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Chemical Symbols, Acronyms and Abbreviations

Chemical Abbreviations

Br — bromine atom

Br, — bromine molecule
BrO — bromine monoxide radical
C —carbon

3C — carbon-13 isotope
¢ — carbon-14 isotope
Cd — cadmium

CH, — methane

Cl —chlorine

Cl, — molecular chlorine
CIO — chlorine monoxide
CO — carbon monoxide
CO, — carbon dioxide

Cu — copper
Fe —iron
Hg — mercury

Hg(l) — inorganic mercurous ion
Hg(Il) — inorganic mercuric ion

Hg" — divalent mercury

Hg® — elemental mercury

HgBr, — mercuric bromide or mercury (1) bromide
HgCl, — mercuric chloride or mercury (I1) chloride
HgCIBr — mercuric chlorobromide
Hg-P — particulate mercury

HgO — mercuric oxide

HgOH — mercurous hydroxide
Hg(OH), — mercuric hydroxide

HgX, (g) — ionic gaseous mercury (1)
Hg-SO;— mercuric sulphite

HO, — hydroperoxyl radical

H,O, — hydrogen peroxide

HOCI - hypochlorous acid

| —iodine

10 — iodine oxide radical

KCI — potassium chloride

CHsHg — methyl mercury

MeHg — methyl mercury

Mn — manganese

>N — nitrogen-15 isotope

N — nitrogen

NaCl — sodium chloride

NO, — nitrogen dioxide

NO, — nitrogen oxides (NO and NO,)
NO, — total reactive nitrogen oxide compounds
O; —ozone

0O, — oxygen

OCI™ — hypoclorite ion

OH — hydroxyl radical

Pb — lead

Xi



Rn —radon

S —sulphur

SO, — sulphur dioxide

SO, — anthropogenic sulphur oxides (combination of SO, and SO,)

Acronyms and Abbreviations

ABC — Atmospheric Brown Clouds

AC&C — Atmospheric Chemistry and Climate

ACE-Asia — Asian Pacific Regional Aerosol Characterization Experiment

ACI — Activated Carbon Injection

AER — Atmospheric and Environmental Research, Inc.

AEROCE - Atmosphere/Ocean Chemistry Experiment

ACS — American Chemical Society

ALRT — Asian Long-range Transport

AMAP — Arctic Monitoring and Assessment Programme

AMCOTS — Atmospheric Mercury Chemistry over the Sea

AMDESs — Atmospheric Mercury Depletion Events

AMIBS — Arsenic Mercury Intake Biometric Study

AMNET — Atmospheric Mercury Network

AMMA — African Monsoon Multidisciplinary Analysis

ART — Agroscope Reckenholz-Ténikon

ATSDR — Agency for Toxic Substances and Disease Registry

AUST — Australia

BACTSs — Best Achievable Control Technologies

BAU+C — Business as Usual, with a Component Related to Actions to Address Climate
Change

BB Alaska — Biomass Burning from Alaska

BB PNW — Biomass Burning from the Pacific Northwest

BCs — Boundary Conditions

BCAA — Antarctic Environmental Specimen Bank (Banca Campioni Ambientali Antartici)

BDL - Below Detection Limit

BEIS3 - Biogenic Emissions Inventory System 3

BL — Below Limit

BMB — Biomass Burning

BOAS - Boreal Asia

BONA — Boreal North America

CARIBIC — Civil Aircraft for Regular Investigation of the Atmosphere Based on an
Instrumented Container

CAMNet — Canadian Atmospheric Mercury Network

CC - Climate Change

CEAM - Central America

CEAS - Central Asia

CEREA — Centre d’Enseignement et de Recherche en Environment Atmoshperique

CHAAMS — Cape Hedo Atmosphere and Aerosol Monitoring Station

CI — Confidence Interval

CIRES — Cooperative Institute for Research in Environmental Science

CLRTAP — Convention on Long Range Transboundary Air Pollution

cm®— cubic centimetre

CMAQ — Community Multiscale Air Quality Model

CMAQ-Hg — CMAQ for mercury

CNR — National Research Council

CNRS - Centre National de la Recherché Scientifique

CRC — Chemical Rubber Company
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CSFII — Continuing Study of Food Intake by Individuals

CTM — Chemical Transport Model

CTM-Hg — Chemical Transport Model for Mercury

CUNY — The City University of New York

DEHM - Danish Eulerian Hemispheric Model

DGM (DGHg) — Dissolved Gaseous Hg concentration

DOC - Dissolved Organic Carbon

DROPS - Development of macro and sectoral economic models to evaluate the role of public
health externalities on society

DSS — Decision Support Systems

E — East

EC — Elemental Carbon

ECHMERIT — coupled mercury chemistry and global transport model

EF — Emission Factors

E-MCM -Everglades Mercury Cycling Model

EMEP — Cooperative Programme for Monitoring and Evaluation of the Long-range
Transmission of Air Pollutants in Europe

EPRI — Electric Power Research Institute

EQAS — Equatorial Asia

ESPs — Electrostatic Precipitators

ESPREME - Integrated Assessment of Heavy Metal Releases in Europe

EU — European Union

EU-15 — European Union thru the 1995 Enlargement - Belgium, France, West Germany,
Italy, Luxembourg, Netherlands, Denmark, Ireland, United Kingdom, Greece,
Portugal, Spain, Austria, Finland, and Sweden

EXEC — Extended Emissions Control

FC — Flux Chamber

FE — Future Emissions

FFs — Fabric Filters

FGC — Flue-Gas Conditioning Systems

FGD - Flue-Gas Desulfurization

FSANZ — Food Standards Australia New Zealand

fw — Fresh Weight

F. — Deviation Factor X

GAW - Global Atmospheric Watch Programme (within WMOQO)

GEM - Gaseous Elemental Mercury

GEOS-CHEM - A global 3-D atmospheric composition model driven by data from the
Goddard Earth Observing System

GFEDvV2 — Global Fire Emissions Database version 2

g/km?/y — grams per square kilometre year

GLEMOQOS - Global EMEP Multi-media Modelling System

GMA — Global Mercury Assessment Report
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Preface

In December 2004, in recognition of an increasing body of scientific evidence suggesting
the potential importance of intercontinental flows of air pollutants, the Convention on Long-
range Transboundary Air Pollution (LRTAP Convention) created the Task Force on
Hemispheric Transport of Air Pollution (TF HTAP). Under the leadership of the European
Union and the United States, the TF HTAP was charged with improving the understanding of
the intercontinental transport of air pollutants across the Northern Hemisphere for
consideration by the Convention. Parties to the Convention were encouraged to designate
experts to participate, and the task force chairs were encouraged to invite relevant experts to
participate from countries outside the Convention.

Since its first meeting in June 2005, the TF HTAP has organized a series of projects and
collaborative experiments designed to advance the state-of-science related to the
intercontinental transport of ozone (O3), particulate matter (PM), mercury (Hg), and persistent
organic pollutants (POPs). It has also held a series of 15 meetings or workshops convened in a
variety of locations in North America, Europe, and Asia, which have been attended by more
than 700 individual experts from more than 38 countries. The TF HTAP leveraged its
resources by coordinating its meetings with those of other task forces and centres under the
convention as well as international organisations and initiatives such as the World
Meteorological Organization, the United Nations Environment Programme’s Chemicals
Programme and Regional Centres, the International Geosphere-Biosphere Program-World
Climate Research Program’s Atmospheric Chemistry and Climate (AC&C) Initiative, and the
Global Atmospheric Pollution Forum.

In 2007, drawing upon some of the preliminary results of the work program, the TF HTAP
developed a first assessment of the intercontinental transport of ozone and particulate matter
to inform the LRTAP Convention’s review of the 1999 Gothenburg Protocol (UNECE Air
Pollution Series No. 16).

The current 2010 assessment consists of 5 volumes. The first three volumes are technical
assessments of the state-of-science with respect to intercontinental transport of ozone and
particulate matter (Part A), mercury (Part B, this volume), and persistent organic pollutants
(Part C). The fourth volume (Part D) is a synthesis of the main findings and recommendations
of Parts A, B, and C organized around a series of policy-relevant questions that were
identified at the TF HTAP’s first meeting and, with some minor revision along the way, have
guided the TF HTAP’s work. The fifth volume of the assessment is the TF HTAP Chairs’
report to the LRTAP Convention, which serves as an Executive Summary.

The objective of HTAP 2010 is not limited to informing the LRTAP Convention but, in a
wider context, to provide data and information to national governments and international
organizations on issues of long-range and intercontinental transport of air pollution and to
serve as a basis for future cooperative research and policy action.

HTAP 2010 was made possible by the commitment and voluntary contributions of a large
network of experts in academia, government agencies and international organizations. We
would like to express our most sincere gratitude to all the contributing experts and in
particular to the Editors and Chapter Lead Authors of the assessment, who undertook a
coordinating role and guided the assessment to its finalisation.

We would also like to thank the other task forces and centres under the LRTAP Convention
as well as the staff of the Convention secretariat and EC/R Inc., who supported our work and
the production of the report.

André Zuber and Terry Keating
Co-chairs of the Task Force on Hemispheric Transport of Air Pollution
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Chapter 1
Conceptual Overview

Lead Author: Robert Mason
Contributing Authors: Nicola Pirrone, lan Hedgecock, Noriyuki Suzuki, Leonard Levin

1.1. Introduction and Background

While mercury (Hg) is globally distributed mainly through the atmosphere, it differs from other
major atmospheric pollutants (e.g. ozone, particulates) in that its environmental impact is not directly
related to the atmospheric burden. While the major redistribution of Hg is via the atmosphere, its
primary environmental and health impact is in aquatic systems, and for aquatic organisms and their
consumers, as this is the location where the inorganic Hg deposited directly or indirectly from the
atmosphere is converted into the highly toxic and bioaccumulative methylmercury (MeHg) (Figure 1.1).
Consumption of aquatic organisms with elevated MeHg concentrations is the primary route of exposure
for humans [Mahaffey et al., 2004; Sunderland, 2007] and for freshwater and marine fish-eating wildlife
[Braune et al., 2006; Garcia-Hernandez et al., 2007; Kemper et al., 1994; Landers et al., 2008] (Chapter
5). In terms of relative toxicity, MeHg is orders of magnitude more toxic than the inorganic forms (ionic
Hg (Hg") and elemental Hg (Hg®)) [Clarkson and Magos, 2006]. Because Hg is globally distributed, due
to its relatively long residence time in the atmosphere, fish in remote regions may be impacted by
regional and global sources. For example, in the United States, 48 states have Hg consumption
advisories, [U.S. EPA, 2006] and many are associated with water bodies located in areas with no
apparent land-based Hg contamination or local anthropogenic Hg source. However, while long range
transport (LRT) is important, there are locations where Hg’ is efficiently oxidized and deposited, and for
these regions, regional inputs are more important and local hotspots of Hg accumulation can be found.
Since MeHg is bioconcentrated in organisms and biomagnified in aquatic food webs, large fish and
those with high trophic stature tend to have higher concentrations. Thus, marine and freshwater
advisories often target specific fish species and are size based [Burger and Gochfeld, 2004; Chen et al.,
2008]. Since the developing human nervous system is sensitive to MeHg, young children and children
of women who consume fish during pregnancy are potentially at risk [Clarkson et al., 2003; NRC, 2000;
WHO, 1990], and are therefore the target of most advisories.

Local and global sources have a different ecosystem impact, due mainly to the residence time
of different Hg forms. Besides Hg®, which constitutes >95% of the total atmospheric Hg, and has the
longest residence time, the other major forms of Hg are Hg", which can exist in both the gaseous state
(so-called reactive gaseous mercury (RGHg or RGM)) and attached to or incorporated into aerosols
(so-called particulate Hg; Hg-P) [Landis et al., 2002; Mason, 2005], both of which are readily
deposited. For example, using the GEOS-Chem model, Selin et al. [2010] modelled the contribution
of outside emissions sources to MeHg accumulating in two freshwater ecosystems, one in the
Northeast and one in the Southeast USA. For the Northeast USA, the model attributed 9% of
deposition to non-USA anthropogenic sources compared to 23% for the Southeast location, likely
partially reflecting increased contributions to deposition in this regions from oxidation in the upper
troposphere and deep convection [Selin and Jacob, 2008].

However, many additional factors can affect the net MeHg production and accumulation
within a particular ecosystem (Figure 1.1)[Mason et al., 2005]. Two adjoining water bodies receiving
the same atmospheric deposition can therefore have significantly different fish MeHg concentrations
[Driscoll et al., 2007]. Ecosystem-specific factors that affect both the bioavailability of inorganic Hg
to methylating microbes (e.g., sulphide, dissolved organic carbon) and the activity of the microbes
themselves (e.g., temperature, organic carbon, redox status) determine the rate of MeHg production
and subsequent accumulation in fish [Benoit et al., 2003]. Knightes et al. [2009] illustrated this
potential variability in ecosystem responses by modelling the changes in fish MeHg in several
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different types of ecosystems and concluded, as found in the METAALICUS experiment [Harris et
al., 2007c], that fish MeHg responded more rapidly to changes in deposition in ecosystems receiving
the bulk of their inorganic Hg directly from the atmosphere, rather than from watershed runoff.

In addition to the complex link between atmospheric concentration and form and environmental
impact, as determined by the accumulation of MeHg in aquatic organisms (Figure 1.1), there is also the
complication of ascertaining the source of the Hg to the atmosphere given that there are both natural and
anthropogenic inputs [Pirrone et al., 2009], and given that Hg is extensively recycled at the air-
water/terrestrial interface (Figure 1.2) [Mason and Sheu, 2002; Sunderland and Mason, 2007].
Therefore, the assessment of the impact of LRT of Hg, and the resultant formation of MeHg, on human
and ecosystem health requires knowledge of many aspects of the biogeochemical cycling of Hg, and is
not only confined to changes in atmospheric input, fate and transport and removal.

Improved information on Hg emissions and deposition will continue to improve the
assessment of the regional and global impact of Hg released to the atmosphere from terrestrial and
aquatic environments, and on the major principles of its atmospheric transport, but other aspects of the
cycle are still poorly constrained [Mason, 2009; Pirrone and Mason, 2009]. Sources of Hg to the
atmosphere can be from either primary natural and anthropogenic sources or can be due to re-
emission of deposited Hg (secondary emission). Additionally, the oceans play an important role in the
global cycling of Hg as they actively recycle Hg across the air-sea interface and therefore dampen the
signature of the heterogeneity of primary natural and anthropogenic sources [Strode et al., 2007]. As a
result, boundary layer concentrations of Hg are relatively uniform, with a relatively smooth north-
south gradient.

Major modelling activity has provided new global and regional estimates based on (1)
updated emissions [Dastoor and Davignon, 2009; Hedgecock et al., 2006; Jaeglé et al., 2009; Jung et
al., 2009; Seigneur et al., 2009; Selin et al., 2007; Selin et al., 2008; Travnikov and Ilyin, 2009], (2) an
assessment of source-receptor relationships for Hg in the environment [Bullock and Jaeglé, 2009;
Pirrone et al., 2010], and (3) atmospheric processes affecting Hg [Ariya et al., 2009; Hynes et al.,
2009]. However, these models, outputs and predictions need to be verified with data, which is
currently severely lacking for many regions of the globe [Ebinghaus et al., 2009; Sprovieri et al.,
2010a]. Additionally, model evaluations have highlighted aspects of Hg cycling that are not well
understood, and have suggested other reactions and pathways for transport, transformation and
deposition that need to be further investigated [Bullock et al., 2008; Bullock et al., 2009; Holmes et
al., 2009; Ryaboshapko et al., 2002; Ryaboshapko et al., 2007a; b; Selin et al., 2007]. Overall, these
results indicate the need to develop and implement regional and global Hg monitoring networks
[Fitzgerald, 1995; Harris et al., 2007a; Mason et al., 2005].

Policy makers have used the improved information on emissions to assess the effectiveness of
measures aimed to reduce the impact of this highly toxic contaminant on human health and
ecosystems, but more information and assessment is needed. In 2002, UNEP Chemicals released its
first assessment (Global Mercury Assessment Report, GMA) on global Hg contamination [UNEP,
2002]. Since then, a number of activities have been developed in order to support the UNEP
Governing Council objectives (decisions 23/9 1V in 2005 and 24/3 IV in 2007) and to continue to
assess and elaborate on possible strategies and mechanisms aimed at phasing out the use of Hg in a
wide range of products and to reduce, to the extent possible, the emissions from industrial plants,
which are often an inadvertent emission related to the presence of Hg in many geological products
used for energy generation (coal, oil, gas) and in industry (crude oil products, minerals). Additionally,
approaches are needed to reduce areal emissions due to human activity, such as biomass burning and
artisanal gold extraction. In response, there have been a number of national activities and on-going
synthesis and discussions at the international level in addition to the work being done under HTAP
and UNEP. Recent books which deal with global atmospheric Hg and policy issues include edited
publications by Pirrone and Mahaffey Dynamics of Mercury Pollution on Regional and Global Scales
[Pirrone and Mahaffey, 2005b] and Pirrone and Mason Mercury Fate and Transport in the Global
Atmosphere [Pirrone and Mason, 2009]. Additionally, special issues and papers have been presented
and published in association with the regular international conferences on Mercury as a Global
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Pollutant (ICMGP). In particular, a special issue of Ambio contained five synthesis papers from the 8"
ICMGP in Madison, WI, USA in August, 2006 with two papers being most relevant to the current
discussion [Lindberg et al., 2007; Swain et al., 2007]. The 9" ICMGP was recently held in Guiyang,

China in July 2009; (http://www.mercury2009.org/).

A: Major Ecosystem Inputs and Outputs of Mercury
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Figure 1.1. A conceptual
diagram illustrating the major
pathways between atmospheric
deposition of inorganic
mercury (Hg(ll)) and the
accumulation of
methylmercury in fish. Also
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relate to bioaccumulation.
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The overall concepts that drive the major conclusions with regard to LRT of Hg and its
deposition and impact will be outlined in this chapter. The conceptual overview will refer to the
pertinent sections of the chapters in the report but will not summarize the details and complexities
contained in these chapters. Rather, this chapter will provide a conceptual overview of the issues and
impacts related to LRT of Hg, and expectations of how these may change in the future. Chapter 2 is
focused on synthesizing the data collected to date on atmospheric Hg concentration and chemistry and
the concentrations in deposition, and also discusses the need for further study and coordination, and
for a global monitoring network. Chapter 3 is mainly concerned with discussing the distribution and
magnitude of anthropogenic and natural emissions of Hg to the atmosphere. The issues related to
estimating and constraining emission estimates and the methods employed are discussed in Chapter 3.
As it is not possible to make measurements in all locations with sufficient spatial and temporal
coverage, modelling is an important component of understanding the impact globally of Hg
emissions. The various modelling approaches and their validity and predictions are discussed in
Chapter 4. Chapter 5 focuses on the environmental and health impacts of the LRT of Hg, focusing on
freshwater and marine ecosystems and on human health. The main conclusions and recommendations
of this section of the report are contained in Chapter 6 but are also highlighted in the appropriate
sections of Chapters 1-5.
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FINDINGS: The health impact of Hg is not directly related to its atmospheric burden, which is
mostly as Hg’, which has a low deposition velocity and is relatively insoluble. Oxidized forms of
Hg are removed from the atmosphere more readily.

FINDINGS: Given the long residence time of Hg® in the atmosphere, this is the major transport
pathway for the global redistribution of Hg.

FINDINGS: Levels of MeHg in fish are used as the major environmental impact indicator of Hg
contamination, but they respond both to changes in atmospheric Hg inputs and composition,
and changes in environmental conditions, both in the atmosphere and in aguatic ecosystems.
The response time to changes in atmospheric oxidized Hg (RGHg) input is most rapid, with the
response to changes in Hg’, and to other environmental variables being much slower.

RECOMMENDATIONS: Studies are needed on possible measures to reduce the global
atmospheric Hg pool. Efforts to control the inputs of oxidized Hg will have more immediate
benefit but long term reduction in the Hg® content of the atmosphere is necessary to achieve the
required health and environmental thresholds.

RECOMMENDATIONS: More studies of the mechanisms of exchange of atmospheric Hg with
the aquatic environment and terrestrial surfaces are needed, and these fluxes need to be better
guantified and constrained.

RECOMMENDATIONS: Further studies of the atmospheric oxidation mechanisms of Hg® are
needed as, in the absence of oxidized emissions, this is a critical process step between
atmospheric Hg and its environmental impact.



1.2. Concepts Related to Sources and Inter-Continental Cycling of Mercury

Mercury exists in the atmosphere at trace concentrations, being around 1 ng m™ for the remote
South Hemispheric surface air, and higher in the Northern Hemisphere. Mercury is added to the
atmosphere by a number of sources and is ultimately removed primarily due to the deposition and
removal of ionic Hg species. The average residence time of Hg in the atmosphere is 6 months to a year,
and this estimate is based on the overall cycling of the major atmospheric form of Hg, which is
elemental mercury (HgP), found mostly in the gas phase (also referred to as gaseous elemental Hg or
GEM). In this report, residence time is estimated from comparison of the rate of addition of Hg from all
sources to a reservoir relative to the amount of Hg in that reservoir, and gives an estimate of the overall
average total time an atom of Hg spends in the reservoir before being finally sequestered or removed.
The residence time in the atmosphere is very short (6 months to a year) compared to that in the surface
ocean (top 1000 m; 5 years to several decades) and the terrestrial surface (years to decades, depending
on the form of deposition) [Mason and Sheu, 2002; Sunderland and Mason, 2007]. For the atmosphere,
recent evidence suggests that this average value for Hg® can vary widely spatially as oxidation in the
atmospheric boundary layer is a spatially heterogeneous process, and because of the relatively rapid
deposition of oxidized Hg, especially in the gas phase [Hedgecock and Pirrone, 2004; Hedgecock et al.,
2006; Hirdman et al., 2009; Holmes et al., 2009; Laurier and Mason, 2007; Schroeder et al., 1998;
Sillman et al., 2007; Sprovieri et al., 2010b]. Current models do not account for this heterogeneity, and
use a first order constant or constant fraction to account for the rapid recycling of Hg at surfaces. The
removal mechanisms and the transport processes are distinctly different for the different forms of Hg
(Figure 1.3). Elemental Hg is relatively insoluble in water and has a substantial vapour pressure so the
dissolved Hg° concentration in equilibrium with average atmospheric concentrations (~1.5 ng m?) is
around 5 pg/L. Many surface waters are saturated relative to the atmosphere, resulting in gas evasion
(emission) being an important process in global Hg cycling. Given the low equilibrium concentration of
Hg®, most of the removal of Hg from the atmosphere via wet deposition is through the scavenging of
RGHg, which is substantially more soluble. Some forms of oxidized Hg (e.g. HgCl,; HgBr,) have a
measurable vapour pressure; thus, oxidized Hg can be found in the gaseous phase in the atmosphere, and
typically exists at low pg m™ concentrations (i.e. a few percent of the total atmospheric Hg burden)
[Mason, 2005; Schroeder and Munthe, 1998]. Such compounds are efficiently and rapidly dry
deposited. Additionally, most of the Hg in atmospheric aerosols is as Hg" and the Hg-P fraction
typically has a residence time similar to that of aerosols. Finally, however, it has recently been
demonstrated that Hg® can be taken up by vegetation and this provides an important deposition
(removal) mechanism, especially in temperate environments.

Figure 1.3. Diagram showing the major forms of mercury in the
atmosphere: elemental mercury (Hg®), ionic gaseous mercury (HgX; (g)),
which refers to the sum of all gaseous complexes, and mercury attached to
or within aerosols. The removal mechanisms and potential sources of each
species are also indicated.

Mercury emissions (Figure 1.2), as detailed in Chapter 3, can
' ngz@\ be from natural and anthropogenic sources (Table 1.1). In discussing
o, 5 @ et anry Hg emissions, attempts have been made to further categorize sources.
' / DEPOSITION Primary natural sources are those pertaining to Hg release from
volcanoes, geothermal sources, and areas enriched in Hg (in the
mineral soil), and also Hg release as a result of weathering. Primary

anthropogenic emissions relate to the release of Hg from activities
such as the burning of coal and other fossil fuels for energy, the
extraction and processing of minerals, and the release of Hg during
gold extraction using Hg amalgamation approaches (both artisanal
and commercial use). These activities mostly represent the




unintentional release of Hg during industrial processing and high temperature combustion. These
primary anthropogenic emissions are mostly from point sources but also represent areal inputs, such
as the release by coal fires in abandoned mines [O'Keefe et al., 2010] (Table 1.1).

Table 1.1. Classification of emissions of mercury to the atmosphere in terms of the source type
and whether the emission is from a primary or a secondary source, and the fraction due to

anthropogenic activities.

Emission Description

Detail of sources

Emission category

Stationary Combustion

Coal, oil and gas consumption for energy
generation

Primary Anthropogenic’

Mining & Manufacturing

Metal production, including commercial gold
production, cement, caustic soda and other
industries

Primary Anthropogenic

Waste Incineration

Incineration of commercial and medical waste, etc

Primary Anthropogenic

Areal Anthropogenic

Vehicle, crematoria, small-scale coal & fossil fuel
use, emissions from waste piles and mine tailings,
coal mine fires

Primary Anthropogenic

Artisanal Gold Mining

Use of mercury in gold extraction

Primary Anthropogenic

Geogenic Sources

Volcanoes and other geological emissions

Primary Natural®

Biomass Burning Includes intentional (i.e. human-induced) and Areal Mixed®
unintentional (natural) burning of biomass (forest
and grass fires etc)

Ocean Evasion Includes mercury derived from mostly secondary Areal Mixed
(re-emission) sources although there is a small
primary component

Terrestrial Emissions Net evasion from soils and vegetation. Mostly Areal Mixed
secondary, although there is a small primary
component

Areal Mixed Small-scale wood burning, others Areal Mixed

Definitions:

1: Anthropogenic refers to mercury that has been removed from the Earth’s interior, either in
its native form or in other geological products (e.g. coal, rock), to the surface of the Earth
and then released to the atmosphere, either intentionally or unintentionally. Primary refers to
the initial release of this mercury to the atmosphere, while secondary refers to any re-
emission of deposited mercury, which can include both natural and anthropogenic mercury.
2: Natural refers to mercury that has existed in either the surface layers or deeper regions of
the Earth prior to industrialization and that has been released to the atmosphere due to
natural processes, such as volcanoes, and surface weathering processes. Again, primary
refers to the initial release of this mercury to the atmosphere.

3: Mixed areal emissions refer to sources that are emitting mercury that has both a natural
and anthropogenic origin. Areal mixed emission includes mercury that is being released by
both natural and human-induced processes. Secondary emissions refer to the release of
previously deposited Hg from the Earth’s surface and vegetation back to the atmosphere.

Secondary emissions reflect the release of previously deposited Hg (from wet and dry
deposition, including gaseous uptake into vegetation) from the Earth’s surface (land and water), and
vegetation, back to the atmosphere, and is dominated by the release of Hg®. In many instances, while
these emissions are due to natural processes, these emissions include Hg that was initially emitted to
the atmosphere from anthropogenic sources. Clearly, it is difficult to assign the secondary emissions
(re-emission) into clear categories but the consensus is that a large fraction of the Hg emitted by
natural processes is recycled, anthropogenic Hg. Additionally, secondary sources also pertain to the
release of Hg from vegetation, land or water surfaces as a result of anthropogenic factors, such as the
intentional burning of vegetation for land clearing. Indeed, biomass burning emissions illustrates the
complexity of categorizing emissions as biomass burning is both natural (e.g. forest fires) and human-



related (forest clearing and burning; seasonal burning of savannah; and wood burning for heat and
energy), and the Hg in biomass has both an anthropogenic and a natural source.

Contributions of various natural emission sources vary in time and space depending on a
number of factors including the activity of volcanic belts or geothermal activities. Exchange processes
between surface water and atmosphere, re-emission of previously deposited Hg from top soils and
plants, and biomass burning all have a spatial and temporal component [Mason, 2009; Pirrone et al.,
2009; Shetty et al., 2008]. Most models do not adequately account for such variability. Additionally,
as all forms of Hg are released from point and areal anthropogenic sources mostly, and Hg® and Hg-P
are released via natural processes, the relative global distribution of these sources has an important
impact on the extent of Hg fate and transport. Overall, at any given location, there is both local and
regional input of all forms of Hg in addition to Hg that resides in the “global pool” derived from LRT
and from re-emission of deposited Hg.

Overall, the problem of changing atmospheric Hg® concentrations is similar to that of ozone,
while the impact and concerns for Hg-P are similar to those of particulate matter, which is more a
regional than a global concern. Over time, the changes in emissions have had a relatively small impact
on the global atmospheric reservoir as the direct anthropogenic inputs are relatively small compared
to the atmospheric reservoir, and globally distributed. Essentially, given such a scenario, global
regulation and cooperation in reducing anthropogenic Hg emissions is needed as the impact of
changes in one continent will be muted by any changes in inputs in other regions of the globe, and, as
noted above, the exchange with the ocean dampens the rate of change over time. Additionally,
however, there is the potential for the transport of Hg globally through international trade [Maxson,
2005]. Therefore, the overall strategy for mitigating atmospheric Hg concentrations in the future
needs to be global and to be built on a strong knowledge base on the fate, transport and reactivity of
Hg in the atmosphere, and of the relative importance of primary versus secondary inputs to the
atmosphere, which reflect the legacy of past emissions of Hg.

FINDINGS: Although direct emissions are temporally and spatially very heterogeneous, both
the lifetime of Hg® and the significant re-emission of previously deposited Hg that occurs, serve
to reduce this heterogeneity and result in the relatively uniform distribution of Hg° globally and
particularly hemispherically, except in the close proximity to major sources.

FINDINGS: The importance of the ocean in the recycling is acknowledged but the level of
understanding of the primary controlling factors involved in this process are not well
understood. Similarly, there is little detailed knowledge of the recycling of Hg deposited to the
terrestrial environment.

RECOMMENDATION: Given the substantial recycling that occurs, any action to reduce Hg
impact on the environment would need to be made on a global basis in order to reduce the
global atmospheric Hg pool. Unilateral initiatives would have relatively little regional impact
except in the immediate vicinity of major sources.

1.3. Overview of Atmospheric Mercury Dynamics

Similar to other atmospheric contaminants that have a strong anthropogenic signal, Hg
emissions and deposition are currently elevated in Asia and its vicinity (the coastal North Pacific),
especially in rapidly developing countries [e.g. Pirrone et al., 2010; Quan et al., 2008; Streets et al.,
2009; Wan et al., 2009]. While elevated, Hg emissions and deposition are declining in North America
and Europe as a result of legislation and mitigation [Pacyna et al., 2003; Pirrone et al., 2010; Selin et
al., 2008]. Emissions over the world are therefore heterogeneous and dependent on energy
consumption and sources, industrial activity, the use of emission control technology, and the extent of
inputs from natural sources. Essentially all emission is into the planetary boundary layer (PBL;
bottom 1-2 km of the troposphere), while most of the transport is in the upper troposphere [NRC,
2010]. Therefore, the mechanisms related to transfer between these layers are important for the
overall distribution of Hg on a global scale.



Although most pollutants are released into the PBL, their horizontal transport usually is quite
slow in this layer due to relatively weak winds near the Earth’s surface. For Hg, RGHg is rapidly
deposited and removed from the PBL (lifetime hours to days) and therefore is not transported globally
[e.g. Jaffe et al., 2005; Jaffe and Strode, 2008]. However, there is the potential for its formation in the
PBL and/or the upper atmosphere via photochemical processes [Fain et al., 2009; Holmes et al., 2006;
Radke et al., 2007] and therefore Hg" (as both RGHg and Hg-P) is found in the atmosphere in remote
regions due to its in situ production. Additionally, it is also suggested, although there is little
supportive information, that oxidation of Hg° can be enhanced in the upper troposphere. The
importance of this process depends on the mechanisms for transport of Hg from the upper atmosphere
to the terrestrial and water surface. Also, the impact of stratospheric-tropospheric mixing [Cooper et
al., 2005; Meloen et al., 2003; Stohl et al., 2003] on Hg speciation and concentration needs further
investigation. Models suggest that sinking of upper air masses can transport substantial Hg" formed in
the upper atmosphere to the Earth’s surface under specific meteorological conditions [e.g. Selin et al.,
2008].

Conversely, Hg® can be transported from the PBL into the free troposphere and can often
travel great distances because of the stronger winds aloft, including the jet streams, which are the
strongest upper atmospheric flows that encircle the Earth [NRC, 2010]. The mechanisms producing
upward transport into the free atmosphere (e.g., thunderstorms and mid-latitude low-pressure systems)
play important roles in determining the extent of long-range pollutant transport. These weather
phenomena range in size from small, short-lived turbulent eddies to large, long-lived systems that
span continents and can last weeks or months [NRC, 2010]. Thunderstorms, sea breezes, and high and
low-pressure systems all play a role in transporting pollutants both horizontally and vertically.

Therefore, overall, the major processes (meteorological, chemical, physical) that control the
large-scale atmospheric transport of Hg® are similar to those for other relatively long-lived
atmospheric species and Hg® trends parallel the distribution of ozone. Additionally, as is the case for
ozone, LRT and import of Hg from outside a continental domain is not trivial and needs to be
considered in policy and impact assessment. As noted, sources are heterogeneously distributed and the
locations of major sources are in regions where large scale air transport pathways occur, with the
result that Hg® can be rapidly transported over large distances. For example, episodic events of
elevated air Hg® concentrations have been recorded at the Mt. Bachelor Observatory in central Oregon
[Jaffe et al., 2005; Weiss-Penzias et al., 2007] and during aircraft measurement campaigns [Friedli et
al., 2004; Radke et al., 2007; Swartzendruber et al., 2008]. These have been linked, based on
correlation with other atmospheric pollutant concentrations, such as CO, to air masses originating
from Asia. Similar results have been measured off the Asian continent [Jaffe et al., 2005]. However,
elevated RGHg did not occur in air masses with elevated Hg® and CO, suggesting local formation
rather than LRT.

The main impacts of global atmospheric circulation are dictated to a large extent by the
winds, which in the middle-latitude troposphere are mostly from the west (zonal flow) in the Northern
Hemisphere, causing most intercontinental transport to be from west to east, and are much stronger
than the north-south (meridional) component of the wind in the middle and upper troposphere. Near
the surface, in the PBL, winds are more similar for both components. Wind speeds generally are
stronger during winter than summer, generally increase with altitude, and the jet streams in the upper
troposphere are regions of the strongest winds. The resultant vertical motion experienced by air
parcels due to these factors is vitally important since Hg and other pollutants transported from the
surface to higher altitudes will be horizontally transported most rapidly and farther than Hg residing in
the PBL. It should be noted, however, that meteorological conditions cause both the rising and sinking
of air masses. Generally, areas of rising air tend to be smaller and shorter lived than areas of
subsidence, which generally cover larger areas and persist for longer periods [NRC, 2010].

Synoptic circulation events (cyclones) are important Hg transport events [NRC, 2010]. For
example, low-pressure areas are important regions of strong horizontal and vertical pollution
transport, and mostly result in west-east gradients in deposition. For example, given the air transport
patterns, and the distribution of anthropogenic sources in the USA, deposition of Hg is higher in the
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eastern USA compared to the west, as manifest in data from the Mercury Deposition Network
(MDN)which is part of the US National Atmospheric Deposition Program (NADP) [MDN, 2009].
Important formation areas for cyclones are over eastern Asia and the western Pacific Ocean, as well as
the east coast of North America, and these events are important mechanisms for transporting Hg and
other pollutants from the east coasts of both Asia and North America to the associated oceans, and
globally [Hains et al., 2008; Owen et al., 2006; Prados et al., 1999; Stohl et al., 2002]. Another
preferred formation region is downwind of major mountain ranges such as the Rocky Mountains or
the Alps. It is noteworthy that Europe and western Asia are not major regions of cyclone formation or
transit.

Additionally, smaller and less persistent mesoscale weather systems [NRC, 2010] can also be
important vectors for Hg. Important examples associated with pollutant transport are thunderstorms,
land and sea circulations, and mountain and valley breezes. Thunderstorms could rapidly move Hg
into the upper troposphere where it can be transported great distances by the stronger horizontal winds
aloft. Conversely, the downdrafts that occur during the mature and dissipating stages of a
thunderstorm transport upper tropospheric air to the surface. Modelling suggests that such phenomena
are important in Hg transport from altitude to the surface in the southeastern USA and to the Gulf of
Mexico [Selin and Jacob, 2008]. Additionally, strong updrafts, such as those associated with intense
biomass burning, can transport boundary layer air to the upper troposphere or lower stratosphere on
the order of minutes, compared with hours or days for synoptic systems. This is an important
consideration for short-lived or rapidly deposited chemical species, such as Hg". Overall, many
meteorological systems can move long distances during their lifetimes and produce strong vertical
transport over a large area for an extended time.

FINDINGS: The transport of Hg above the boundary layer in the free troposphere is
fundamental to its rapid global redistribution, although the details of this transport are not well
studied.

FINDINGS: Major convective events are important in the deposition of Hg from the middle and
upper troposphere, where substantial oxidation is thought to occur. However, almost nothing is
known about the speciation and reaction chemistry of Hg, particularly the oxidation of Hg’,
above the boundary layer.

RECOMMENDATION: Measurements of Hg concentration and speciation in the free
troposphere are crucial to better understanding of global Hg cycling. Airborne measurement
campaigns must be a major priority and focus of future field campaigns, and more long-term
measurement sites with speciated Hg are needed in the free troposphere (e.g. on mountains or
making use of commercial aircraft).

1.4. Spatial and Temporal Variability in Inter-Continental Transport

Given the above discussion, and knowledge of the main air mass transport pathways, it is
clear that there is a high potential for emissions in Asia, North America and Europe, especially of Hg’,
to be transported globally, and similar conclusions are likely for the Southern Hemisphere although
there is little data available to confirm this. As Hg’ is not an inert atmospheric species and can be
oxidized by homogeneous and heterogeneous processes, the presence of other pollutants or reactive
species in the atmosphere can have important impacts on its transport and deposition.

Transport from Asia appears to be important on the global scale given the large inputs of Hg
species to the atmosphere from both anthropogenic and natural sources [Quan et al., 2008; Streets et
al., 2009; Wan et al., 2009]. Emissions and export are dependent on season, given the propensity for
storms and dust transport in winter/early spring, and seasonal differences in coal use. Estimates
suggest that much of the Hg released as RGHg from coal combustion and other emissions contributes
to elevated local deposition while the Hg® released is mostly mixed into the global pool. Because
significant amounts of coal are burned in homes and small industrial facilities in developing countries,
without any kind of emission control, emissions of Hg" are higher in developing countries than in the
developed World.



Numerous studies have examined the transport of pollutants from North America to the North
Atlantic and have evaluated the role of high pressure systems over the Atlantic (Bermuda high) in
controlling this transport [Doddridge et al., 1994; Hains et al., 2008; Owen et al., 2006; Wu and
Boyle, 1997]. Alternatively, the same meteorology is responsible for the transport of air masses from
Africa to the southeastern USA at certain times of the year. While regional models for Hg have
documented similar effects, there is little observational evidence to support their conclusions
[Lamborg et al., 1998; Laurier and Mason, 2007; Mason and Fitzgerald, 1996; Slemr et al., 1981].
Similarly, transport of contaminants from Europe and North America to the Arctic is again a well-
known and documented phenomenon [Burkow and Kallenborn, 2000; Garbarino et al., 2002;
Macdonald, 2005] but the conclusive evidence demonstrating the impact of anthropogenic Hg is
sparse, besides the demonstration that Arctic wildlife have elevated Hg levels in their tissues
[Campbell et al., 2005; Macdonald et al., 2008].

The direct source-receptor relationship and the impact of changes in atmospheric
anthropogenic inputs on the ocean and other regions are hard to demonstrate. For example, the
sources of Hg" to the Arctic (and Antarctic) include both transport from lower latitudes as well as
halogen-mediated Hg® oxidation, in concert with ozone depletion, and its efficient removal
[Ebinghaus et al., 2002; Poissant et al., 2008; Steffen et al., 2008]. Demonstration of these oxidation
processes is now well-documented and have built on the pioneering research of Schroeder and
colleagues [Barrie et al., 2001; Steffen et al., 2002; Steffen et al., 2005]. The role of halogen
chemistry has been more clearly delineated [Seigneur and Lohman, 2008; Xie et al., 2008] and the
processes controlling such events better constrained and understood. Recently, Hirdman et al. [2009]
combined measurements of Hg® at the Arctic site with the output of the Lagrangian particle dispersion
model FLEXPART, for a statistical analysis of Hg® source and sink regions. They found that the
Avrctic is a strong net sink region for Hg® in April/May, indicating Hg accumulation in the Arctic snow
pack. In summer, however, the Arctic is a net Hg® source, indicating the importance of re-emission of
previously deposited Hg when the snow and/or ice melts, and evasion of Hg® from the ocean through
sea ice leads and polynyas. Others have reached similar conclusions [Ariya et al., 2004]. Net inputs of
Hg to the Arctic terrestrial ecosystem are reflected by measurements of higher concentrations in
coastal regions compared to more terrestrial locations [Douglas and Sturm, 2004; Garbarino et al.,
2002].

The role of hurricanes/cyclones in the Atlantic and in the Pacific, and other extreme events,
on the LRT of Hg has not been investigated in any specific study. However, in addition to the
heightened vertical mixing that would occur and the potential for rapid LRT via the contained weather
system, there is also the potential for these events to result in enhanced evasion of Hg® from the ocean,
as found for CO, [Bates et al., 1998; Koch et al., 2009] and for enhanced deposition associated with
the elevated rainfall of tropical systems. Such large weather systems are clearly important but have
been little studied.

Overall, there are large scale regional and latitudinal differences in the extent of LRT but this
has not been evaluated for many regions and for many different scenarios, especially in the Southern
Hemisphere. In the Northern Hemisphere, the potential for LRT transport from Asia to North America
has received the most attention primarily as a result of the importance globally of emissions in Asia,
and of the potential for these to impact North America. Clearly, however, there is the potential for
emissions in North America to impact the North Atlantic and continents to the east, although, given
the emissions in Europe, this may be difficult to clearly demonstrate.

Much of the current longer-term and synthesized observations of Hg concentration, on which
the above discussion is based and on which the models rely for validation, and the long-term trends
are contained in Chapter 2, which summarizes and collates the current available information. Recent
analytical advances have substantially improved the quantity and quality of the data, and have resulted
in an increasing number of long-term observations that has allowed for a better understanding of both
long-term trends and short-term dynamics, such as diurnal cycles in Hg species, and the importance of
atmospheric chemistry in Hg fate and transport.
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While there have been major advances and improvements in data quality, there is more that
needs to be done, especially in locations besides North America and Europe. There are efforts to
increase and improve monitoring in Asia and other locations with heightened point source emissions,
but there is a clear need for coordination and global cooperation in monitoring, data sharing and in
model development [Bullock and Jaeglé, 2009; Fitzgerald, 1995; Harris et al., 2007b; Keeler et al.,
2009; Mason et al., 2005; Pirrone and Mahaffey, 2005a; Pirrone et al., 2009]. A network of
monitoring stations would provide a coordinated approach to consolidate current and future global
efforts and would allow further harmonization of collection and analytical methods, and foster and
provide a platform for international intercomparisons, definitions of proper quality control procedures,
and validation of results. Such a network could also provide a central database for collation of results
and information that would be an important resource for managers, modelers and other scientists.
Finally, a coordinated sampling network would provide information that is needed to confirm and
update the models and their predictions. It is therefore evident that there is an urgent need to gather
sufficient information to demonstrate the importance of LRT. The collection of additional data will
allow an assessment of both the local/regional and the global impact of emissions from various source
regions. Finally, studies should focus both on point source contributions and large-scale areal
emissions, such as the net emission of Hg® from the surface ocean, and from the terrestrial landscape,
as the factors controlling these emissions are poorly understood.

FINDING: The fluctuations in the scale and extent of inter-continental transport are almost
impossible to identify because of the scarcity of measurement data in appropriate locations (i.e.
the free troposphere) and the near absence of long-term monitoring data in such locations.

RECOMMENDATION: A world wide monitoring network with measurement sites in strategic
positions, especially in the free troposphere, to detect continental outflow is essential to evaluate
trends in hemispherical Hg transport. Such a network should have sites throughout both
hemispheres.

1.5. Assessing Global Natural and Anthropogenic Sources and Deposition

Estimates of emissions of Hg to the atmosphere from both natural processes and
anthropogenic sources are detailed in Chapter 3 of this report. The discussion below summarizes the
most important concepts and approaches that are used to obtain such estimates, and presents the
relevant related information. It is important to present and consider the uncertainties and
methodologies used to make Hg emission estimates. For anthropogenic point sources, measurements
of the concentration and speciation of Hg in stack gases can be used to provide a constraint on the
fraction of Hg in the source material that is released to the atmosphere. Such estimates of emission
factors have been done for different sources but the amount of information, especially in terms of
speciation is limited in number, and also has been completed mostly in North America and Europe
[Feng et al., 2009; Pacyna et al., 2001; Pirrone et al., 1996; Pirrone et al., 2001]. For many
countries, no measurements exist and therefore emission estimates use extrapolation of the existing
information in making global point source emission estimates [Feng et al., 2009; Leaner et al., 2009].
Additionally, most estimates assume a constant emission factor over time although it is relatively
clear that emissions from sources related to energy production would vary seasonally and sources
related to local economic activity may vary on a weekly basis. For natural sources, light intensity and
temperature appear to be important, and result in diurnal variations in emissions.

Emissions related to coal burning have been the most studied, while emission factors from the
various industrial processes are not well constrained [Pirrone et al., 2009]. Emissions from
incineration of municipal and medical waste incinerators have been examined in very few studies.
Emissions from anthropogenic sources (Chapter 3) are currently dominated by emissions related to
coal and oil consumption (~35% of the total anthropogenic inputs) for electricity generation. It is
expected that coal will continue to be an important and growing source of energy for much of the
world, especially in developing countries, in the future. While crude oil is a widely used energy
source, its Hg content is relatively low and therefore Hg released from the refined products is
typically a small component of the overall anthropogenic flux globally. Similarly, Hg levels in natural
gas are generally low as Hg is often removed during the recovery of the natural gas. The long-term
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implications for Hg emission and deposition from energy-related coal and fossil fuel consumption will
depend upon the rate of world economic growth, the specific type of fuel used, and the pollution
control technologies employed as the speciation of the emissions is directly related to the type of
control technologies used. The Hg emissions from non-energy sectors, such as mining, refining and
industrial operations and waste incineration (~20% of the global total) may also increase, as economic
growth leads to greater extraction and processing of natural resources. Pollution control technologies
that remove Hg" or Hg-P have a regional benefit. However, in terms of LRT and deposition, there will
be little impact without control of Hg® emissions from such sources. Thus, the prediction is that the
global atmospheric Hg pool will continue to increase.

Generally, emissions from coal burning appear to be predominantly as Hg® while emissions
from incineration are mostly as Hg", but there is wide variability in speciation estimates [Pirrone et
al., 2009]. Overall, the speciation of Hg in emissions is not well characterized. Therefore, while it is
acknowledged that the speciation is vitally important in estimating the regional versus LRT of Hg, in
discussing emissions in this report no specific information for individual sources is presented in
Chapter 3, reflecting the lack of knowledge in this regard. Clearly, more information is needed on the
speciation of Hg in point source emissions and how the speciation may change with different control
technologies. This is crucial for future predictions on the impact of changing emissions and control
technologies on Hg fate, transport and bioaccumulation.

In terms of areal terrestrial emissions and deposition, such as the uptake and emission from
vegetation and from soils, estimates mostly assume that emissions are as Hg° [Gustin and Lindberg,
2005; Mason, 2005; 2009]. For deposition, estimates are based on a variety of measurement
techniques: either the direct measurement of deposition or estimation based on an indirect method.
For direct methods, fluxes are measured directly using the collection of the material (gas or particles)
on a surface — a so-called surrogate surface that mimics the actual surface — or by measurement of the
flux in the air close to the surface. Typical surrogate surfaces include a recirculating water container
of known surface area (to mimic the water surface) and, for particles, aerodynamic surfaces that are
coated to capture particles effectively. These have been used for particle collection and for dry
deposition estimates of both RGHg and Hg-P [Caldwell et al., 2006; Malcolm et al., 2003; Marsik et
al., 2007], although such approaches need further validation. Micrometeorological approaches, which
measure the flux directly, have been used in a limited way to date but are likely to become more
widely used in the future [Bash et al., 2007; Lyman et al., 2007; Skov et al., 2006]. These approaches
can estimate both deposition and emission (evasion) depending on the net flux direction and this is an
advantage as other methods must estimate both deposition and emission separately and then determine
the overall flux by difference, with likely higher error. All approaches appear to provide a reasonable
estimate of dry deposition when compared with the alternative approach of measuring atmospheric
concentrations and estimating fluxes based on an estimation of the deposition velocity.

Additionally, to estimate dry deposition of Hg, many investigators have compared the
concentration in wet deposition collected in an open area to that of precipitation collected beneath the
forest canopy (called throughfall deposition) and have inferred dry deposition as the difference
between these two values [Guentzel et al., 1998; Lawson and Mason, 2001; Rea et al., 1996]. Finally,
as one of the main processes of dry deposition of Hg’ is uptake into vegetation, this has been
estimated using the concentration of Hg in litterfall (the loss of leaves from trees) in temperate
environments [Rea et al., 1996; Sheehan et al., 2006]. To assess deposition to the canopy, leaf
washing and analysis can also be used to determine the change in concentration over time, and with
the surface area known, such techniques can be used to estimate deposition [Rea et al., 2001].

For areal emissions, a variety of measurements and approaches are used. Biomass burning
estimates are based on measurements in controlled laboratory environments and also on
measurements during burning events, and extrapolation globally is based on the relationship between
Hg/CO developed from these limited studies [Ebinghaus et al., 2007; Friedli et al., 2003; Friedli et
al., 2009a; Weiss-Penzias et al., 2007]. Emissions from water surfaces are normally determined by
measurement of the dissolved gaseous Hg concentration (DGHg, which is essentially Hg® for most
waters) and calculation of the evasion flux based on gas exchange models; and the surface film model
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approach is most widely used [Gardfeldt et al., 2003; Lindberg and Zhang, 2000; Loux, 2000]. The
exchange velocity, sometimes referred to as the piston velocity, is related to the wind speed and
temperature and a number of formulations exist in the literature. Overall, most Hg studies have taken
models for other gases, such as CO,, and converted them to Hg0 based on the relative values of the