasonal shift in atmo-
spheric circulation and deposition pathways. Eastern High Arctic (north of
70°N) receives a relatively higher proportion of annual Hg deposition from
anthropogenic sources (30% to 50%) than the western Arctic High Arctic
(≤ 30%). Generally, differences in relative anthropogenic Hg deposition
contributions from emissions in variousworldwide geographic regions to dif-
ferent Arctic regions are small, reflecting a long lifetime of Hg in the atmo-
sphere. In fall and winter, there is no clear distinction in anthropogenic Hg
deposition contributions between Subarctic and High Arctic regions. In
springtime, anthropogenic Hg deposition contribution is exacerbated by
AMDEs over sea ice resulting in the highest depositionfluxes in theHigh Arc-
tic. In summer, efficient Hg uptake by vegetation in temperate and Subarctic
regions and the northward retreat of the polar front limit Hg transport and
deposition in theHigh Arctic. TheWestern Canadian Arctic and Eastern Sibe-
ria are more impacted by wildfires than other regions in the Arctic.
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Fig. 9. GEOS-Chem simulated relative contributions of local (Arctic) wildfire Hg emissions to annual total deposition of Hg (a) in 2015. Model ensemble simulated relative
contributions of local anthropogenic Hg emissions to anthropogenic Hg deposition in 2015: annual (b), winter (c), spring (d), summer (e), and fall (f).
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The model ensemble estimated that anthropogenic emissions from the
Arctic region account for 3% of the total (from all sources) anthropogenic
Hg deposition in the Arctic. Regionally, annual Arctic region contributions
to anthropogenic Hg deposition are 2% to 7% over the Arctic Ocean and
up to 35% over land in Eurasia. There are notable seasonal differences in
Hg deposition contributions of local anthropogenic origin. In winter and
fall, efficient low-level Hg transport of north Eurasian emissions over frozen
surfaces combinedwith inefficient removal processes lead to higher local an-
thropogenic contributions of 3% to 15% to the eastern Arctic Ocean and over
15% to the High Arctic terrestrial surfaces. In summer and spring, both weak
transport into the Arctic polar dome and efficient wet and dry removal of Hg
result in <3% contributions of local anthropogenic sources to the total an-
thropogenic deposition in the Arctic Ocean.

Global emission inventories, prepared in a fully documented, transpar-
ent, and consistent manner, are essential to future efforts to (globally)
model mercury air transport and deposition and provide information on
source-receptor relationships. The same requirements apply to their
geospatial distribution. In addition to developing emissions/release
estimates at the national (or sub-national) level for key emissions sectors,
additional data are therefore needed to support and improve the process
of assigning these emissions/releases to point sources or distributed
sources. Further work is urgently needed to better define the speciation
of geospatially distributed Hg emissions. Further understanding is also
needed of the fate of Hg emitted as Hg(0) from ASGM activities; in partic-
ular, to determine whether these emissions are subject to long-range trans-
port or are rapidly transformed and contribute primarily to local
18
contamination. A better estimation of the proportion of gaseous Hg to par-
ticulate Hg and the propensity of different biomes (such as boreal
peatlands) to release Hg during wildfires is needed to develop better
wildfire Hg emission inventories and reduce uncertainties in modeling
estimates.

Improved understanding and modeling of vegetation Hg uptake, activa-
tion of bromine species from snowpacks, and blowing snow and air-surface
exchange fluxes are needed to reduce uncertainties in model simulations of
atmospheric Hg in the Arctic. Additional studies are needed to improve the
understanding of oxidation and reduction reactions of Hg in the gas phase
as well as at environmental surfaces and aqueous environments. Model eval-
uation is hampered by the limited number of air concentration andwet depo-
sition monitoring sites in the Arctic, particularly in Siberia, eastern subarctic
Canada, and the Arctic Ocean. Mercury evasion fluxes from the Arctic Ocean
are seasonally highly variable, but measured estimates of atmosphere-ocean
Hg fluxes are only available for fall. Year-round observations are needed to
evaluate modeled atmosphere-ocean Hg exchange fluxes. Fully interactive
atmosphere-land-ocean biogeochemical models are needed to simulate the
impacts of changing physical and biochemical environments on atmospheric
Hg levels in the Arctic and explain their trends.
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