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A B S T R A C T

Mercury is a global pollutant that poses threats to ecosystems and to human health. Due to its global transport,
mercury contamination is found in regions of the Earth that are remote from major emissions areas, including
the Polar regions. Global anthropogenic emission inventories identify important sectors and industries re-
sponsible for emissions at a national level; however, to be useful for air transport modelling, more precise
information on the locations of emission is required. This paper describes the methodology applied, and the
results of work that was conducted to geospatially distribute anthropogenic mercury emissions as part of the
global anthropogenic mercury emissions inventory for 2015 prepared by AMAP/UNEP for the Global Mercury
Assessment (GMA) 2018 (UN Environment, 2019). This work includes the identification and use of emission
point sources as well as distributing diffuse emissions for 21 emission (industry) sectors. The basic approach
involves assigning emission estimates to geo-located point sources, using reported emissions information where
available, and otherwise assigning a modelled emission to the point. Emissions which cannot be assigned to
point sources are distributed using sector-specific proxies. Mercury speciation highly depends on industry pro-
cesses and air pollution control technology. Different Hg speciation ratios are therefore applied per sector and
country technology level. The resulting global emission datasets include total mercury (HgT), gaseous elemental
mercury (Hg0), divalent mercury (Hg2+) and particulate mercury (HgP) in kg per year per raster cell (kg/a). The
spatial resolution is flexible and the vertical resolution of the data is based on a set of predefined height classes.
The resolution of the GMA2018 emission data is 0.25°× 0.25° with three (physical emission) height classes
(0–50, 50–150 and > 150m). A comparison with the EMEP European mercury emission was made based on
spatial correlation between the two datasets. Suggested improvements for future work include the further de-
velopment of proxy data and the implementation of a more structured reporting of emissions by countries.

1. Introduction

Releases of mercury from both anthropogenic and natural sources
have resulted in mercury levels in the atmosphere, ocean and soils in-
creasing to several times the natural background levels (Outridge et al.,
2018). The adverse effects of mercury on ecosystems and human health
are well recognized by the international community and steps are being
taken to reduce mercury use and emissions, in particular through the
Minamata Convention (UNEP, 2013) that entered into force 16 August
2017. Understanding the fate of mercury emitted from anthropogenic
sources is necessary in order to assess the effectiveness of measures to
reduce emissions. Geo-spatially distributed emissions data are an es-
sential input for many models employed to study atmospheric transport
and deposition of mercury (Cohen et al., 2016, De Simone et al., 2016).

This paper focuses on methods applied to geospatially distribute global
estimates of mercury emissions from anthropogenic sources for the
(nominal) year 2015 that have been compiled as part of the UN En-
vironment Global Mercury Assessment 2018 (GMA, 2018) (UN
Environment, 2019; AMAP/UN Environment, 2019).

Spatially distributed datasets for global emissions of mercury to air
from anthropogenic sources have been produced by the authors since
the mid-1990's, at approximately five-year intervals (Pacyna et al.,
2003, 2010, 2016; Wilson et al., 2006). The methodology used to both
compile global inventories and produce spatially distributed datasets
has evolved. Early spatial distributions, on a 1°× 1° latitude/longitude
grid were essentially based on a population distribution (population
density) proxy. More recent datasets were produced at 0.25°× 0.25°
resolution incorporating point source emissions data and using different
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proxy data to model distribution for different source sectors
(Steenhuisen and Wilson, 2015). New work presented here extends
these developments in several respects.

Few spatially-distributed global mercury emission datasets exist
with which to compare the current work. Apart from previous work by
the authors (Pacyna et al., 2010; Wilson et al., 2006) the other main
globally-distributed mercury emission inventory is that published by
the Emission Database for Global Atmospheric Research (EDGAR)
(EDGAR, 2016)). However, the most recently available EDGAR dataset
is for emissions from 2012 (EDGARv4.tox2) and therefore not tempo-
rally comparable with the current work.

At a regional and country level, several groups have produced
spatially-distributed emission datasets, typically for use in national or
regional modelling applications. In some cases, these use the most re-
cent global datasets as a basis, supplemented with, e.g., updated na-
tional point source emissions estimates (e.g., Canadian modelling ap-
plications described in Dastoor et al., 2015). For Europe, gridded
emissions data are reported by several countries as part of the European
Monitoring and Evaluation Programme (EMEP) (e.g., EMEP, 2017), and
comparisons with these reported emissions data are discussed in section
3.3. Regional spatially-distributed emissions datasets also exist for
countries in Asia (China: Streets et al., 2005, Zhang et al., 2015, Fu
et al., 2015; and Japan: Nansai et al., 2012) and for Australia (Nelson
et al., 2012); however, again lack of temporal compatibility or speci-
fication of distribution methods and sources of emissions data used, as
well as differences in (aggregated) sectors studied and spatial resolution
make it difficult to make meaningful comparisons with the global da-
taset produced in the current work.

For several pollutants other than mercury proxies have been used to
spatially distribute emissions (e.g. Trombetti et al., 2018; Zheng et al.,
2014). The most commonly used proxies are based on population dis-
tribution.

While use of a proxy such as population distribution may be ap-
propriate for emission sources connected to ‘domestic activities’, for
many emission sources this is not a valid assumption. Where possible,
emissions should be attributed to point sources (Steenhuisen and
Wilson, 2015) and the remaining emissions distributed using proxies
that best reflect the sources concerned.

A relatively small number of countries maintain (public domain)
emission transfer and release registers - from which reported point
source emission data can be extracted. A variety of other (public do-
main) resources exist that identify additional point sources, but lack
associated emissions. Based on these resources, modelling approaches
have been applied to attribute emissions to these sources from national/
sectoral total emission estimates (Steenhuisen and Wilson, 2015).

In addition to the geo-spatial distribution of total mercury (HgT)
emissions, the datasets generated in this work also divide emissions
between three species (gaseous elemental mercury (Hg0), divalent
(Hg2+) and particle-bound mercury (HgP)) and attribute emissions to
three height classes (0–50, 50–150 and > 150m above ground level).
Speciation is not the primary focus of the work and employs a relatively
simple approach based on a generic speciation scheme that has been
applied since the original inventory work (Pacyna et al., 2003).

With the increasing focus on attribution of emissions to point
sources that involve different industrial processes that have different air
pollution controls installed, all of which can affect speciation, new
approaches to develop more accurately speciated emission inventories
are required. While this was outside of the scope of the work reported in
this paper, new innovations have been introduced into the geo-spatial
models to allow future improvements in speciation of emissions – po-
tentially down to the level of individual point sources. An example of
the application of an alternative speciation scheme focussing on China,
using information published by Zhang et al. (2016) is presented and
briefly discussed.

A further innovation involves the possibility to generate spatially
distributed emissions at flexible resolutions, down to the resolution of

the base country raster (approximately 0.05°× 0.05° degrees in the
present system). Output data can then be resampled to the (lower) re-
solutions used by the modelling community. The spatial resolution is
independent of the input data, which means that proxy data with
varying resolutions can be used, although resolution of output data will
reflect the input data in this respect.

In this paper we present a new spatial distribution for mercury
emissions for the use of modellers investigating atmospheric transport
and deposition (AMAP/UN Environment, 2019).

2. Methodology

2.1. General methodological approach

The authors have previously described methods applied to spatially
distribute global mercury emissions datasets (Pacyna et al., 2003, 2016;
2010; Wilson et al., 2006; AMAP/UNEP, 2013) and identification and
assignment of emissions to point sources (Steenhuisen and Wilson,
2015). The basic approach involves assigning national emission esti-
mates to geo-located point sources relevant to the sector and country
concerned, taking account of reported point source emissions in-
formation where available, and otherwise modelling emissions based
on other point source information. Proxy datasets are then used to
geographically distribute ‘diffuse’ emissions from non-point sources (or
point source emissions for which information on relevant point sources
is lacking).

Point source emissions are assigned to a grid cell in the output raster
by simple geolocation. A number of proxy datasets (‘distribution
masks’) have been developed and applied to reflect emission patterns
for specific sectors (see section 2.3). Total diffuse mercury emissions per
raster cell for each sector are defined as:
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- E is the diffuse mercury emission in grid cell i,j
- e is the total diffuse emission for the sector concerned
- c is the country
- h is the emission height class
- s is the mercury species
- P is the value of the proxy for the sector concerned

In previous work, spatially distributed emissions estimates have
been generated for the global domain at a resolution of 1°× 1° or
0.5°× 0.5°. In the current work, the global domain is represented in a
fine resolution (country base) raster (0.05°) in the model applied for
spatial distribution of emissions. Following spatial distribution, the
resulting emission raster was resampled to a (lower) output resolution
desired by modellers (0.25°× 0.25° in the current work). The output
resolution can be user-defined according to any regular grid-based
geographic coordinate system (WGS84) equal to or lower than the
country base raster.

The global inventory for 2015 compiled for the GMA2018 identifies
17 main emission sectors which can be grouped into industrial sources,
combustion of fuels, intentional use and waste, and artisanal and small-
scale gold mining (ASGM) (AMAP/UN Environment, 2019, see
Table 1). Emissions estimates for each of these sectors per country are
used as the basis for the work to geo-spatially -distribute emissions.

Table 1 shows the proxy rasters applied to the various sectors (and
some sub-sectors) in the geo-spatial distribution work.

The inventory estimates are based on national activity data and
national/regional information on (unabated) emission factors and ap-
plication and effectiveness of air pollution control technology (AMAP/
UN Environment, 2019).
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2.1.1. Geospatial distribution model enhancement
The computer application employed to perform the spatial dis-

tribution is developed in Python (Python Core Team, 2015) and en-
hanced in a number of respects compared to earlier versions, to address
needs identified in previous work. This included: flexible specification
of output resolution; revision and updating of information on point
sources (see section 2.2); and simplification of methods for updating
and adding new ‘proxy’ masks (see section 2.3). Options were also in-
corporated to allow point source emissions to be handled at the facility
level in future work with respect to, e.g., speciation and to allow de-
faults to be applied at the country group-sector level rather than only
sector level.

Estimated mercury emissions are calculated as kg emitted per
(output) raster cell. In a geographic coordinate system (WGS84) model
domain the cell area varies with latitude; therefore, routines were also
introduced to calculate emissions in mass per unit area (g/km2).

Each cell in the country base raster is associated with one (and only
one) country through the country ISO3 (ISO 3166-1 alpha-3) code de-
rived from an underlying country vector geo-dataset. This dataset is
used to maintain border changes and consequently changing ISO3
codes. In a few cases, the ISO list was adapted to ensure compatibility
between the country base raster and countries with assigned emissions
in the global emission inventory, for example where recent changes in
territories prevented ISO code matching, or to prevent high emissions
from a country being associated with minor dependent territories (with
the same ISO code).

The application development also allows for future introduction of
sub-national regions if emissions estimates on this level become avail-
able.

2.2. Point sources

2.2.1. Point source information used in this work and associated
assumptions

Point source information used in this work was derived from re-
sources in the public domain, for the most part those used in previous
work (see Steenhuisen and Wilson, 2015), updating the compiled da-
taset where new information was available. Updated emissions esti-
mates for individual point source facilities were retrieved for the latest
years available from pollution registers for Europe (European Pollutants
Release and Transfer Register) (E-EPTR), USA (National Emissions In-
ventory) (US EPA NEI), Canada (National Pollutant Release Inventory)

(Canada NPRI, 2015), Australia (National Pollutant Inventory)
(Australia NPI, 2015).

Point sources lacking facility emissions estimates were allocated
emissions according to the procedure described in Steenhuisen and
Wilson (2015), for example using plant capacity as a factor to pro-
portionally assign national emissions for the sector concerned, or the
portion thereof not already allocated to point sources with reported
emissions. The latter category should be regarded as modelled point
source data.

Location (latitude and longitude) of point source facilities was
checked to the extent possible and in some cases reported emissions
from multiple release points at a single facility were combined. The
accuracy of the location of individual point sources becomes increas-
ingly important as the resolution of the model domain increases in
order to locate emissions in the correct cell. Locations of sources re-
ported in national inventories were accepted as correct and accurate.
Other sources used, such as Carma (2015) and Enipedia (Davis et al.,
2015), also include reasonably reliable location information. An up-
dated version of the cement production facility list published by
Cemnet (2017) required geocoding using the same methods as de-
scribed in Steenhuisen and Wilson (2015).

In cases where a point source location coincides with a raster cell
boundary, the emission from that source was attributed to a randomly
selected cell on either side of the border in order to avoid a directional
bias from rounding coordinates.

The map (Fig. 1) shows the point sources that were assigned emis-
sions in the current work (black dots) and those for which reported
emissions were available (orange dots).

2.2.2. Capping point source emission estimates
In previous work it was noted that extreme emission values are

sometimes assigned to individual point sources as an artefact of the
methodology used (Steenhuisen and Wilson, 2015). This mainly occurs
when allocating a high national emission total for a given sector to
relatively few point sources, as can occur when, for example, the list of
known point sources for that sector is incomplete. To avoid assignment
of (obviously) ‘too-high’ emissions, an option to limit the emission as-
signed to any individual point source for a given sector in a given group
of countries (based on technology level grouping) was introduced
(Steenhuisen and Wilson, 2015; AMAP/UNEP, 2013), where group 1
was associated with higher and group 5 lower levels of application of
emission control technology. Based on a review of the distribution of

Table 1
Proxy rasters applied to the various sectors (and some sub-sectors) in the geo-spatial distribution work. The table includes the percentage of total emissions treated as
diffuse sources, and the proxy masks applied to the various sectors. (See sections 2.3 and 4 for further description.).

Sector description Sector code Distributed as diffuse emission (%) Proxy raster

Artisanal and small scale gold mining ASGM 100.0 ASGM
Biomass power plants PP_BIO 100.0 CARMA generic industry
Cement industry CEM 0.7 CARMA generic industry
Cremation CREM 96.9 Population 2015
Caustic soda production (Chlor-alkali plants) CSP 0.5 CARMA generic industry
Non-ferrous metal production NFMP 0.3 CARMA generic industry
Aluminium production NFMP_AL 4.3 CARMA generic industry
Large scale gold production NFMP_AU 73.2 GOLD
Mercury production NFMP_HG 96.6 CARMA generic industry
Oil refining OR 9.9 CARMA generic industry
Primary iron and steel production PISP 0.2 CARMA generic industry
Coal burning power plants PP_COAL 1.8 CARMA coal
Gas fired power plants PP_GAS 2.1 CARMA oil/gas
Oil burning power plants PP_OIL 6.0 CARMA oi/gas
Domestic and residential heating SC_DR 100.0 Population 2015
Industrial heating and boilers SC_IND 100.0 CARMA generic industry
Secondary iron and steel SSC 92.6 CARMA generic industry
Vinyl-chloride monomer VCM 100.0 CARMA generic industry
Waste (other) WASOTH 99.8 Population 2015
Waste incineration WI 8.6 Urban population 2015
Total (all sectors) 62.1%
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emissions from point sources with reported emissions (e.g., E-PRTR,
2014; US EPA NEI, 2014), the following caps were applied in the cur-
rent work:

- Cement production facilities: 1500 kg/a
- Non-ferrous metal production plants: 2000 kg/a
- Large scale gold production facilities: 2000 kg/a
- Coal-burning power plants: 500 kg/a for technology group 1
countries (for definition see AMAP, 2005/UN Environment, 2018
(in prep.)), and 1000 kg/a for all other countries.

Other sectors did not appear, from the distribution of assigned
emissions, to require capping at some maximum value.

On the basis of this procedure, a limited number of facilities were
allocated ‘capped’ emissions as follows: Cement plants (12, all in
China), coal-burning power plants (2, both in Germany) and non-fer-
rous metal smelters (37 in various countries). Where (due to capping)
less than 100% of the total national emissions for the sector concerned
could be assigned to point sources, the remainder was distributed as
‘diffuse’ emissions using the relevant proxy mask (as indicated in
Table 1).

The Box-and-whisker plots in Fig. 2 show per facility emission rates
at cement production facilities, coal-burning power plants and non-
ferrous metal plants. The facility emissions represented are a mix of
reported facility emissions values and assigned emissions (with capping
applied) derived from GMA 2015 national inventory estimates.

2.3. Proxy data

As noted above, proxies are used to distribute emissions that are by
their nature associated with ‘diffuse’ sources, or where point sources are
unknown. The distribution intensity of the proxy is assumed to be a
reasonable surrogate for the intensity of the emissions within (in the
current work) the geographical extent of a given country. Different
proxies were applied to emissions from different sectors according to
the information presented in Table 1.

The approach employed involves generating proxy ‘distribution
masks’ from rasterized proxy data where, like the country base raster,
each proxy raster cell is associated with only one country. If proxy data

are only available on a coarser resolution, they are resampled to the
resolution of the country base raster. Use of this approach makes it
simpler to import and use available proxy data in a much more flexible
manner than was the case with previously employed methods (see
Wilson et al., 2006; AMAP/UNEP, 2015), where distribution masks had
to be individually constructed for work at different resolutions. How-
ever, it is important to recognise that resampling to higher resolutions
does not improve the proxy itself; it simply allows rasters at different
resolutions to be combined in the geo-spatial distribution process.
Proxy ‘distribution masks’ are applied essentially as a multiplier matrix
for emissions from a given country-sector, such that emissions from a
given cell are assigned according to the weighting associated with value
of the proxy in that cell.

It should be noted that the underlying vector-based country data
was converted into an un-projected raster (WGS84) giving land areas
priority over water if a cell includes both. This is different from the
approach used in other comparable work, e.g. by Janssens-Maenhout
et al. (2013) and Muntean et al. (2014) where a cell is assigned to land
only if it contains more than 50% land area. The attribution of an ISO
code was based on the maximum combined area in each raster element.

2.3.1 Proxies based on population distribution.
Population is a commonly used proxy for geospatial distribution of

emission sectors such as waste disposal, residential heating and some
intentional uses of mercury, which, on the spatial scales involved in
global mapping, are essentially diffuse by nature. Population-based
proxy datasets used in the current work were based on the CIESIN -
Gridded Population of the World 2015 (GPWv4.10) [SEDAC, 2017].
The methodology used to produce the GPW data introduces very low
population numbers for areas that are virtually unpopulated and from
which no significant mercury emissions can be expected. The general
population proxy (GPOP) was therefore constrained to include only
areas with a population density> 1 person/km2.

Other sources generally associated with population, such as con-
trolled waste incineration, are less likely to occur in sparsely populated
areas. An ‘urban’ population proxy (URBAN) was therefore generated
for application to these sectors. The definition of an urban area (urban
agglomeration) varies and there is no straightforward method to define
urban areas globally, however, a threshold population density of 500
persons/km2 is generally agreed for urban areas and this was therefore

Fig. 1. Map of point sources that were assigned emissions in the current work (black dots) and those for which reported emissions were available (orange dots). (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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the criteria applied. This was supplemented by population count data
for main population centres to generate the urban population raster
where known urban centres were not identified adequately using the
GPW-based approach. The resulting raster agrees well with other urban
area spatial data, such as the 2014 ESRI Urban Area geodatabase.

2.3.1. Industrial-activity proxies
Population-based proxies are less suitable for application to sta-

tionary combustion sources associated with power generation and in-
dustry, for example where cement and metallurgical industries are
collocated with sources of raw materials in sparsely populated areas.

Previous work (AMAP/UNEP, 2015) describes the use of proxies
based on the CARMA data on emissions of CO2 at facilities engaged in
energy production and industry (Carma, 2015) as a more suitable
‘surrogate’ for industry sectors. Two separate proxies were derived, one
for facilities burning coal and a second for facilities burning oil and gas.
Since the available CARMA data did not include information on fuel use
at individual facilities, carbon emission intensity was used to infer
different types of fuel use. This was supported using nearest-neighbour
analysis between CARMA data and plants in the emission point source
data compilation with known fuel use. These proxies have been used
essentially unaltered in the current work.

In the case of non-ferrous metal production (NFMP), application of
the (CARMA-based) generic industry proxy results in the distribution of
mercury emissions to areas of generally high fuel consumption for
power/industry (as indicated by CO2 emissions from energy produc-
tion). This represents an assumption that non-ferrous metal production
takes place mainly in large-scale industrial smelting plants that are high
consumers of energy. There is evidence that this may not adequately
recognize emissions from small-scale NFMP plants in some countries.
For example, Ye et al. (2015) associated only 23% of NFMP-related
mercury emissions in 2010 in China with large-scale point source
smelters (metal production capacities larger than 30,000Mg/day), even
though these sources are responsible for almost 80% of production. The
remaining 77% was attributed to (numerous) small-scale plants that
were treated as ‘non-point’ sources from a spatial distribution per-
spective. Small-scale metal smelting is likely to occur in other devel-
oping regions such as South Asia and Africa.

For most large-scale gold production facilities plant emissions were
not quantified in available point source datasets, so where mine pro-
duction capacity was available, this is used as scaling factor. The re-
maining large-scale gold production emissions were distributed using a
dedicated proxy based on industrial gold mining locations (mainly
subsurface or open-pit hard-rock mines listed in USGS (2010). Globally,
almost 75% of Hg emissions from large-scale gold mining were dis-
tributed using the proxy.

2.3.3 Artisanal and small-scale gold mining.
Mercury is used in artisanal gold mining operations employing

whole-ore amalgamation and concentrate amalgamation. The proxy
used to distribute emissions from artisanal and small-scale gold mining
(ASGM) is based on both the likelihood of gold occurrence in soils,
sediments and bedrock, and knowledge of actual ASGM activity. An
updated and improved distribution mask for ASGM was developed
using new information to better define relevant ASGM areas for a
number of countries. Some of this information was obtained from na-
tional experts in African countries engaged in preparation of regional
Minamata Convention National Action Plans.

The coverage and reliability of reported ASGM activity, and the
associated use of mercury, varies greatly between countries and re-
gions. Indication of the occurrence of gold in rocks and sediments de-
limits to some extent potential ASGM areas. Where more information
on activity in specific areas is available, this was used to refine the
proxy. In some countries, ASGM activities are associated with specific
administrative areas such as provinces or counties. Where information
was available, digitizing mining areas was attempted using Google
Earth satellite imagery, however, in many cases mining activity could
not be identified with a sufficient level of certainty and so ASGM ac-
tivities had to be assumed for a larger area. The highest level of in-
formation occurred when data were obtained on a local geographical
scale, sometimes also including relevant parameters such as ASGM
practises employed and number of workers.

ASGM operations in several countries, including the Russian
Federation and South Africa, utilise mine tailings from either still op-
erational or abandoned mines as the source of gold. An attempt was
made to identify the areas where such activities occur using grey lit-
erature sources and satellite imagery; the authors recognize that the

Fig. 2. Distribution of emissions (with capping applied) from point sources associated with the cement and non-ferrous metal sectors, and coal-burning power plants
in selected countries. Colour refers to country (technology) groupings (Steenhuisen and Wilson, 2015; AMAP/UNEP, 2013). In the current work technology grouping
is applied as described in AMAP/UN Environment (2019). (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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resulting mapping is almost certainly incomplete.
An additional factor in locating sources of ASGM-related emissions

is that the final processing of the gold-amalgam may take place at a
local gold trading centre rather than at or even near the mining loca-
tion. In such cases mercury emissions to air may take place at locations
other than related releases to water. Such knowledge can only be ac-
quired from local sources or experts working in the field, and is often
not available.

Due to the large variation in both the spatial and other (qualitative
and quantitative) information that is relevant for defining the location
of ASGM emissions, the proxy remains less than ideal, however the
authors were not aware of any better proxy dataset currently available
for distributing ASGM-related mercury emissions at the global level.

3. Results

3.1. Spatially distributed global emissions

The resulting emission maps (Fig. 3) show global emission patterns
presenting the results of applying the methods described above to geo-
spatially distribute the global inventory of emissions to air from an-
thropogenic sources in 2015 developed for the GMA 2018. The four
smaller maps present the emissions from main sectors groups addressed

in the inventory.
The ASGM sector map clearly shows that the majority of emissions

from ASGM are concentrated within the latitude band ± 30° in South
America, Africa and Southeast Asia. Approximately 68% of the mercury
emissions to air in the Southern Hemisphere arise from ASGM related
emissions in these regions (See Fig. 5). For some countries, the ASGM-
proxy has yet to be defined to specific locations, resulting in assignment
of (generally relatively low) emissions over larger areas.

Areas of high mercury emissions from power generation and in-
dustrial activities are apparent in South and East Asia, in particular, and
also in the industrial areas of North America and Europe. A high per-
centage of these emissions is associated with point sources, and there-
fore appears in single cells with relatively high values. Coal-fired power
plants are a major contributor to the high emissions in Eastern China
and India.

Emissions from intentional use and waste disposal are more widely
dispersed, in part due to use of population as a proxy in spatially dis-
tributing much of these emissions.

The distributed emission dataset also includes emissions separated
into three emission height class levels (ground level to 50m above the
surface, 50–150m and>150m) and three different mercury species
(elemental mercury (Hg0), divalent mercury (Hg2+) and particulate-
bound mercury (HgP)), as well as total mercury (HgT). Fig. 4 shows the

Fig. 3. Geospatially distributed (total) mercury emissions to air from anthropogenic sources in 2015 (g/km2/a). The smaller maps show emissions from industrial
sectors (CEM, CSP, NFMP, NFMP_AL, NFMP_AU, NFMP_HG, OR, PISP, SC_IND, SC_DR, SSC, VCM), power generation sectors (PP_COAL, PP_OIL, PP_GAS, PP_BIO),
intentional use and waste sectors (WI, WASOTH, CREM), and emissions from ASGM. (For sector codes see Table 1.). The large map shows the total mercury emission
from all sectors.
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total emission for each height class resampled to 10°× 10° raster to
better illustrate the associated distribution patterns. Most of the areas of
higher emissions at the surface level (0–50m) around the equator are
ASGM related. Higher emissions in East Asia in this height class are to a
large extent due to coal-burning in domestic and residential heating
uses. Under the assumptions applied for industrial sectors, much of the
mercury emitted to air from these sources is emitted within the 50m-
150m height class. Large coal-fired power stations were, in general,
assumed to have a stack height of> 150m. The higher emissions in this
height class are thus found in countries assigned to higher technology
levels.

Sectoral contributions to the total mercury emission to air vary
greatly with latitude. Fig. 5 shows the total emission within 10° lati-
tudinal bands.

3.2. Speciation considerations

Regional source-receptor relationships have been investigated by
Travnikov et al. (AMAP/UN Environment, 2019, ch5). Using the spa-
tially distributed 2015 emissions from the current work, they present
results of the application of four global atmospheric transport models to
model deposition in 13 terrestrial and 16 marine receptor regions. Their
findings are consistent with earlier work based on the 2010 global
emissions inventory (AMAP/UNEP, 2015 and De Simone et al. (2017))
that show that mercury deposition to remote regions such as the Arctic

and Antarctica is determined largely by long-range atmospheric trans-
port of elemental mercury from major source regions, East Asia in
particular, and South America and Africa in the case of the Antarctic.
Mercury deposition in other regions is strongly influenced by the
mercury species emitted.

Mercury from industrial sources is released to flue gases mainly in
the form of gaseous elemental mercury (Hg0) produced during high
temperature combustion or processing coal, metal ores and other ma-
terials. Between the boiler, smelter or kiln and the point of release, flue
gas temperatures decline (typically from over 800 to less than 300° C)
and during this cooling phase a certain percentage of Hg0 may oxidize
forming gaseous divalent mercury (Hg2+) species. Some of the Hg0 and
Hg2+ may also associate with particulate matter, for example fly-ash, to
form particle-bound mercury (HgP). The amount of Hg0 transformed to
Hg2+ and/or HgP is very dependent on the plant operating processes
and control technologies employed (Zhang et al., 2016).

The speciation applied to different sectors in connection with the
geospatial distribution performed in the current work is based on a
generic scheme (see Table 2) that has been employed over several years
and has been used since the earliest speciated global emission in-
ventories (Pacyna et al., 2003). The scheme is applied equally for all
countries and differences in, for example, applied air pollution control
technologies are not taken into account.

A large number of recent publications have reported results of
measurements of mercury species under various plant-operating con-
ditions and for different applied technologies, including air pollution
control technologies (e.g. Ljubič Mlakar et al., 2010, Zhao et al., 2017,

Fig. 4. Total Hg emissions per cell at three emission height classes (0–50m,
50m-150m,>150m), resampled to 10°× 10°.

Fig. 5. Total Hg emissions within different latitude bands.

Table 2
Comparison of standard and modified (taken from Zhang et al., 2015) specia-
tion schemes applied for emissions from China.

standard speciation factors modified speciation factors

Sector code Hg0 HgP Hg2+ Hg0 HgP Hg2+

ASGM 1.00 0.00 0.00
BIO 0.50 0.10 0.40 0.75 0.20 0.05
CEM 0.80 0.05 0.15 0.35 0.00 0.65
CREM 0.80 0.05 0.15 0.95 0.05 0.00
CSP 0.70 0.00 0.30 1.00 0.00 0.00
NFMP 0.80 0.05 0.15 0.45 0.05 0.50
NFMP_AL 0.80 0.00 0.20
NFMP_AU 0.80 0.05 0.15
NFMP_HG 0.80 0.00 0.20 0.80 0.05 0.15
OR 0.50 0.25 0.25
PISP 0.80 0.05 0.15 0.35 0.00 0.65
PP_COAL 0.50 0.10 0.40 0.80 0.15 0.05
PP_GAS 0.90 0.00 0.10
PP_OIL 0.90 0.00 0.10 0.50 0.10 0.40
SC_DR 0.50 0.10 0.40 0.80 0.05 0.15
SC_IND 0.80 0.05 0.15 0.65 0.05 0.30
SSC 1.00 0.00 0.00
VCM 1.00 0.00 0.00
WASOTH 0.80 0.05 0.15
WI 0.20 0.20 0.60 0.95 0.05 0.00
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Tang et al., 2016, Mojammal et al., 2018 and Yang et al., 2016). Al-
though it was beyond the scope of the current work to consider spe-
ciation in detail, the issue of speciation is a recognized knowledge gap
in the work to generate the speciated and spatially distributed global
emission inventories required by modellers.

One obstacle to improving the generic speciation schemes employed
in the current work is that typically new information on speciation of
emissions is very specific to measurements at a particular plant or fa-
cility. However, recent work by Zhang et al. (2016) compares in-
formation about speciation factors in different regions and countries
from a variety of source sectors.

As noted above, the functionality of the spatial distribution appli-
cation employed in the current work to generate a speciated global
inventory has been developed to make it more flexible, e.g. with respect
to applying more complex speciation schemes based on country tech-
nology levels. In a preliminary consideration of the effect of applying
different speciation schemes, the information presented by Zhang for
sources in China (the country/region for which their revised scheme is
most complete) was employed for all sectors other than ASGM (see
Table 2). In the case of ASGM, Zhang et al. (2015) propose a speciation
profile for China whereby emissions are apportioned 80%, 15% and 5%
to Hg0, Hg2+ and HgP, respectively. This may include assumptions re-
garding close-to-ground level alteration in speciation as a result of
chemical transformation processes, which can depend on many factors.
Whether or not this is part of the ASGM process is a matter of definition.
In the current work, it is assumed that all ASGM emissions are in the
form of Hg0 and that subsequent oxidation to Hg2+ species is not an
intrinsic part of the ‘emission’ profile associated with the ASGM pro-
cess.

As an example of differences in the applied schemes, the updated
speciation factors for primary iron and steel production in China as
reported by Zhang et al. (2015) based on flue gas analysis from two
plants with different production and control technologies. Wang et al.
(2016), referring to Zhang et al. (2015) suggests an increase in emission
of Hg2+ compared to those values that would be obtained using the
default speciation scheme (65% vs. 15%, respectively), with emissions
of Hg0 and HgP decreasing accordingly.

The resulting spatially distributed emissions for China are compared
in Fig. 6. One obvious difference is a decrease in Hg2+ at locations
associated with power plants and an increase of Hg0 emissions in areas
affected by domestic and residential heating.

In Fig. 7, a part of the difference map for Hg2+ (see Fig. 6) is ex-
panded to illustrate that changes in speciation assumptions can have
large implications for emissions in grid-cells in which point sources of
three industry sectors are located (coal burning power plants, non-fer-
rous metal production and cement production). In this example Hg2+

emissions in cells with coal fired power plants decrease and increase in
cells with non-ferrous metal smelters and cement manufacturing plants
in accordance with the modified speciation scheme.

Fig. 6. Comparison of spatially distributed emissions in China obtained using the standard speciation scheme and that based on Zhang et al. (2015). Detail for
indicated area on map Hg2+ difference is shown in Fig. 7.

Fig. 7. Detail for area indicated in Fig. 6 showing the absolute difference of
spatially distributed Hg2+ emissions in China obtained using the standard
speciation scheme and that based on Zhang et al. (2015) also showing locations
of point sources.
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3.3. Emission patterns compared to other spatially distributed mercury
emission data

Validating spatially distributed emission data is difficult if not im-
possible; measurement data are sparse and restricted mainly to point
sources where the measurements themselves are often intended to en-
sure that (instantaneous) emissions are below statutory limits rather
than quantifying annual emissions.

In order to gain some insight into the robustness of the spatially-
distributed emissions, therefore, results of the current work were
compared against other available ‘gridded’ emissions datasets, and
available data on point source emissions. In relation to the former, it
was necessary to identify temporally consistent datasets that address a
comparable set of sectors. In relation to the latter it is important to
recognize that the same data on point source emissions may have been
used to in both gridded datasets being compared thus compromising the
suitability for validation purposes.

With these constraints, the gridded emissions data reported to the
UN ECE Convention on Long-range Transboundary Air Pollution
(CLRTAP) as part of its European Monitoring and Evaluation
Programme (EMEP) (CEIP, 2018) was considered a convenient dataset
for comparison purposes, together with associated reporting to the
European-Pollutant Release and Transfer Register (E-PRTR) (E-PRTR,
2014). These datasets are regional (with European coverage) rather
than global, however, they are compiled according to standardised
procedures and publicly available. In order to make valid comparisons,
the results of the current work were prepared on a 0.1° resolution to
match the model domain of the EMEP gridding system (covering the
geographic area between 30°N and 82°N and 30°W-90°E (CEIP, 2017/
5).

Countries are responsible for reporting gridded emission data to
EMEP according to specifications described in the EMEP Inventory
Review 2017(CEIP2017/4). The reported data is then quality controlled
and gaps are filled if necessary. The applied methodologies are de-
scribed in the CEIP GNFR gap-filling 2017 report (CEIP 2017/3). Where
available, the EMEP emission distribution is based on nationally re-
ported gridded emissions, where gridding procedures used may differ
between countries. If countries do not report gridded emissions, EDGAR
data (EDGAR, 2016; Muntean et al., 2018) and point source informa-
tion available under E-PRTR are used to fill gaps. For the western part
of Europe, all countries concerned (Germany, France, The Netherlands,
Belgium and Luxemburg) submitted data that were evaluated by EMEP
to be ‘‘complete and plausible” (CEIP, 2017/3). In the eastern part of
the area ‘‘complete and plausible’’ data were submitted by Bulgaria,
Croatia, Hungary, Romania, Serbia, Slovenia, The Former Yugoslav
Republic of Macedonia and the Republic of Moldova. For Bosnia and
Herzegovina an extrapolation based on emissions for 2010 (derived
from the 2013 GMA (AMAP/UNEP, 2013)) together with population
data was used to estimate gridded mercury emissions. Emissions for
Albania were based on national data for 2010 (also derived from the
global mercury assessment (AMAP/UNEP, 2013)), unpublished expert
data and extrapolations using population data or PM10 emission data.
(CEIP, 2017/3).

Spatial correlations between the EMEP data and the global in-
ventory results were made using a roving window technique using a
window size of 130 km (∼20x20 0.1° raster cells) to eliminate the ef-
fects of spatial autocorrelation. Windows were randomly positioned
over the area in which comparisons were made, and results for up to
5000 correlations recorded. The mean correlation value was then cal-
culated for each 0.1° cell. The results of the comparisons are shown in
Fig. 7, together with histograms of the frequency of the mean correla-
tion coefficient. The Pearson correlation coefficient is a linear measure
of fit between the emission patterns at a specific location where 1
means a perfect fit between the patterns and 0 means no correlation.
Linear scaling of the emission values has no effect on the correlation. A
negative correlation coefficient implies that where one raster has a high

value the other raster has a low value or vice versa. In this analysis
negative correlation values are caused by artefacts such as edge effects
but they also occur when in one raster a high emission value represents
a point source whereas in the other raster the emission values are dis-
tributed.

Comparisons were made against the EMEP gridded data using both
the conventionally (point-source plus proxy) spatially-distributed 2015
global inventory and a version in which all emissions were distributed
using only the population proxy. Comparisons were restricted to
countries that were entirely within the EMEP domain and ignored
(offshore) emissions in the EMEP gridded data associated with

Fig. 8. Spatial correlation between EMEP (gridded 2015 emissions) and two
versions of the GMA2018 gridded data. The left column is based on default
proxies (see Table 1), the right column is based on population proxy only.
Fig. 8a and b show the correlation between emission patterns of all the Eur-
opean countries which are completely within the EMEP area. An identical
analysis has been made for selected regions in the western and eastern parts of
Europe.; Fig. 8c and d: Germany, France, The Netherlands, Belgium and Lux-
emburg; Fig. 8e and f: Albania, Bosnia and Herzegovina, Bulgaria, Croatia,
Hungary, Romania, Serbia, Slovenia, The Former Yugoslav Republic of Mace-
donia and the Republic of Moldova. Note: axis labels and lines are defined in
sub-plot a.
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international marine transport and fishing.
Although the resulting maps of the mean correlation values for the

entire study area (Fig. 8a and b) show a clear difference between the
western and eastern parts of the study area, the overall correlation
between the GMA2018 based distributed emissions (this work) and the
EMEP reported (gridded) emissions and is almost equal (0.42 for the
default method as well as for population based distribution). Conse-
quently, the procedure was repeated for selected countries in the wes-
tern and eastern parts of the study area, separately (results in Fig. 8 c/d
and e/f, respectively). Comparing these results, the correlations found
in the western part of the study area are higher and within a smaller
range than those in the eastern part.

There are multiple reasons why correlation patterns can vary across
Europe, for example the extent to which point sources are utilized for
different sectors (in both the GMA and EMEP spatial distributions),
differences in proxies employed for the different sectors, etc. It should
also be remembered that the maps in Fig. 8 reflect the correlations
obtained for combined sectors that have been gridded using different
specific methods (both between sectors and between countries). The
GMA2018 gridding systematically applies the same proxies for all
countries; however, proxies used to grid the EMEP emissions estimates
for a given sector differ from country to country (CEIP, 2017/3).
Without substantial insight into the methods applied in individual
countries it is impossible to interpret in detail the patterns observed,
however possible reasons for some observed differences are discussed
below.

The different approaches taken to handling point sources in the
procedures employed to spatially distribute emissions may explain, in
part at least, the relatively low correlation between the gridded cell
values in the GMA2018 inventory and EMEP gridded data for some
countries and some of the differences observed when comparing the
correlations for the western part of Europe vs. the eastern part. For the
western part of Europe, the spatially distributed GMA2018 and EMEP
emissions correlate better when the former is distributed using the
population proxy alone (Fig. 8 c vs d). From this it could be inferred
that a large part of the EMEP data are gridded using methods based on a
population proxy (or proxies that are themselves strongly correlated to
population distribution). If point sources are not used to geo-locate
emissions to specific cells (as seems to be the case in much of the EMEP
gridding) proxy-based distributions will correspond better. In the
eastern part of the area the correlation patterns for the distributions
where GMA data are gridded using point sources vs population do not
differ markedly (Fig. 8 e vs f) possibly because there are fewer point
sources identified and consequently the emissions patterns produced
using proxies vs point source attribution are not very different.

In addition to the above, comparisons were also made between the
GMA2018 inventory and EMEP gridded emissions only for those cells

containing point sources reported through the E-PRTR (E-PRTR, 2014).
Fig. 9 shows the modelled emission against the total reported point
source emission for a cell. In the spatially distributed GMA2018 in-
ventory, use was made of the 2014 E-PRTR data; it is not clear whether
E-PRTR 2014 and/or 2015 data were used in developing the EMEP
gridded data.

In the methodology used to spatially distribute the GMA 2018
(emission year 2015) inventory, emissions from point sources are di-
rectly attributed to a raster cell, together with emissions from diffuse
sources that fall within that cell. A given cell may include more than
one point source. Consequently, the emission value for any given cell
can by definition only be equal to or higher than the sum of the point
source emissions, as illustrated in Fig. 8a.

If the same plot is produced for the EMEP gridded emissions, using
cells for which E-PRTR data are reported in both 2014 and 2015, the
EMEP cell values are both higher and lower than the corresponding E-
PRTR cell values (see Fig. 9b) implying a lack of consistency between
the EMEP gridded emissions datasets and emissions reported under the
E-PRTR.

The map (Fig. 10) shows the absolute difference (in kg) between the
sum of emissions reported under the E-PRTR and the emissions in the
corresponding EMEP raster cell. A lower (negative) value means that
one or more point sources reported in the E-PRTR have not been taken
into account in the EMEP reporting, or that the E-PRTR emissions are
overestimated. Emission not attributed to point sources are distributed
using proxies. This, at least partially, explains why the EMEP gridded
data matches the population distributed GMA emission data better than

Figure 9. a) Global inventory modelled emis-
sions (AMAP, 1998; 2011/GMA 2018) vs. sum of
E-PRTR reported emissions within cells, for
those cells with point sources reported in the E-
PRTR. The filled symbols indicate point sources
that are located on cell boundaries. b) EMEP,
2017 gridded emission value vs sum of E-PRTR
reported emissions within cells, for those cells
with point sources reported in the E-PRTR.

Fig. 10. EMEP gridded emissions vs. sum of E-PRTR reported emissions within
cells, for those cells with point sources reported in the E-PRTR in both 2014 and
2015.
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the distribution as presented in this work.

4. Discussion and conclusions

The work to spatially distribute the GMA 2018 global emissions
inventory work described in this paper serves to illustrate a number of
aspects of geospatial gridding that have been developed and improved
in the current application, and also identifies several areas where fur-
ther improvement is desirable.New approaches used in this work in-
troduce greater flexibility in relation to spatial resolution, both with
regard to increased resolution and possibilities for gridding emissions at
different spatial resolutions. They also make the introduction of new,
and maintenance of existing proxy data sets simpler. Proxys are widely
used but often remain poorly defined in terms of the sources of in-
formation on which they are based. Unlike the emissions estimates
themselves, proxies are not always routinely maintained and may be-
come outdated with respect to temporal compatibility with the emis-
sions datasets concerned. As the spatial resolution of gridded emissions
increases, higher resolution proxy datasets are also required, in parti-
cular for those sectors that are used to distribute large amounts of the
emissions.

Of the total emission, 62.1% is distributed as diffuse emissions. The
relative impact/importance of proxies used in this work was evaluated
by calculating the diffuse emission per sector as a percentage of the
total emission and summarizing these percentages by proxy (Table 1.).
For the four sectors with the highest annual emissions (ASGM, coal
burning power plants, cement Industry and non-ferrous metal produc-
tion) the relative impact as percentage is 37.7%, 0.24%, 0.07% and
0.03% respectively. This clearly indicates the importance of the sector
specific ASGM proxy for distributing all of the ASGM emissions and
with that a large part of the total emissions. However, this does not
reflect the impact of more generic proxies such as CARMA generic in-
dustry, which, from the sectors mentioned above, is used for cement
industry and non-ferrous metal production. The ranked summarized
percentages per proxy are 37.7% (ASGM), 11.9% (CARMA generic in-
dustry), 9.4% (population) and 2.8% (large scale gold production). The
remaining three proxies (CARMA coal, CARMA oil/gas and urban po-
pulation) are used to distribute< 0.4% of the total emission. Such
evaluations can help prioritise where effort to improve proxy rasters
should be focused. Groups involved in inventory spatial distribution
activities could benefit from increased exchange and comparison of the
proxy datasets they develop and use.

The results of the work illustrate that the most effective way of
improving spatial distributions of emissions that are associated with
point-sources is to move from use of proxies to use of point-source at-
tribution of emissions. This also makes it simpler to address issues as-
sociated with plant-specific emission control and speciation, etc. The
greatest obstacles to increased use of point-source data in geospatial
distribution of emissions is (open) access to relevant datasets and re-
sources. At present reliance on point source data from the public (and
non-public) domain implies the acceptance of an often very incomplete
and non-uniform global coverage.

In general, greater transparency, cooperation and sharing or un-
derlying data (e.g. data used in development of proxies) between
groups involved in spatial-distribution of emissions datasets for mer-
cury and other air pollutants could be of substantial benefit to the re-
search community involved in this activity as well as users of their
products.

Knowledge gaps remain present in quantitative emission estimates
and in spatial distribution. For sectors which are primarily distributed
over point sources the lack of point source information in national
emission inventories is the most obvious gap. Countries with a high
mercury emission in these sectors are currently lacking publicly avail-
able official reporting systems. For most sectors, including cement
manufacturing, (ferrous and non-ferrous) metal production, and power
plants, point sources are available outside of official reporting systems

(Steenhuisen and Wilson, 2015). However, they require considerable
effort to make them useable for the purposes described and their status
of maintenance and quality assurance is often undocumented. For some
sectors no, or only a very limited number of point sources could be
identified. For example, significant emissions are reported from vinyl-
chloride monomer production in China (58 tonne) (AMAP/UN
Environment, 2019) but no specific locations are known for this sector,
hence all of this amount is treated as diffuse emissions. Artisanal and
small-scale gold production is by nature a sector for which official re-
porting remains a challenge. Although much improved compared to the
previous distribution proxy, emission modelling from this source would
still benefit from a better organized system of data collecting based on
transparent local information. The authors acknowledge that robust
reporting system is somewhere between a feasible concept and an un-
realistic ambition, but systematic information on mining activity loca-
tions, intensity and mercury use is an essential step in improving both
quantitative emission estimates and spatial distribution. A structured
approach to acquiring this information through the Minamata Con-
vention reporting systems would be a major improvement. This is
practical as tentatively demonstrated through the responses to requests
to national experts present at a meeting in Nairobi in May 2017 to
report on ASGM locations using dedicated country maps (UN environ-
ment, African Regional Conference on Phasing Out Mercury-Added
Products and Meeting of the Global Mercury Partnership Products Area,
24–26 May 2017, Nairobi, Kenya) The maps were later interpreted and
digitized to add the point locations, mining area polygons or entire
regions to the distribution proxy geodatabase. Even though the level
and quality of information varied greatly between respondents, it still
allowed improved constraining of the areas where ASGM activity and
associated emissions are assumed to occur.

The stationary combustion/domestic and residential heating sector
(SC_DR) includes significant emissions from primarily coal burning in
residential heating and power plants. It also includes emissions from
burning of heavy fuel oil in shipping and diesel fuel in fishing and
agriculture. National reporting on emissions from fuel-use outside of
national territories is not simple to relate to where associated emissions
actually occur. This may result in an overestimation of the emission
distributed within national boundaries and an underestimation of for
example emissions that occur in offshore marine areas.

Future improvements to spatial distribution procedures are there-
fore needed to address a number of sectors from which mercury emis-
sions to air may occur, including marine transport and gas flaring. Some
of these sectors cannot be attributed to specific countries and will have
to be dealt with in a non-country specific manner. Routines built into
the geospatial distribution model use global proxies to distribute these
emissions. Although the distribution of non-country specific emissions
has been implemented in the current model they have not been applied
in the GMA 2018. Emission estimates for marine transport and gas
flaring are currently not available in the GMA2018 framework.

Advances in modelling transport and fate of mercury emissions are
placing new requirements on geo-spatially distributed emissions data-
sets. These relate not only to higher spatial resolution but also to better
vertical resolution of emissions and better temporal resolution of
emissions. New innovations in spatial distribution models address some
of these issues, for example building in functionality to use information
that can characterize individual (especially large) point sources. The
major obstacle, however, remains the availability of such information
in the first place.
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