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ABSTRACT

The Emission Database for Global Atmospheric Research (EDGAR) provides a time-series of man-made emissions
of greenhouse gases and short-lived atmospheric pollutants from 1970 to 2008. Mercury is included in
EDGARv4.tox1, thereby enriching the spectrum of multi-pollutant sources in the database. With an average an-
nual growth rate of 1.3% since 1970, EDGARvV4 estimates that the global mercury emissions reached 1287 tonnes
in 2008. Specifically, gaseous elemental mercury (GEM) (Hg®) accounted for 72% of the global total emissions,
while gaseous oxidised mercury (GOM) (Hg? ") and particle bound mercury (PBM) (Hg-P) accounted for only
22% and 6%, respectively. The less reactive form, i.e., Hg®, has a long atmospheric residence time and can be
transported long distances from the emission sources. The artisanal and small-scale gold production, accounted
for approximately half of the global Hg® emissions in 2008 followed by combustion (29%), cement production
(12%) and other metal industry (10%). Given the local-scale impacts of mercury, special attention was given to
the spatial distribution showing the emission hot-spots on gridded 0.1° x 0.1° resolution maps using detailed
proxy data. The comprehensive ex-post analysis of the mitigation of mercury emissions by end-of-pipe abate-
ment measures in the power generation sector and technology changes in the chlor-alkali industry over four de-
cades indicates reductions of 46% and 93%, respectively. Combined, the improved technologies and mitigation
measures in these sectors accounted for 401.7 tonnes of avoided mercury emissions in 2008. A comparison
shows that EDGARv4 anthropogenic emissions are nearly equivalent to the lower estimates of the United Nations
Environment Programme (UNEP)'s mercury emissions inventory for 2005 for most sectors. An evaluation of the
EDGARv4 global mercury emission inventory, including mercury speciation, was performed using the GEOS-
Chem global 3-D mercury model. The model can generally reproduce both spatial variations and long-term

trends in total gaseous mercury concentrations and wet deposition fluxes.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

Mercury emitted from both natural and anthropogenic sources is
transported long distances in the atmosphere and, ultimately, affects
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(UNEP) (2013a) concluded that current anthropogenic emissions con-
tribute approximately 30% of the total annual emissions into the atmo-
sphere; geological sources account for an additional 10%, while legacy
“re-emissions” of mercury accumulated over the last several decades
in soils and oceans account for 60%. The recently adopted Minamata
Convention (UNEP, 2013b) addresses anthropogenic emissions, agrees
to ban the trade of various mercury-containing products by 2020, and
mandates controls on mercury in specific sectors.

Based on our current knowledge on anthropogenic mercury species
behaviour in the atmosphere, elemental mercury (Hg®) can be
transported over long distances, while gaseous oxidised mercury
(Hg?™") and particle bound mercury (Hg-P), which are the reactive
forms of mercury, have shorter lifetimes and are deposited close to
their emission sources (Steffen et al., 2008). Therefore, an important
component of evaluating the emission strength and the resulting
local-scale effects of different mercury species is the resolution of
gridded emissions combined with the quality of proxy data used for
determining emission distributions.

Relationships between human activities, changes in atmospheric
concentrations and removal by deposition are described by
atmospheric transport and chemistry modelling coupled with
parameterisations for ocean and terrestrial ecosystem re-emissions.
Comprehensive results on the discrepancy between measured and
modelled oxidised mercury species highlight the need for better mercu-
ry species emission inventories (Zhang et al., 2012a) and better tech-
niques to measure the oxidised species (Gustin et al., 2013; Kos et al.,
2013; Steffen et al., 2008; Swartzendruber et al., 2008). Moreover, re-
cent analyses of mercury chemistry uncertainties in atmospheric
modelling (Subir et al., 2011, 2012) also underline the lack of a proper
understanding of the chemical reaction mechanisms for many mercury
reactions. Model improvement requires reliable monitoring data for dif-
ferent mercury forms (Ryaboshapko et al., 2007), which should include
both hemispheres and various media (HTAP, 2010; UNEP, 2013a).
Moreover, the complexity of mercury interactions increases when con-
sidering the continuous exchange via mercury fluxes between terrestri-
al, aquatic and atmosphere earth components (ACAP, 2005; Amos et al.,
2013; Selin, 2009) as part of the global mercury cycle. For example, it
has been suggested that multi-media modelling (Travnikov and Ilyin,
2009) is imperative to understand transfer of mercury across land-
air-water and ice interfaces, e.g. to explain mercury deposition in the
Arctic (AMAP, 2011).

Anthropogenic mercury emissions, which vary temporally de-
pending on the effects of emerging economies and the mitigation
policies implemented in different regions, originate from primary
contributing sectors, e.g., non-ferrous metal production, iron and
steel production, the chlor-alkali industry, cement production,
waste incineration and combustion in power generation and resi-
dential and industrial activities. In this study, we extend the
EDGARv4 database with information relevant for mercury emissions
that encompasses all of the important sources. Moreover, we assess
the effectiveness of previously implemented mitigation policies.
For artisanal and small-scale gold production, which is an important
sector with limited available information and is characterised by
large uncertainty, this work proposes a sector-specific approach
that is based on gold market demand as the driver of the mercury
emission time series over the period 1970-2008. Removal efficien-
cies of the existing emission control device systems for SOy, NOy
and particulate matter (PM) are also important elements for
assessing anthropogenic Hg emission reductions. Their capability to
mitigate mercury emissions has been demonstrated in previous
studies. Recent studies present quantitative results (Park et al.,
2008; Pudasainee et al., 2010, 2012; Srivastava et al., 2003) and doc-
ument the complex factors that lead to mercury speciation, which
strongly depends on the emission control system configuration,
fuel characteristics and combustion parameters; nevertheless, fur-
ther investigations are needed to reach a satisfactory level of

agreement on the chemical behaviour of mercury species for differ-
ent control systems. Here, we make use of the EDGARvV4 capability
to distinguish between control devices and their combinations for
each power plant type described in the international specialised
datasets to perform a comprehensive ex-post analysis (backwards
looking) of the effects of mitigation policies that have been imple-
mented in different world regions over 1970-2008.

Previous global anthropogenic mercury inventories (Pacyna et al.,
2006, 2010; Pirrone et al., 2010; Rafaj et al., 2013; Streets et al., 2011)
exhibit variability in global emission totals, which is illustrated in
Table S1 of the Supplementary Information (SI), due to the use of differ-
ent key sectors with different aggregated subsector compositions and
the approaches used to derive activity data, emission factors and reduc-
tion percentages. Regarding emission trends, Streets et al. (2011) ap-
plied a consistent methodology to estimate mercury emissions
beginning in 1850, whereas UNEP (Pacyna et al., 2006, 2010; UNEP,
2010) focused on improving each subsequent version; therefore, a
year-to-year comparison is not possible because of the methodological
differences.

The EDGARv4 mercury inventory, which is primarily based on ac-
tivity data from international statistics and emission factors from of-
ficial datasets, is designed to provide high-resolution independent
estimates that are consistent across all world countries over four de-
cades and includes detailed technology specifications that allow us
to assess the effectiveness of the mitigation measures implemented
so far and their future potential. Special attention is given to sectors
exhibiting the largest uncertainties by developing new approaches
to derive emission factors for the chlor-alkali industry and activity
data for artisanal and small-scale gold production compared to
other prior assessments. Therefore, the effectiveness of emission re-
duction measures in certain areas combined with a clear under-
standing of changes in recent mercury emission patterns could
foster further decisions on mercury mitigation in different regions.
Moreover, we evaluate the EDGARv4 gridded anthropogenic emis-
sion inventory using the GEOS-Chem global 3-D mercury model,
which is a “state-of-the-art” chemical transport model, and available
observational data of TGM (total gaseous mercury, Hg® and Hg? ™)
concentrations and wet deposition fluxes assembled from several
monitoring networks and individual sites. EDGARv4 aims for global
coverage with an emphasis on consistency and comparability that
encompasses the various regions, sectors and pollutants. However,
the trade-off is that the emission inventory is unable to contain re-
gional details and remains less accurate at the national level, which
is illustrated in Table S2 of the SI for China's zinc smelters (Wu
et al.,, 2012) and cement production in Korea (Won and Lee, 2012).

The purpose of this study was to explore if large scale features and
temporal trends of mercury atmospheric observations could be
reproduced using a global gridded mercury emission inventory
over 4 decades as input for a chemical transport model. This paper
describes EDGARv4.tox1 (hereafter called EDGARv4) and its applica-
tion in a 3-D model with the following structure. Section 2 describes
the EDGARv4 technology-based methodology, providing details on
activity data, emission factors, mercury removal efficiencies for
existing control devices, the approach used to distribute emissions
on gridmaps and a description of the modelling tool used to evaluate
the emission inventory at a global scale. Section 3 presents the re-
sults and includes historical global trend and ex-post mercury miti-
gation analysis and describes the EDGARv4 gridded mercury
emissions as input for chemical transport models; the results of the
inventory evaluation from the GEOS-Chem global mercury simula-
tion are also discussed in Section 3. This section also includes a de-
scription on global mercury emission time series for EDGARv4 with
a detailed breakdown for each sector and country/region, which is
compared to the widely used UNEP mercury emission inventory for
2005 (UNEP, 2010). The main findings are discussed in Section 4;
conclusions are presented in Section 5.
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Further updates and use of this emission inventory are envisaged in
a chain that connects the emission inventory with concentration mea-
surements and health impacts via chemical transport modelling. More-
over, the multi-pollutant benefits of sector-specific emission reductions,
which utilises air pollutants and greenhouse gases (GHGs) in EDGARv4,
enable country-specific choices regarding mitigation measures to re-
duce multi-pollutants in different sectors.

2. Methodology
2.1. EDGAR technology-based methodology applied to mercury emissions

Generally, emissions are calculated using the equation
EM = AD x EF, (1)

where EM is the pollutant emission, AD corresponds to the activity data
and EF represents the emission factor. The technology-based methodol-
ogy that is used in our approach considers information regarding tech-
nologies and control measures where available. The total country-
wide annual emission of total mercury (Hg) in EDGARvV4 is determined
using

EMc(t,x)) = Zi_j_k[ADC,i(t) * TECHc ;(t) * EOPc; ;1 (t) = EFc 5(t, X)) (2)
* (1 —RED¢; j(t, Xl)) * feii(x)]

where indices C, i, j, and k indicate that the term is country-specific,
sector-specific, technology-specific and control measure-specific; AD
corresponds to technology-based activity data, which represents activi-
ty data allocated to a certain technology (TECH) and control measure
(EOP), the TECH and EOP are included as %; EF is the technology-
based emission factor, which is the emission factor of a specific activity
associated with a certain technology; RED represents the control mea-
sure included as % reduction of the uncontrolled EF; f is the speciation
factor; EM is the emission for a country C in function of time and sub-
stance X, species I.

Three different mercury species are distinguished in this study. For
each species, the emission factors are estimated with a simplified
approach using EFc;j(Hgspec) = fi * EFc;;(Hg) for each sector, where
EFc;j(Hg) is the emission factor for the total mercury for sector i
and technology j, f; is the speciation split factor (%) for sector i, and
EFc;j(Hgspec) is either the emission factor for gaseous Hg®, Hg? ™", or
particle bound Hg-P.

For each country, the mercury emissions are spatially distributed
using proxy data, e.g., point source locations, and urban and rural popu-
lation data where detailed information on source locations is not
available.

A schematic of the EDGAR approach is presented in Fig. S1 of the SI.

2.1.1. Activity data, technology and control measures

Human activities represented in this study include the metal and
chlor-alkali industries, cement production, waste incineration, and
combustion in power generation, manufacturing industries and resi-
dential activities, which correspond to the important mercury emitting
sectors.

EDGARV4 contains activity data that are primarily derived from in-
ternational statistics. Fuel production and combustion statistics obtain-
ed from the International Energy Agency (IEA, 2009) database are used
to calculate energy-related emissions, which include combustion in the
energy, manufacturing and transformation industries, combustion in oil
refineries and the residential sector. Data for the production of iron and
steel, non-ferrous metals, and non-metallic minerals in EDGARv4
were obtained from the U.S. Geographical Survey (USGS) (2011) and
UN commodity statistics (UN) (2011); and information from the Food
and Agricultural Organization (FAO) (2011) was used for agricultural
waste burning. The amounts of each waste type (i.e., municipal, hospital

and industrial) in the waste incineration sector were collected from
country submissions to the UNFCCC considering the shares of incinera-
tion and landfilling for the years 1990 and 2005. The activity data were
retrofitted for years between 1970 and 1990, and we assumed that the
ratio of landfilling and incineration without energy recovery remained
constant for this period. For Non-Annex I countries, only municipal
waste incineration was included, using the shares of incineration and
landfilling reported by IPCC (2006) and the landfilled amount as the
basis for the activity data. For the full derivation of the waste activity
data is referred to Olivier and Janssens-Maenhout (2012).

Activity data for artisanal and small-scale gold production and chlo-
rine production using mercury cell technology in the chlor-alkali indus-
try were estimated using information from specialised organisations
and from the scientific literature; details on these estimates are provid-
ed below. Artisanal and small-scale gold production includes gold min-
ing in which rudimentary practices are still used, such as whole-ore
mercury amalgamation, open burning without mercury capture, and
the use of cyanide with mercury or after mercury use (UNEP, 2012),
which release a large amount of mercury into the environment. This ac-
tivity, which is illegal in most countries, is consequently not included in
official reports. Moreover, mercury emission factors resulting from
amalgamation processes are not well known; this lack of information
leads to a large uncertainty in emission estimations. In this work, the
mercury consumption data for artisanal and small-scale gold produc-
tion estimated by Telmer and Veiga (2008) were used as EDGARv4 ac-
tivity data in 2008. Our approach to construct activity data back to
1970 is based on the gold market demand as a driver and consists of ap-
plying the trends in large-scale gold production to recent information
on mercury consumption in artisanal and small-scale gold production
for each country from Telmer and Veiga (2008). The global trend in
large-scale gold production was used to estimate the activity data
time series for countries with no reported industrial-scale gold produc-
tion. With this approach a consistent activity dataset was derived for
this sector from 1970 to 2007 based on reliable USGS large-scale gold
production data. The resulting global trend in mercury used in artisanal
and small-scale gold production from 1970 to 2007 (2008) is illustrated
in Fig. S2 of the SI. In 2008, the highest mercury consumptions in the ar-
tisanal and small-scale gold production sector occurred in China (45%),
Indonesia (15%) and Columbia (8%).

The chlor-alkali process uses electrolysis of sodium chloride to pro-
duce chlorine, caustic soda and other products. Three main technologies
rely on mercury cells, diaphragm cells, and membrane cells. Because
only mercury cell technology emits mercury, the global mercury emis-
sion trend from this sector is related mainly to the progressive conver-
sion from mercury cell technology to diaphragm and membrane cell
technologies. Therefore, information on chlorine or caustic soda produc-
tion (with a conversion factor of 1/1.1; Eurochlor (1998)) using this spe-
cific technology was collected from the UN commodity statistics,
Eurochlor, World Chlorine Council and Zero Mercury Working Group
studies; gaps in the obtained data were filled using country reports
and the scientific literature (ABICLOR, 2004, 2005, 2006, 2007, 2008,
2010; Ayers, 1997; JSIA, 2011; Mukherjee et al., 2009; Sznopek and
Goonan, 2000). When mercury cell chlorine capacity data were avail-
able, an average operating capacity of 90% (Mahan and Saviz, 2007)
was considered for deriving chlorine production activity data.

In EDGARV4, technologies are represented for iron and steel produc-
tion, and combustion in power generation and from residential activi-
ties; in addition, NOy, PM, SO, and combined control measures (IEA,
2005; Platts, 2006) are associated with technologies in the power gen-
eration sector for power plants in each country (which are listed in
Table S3 of the SI).

2.1.2. Emission factors and speciation

The emission factors (EFs) used to calculate mercury emissions for
the energy sector are primarily from official emission factor datasets
(EMEP/EEA, 2009; US_EPA/AP42, 2011) (Table S4 of the SI). The US
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EPA/AP42 (2011) uncontrolled mercury emission factors were used for
lignite, bituminous, and sub-bituminous coal with dry bottom boiler
technology; these factors are consistent with the findings of Wang
et al. (2010) for China.

Because not all mercury-emitting activities in non-ferrous metal
production are included in the EMEP/EEA air pollutant emission inven-
tory guidebook, the emission factors for large-scale gold production and
mercury production were obtained from Pacyna et al. (2010), while the
emission factor for artisanal and small-scale gold mining activity is
based on information presented by Telmer and Veiga (2008). Table S5
of the Sl indicates the ranges of EFs for the production of chemicals
(mercury cell technology in the chlor-alkali industry), iron and steel,
non-ferrous metals, non-metallic minerals (cement). Special attention
is given to the estimation of EFs for cement in relation to clinker,
waste incineration, and chlorine produced with mercury cell technolo-
gy; this estimation is described further below.

Mercury emissions from cement production are highly dependent
on the clinker-to-cement ratio. Recent studies have shown that from
1990 to 2005, the clinker-to-cement ratio decreased from approximate-
ly 0.81 to 0.77 (Moya et al., 2010; WBCSD, 2009), which could indicate a
recent decrease in emission factors for different countries and/or
regions. Therefore, a country-specific approach that is based on the
percentage of clinker in cement is needed. In this study, emission factors
were derived by considering the emission factor expressed per mass of
clinker produced (EMEP/EEA, 2009) and the in-house EDGAR dataset of
clinker content in cement for each country from 1970 to 2008. The var-
iation of clinker content in cement (%), which was used to calculate
mercury emissions from cement production, for different regions of
the globe is illustrated in Fig. S3 of the SI.

Mercury emission factors for solid waste incineration were obtained
from EMEP/EEA (2009). Specific controlled and uncontrolled EFs were
assigned to municipal, hospital, and industrial waste types for
industrialised and developing country groups. In addition, information
on mitigation measures from Takahashi et al. (2010) were used to esti-
mate the mercury EFs for municipal solid waste incineration in Japan.
The EFs used in this work to estimate mercury emissions from munici-
pal solid waste incineration are provided in Fig. S4 of the SI.

In the chlor-alkali industry, especially for mercury cell technology,
various mitigation measures (e.g., best available techniques, which in-
clude integrated process measures that are related to mercury recovery
and leakage limitation) have been recently implemented in some re-
gions, which has reduced the mercury emissions per ktonne of chlorine
produced; the EF trends used in this study for Europe, industrialised
countries and the rest of the world are presented in Fig. S5 of the SIL
This approach consists of a complete EF dataset formed using EFs for
Europe with information from Eurochlor and assuming that the mitiga-
tion measures in other regions have been implemented later and pri-
marily after 2000. Other industrialised countries reached the same
level as Europe in 2008, while the remainder of the world attained the
EMEP/EEA (2009) uncontrolled emission factor level of approximately
4.8 kg/ktonne in 2008. However, according to the country-specific
emission factors, e.g., the emission factor used in India to calculate mer-
cury emissions in the chlor-alkali industry for the period 2000-2004 is
approximately 20.4 g/tonne caustic soda (Mukherjee et al., 2009), the
uncertainty in emission estimation for this activity remains large.

Emission factors for mercury species (gaseous elemental mercury
(Hg®), gaseous oxidised mercury (Hg?™) and particle bound mercury
(Hg-P)) are also included in EDGARvA4. EFs were calculated by multiply-
ing the total mercury emission factors by the speciation split factors rec-
ommended by AMAP/UNEP (2008) (described in Table S6 of the SI).

2.1.3. Mercury removal efficiency of existing control devices in the power
generation sector

Large amounts of mercury can be removed in power generation
using existing air pollution control devices. Based on the data and infor-
mation from the Platts-World Electric Power Plants database (Platts,

2006) and the IEA Clean Coal Centre CoalPower5 database (IEA, 2005),
the following technology and country-specific shares of existing control
systems were assigned to the power plant sector in EDGARv4: electro-
static precipitator (ESP), fabric filter (FF), SO, scrubbers (dry FGD and
wet FGD) and selective catalytic reduction (SCR). However, the imple-
mentation of mercury regulatory requirements in some countries
could lead to a higher percentage of mercury reduction by retrofitting
existing control devices (Foerter and Whiteman, 2005).

The complex chemical behaviour of mercury and its species in flue
gas for different control devices makes it difficult to allocate removal ef-
ficiencies to individual or combined mitigation systems. Wang et al.
(2010) showed that ESPs do not remove reactive gaseous mercury
(Hg?™); however, some gaseous elemental mercury (Hg®) can be
absorbed or oxidised into Hg? ™ or Hg-P when cooled to 400 °C; the lat-
ter is largely removed by ESP, leading to a large decrease in the concen-
tration of Hg. SCR oxidises some Hg® to Hg? ", which is water soluble
and can be removed in flue gas desulphurisation (FGD) systems. How-
ever, Hg® is water insoluble; therefore, Hg is difficult to remove. Anoth-
er study (Tang et al., 2007) indicates that most Hg-P and Hg?* are
removed using wet FGD. Mercury capture in mitigation devices is highly
dependent on the coal characteristics, flue gas composition, fly ash
properties and flue gas cleaning conditions (Srivastava et al., 2003),
and temperature of the flue gas, which affects the removal process
and mercury speciation (Wu et al., 2009).

In this study, the detailed activity data and end-of-pipe information
in EDGARvV4 allow for an appropriate allocation of specific mercury re-
ductions by considering the average country-specific mitigation config-
urations for each power plant type; different reduction efficiencies were
applied in EDGARv4 as described in Table S7 of the SI. Due to the ab-
sence of consistent information on removal efficiencies related to mer-
cury species in the scientific literature, Hg removal efficiencies were
applied to Hg®, Hg?*, and Hg-P in this study. According to the investiga-
tion of the SCR effects on mercury speciation under simulated condi-
tions by Lee and Srivastava (2004), when 95% of Hg® is converted to
Hg? ™, the splitting factors used in this study change from 50% Hg°,
40%Hg? ", and 10% Hg-P to 2.5% Hg®, 87.5% Hg? ", and 10% Hg-P, respec-
tively. For example, applying this new splitting to the USA mercury
emission fraction from power generation with an installed SCR system,
the resulting emitted Hg?* is 2.2 times higher than the EDGARV4 esti-
mate. Moreover, the Hg? ™ share of the total emitted country-wide mer-
cury changes from 0.8% to 1.9%, which indicates that a more
sophisticated representation of emission controls is needed.

2.2. Gridding

Given the local scale effects of some forms of mercury, special atten-
tion is given to the spatial distribution of emissions. The default
EDGARv4 population proxy data (CIESIN, 2010), complemented with
urban and rural population in-house EDGARv4 proxy data, were used
to distribute combustion-related emissions from residential and indus-
trial activities, and partially, for the solid waste incineration sector. For
Europe, the solid waste incineration sector includes waste incinerator
locations provided in the European Pollutant Release and Transfer Reg-
ister database (E-PRTR) (EPRTRv4.2, 2012). For other sectors, point
source data for power plants, industrial factories, and gold and mercury
mines were used. Table S8 of the SI lists the proxy data used to distribute
the mercury emissions in this study.

Emissions in EDGARv4 are calculated as country-wide totals and are
distributed on 0.1° x 0.1° resolution gridmaps (bottom left corner type;
emissions are allocated to latitude-longitude points, which correspond
to the coordinates of the bottom left corners of the cells where the emis-
sions are distributed) using the following equation:

PROXY e
M X — EM.. % celliHg / 3
cell,i,Hg C,iHg PROXY g ( )
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where C and i represent the country and the activity sector for which the
emissions are distributed, respectively, EMcey;, i g is the emitted mercury
inside the cell, EMc, i is the total emitted mercury for sector i in country
C, PROXY cell, i Hg IS the proxy in the cell that is associated with the emitted
mercury (e.g., population) and PROXYc i is the proxy associated with
the total emitted mercury in country C (e.g., population of country C).

When a cell belongs to more than one country, a surface-weighted
percentage is calculated for each country. For cells containing sea areas,
all emitted mercury in the cell is allocated to the adjacent countries ex-
cept for costal fishing fuel combustion; maritime boundaries are consid-
ered for this emission source. A detailed description of the EDGARv4
gridding methodology is given in Janssens-Maenhout et al. (2013).

The new and updated proxy data and recent improvements in the
EDGARV4 gridding methodology enhance the evaluation of local- and
regional-scale effects of pollutants.

2.3. GEOS-Chem model

GEOS-Chem (version 9-01-03) is a global chemical transport model
for atmospheric composition (www.geos-chem.org). The global mercu-
ry simulation of GEOS-Chem is described and evaluated in Selin et al.
(2007, 2008) and Strode et al. (2007), with updates by Holmes et al.
(2010), Soerensen et al. (2010) and Amos et al. (2012). The model in-
cludes a 3-D atmosphere, a 2-D surface-slab ocean and a 2-D terrestrial
reservoir. Atmospheric redox chemistry follows Holmes et al. (2010),
including the oxidation of Hg® by Br atoms and the photoreduction of
Hg?* and Hg-P in liquid cloud droplets. In this study, a GEOS-Chem
model simulation with the EDGARv4 anthropogenic emissions invento-
ry is performed from 1979 to 2008, which is the full range of meteoro-
logical years available for GEOS-Chem; in addition, observational data
are not available to constrain pre-1996 atmospheric concentrations
and wet deposition. The model is driven by Modern Era Retrospective-
analysis for Research and Applications (MERRA) assimilated meteoro-
logical data from the Global Modelling and Assimilation Office Goddard
Earth Observing System, which are produced at 0.5° x 0.667° horizontal
resolution; these data are downgraded to a resolution of 4° x 5° for
input into the GEOS-Chem model. The time-variant subsurface ocean
mercury concentrations in the North Atlantic Ocean during the period

1990-2008 that are described in Soerensen et al. (2012) are applied;
concentrations are held constant at their 1990 levels beginning in
1979. We do not include the in-plume reduction of oxidised mercury
emitted from coal-fired power plants (Zhang et al., 2012b).

Modelled TGM concentrations are compared with available observa-
tions of TGM or GEM in North America from the CAMNet (CAMNet,
2012) and NADP/AMNet (NADP/AMNet, 2012) networks, in Europe
from the EMEP network (EMEP, 2012) and at several individual sites,
such as in Asia (Fu et al., 2012; MOE/Japan, 2013; Miiller et al., 2012;
Slemr et al., 2011). Because the contribution of GOM in TGM in remote
surface air is very small (Lan et al., 2012; Temme et al., 2002), we do not
distinguish between GEM and TGM in this paper unless indicated other-
wise. The modelled total mercury (Hg?* and Hg-P) wet deposition
fluxes are compared with observations from the NADP/MDN
(NADP/MDN, 2012) and EMEP networks. Instruments for high-
frequency TGM concentration measurements (primarily Tekran
Automated Ambient Air Analysers, Tekran Inc., Toronto, Canada)
became available in the mid-1990s; these instruments were
subsequently used at a few sites in North America and Europe.
High-frequency TGM data were not available with a broader
spatial coverage (e.g., Southern Hemisphere and East Asia) until
approximately 2007. Similarly, only limited wet deposition flux
data are available for before the mid-1990s. Therefore, we conduct
model-to-observation comparisons for two periods: present day
(2006-2008) and long term (1996-2008).

3. Results

3.1. EDGARv4 mercury emissions inventory: historical global trend and ex-
post mercury mitigation assessment

According to EDGARvV4, the amount of global emitted mercury was
1287 tonnes in 2008, which is 61% higher than in 1970, steadily increas-
ing with an average of 1.3% annual growth (0.6% without including the
artisanal and small-scale production sector). In this section, we identify
the mercury species with major contributions to the global total mercu-
ry emissions (Fig. 1) and discuss contributions of the individual mercury
species to the total emissions from the main sectors.

Fig. 1. EDGARv4 — shares (%) and global emissions of total mercury and mercury species [tonne/yr].
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Hg® has the largest contribution to the total global mercury emis-
sions, continuously growing with an average annual growth rate of
1.9% and accounting for 58% and 72% of the total emitted mercury in
1970 and 2008, respectively. Emissions of Hg® from artisanal and
small-scale gold production, which contributed 19% and 43% of the
total global Hg® in 1970 and 2008, respectively, determines the trend
in global elemental mercury. Without included mercury emissions
from artisanal and small-scale gold production, the average annual
growth rate for emitted global Hg® would be substantially lower,
amounting to only 0.9%.

The global mercury emissions of the other two species, i.e., Hg? " and
Hg-P, remained nearly stable over the period 1970-2008 and exhibited
average annual growth rates of 0.2% and 0.3%, respectively. In 2008,
these species accounted for 22% and 6% of the total global mercury emis-
sions. Whereas the artisanal and small-scale gold production subsector
almost exclusively drives the trend in Hg and implicitly controls the
total global mercury emission trend, Hg? *+ and Hg-P are primarily driv-
en by combustion processes. Combustion due to power generation and
industrial, residential and waste activities comprised 78% of Hg> " and
77% of Hg-P emissions in 2008.

Streets et al. (2011) found slightly different trends primarily due to
the splitting factors used to estimate mercury species emitted from
the power generation sector.

Generally, for the power generation sector, the trends in mercury
emissions from gaseous and liquid fuel combustion follow the trends
in activity data, representing 2.2% to 3.3% of the total global mercury
emissions from this sector, respectively. However, solid fuel combustion
remains responsible for the remaining mercury emission, varying from
97.8% t0 96.7% of the total global mercury emissions from combustion in
power generation within the analysed period (1970-2008) (Fig. S6 of
the SI); therefore, solid fuel combustion drives the trend in mercury
emissions for this sector. Over the same period, the shift in fuels can
be seen in Fig. S7 of the SI combined with fuel consumption, which in-
creased globally by 243%, i.e., 3.4 times higher than in 1970. In 1970,
the shares of solid, liquid and gaseous fuels were 56%, 24% and 20%,
whereas in 2008, the shares changed to 62%, 7% and 30%, respectively.

Mercury emissions in the power generation sector are affected by
implemented end-of pipe (EoP) measures, the fuel characteristics and
type and the technology used for combustion. In this work, we evaluate
the effects of EoP measures on total mercury emissions over 39 years.
Beginning in the mid-1980s, a large-scale implementation of ESP can
be observed, which was primarily followed by the introduction of low
NO, burners, FF, FGD, SCR, and combinations of these control devices.

These measures were implemented more often after 2000. In this
study, the removal efficiencies for mercury emissions (equal for all spe-
cies as described in Section 2.1.3) of the existing mitigation measures,
which primarily target PM, NOy and SO, pollutants, are applied to the
power generation sector. An example of control device implementation
is provided in Fig. S8 of the SI for combustion of other bituminous coal in
power generation-public electricity production.

Two scenarios of mercury emissions from coal combustion in power
generation are examined: ST — the baseline scenario, which considers
existing emission reductions by EoP measures allocated to each power
plant type (Platts, 2006), and S2 — an ex-post mitigation assessment
scenario, which assumes that no EoP measures have been implemented.
Fig. S9 of the Sl illustrates the global mercury emissions in both scenar-
ios. Although fuel consumption has increased, the associated mercury
emissions exhibited only small changes. Globally, 46% of mercury emis-
sions were avoided in 2008, which means that 303 tonnes of mercury
were not emitted into the atmosphere because of the mitigation mea-
sures in the power generation sector implemented during the period
1970-2008.

Mercury emission reductions in power generation are additionally
obtained from control devices that were previously implemented;
these reductions are demonstrated in Fig. S10 of the SI, which shows
emissions of SO, and NO, combined with mercury emissions from
coal combustion in this sector for the two scenarios.

Analogously, the chlor-alkali industry is also analysed. Chlorine is
produced using three different technologies; amongst these technolo-
gies, mercury cells are of the highest concern. In the EDGARv4 database,
mercury emissions from mercury cell technology in the chlor-alkali in-
dustry were very high in the 1970s, accounting for 13-15% of the total
global mercury emissions. To improve the health conditions of the
local environment, many countries either switched from mercury cell
technology to diaphragm and membrane cell electrolysis and/or
improved the mercury cell technology. Some countries phased out
(e.g., Japan, Canada, and Australia) or diminished the use of mercury
cell technology when producing chlorine and caustic soda (Fig. S11b
of the SI). Based on emission improvements in Europe, the effects of
technology improvements over this period for industrialised countries
and for the rest of the world can be analysed by considering that the
mitigation measures were implemented in those regions with a certain
delay (based on expert judgement) compared to Europe. As a conse-
quence of both phasing out and technology improvements, total mercu-
ry emissions from this sector decreased by 93%, reaching 7.2 tonnes in
2008 and avoiding the emission of 98.7 tonnes of mercury. The

Fig. 2. Global mercury emissions: (a) Global mercury emission trends by sector (emissions from artisanal and small-scale gold production sector are not included) [tonne]. Note sectors are
delineated from bottom of the bar to the top as chlor-alkali, power generation, combustion, metal industry, cement production, and waste incineration. (b) Sector-based mercury emission
contribution by region [tonne] in 2008; artisanal and small-scale gold production is reported separately as the top bar for each region. (For interpretation of the references to colour in this

figure, the reader is referred to the web version of this article.)
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resulting pattern of mercury emissions in the chlor-alkali industry over
1970-2008 period is illustrated in Fig. S11a of the SI. Although the emis-
sions from some of the facilities are missing due to a lack of information,
we consider that 80% of the global emissions from the chlor-alkali in-
dustry, specifically from mercury cell technology, are captured in the
EDGARv4 mercury emission inventory.

3.2. The trends and shares of mercury emissions by region and by sector

The global mercury emission trends during the period 1970-2008
for the main contributing sectors (waste incineration, cement produc-
tion, metal and chlor-alkali industries, and combustion in manufactur-
ing, residential and power generation) are illustrated in Fig. 2a; due to
the large uncertainty, mercury emissions from artisanal and small-
scale gold production (see Section 4.1) are not included in this analysis
(here, global total means global total mercury without emissions from
this sector). The global share of mercury emissions from the chlor-
alkali industry drastically changed from 15% in 1970 to 1% in 2008. In
the waste incineration sector, mercury emissions decreased by 68% for
the same period, decreasing from a share of 20% to 5% of the global
total. However, the emissions from combustion in industry and residen-
tial activities remained nearly unchanged. Increases in mercury emis-
sions are observed in power generation, metal industry and cement
production, with contributions to the global total changing from 23 to
40%, 14 to 20% and 5 to 16%, respectively. The increase in global mercury
emissions after 2000 (excluding mercury emissions from artisanal and
small-scale gold production) was driven primarily by the emission of
the power generation and cement production sectors in China.

For 2008, Fig. 2b shows the mercury emission by sector and by re-
gion including emissions from artisanal and small scale gold production.
The light blue bars illustrate the artisanal and small-scale gold produc-
tion contribution to the total global mercury emissions by region. The
share of mercury emissions from this sector is approximately 30.8%;
21% originates from the Rest of Asia and the Middle East (China includ-
ed), 7% from Central and South America and 2% from Africa.

3.3. Gridded mercury emissions as input for chemical transport models

EDGARv4 provides global gridded mercury emissions for the period
1970-2008 on 0.1° x 0.1° resolution gridmaps; separate emissions are
provided for Hg, Hg®, Hg?> ™ and Hg-P. Because the mercury species are
characterised by different reactivities, an important added value com-
pared to earlier inventories is the high spatial resolution of the EDGARv4
mercury emission inventory and the relatively detailed proxy data used
for the spatial distribution of emissions, which permits the inventory to

be verified at relatively small spatial scales. Total mercury and individu-
al mercury species are available as gridded emission maps and data files
for each year (see the “Data availability” section). In Figs. S12 and S13 of
the SI, the total mercury emission distributions on 0.1° x 0.1° resolution
gridmaps are presented for 1970 and 2008 as an example, which show
the areas of elevated mercury emissions for these years.

Fig. 3, which represents the difference between total mercury emis-
sions in 2008 and 1970 aggregated to 1° x 1° resolution to better em-
phasise changes, shows that mercury emissions declined in the United
States, EU27 and Japan primarily due to technology changes and mitiga-
tion measures in the chlor-alkali industry and combustion. Combustion
in power generation and the increase in cement and non-ferrous metal
production increased mercury emissions in China and India. During this
period, gold production caused an increase in mercury emissions in
South America and Indonesia and a decrease in Southern Africa.

3.4. Comparison of EDGARv4 mercury emissions with the UNEP — 2005
inventory

The widely used UNEP global mercury emission inventory for 2005
reports their best estimates from which a lower and upper limit of glob-
al mercury emissions can be derived; the UNEP estimates (uncertainty
interval) and conservative estimates (no associated range) for selected
sectors are presented in Table S9 of the SI. We compare this range
with the EDGARv4 mercury emission estimates for 2005. A breakdown
by sector for both the EDGARv4 and UNEP mercury emission invento-
ries is presented in Fig. S14 (a, b) of the SI.

Here, Fig. 4 shows a comparison for 9 dominant sectors using aggre-
gated data from UNEP study (UNEP, 2010), which can be coupled with
the more detailed EDGARV4 activities. As a consequence, mercury emis-
sions from “other waste” (74 tonnes) and “other sectors” (62 tonnes) in
the UNEP emission inventory and “agricultural waste burning”
(4.4 tonnes) in EDGARv4 are not included in this analysis.

The iron and steel sector contributed 53.3 tonnes of mercury to the
total global mercury emissions in 2005, which is close to the UNEP emis-
sion for this sector. Moreover, the EDGARv4 mercury emissions from
combustion in power generation and the industry sector are estimated
to be 374.7 tonnes, reaching 631.6 tonnes when the mercury removal
by end-of-pipe measures is not considered; these values are within
the UNEP mercury emission range, which may indicate that the UNEP
maximum range primarily refers to the hypothetical case that no abate-
ment techniques are installed in the power generation sector. Mercury
emissions from large-scale gold production (64.3 tonnes), cement pro-
duction (120 tonnes) and waste incineration (42 tonnes) are close to
the UNEP minimums. Mercury emissions from non-ferrous metal

Fig. 3. The difference between total mercury emissions in 2008 and 1970 aggregated to 1° x 1° resolution [kg/m?/s].
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Fig. 4. EDGARv4 (this study) vs. UNEP (UNEP, 2010) comparison of global mercury emissions for 2005 aggregated for 9 dominant sectors: 1. COAL - Coal combustion in power generation
and industry, 2. METALS - Non-ferrous metals (other), 3.LGOLD - Large scale gold production, 4. CEMENT - Cement production, 5. WASTE - Waste incineration, 6. RES - Residential and
other combustion, 7. AGOLD - Artisanal and small-scale gold production, 8. IR&ST - Iron and steel, 9. CHLOR - Chlor-alkali industry.

production (other) are 54.5 tonnes, which is 32% lower than the UNEP
minimum. EDGARv4 mercury emissions from the chlor-alkali industry
are 16 tonnes less than the UNEP minimum, while emissions from arti-
sanal and small-scale production are 21% higher than the UNEP mercury
emissions. Mercury emissions aggregated as residential and other com-
bustion (key sector 6) are largely below the UNEP range, i.e., 210 tonnes
less than the UNEP minimum.

From Fig. 4 and Table S9 of the SI, the emissions reported by
EDGARvV4 are consistent with the UNEP mercury emission inventory
for some sectors; however, for the dominant selected sectors, the
UNEP total emissions are 1785 tonnes (1285-2270 tonnes), while the
EDGARVA4 total emissions are 1172 tonnes (1429 w/o EoP measures),
which is close to the lower bound of the UNEP best estimate for mercury
emissions.

A complete explanation of the differences in the UNEP and EDGARv4
mercury emission inventories could be found by further exploring the
approaches, activity data and emission factor data sources used in
each inventory; this is not the goal of this paper. However, some quali-
tative remarks can be presented. The consistency in 2005 for some sec-
tors, such as artisanal and small-scale gold production and large-scale
gold production, is because the same emission factors and activity
data sources are used in both emission inventories. Moreover, the
USGS activity data for non-ferrous metals (other), cement and iron

and steel production produced relatively good agreement in the results,
while the lower mercury emissions in EDGARv4 can be explained by dif-
ferences in emission factors, e.g., for cement production, UNEP uses EF-
unep = 0.1 g/tonnecement, Whereas EDGARv4 uses EFgpcar = 0.063 g/
tonnejinker together with the clinker percentage for each country to de-
rive country-specific emission factors for this sector. The largest differ-
ence occurs in the residential sector, which can be partially explained
by the differences in emission factors used in the two inventories;
more specifically, EFyngp is approximately 2.5 times higher than the
emission factor applied in EDGARvA4 for the predominant technologies
and coal types used for combustion in the residential sector.

3.5. Evaluation of the EDGARv4 mercury emission inventory with the GEOS-
Chem global simulation

As mentioned in Section 2.3, due to the availability of observational
data, model-to-observation comparisons are analysed for two periods:
present day (2006-2008) and long term (1996-2008).

3.5.1. Comparison in the present day period (2006-2008)

A scatter plot comparing the modelled to the observed TGM concen-
trations is provided in Fig. 5(a). For all sites, the discrepancies between
the modelled and observed TGM concentrations are less than a factor of

Fig. 5. Scatter plots comparing model output to observations during the period 2006-2008 for (a) TGM concentrations and (b) total mercury wet deposition fluxes. The red lines indicate
the 1:1 ratio; the green and orange lines correspond to deviation factors of 1.5 and 2, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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1.5. Regionally, the model overestimates TGM levels at the two sites in the
Southern Hemisphere by 8% on average and underestimates TGM levels
at most sites in the Northern Hemisphere by 6% in North America and
by 14% in Europe. The modelled spatial distribution of TGM in surface
air is shown and compared to observations in Fig. S15 of the SI. The
modelled TGM distribution exhibits a pronounced interhemispheric gra-
dient; lower concentrations (<1.2 ng m~3) are found in the Southern
Hemisphere, which is consistent with the limited observational dataset.
Elevated TGM levels are both observed and modelled in East Asia,
where the largest anthropogenic emission sources are located.

As shown in Fig. 5(b), the discrepancy between the modelled and
observed wet deposition fluxes is within a factor of 2 for most sites.
On average, the model underestimates the wet deposition fluxes by
14% and 25% in North America and Europe, respectively. Fig. S16 of
the SI presents the modelled and observed spatial distributions of the
wet deposition fluxes in North America and Europe. In general, the
model predicts high wet deposition fluxes in regions with intensive an-
thropogenic emissions, reflecting the local deposition of Hg? ™ and Hg-P
emissions (Holmes et al., 2010). The observed wet deposition fluxes are
elevated in central Europe and exhibit a poleward decrease that is larger
than the model prediction. The model underestimates both TGM con-
centrations and wet deposition fluxes more strongly in Europe com-
pared to North America.

3.5.2. Comparison in the long-term period (1996-2008)

Long-term TGM concentration measurements with known data
quality are available at only a few sites that are operated by different
laboratories (Slemr, 2003). A generally good agreement for TGM mea-
surements from the different laboratories was found in several field in-
tercomparison campaigns (Ebinghaus et al., 1999; Munthe et al,, 2001).
For example, in a four-day field intercomparison experiment, the aver-
age TGM concentrations reported by four laboratories using Tekran au-
tomated instruments varied from 1.69 ng m~> to 1.82 ng m—>
(Ebinghaus et al., 1999). This good agreement warrants comparability
of the signal and trend in Fig. 6.

Fig. 6 shows the observed and modelled concentrations of annual
average TGM during the period 1996-2008 at three background sites:
Mace Head (Ireland), Kejimkujik (Canada), and Cape Point (South
Affrica). The temporal trends (mean =+ standard error) calculated from
the least-square fits are also presented. A significantly decreasing
trend in the TGM concentration was found at Mace Head and Cape
Point in both the observations and model output at the 0.05 significance
level, while a significant decreasing trend was observed but not simu-
lated for Kejimkujik. In the model, most of this decrease is attributed
to the decreasing mercury emissions from the ocean as a result of de-
clining subsurface ocean Hg concentrations in the North Atlantic

Ocean (Fig. S17 of the SI). This decreasing trend may be due to de-
creased riverine and wastewater inputs of Hg in ocean margins
(Soerensen et al., 2012). Riverine and wastewater inputs peaked in
the 1970s. Moreover, potentially because of regulations in mercury-
related industry sectors and products since the 1970s, the input fluxes
decreased and produced lower subsurface ocean Hg concentrations.
The declining subsurface ocean Hg concentrations resulted in a de-
crease of 1300 tonnes in the modelled global ocean emissions during
the period 1990-2008. Over the same period, the anthropogenic emis-
sions only increased by ~200 tonnes based on the EDGARv4 inventory.
Therefore, although anthropogenic emissions have been increasing, the
GEOS-Chem model can still reproduce the observed decreasing trend in
TGM concentrations.

Fig. 7 shows the modelled and observed wet deposition fluxes of
total mercury over North America (14 sites) and Europe (5 sites) during
the period 1996-2008. Sites with data available for at least 75% of a
month are used. In general, the model reproduces the decreasing trends
in the wet deposition fluxes for both regions. The modelled trend of
—0.68 +£0.19ng m—2d~ !y~ ! for North America is not significantly
different than the observed trend of —0.49 + 030 ngm—2d~ 'y~
which is also the case for Europe.

3.6. Uncertainties

The uncertainties in both the activity data and emission factors used
in the EDGARv4 mercury emission inventory are estimated using the
default methodology recommended by IPCC (2006) with the lower
and upper bounds of the 95% confidence interval from EMEP/EEA
(2009) expressed as a percent relative to the mean for emission factors.
The estimated uncertainty when combining the cement production,
metal industry, combustion and waste incineration sectors ranges
from — 26 to + 33% for OECD24 (24 OECD members in 1990) and Econ-
omies in Transition (EIT — Russia Federation, Ukraine and other eastern
European countries) countries and —33 to +42% for Non-Annex I
(defined in UNFCCC) countries. Table S10 of the SI shows the range in
emissions by sector for 2008. However, the uncertainty in the mercury
emission inventory is expected to be much higher because it is difficult
to calculate the uncertainty in the activity data for artisanal and small-
scale gold production resulting from the lack of official statistics in
most countries, and also because there are large uncertainties in mercu-
ry emission factors associated with gold, mercury and chlorine produc-
tion. In addition, due to scarce information, uncertainties in the
reduction efficiencies for the different mercury species of control de-
vices in the power generation sector are not considered. Although esti-
mates are calculated with high precision, the contribution to emissions
from highly uncertain sectors (e.g., artisanal and small-scale gold

Fig. 6. Time series of the observed and modelled TGM concentrations with least-square fit trend lines at three background sites (longitude, latitude). For the observations, the circles and
bars represent the annual medians and the 95% confidence intervals of the medians, respectively. For the model output, the circles represent the annual means. Only baseline observational
data were used for Mace Head (Ebinghaus et al., 2011). TGM was manually measured at Cape Point until 2004; all other measurements were made using an automated method (Slemr
etal, 2011). The median confidence intervals for the automated measurements are smaller than the circles.
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Fig. 7. Comparison between the modelled (red curve) and observed (black curve) monthly
mean wet deposition fluxes of total mercury over (a) North America and (b) Europe dur-
ing the period 1996-2008. The model results are sampled at the observation sites. The
grey shaded regions and red error bars indicate standard deviations calculated from the
observed and modelled monthly means of the individual sites, respectively. Regressions
and temporal trends for both the model results and observations are also depicted. (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

production) and the high contribution from developing countries in-
crease the uncertainty range with time.

Furthermore, caution is required when interpreting results of the
model-to-observation comparisons. Uncertainties exist in both the ob-
servations and model results; several important uncertainties are de-
scribed below. Intercomparison experiments have suggested that
uncertainties in both the observed TGM concentrations and wet deposi-
tion fluxes are approximately 10% (Lindberg et al., 2007; Ebinghaus
et al., 1999; Prestbo and Gay, 2009). The coarse horizontal and vertical
resolutions (4° x 5°, 47 vertical layers) of the model lead to mismatch
errors. For example, the global model does not capture the observed
high wet deposition fluxes along the USA Gulf Coast, whereas a nested
model with a finer (1/2° x 2/3°) horizontal resolution performs much
better (Zhang et al., 2012b). Atmospheric redox chemistry of mercury,
which can strongly affect its global distribution, is still poorly under-
stood (Pirrone et al., 2013). Very limited observations are available in
the Southern Hemisphere and in the regions where anthropogenic
emissions are most important (e.g., East Asia).

4. Discussion

This section focuses on the mercury emissions from artisanal and
small-scale gold production, which has an important share in the global
total mercury emissions and consequently produces large uncertainties
in the EDGARv4 inventory. Insight on the regional importance of sector-
al emissions is also given and discussed in 24 regions of the world (listed
in Table S11 of the SI), and important findings regarding the evaluation
of this inventory using atmospheric transport and chemistry modelling
and available ground measurements are presented herein.

4.1. Large uncertainty in artisanal and small-scale gold production;
substantial differences when using a poverty-based approach

With a 30.8% contribution to the total global mercury emissions in
2008, special attention should be given to estimating mercury emissions

from artisanal and small-scale gold production. As mentioned in
Section 2.1.1, due to no official reporting of gold production or mercury
used for amalgamation, the trends in large-scale gold production were
applied to the inventory developed by Telmer and Veiga (2008) to esti-
mate the mercury used in artisanal and small-scale gold production
since 1970; the gold market demand was considered to be the only driv-
er of mercury emissions in this study. However, other drivers, such as
mercury price, poverty, technology improvement and the presence
and effectiveness of legislation, could also affect mercury emissions
from this activity.

As an alternative to the approach used in EDGARv4, here we made
the assumption that the poverty state in some countries that are rich
in gold ore stimulated artisanal and small-scale gold production,
which is associated also with the low price of mercury caused at least
partially by the phasing out of chlor-alkali mercury cell technology
(Maxson, 2005; UNEP, 2006; USGS, 2013). Mercury emissions generat-
ed by this “dirty” activity, which has harmful effects on health even
though it is an important source of income in countries with very poor
people, were estimated using the GINI index as a measure of poverty
and inequality (Kamdem, 2012). Due to scarce GINI index data, only
the average values for 1995-1999, 2000-2004 and 2008 and for 52
out of 73 countries with artisanal and small-scale gold production activ-
ity data in 2008 were calculated using the WB (2013) statistics.

For 40 countries a good correlation has been found between activity
data as mercury consumption in artisanal and small-scale gold produc-
tion in 2008 and GINI index. For these countries, the polynomial regres-
sion function (based on the year 2008) presented in Fig. S18 of the SI
was used to estimate the activity data for artisanal and small-scale
gold production since 1995.

As in the EDGARv4 approach, the emission factor used to calculate
mercury emissions was 0.4 ktonnes mercury emission/ktonne of mer-
cury used in artisanal and small-scale gold production. The emissions
from the two approaches are illustrated in Fig. S19 of the SI. A compar-
ison suggests that when poverty is the driver, mercury emissions, espe-
cially Hg®, are 40% higher for 1995-1999 and 36% higher for 2000-2004
than when the gold market demand is assumed to be the driver. How-
ever, this substantial change should be considered with caution because
the mercury emissions of the countries included in this analysis account
for only 30% of the total mercury emissions from this sector.

Recent estimates from the Artisanal Gold Council (AGC, 2010),
which provide new insight into this issue, indicate that the atmospheric
emissions from artisanal and small-scale gold production may be much
higher in 2010 compared to the level estimated by Telmer and Veiga
(2008) for 2008 (Table S12 of the SI); this information will be included
in EDGAR mercury time series extension to 2010.

4.2. Mercury emission magnitude by region

Predominant emitting sectors are illustrated in Fig. 8 with a finer
breakdown of mercury emissions by region for 2008; this analysis also
includes large countries. Mercury emissions were aggregated for 24
world regions as defined in the IMAGE model (Bouwman et al., 2006).
The mitigation potential of each region is highlighted by the contribu-
tions (%) of the main sectors to the total regional mercury emissions.
Emissions from the power generation sector are dominant in the United
States, OECD Europe, Central Europe, and India, whereas emissions from
artisanal and small-scale gold production are important sources in
China 4+, Indonesia +, Rest of South America, Southeastern Asia and
Brazil (these regions are defined in Table S11 of the SI). The metal indus-
try is also a substantial source of mercury in many regions, e.g., Japan,
Korea, Oceania, Canada, and OECD Europe.

The region with the greatest share (40%) of the global total mercury
emissions in 2008 is China +, which is illustrated in Fig. 8 (labelled [4]);
within this region, emissions from artisanal and small-scale gold pro-
duction represent 35%, power generation represents 26%, combustion
in industry and buildings 15%, and cement production contributes
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Fig. 8. Mercury emissions sector contributions (%) by region/country in 2008. The share in global total mercury emission for each region/country is also indicated with [1],[2], [3] and [4]
labels that represent shares <1%, in the range 1-3% and 3-7%, and a share of 40%, respectively. Note bars include from bottom to the top sectors from top left to bottom right.

13%. China 4+, which was the largest contributor to the global mercury
emissions in 2008, is followed by the Rest of South America, the
United States, India, Indonesia +, and OECD Europe, which accounted
for 5 to 7% each of the global total mercury emissions. The rankings of
the 24 regions are provided in Fig. 8 using labels from [1] to [4].

This regional mercury emission contributions snapshot for the year
2008 combined with the results from trend analysis show that artisanal
and small-scale gold production is the most significant source of mercu-
1y to the atmosphere. Therefore, mitigation policies applied to this sec-
tor will have the largest impact on global mercury emission; these
findings are consistent with Minamata convention provisions. More-
over, based on the mercury mitigation achievements highlighted in
the ex-post analysis in Section 3.1 and this regional emission insight
we also conclude that in power generation sector important mercury
reduction can be performed, for emerging economies in particular.

4.3. Further improvements based on the GEOS-Chem simulations

In general, the GEOS-Chem model simulation using the EDGARv4 in-
ventory successfully reproduces both spatial and temporal variations in
the observed TGM concentrations and wet deposition fluxes of total
mercury. However, some discrepancies between the model and obser-
vations exist and suggest possible areas of further improvements and
investigations. For example, the observed wet deposition fluxes are ele-
vated in Central Europe and exhibit a larger poleward decrease than
predicted by the model, possibly suggesting an underestimate of Hg? ™
and Hg-P emissions in the EDGARv4 inventory during the period
2006-2008 or uncertainties in the speciation of emitted mercury. The
model underestimates both TGM concentrations and wet deposition
fluxes more strongly in Europe compared to North America, which
may suggest that mercury emissions from Europe may be relatively
underestimated during this period. The modelled wet deposition trends
of —0.68 and —0.22 ngm~2d~ 'y~ ! for North America and Europe
during the period 1996-2008 are slightly different from the observed
trends of —0.49 and —0.50 ng m~2 d~' y~'. The different
trends may suggest different emission reduction rates for sources of
Hg?* and Hg-P. It is also possible that the removal efficiencies of emis-
sion control technology for different mercury forms have changed with
time.

5. Conclusions

The goal of this work was to derive global and regional mercury
emission trends from 1970 to 2008 using the EDGARv4 global emission
database technology-based approach and to evaluate the consistency of
this emission inventory with concentration and deposition flux mea-
surements using the GEOS-Chem global 3-D mercury model. This
paper contributes to the understanding of the geospatial and temporal
patterns in mercury emissions, by compiling a global emissions data-
base for the major Hg species using consistent international statistics
and open source data. Compared to earlier studies, we provide an im-
proved methodology to derive a historical mercury emission trend for
nearly four decades and analysed the effects of past policies that
aimed for high implementation rates of clean technologies in industry
(e.g., chlor-alkali/power) on a global scale; a model evaluation of this
emission inventory provides additional understanding of emission
processes.

A mercury emission inventory was produced across all world coun-
tries, by primarily applying EMEP/EEA (2009) and US EPA/AP42 emis-
sion factors, combined with international activity statistics and
regional technology-specific abatement measures. In the power genera-
tion sector, air pollution mitigation policies exhibited an emission re-
duction of 46% by implemented end-of-pipe measures which are
approximately globally offset by the increase in fuel consumption over
the period 1970-2008. In this sector, mercury emission reductions are
additionally obtained from the control devices already implemented
that were primarily intended to reduce PM, NOy, and SO, (Fig. S10 of
the SI). In the chlor-alkali industry, mercury emissions decreased by
93% due to structural technology changes. The improved technologies
and mitigation measures in these sectors accounted for 401.7 tonnes
of avoided mercury emissions in 2008.

One of the most uncertain sectors for mercury emissions is artisanal
and small-scale gold production. Two independent methodologies to
assess emissions and trends from this sector and to provide insight on
the associated uncertainty were used. Due to the lack of officially report-
ed information regarding artisanal and small-scale gold production,
trends in large-scale gold production were used to derive activity data
for this sector; the gold market demand was considered to be the
main driver for this sector. However, poverty is another important
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factor that affects the evolvement and implicit emission changes in this
sector. Using the GINI (inequality) index as an indicator of poverty, we
demonstrate that higher emissions could be estimated using an equally
uncertain methodology. This investigation shows the role of emission
estimation approaches and suggests that the trend in global mercury
emissions, especially Hg?, is sensitive to the emission estimation ap-
proach and uncertainty that is applied to this particular sector due to
its important share in the total global mercury emissions.

In 2008, China + exhibited the largest contribution (40%) to the
global total mercury emissions, followed by the Rest of South
America, the United States, India, Indonesia +, and OECD Europa,
each with shares of 5 to 7%. Given the variation in the contributing
sectors amongst the different regions, no unique global measure
can be effective, since each region has its sector(s) of concern. We
identified the proportion of each sector to the total mercury emis-
sions per region/large country in 2008. Power generation is domi-
nant in the United States, Central Europe and India, whereas
artisanal and small-scale gold production has a large contribution
in China +, Indonesia, Western Africa, and South America.

Anthropogenic mercury species should be addressed with the neces-
sary regional differentiation when assessing their effects; therefore,
high-resolution spatial information is needed. EDGARv4 provides
gridded total mercury and mercury species emissions on 0.1° x 0.1° res-
olution gridmaps for each year in the period 1970-2008 and for each
disaggregated sector. New and updated proxy data (CARMAV3.0,
2012; CIESIN, 2010; USGS, 2010) are used to distribute mercury emis-
sions on global gridmaps.

The EDGARv4 mercury emission inventory and its trends were eval-
uated using the GEOS-Chem global 3-D model and available ground
measurements. The model successfully reproduced both spatial and
temporal variations in wet deposition fluxes and TGM concentrations.
However, some discrepancies between the model results and observa-
tions indicate possible underestimates of Hg2* and Hg-P for Central
Europe during the period 2006-2008. Differences in modelled and ob-
served trends in the wet deposition fluxes over North America and
Europe during the period 1996-2008 also suggest the presence of differ-
ences in emission reductions for Hg?* and Hg-P in developed regions.
However, there were no systematic over/or underestimates of these
trends at all stations.

An important aspect of this database is that mercury emission trends
were largely determined by trends from only a few point sources. The
current relatively low-resolution version of the GEOS-Chem model
used in this study to evaluate whether we can reproduce large scale fea-
tures and temporal trend of atmospheric observations was not capable
of exploiting the spatially resolved information on location and trends
that are included in EDGARv4. This 0.1 x 0.1 high-resolution informa-
tion may potentially shed light on discrepancies near these point
sources. Utilisation of high temporal/spatial information in an inverse
modelling context could possibly provide a step forward.

Several uncertainties that are intrinsic to all aspects of the mercury
cycle included in the model and a lack of observations outside of
Europe and North America preclude drawing firm conclusions on the ac-
curacy of our global estimates. However, model comparisons illustrate
that the emission inventory is plausible and shows realistic temporal
trends and spatial distributions consistent with current understanding
of the mercury cycle. Nevertheless, new process and statistical findings
and high quality observational data will be very beneficial for future
EDGARv4 improvements.

Importantly, the GEOS-Chem mercury modelling suggests the sub-
stantial role of declining ocean re-emissions in explaining the observed
negative trends at 1 southern hemisphere and 2 northern hemisphere
background stations. Because our work shows that global emissions con-
tinue to increase, the point at which the ocean may become an increas-
ing source again and the corresponding future levels of anthropogenic
and ocean concentrations and associated health and ecosystem effects
remain uncertain. This concern was raised by Amos et al. (2013), who

posed that aggressive global mercury emission reductions are needed
to stabilise ocean mercury concentrations at their current levels.

6. Data availability

EDGARv4.tox1 mercury emissions are disaggregated by
sector and gridded emission data files are provided in
two formats: netCDF (in kg/m?/s) and .txt (in t/cell) on
http://edgar.jrc.ec.europa.eu/edgar_v4tox1/index.php.
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