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A B S T R A C T

Mercury (Hg) is a naturally occurring element in the Earth's crust. It can be harmful to human health when
released in large quantities and/or converted to the neurotoxicant methyl mercury in aquatic ecosystems. This
study analyzes global and regional trends in anthropogenic Hg releases to the atmosphere between 2010 and
2015, as well as the associated trends in modeled and measured Hg concentrations at sites around the world. In
general, we find that global Hg emissions and concentrations have grown slightly in this period, as declines from
the phase-out of commercial Hg use in the developed world have been more than matched by increases in Hg-
related activities in the industrializing countries of the world. We estimate that global Hg emissions between
2010 and 2015 have grown at a rate of 1.8%/yr, from 2188 Mg (+44%/-20%, 80% C.I.) in 2010 to 2390 Mg
(+42%/-19%, 80% C.I.) in 2015. Regionally, emissions declined over this period in the U.S. (−10%), OECD
Europe (−5.8%), and Canada (−3.2%), while they increased in Central America (+5.4%), South Asia (+4.6%),
and Eastern Africa (+4.0%). East Asia remained the largest emitting region at 1012 Mg in 2015, though growth
there has slowed significantly in recent years. The production of Hg (+7.9%), caustic soda (+6.3%), and cement
(+6.3%) showed the highest increases by source type, though artisanal and small-scale gold mining (ASGM) was
the single largest source of emissions in 2015 (775 Mg). The commercial use of Hg in dental applications
(−5.6%) and electrical equipment (−5.2%) continued to decline. These emission trends show a continuation of
the regional and sectoral shifts that began in the 1970s, but with a resulting reversal in global trends, because the
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benefits from Hg phase-out in North America and Europe have been largely realized and industrial growth in
developing countries has begun to dominate. The emission trends are in agreement with trends in modeled and
measured concentrations, which show small declines in surface air total gaseous Hg concentrations in eastern
North America and Western Europe between 2010 and 2015, but slight increases for much of the rest of the
world, driven by the continued increases in emissions from Asia and from ASGM. Our results suggest that
reductions of Hg in the North Atlantic region have been largely successful, and focus now needs to shift to Asia
and to the continued practice of ASGM worldwide.

1. Introduction

It is well established that mercury (Hg) in the environment poses
risks to the health of humans and wildlife, as described in the Global
Mercury Assessment (GMA) (UNEP, 2013) and accompanying doc-
umentation (AMAP/UNEP, 2013). Natural releases of Hg to the atmo-
sphere from the weathering of Hg-containing rocks, geothermal ac-
tivity, and volcanism are relatively small—about 76–300 Mg/yr
globally—while the bulk of the primary releases are associated with
anthropogenic activities and amount to about 2000 Mg/yr (UNEP,
2013; Amos et al., 2015; Bagnato et al., 2014; Streets et al., 2011,
2017). For this reason, the Minamata Convention on Mercury was
signed by 128 countries in 2013, calling for worldwide control of an-
thropogenic releases of Hg. Attention then turned to clarifying the
source types and countries that are responsible for the release of Hg, as
well as the options for its reduction and how the effects of the treaty
might be evaluated (Evers et al., 2016; Giang et al., 2015; Gustin et al.,
2016; Qiu, 2013; Selin, 2018).

For many environmental problems, local control of high-emitting
sources is sufficient, but for Hg the situation is more complicated be-
cause: (a) the atmospheric lifetime of Hg against removal by deposition
is ∼6 months (Corbitt et al., 2011; Horowitz et al., 2017), allowing
transport on a hemispheric-to-global scale; (b) mercury released to land
can be transported into rivers and streams and find its way into lakes
and oceans (Amos et al., 2014; Fisher et al., 2012); and (c) atmo-
spherically deposited Hg can cycle through the surface environment in
oceans, lakes, rivers, and soils and be re-emitted to the atmosphere.
Thus, considerable mobilization and re-distribution of Hg occurs over
time (Amos et al., 2013). Eventually, Hg is buried in estuarine or deep
ocean sediment or stable terrestrial reservoirs, but the time scale for
this sequestration ranges from decades to millennia.

Because of the mobility of previously-deposited Hg, we have studied
historical Hg emissions in past work (Streets et al., 2011, 2017, 2018),
but for implementing a control regimen, it is important to know the
details of current emissions. No previous papers have attempted to
generate annual emission trends for recent years, which is why we
study a six-year period here, 2010–2015, with a common methodology
for each year, and compare it with modeled and measured trends over
the same period. In this way we can gain insight into the main con-
tributing source types and world regions in the present time, as well as
how their emissions are trending. It is hoped that this will guide im-
plementation of the Minamata Convention and help to assess the likely
benefits of any consequent emission reductions.

2. Data and method

In this work we estimate the amount of Hg released into the global
atmosphere by human activities, annually for the six years in the period
2010–2015. In order to provide a guide for the trends that led up to this
period, we also sometimes include estimates for earlier years made by
the same method. The methodology follows previous work on long-
term Hg emission trends (Streets et al., 2011, 2017; 2018; Horowitz
et al., 2014). Because none of the previous work went beyond the year
2010, some updates to emission factors and source characterizations
have been incorporated in the present work, as described below. We
calculate emissions for 17 world regions (see Table si1 for the countries

in each region) and 17 source categories. Note that in previous work we
included 18 source categories, but we find that Hg emissions from silver
extraction are negligible in the 2010–2015 timeframe, so they are
omitted from this analysis. There are four different approaches used to
estimate emissions for the 17 source types, determined by the avail-
ability of activity data. In this section we divide the approaches into
four types, based on the sources to which they are applied: (a) fossil-
fuel combustion; (b) industrial metals production; (c) artisanal and
small-scale gold mining (ASGM); and (d) production and uses of Hg in
commercial products. These four approaches are described below in
that order.

First, emissions from the combustion of fossil fuels are calculated
using the latest annual energy statistics from the International Energy
Agency (IEA), as of August 2017 (https://www.iea.org/statistics/).
Emissions are calculated at the national level and then aggregated up to
the 17 world regions. These energy statistics reflect a significant re-
assessment of China's coal use in recent years (Liu et al., 2015;
Korsbakken et al., 2016). Following earlier work (Bond et al., 2004,
2007; Streets et al., 2004), we disaggregate the IEA energy data into
144 sector/fuel/technology combinations (see Table 3 of Streets et al.,
2004), each of which has a unique emission factor. Technology devel-
opment over time is treated by transitions from simple to advanced
systems. In recent work, we have added the use of flue-gas desulfur-
ization (FGD) systems in the power sector (Streets et al., 2018); though
primarily intended to capture SO2, these systems also have a significant
influence on Hg emissions. This is particularly important when calcu-
lating emissions after 2000, and especially for China, where there has
been a remarkably rapid deployment of FGD since 2006 (Xu et al.,
2009).

Second, emissions are calculated for the production of six industrial
metals: copper, zinc, lead, iron, steel, and gold. As in our previous work
(Streets et al., 2011, 2017), we use the following transformed normal
distribution function to estimate the change of emission factor over
time for each source type:

= +y a b e b( )r p t r p r p
t s

r p, , , ,
( /2 )

,r p2 , 2
(1)

where

yr,p,t = air emission factor in region r for process p in year t (g
Mg−1);
ar.p = uncontrolled emission factor (g Mg−1) in region r for process
p;
br,p = best emission factor achieved in region r for process p today (g
Mg−1); and
sr,p = shape parameter of the curve for region r and process p.

By selecting values of the parameters a, b, and s to correspond to the
known or inferred time development pathway of relevant technologies,
we can estimate the value of emission factor y at any point in time t,
reflecting the improved performance of processes and/or the addition
of pollution control technology, averaged over all installations region-
wide. Five regional groupings are used to reflect variations from the
most highly developed and environmentally proactive regions to poorly
developed regions with few attempts to limit pollutant releases (Streets
et al., 2011). Because previous work did not go beyond 2010, we per-
formed an initial review of pollution control initiatives in the past
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decade to see if modifications to the previous curves were necessary for
any source type in any of our 17 world regions. As a result, we de-
termined that it was necessary to modify emission factors determined
by the above method for copper and zinc smelting in China for the years
2010–2015, in order to reflect transformational changes in these in-
dustries in the past decade. Wu et al. (2012) reviewed Hg emissions
from China's primary metal smelters and concluded that emission fac-
tors used previously were out of date because of the rapid phase-out of
artisanal smelters and the addition of more-efficient pollution control
devices. They recommended lower values, which were subsequently
incorporated into anthropogenic Hg emission estimates for China
(Zhang et al., 2015; Huang et al., 2017). We therefore lowered our
estimates for the East Asia region to 2 g Hg/Mg Cu produced and 11.5 g
Hg/Mg Zn produced for the year 2010 and later years. Annual activity
levels for the industrial metals production group were obtained from
United States Geological Survey (USGS) statistics (https://minerals.
usgs.org/minerals/pubs/commodity/myb/) at the national level and
aggregated to the 17 world regions.

The third source category is ASGM. Developing trends in emissions
of Hg from ASGM is a major challenge. To date, there is only one re-
liable point estimate, made by the GMA (UNEP, 2013; AMAP/UNEP,
2013), which is for the year 2010. Of course, even that value has sig-
nificant uncertainty due to incomplete knowledge of the extent of
ASGM activities around the world. The GMA estimated global Hg
emissions from ASGM in 2010 to be 727 Mg with an uncertainty range
of 410–1040 Mg. We have used that value in our previous work (Streets
et al., 2017), though our uncertainty range (80% C.I., based on Monte
Carlo simulations) is slightly narrower, 490–970 Mg (see Fig. 1).

Trending the value of 727 Mg to other years in the range 2010–2015
can only be done using proxy information, because there are presently
no other estimates for years after 2010, and estimates for earlier years
are acknowledged to be incomplete and highly uncertain. Muntean
et al. (2014) used trends in large-scale gold production (what we de-
scribed above as industrial gold production) from Telmer and Viega
(2008) to construct ASGM estimates for the period 1970–2008. For this
work, we tested six plausible proxies: (a) regional industrial gold pro-
duction, as per Muntean et al. (2014), but using the 2010 GMA national
estimates from UNEP (2013) and AMAP/UNEP (2013)); (b) global in-
dustrial gold production (UNEP, 2013; AMAP/UNEP, 2013); (c) gold
price (http://onlygold.com/Info/Historical-Gold-Prices.asp); (d) world
gold demand (https://www.gold.org/search/site/historical%20gold
%20demand?page=4); (e) excess gold demand (gold demand minus

industrial gold production); and (f) mercury production (UNEP, 2017).
The last one is not expected to be a very good proxy, however, because
of other uses of the produced Hg—even though any major changes,
especially increases, in Hg production are likely associated with ASGM.
Each of those proxy data series was used to trend the 2010 GMA value
back to 2000 and forward to 2015. The results are shown in Fig. 1.

Application of our methodology suggests that growth in Hg emis-
sions from ASGM has slowed since 2010 but not halted. The annual
growth rate from 2000 to 2010 was about 2.2%/yr, based on our 2000
value of 584 Mg (Streets et al., 2017), or 3.8%/yr using the 2000 value
of Muntean et al. (2014) of 499 Mg. Taking the average of all proxies
used, we estimate that the growth rate between 2010 and 2015 had
slowed to 1.3%/yr. We estimate a peak value of 786 Mg in 2012, de-
clining slightly to 775 Mg by 2015. As Fig. 1 shows, the moderation of
the increase was driven primarily by lower world gold prices and re-
duced excess gold demand. This analysis suggests that ASGM is still a
major contributor to global atmospheric Hg emissions, but that its in-
fluence may (hopefully) have peaked. If interventional measures to
reduce ASGM and/or substitute lower-emitting techniques (Fritz et al.,
2016; Seccatore et al., 2014; Veiga et al., 2014) have been widely
successful, then it is possible that the increase in ASGM emissions could
have been less since 2010, or even that ASGM emissions are now de-
finitely declining; new surveys of country-specific initiatives and their
effectiveness are urgently needed to confirm or refute this notion. For
this work, we use the proxy-trended annual average values for ASGM
emissions for 2010–2015, anchored to the GMA 2010 value. For each
proxy in each year, we calculate its value relative to the year 2010. We
then calculate a simple average across all six proxies for each year to
obtain the proxy averages. Fig. 1 shows the values for 2010–2015 plus
the years 2000 and 2008 for reference; these eight years are the only
ones for which we have values for all six proxies. Note that the range of
the proxy values is smaller than the uncertainty ranges for the year
2010 emissions estimated in either this work or the GMA, as shown in
Fig. 1. In addition to uncertainty in the amount of ASGM taking place,
further refinement is also needed on the fraction of Hg released to the
atmosphere during ASGM, as well as the Hg0/Hg fraction in air emis-
sions, in typical real-world operating environments around the world.

The fourth and final category of Hg emissions is associated with the
production and uses of Hg in commercial products. We use year-2010
and year-2015 data on regional-level Hg consumption by sector (UNEP,
2017) to estimate year-2015 emissions from this category. We then
scale year-2010 regional emissions estimates (Streets et al., 2017) from

Fig. 1. Estimates of annual Hg emissions (Mg) from
Artisanal and Small-Scale Gold Mining (ASGM) ob-
tained by trending the 2010 value from the GMA
(UNEP, 2013; AMAP/UNEP, 2013) to other years in
the period 2000–2015 using six alternative proxies.
The average of all proxies is shown as the dotted red
line. Also shown are the uncertainty ranges for the
2010 value estimated in this work and the GMA.
(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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each sector (caustic soda production, chemicals manufacturing, elec-
trical and measuring equipment, and dental applications) by changes in
the regional consumption of Hg for each sector. This implicitly assumes
the same emission factors for year 2015 as in year 2010 from Streets
et al. (2017). For municipal waste and other waste burning, we scale
year-2010 regional emission estimates by the change in total Hg con-
sumption in Hg-added products (and hence potential Hg-containing
waste) from the year 2010–2015 (UNEP, 2017). Between 2010 and
2015, emissions are then interpolated to annual estimates.

We also estimate in this work the fraction of global anthropogenic
Hg emissions to the atmosphere that is released as elemental Hg (Hg0),
because this has important implications for the balance between local
deposition and long-range transport in each geographical region and
the trend in that balance over the six years of this study. We think that if
the changes in the Hg0/Hg ratio are significant they could at least
partially explain trends in observations over the same time period. We
use the same source-specific Hg0 fractions as in previous work (Streets
et al., 2017, 2018).

3. Results and analysis

We organize our results into four sections, in order to give insight
into the forces driving Hg emissions in recent years. Because our
baseline calculations are performed for 17 source categories in each of
17 world regions for each of six years (see Tables 1 and 2 for detailed
estimates, including the year 2000 for comparison), it requires selective
aggregation to understand why the trends have the structure that they
do. Previous studies investigating observed Hg trends have tended to
compare them against only regional emission trends; here we also in-
vestigate the impacts of global Hg trends and changes in speciation.
This section discusses, in order, sectoral, regional, global, and specia-
tion trends in Hg emissions.

3.1. Sectoral emission trends

Fig. 2 shows global trends over the period 2010–2015 for the four
aggregated source categories of Hg emissions referred to above, with
reference to emissions in the year 2000 (Streets et al., 2017). Emission
values for the aggregated source categories and their composition are
shown in Table si2. Three of the four categories show overall growth in
the period 2000–2015: fossil-fuel combustion (3.8%/yr), industrial
metals extraction (2.2%/yr), and ASGM (1.9%/yr). This is consistent
with continued expansion of the global economy, but it is less than the
growth in world GDP over the same period (5.7%/yr) (http://www.imf.
org), suggesting continuous improvement in pollutant emissions per

unit of production. The growth rate slowed for the period 2010–2015 in
fossil-fuel combustion (2.0%/yr), aided in large part by the widespread
introduction of FGD on coal-fired power plants in China. It also slowed
for ASGM (1.3%/yr), as previously discussed. However, emissions from
industrial metals extraction increased to 3.0%/yr, as Asian economies
like China and India rapidly expanded industrial production.

The fourth category, mercury production and use, shows a con-
tinuation of the decline that began ca. 1970 (Horowitz et al., 2014), at a
rapid rate of 4.1%/yr, until 2010. This was due to phase-out of the use
of Hg in industrial processes, electrical devices, etc., particularly in the
developed world. However, it appears that several years prior to 2010,
emissions from this source category bottomed out, and a slow increase
commenced (1.3%/yr), perhaps reflecting the completion of phase-out
of the easy Hg-replacement options in the developed world and slow
growth of Hg use in the industrial expansion of developing countries.
Fig. 2 also shows the slow, continued, growth in Hg emissions from
ASGM. Our analysis suggests that annual Hg emissions in this source
category grew from 584 Mg in 2000 to 727 Mg in 2010 and 775 Mg in
2015.

As Table 2 shows, the largest sectoral increases in global Hg emis-
sions during 2010–2015 were in mercury production (7.9%/yr), caustic
soda production (6.3%/yr), and cement production (6.3%/yr). The
largest decreases in emissions were in dental applications (−5.6%/yr),
electrical equipment (−5.2%/yr), and oil combustion (−0.2%/yr). In
2015, Hg emissions were still dominated by ASGM (775 Mg), coal
combustion (558 Mg), and cement production (206 Mg).

3.2. Regional emission trends

Fig. 3 shows the same types of trends as Fig. 2, but this time dis-
aggregated into the seven major world regions. There has been a con-
tinuation of the reduction in Hg emissions in the North Atlantic region
(defined for this purpose as North America, OECD Europe, Eastern
Europe, and the Former Soviet Union) that began in about 1970. For the
complete period from 2000 to 2015, emissions declined by 4.6%/yr in
North America and by 3.5%/yr in Europe and the Former Soviet Union.
Little change is evident in South America. Emissions in Africa and the
Middle East remained high, with a slight increase of 1.3%/yr, due to
continued expansion of ASGM, as discussed previously. Asia showed the
greatest change, particularly East Asia (4.3%/yr increase) and South
Asia (3.1%/yr increase). In the rest of Asia and Oceania there was a
slight decline in emissions of 1.1%/yr.

Emissions for the Asian regions are acknowledged to be uncertain.
For South Asia, our estimate for 2010 (153 Mg) is very similar to that of
the GMA (154 Mg) (UNEP, 2013). However, a comprehensive study of

Table 1
Annual emissions of mercury by world region (unit: Mg/yr).

World region 2000 2010 2011 2012 2013 2014 2015 2010–2015 growth (%/yr)

Canada 12.7 9.8 9.1 8.7 8.6 8.7 8.3 −3.16
USA 127.7 73.1 66.9 59.1 55.5 50.6 42.7 −10.19
Central America 33.5 26.4 29.6 31.1 32.1 33.1 34.3 5.42
South America 239.0 266.0 279.5 279.6 270.9 271.5 275.8 0.73
Northern Africa 38.0 14.0 14.4 15.2 15.1 15.8 16.3 3.13
Western Africa 111.3 163.9 177.4 183.2 182.4 189.0 193.7 3.41
Eastern Africa 19.1 59.9 65.8 69.9 69.9 70.7 72.9 4.00
Southern Africa 147.6 106.9 108.5 110.8 109.7 112.3 112.8 1.09
OECD Europe 106.2 51.2 49.3 48.1 44.7 40.9 38.0 −5.77
Eastern Europe 49.4 35.9 37.8 35.8 34.4 33.5 33.6 −1.31
Former USSR 114.9 85.1 87.8 88.2 86.6 85.5 86.4 0.30
Middle East 49.3 39.3 41.7 43.8 43.1 45.4 46.3 3.36
South Asia 120.8 153.3 160.7 169.3 174.9 184.6 191.6 4.56
East Asia 532.7 901.4 961.2 973.9 997.3 1002.3 1012.3 2.35
Southeast Asia 224.6 168.2 176.1 178.6 176.7 180.6 187.5 2.19
Oceania 28.6 25.7 26.4 26.7 27.1 27.6 28.8 2.35
Japan 8.8 8.1 7.9 8.2 8.4 8.4 8.3 0.57
Global Total 1964.1 2188.0 2300.2 2330.0 2337.4 2360.5 2389.8 1.78
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Hg releases in India has somewhat higher values, including an estimate
of emissions to air of 236 Mg in 2010 (Chakraborty et al., 2013), which
nevertheless is well within the GMA uncertainty range of 78–358 Mg.
Detailed studies of Hg flows in all aspects of economic activity, such as
Chakraborty et al. (2013), can be very valuable in refining emission
estimates—and they often lead to higher estimates arising from missing
source types or underestimated emission rates. More such national
studies are needed to improve the accuracy of global estimates.

The declines on both sides of the North Atlantic are reflected in
measurement trends recorded at sites in North America and Europe, as
shown later in this paper. However, they should not be considered to be
representative of recent global trends, as Fig. 3 shows. For example, the
combined emissions in the North Atlantic region in 2015 (243 Mg) are
only a quarter of the emissions in East Asia alone (1021 Mg). The ray of
hope on the horizon is that the increasing trend of Hg emissions in East
Asia slowed considerably since 2010, down to 2.3%/yr, due to the
widespread installation of FGD systems on coal-fired power plants in
China. Counteracting this improvement, however, is the observation
that Hg emission trends in South Asia have risen faster since 2010, at a
rate of 4.6%/yr, because of large-scale expansion of coal use without

effective emission controls.
Table 1 shows that the largest regional increases in Hg emissions

during 2010–2015 were in Central America (5.4%/yr), South Asia
(4.6%/yr), and Eastern Africa (4.0%/yr). The largest decreases were in
the U.S. (−10.2%/yr), OECD Europe (−5.8%/yr), and Canada
(−3.2%/yr). In 2015, Hg emissions were the highest in East Asia
(1012 Mg), South America (276 Mg), and Western Africa (194 Mg).

3.3. Global emission trends

Tables 1 and 2 summarize the annual Hg emission estimates for the
study period 2010–2015, as well as the year 2000 for comparison. The
estimates reveal that global Hg emissions continued to grow throughout
the study period, from 2188 Mg in 2010–2390 Mg in 2015, a growth of
9.2% over the entire period, or a growth rate of 1.8%/yr. This re-
presents an increase over the growth rate for the period 2000–2010,
which was 1.1%/yr, aided by the economic recession of the late 2000s
and the continued decline of commercial Hg production and use. As we
discuss in Sec. 4, the 2010–2015 increasing trend in global Hg emis-
sions is a reversal of the declining trend in global emissions from ca

Table 2
Annual emissions of mercury by source category (unit: Mg/yr).

Source category 2000 2010 2011 2012 2013 2014 2015 2010–2015 growth (%/yr)

Copper smelting 57.3 59.7 62.4 62.8 65.2 69.8 70.0 3.23
Zinc smelting 81.7 96.4 98.2 90.1 95.3 98.2 103.6 1.44
Lead smelting 16.7 25.2 28.0 29.0 28.0 28.4 25.6 0.36
Iron manufacturing 22.1 38.2 40.9 41.7 44.0 44.4 43.4 2.60
Steel making 4.8 9.9 10.4 10.6 11.6 12.0 11.7 3.48
Mercury production 36.4 22.6 20.4 18.9 23.8 28.1 33.0 7.87
Gold, large-scale 82.7 87.1 91.9 98.1 104.9 109.4 112.1 5.18
Gold, ASGM 583.7 726.8 779.4 786.1 752.9 757.1 775.1 1.30
Cement production 74.3 151.9 168.5 177.1 188.6 192.8 206.3 6.31
Caustic soda 44.5 14.8 15.9 16.9 18.0 19.1 20.1 6.31
Coal combustion 359.9 538.2 564.4 576.1 580.1 573.6 558.3 0.74
Oil combustion 13.7 14.4 14.4 14.5 14.3 14.2 14.3 −0.22
Municipal waste 202.6 124.3 127.6 130.8 134.1 137.4 140.6 2.50
Other waste burning 201.9 149.3 152.6 155.8 159.1 162.3 165.6 2.09
Electrical equipment 118.7 81.1 77.3 73.5 69.7 65.9 62.0 −5.22
Chemicals 13.9 26.4 27.5 28.6 29.6 30.7 31.8 3.74
Dental 49.4 21.5 20.4 19.3 18.3 17.2 16.1 −5.60
Global Total 1964.1 2188.0 2300.2 2330.0 2337.4 2360.5 2389.8 1.78

Fig. 2. Emissions of Hg (Mg/yr) from four aggregated source categories for the period 2010–2015, with the year-2000 values shown for comparison.
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1970 to the late 2000s that was reflected in declines in measured Hg
concentrations at most sites during this period.

In comparison with other studies, our reference global emission
estimate for the year 2010 in this work, 2188 Mg, which is slightly
lower than the value of 2270 Mg reported in Streets et al. (2017) be-
cause of the adjustment of China's smelting emissions reported in Sec. 2,
is higher than the GMA value of 1960 Mg (UNEP, 2013: AMAP/UNEP,
2013). A recent estimate of 2010 emissions from the EDGARv4.tox2 Hg
inventory (Muntean et al., 2018), on the other hand, is 10% lower than
the GMA inventory for matching sectors. All three of these estimates are
well within the GMA uncertainty range for global Hg emissions of
1010–4070 Mg (UNEP, 2013; AMAP/UNEP, 2013), illustrating just how
challenging it is to quantify Hg emissions from many economic sectors
and regions of the world that do not have transparent characterizations
of technology and activity levels.

Fig. 4 presents a pictorial summary of trends during the period

2010–2015 for Hg emissions in important regional components of the
global situation, compared with trends in selected key factors that in-
fluence the releases of Hg to the atmosphere. The increase in global Hg
emissions was less than the growth in global GDP (5.2%/yr) (IMF,
2018) and global industrial production (2.0%/yr) (World Bank, 2018),
but more than the growth in global population (1.2%/yr) (United
Nations, 2017). Fig. 4 shows that South Asia (essentially India) has
taken over from East Asia (essentially China) as the fastest growing
region for Hg emissions (4.6%/yr vs. 2.3%/yr); this is consistent with
similar trends in SO2 emissions (Li et al., 2017). ASGM is still a large
contributor to total emissions, but it is no longer growing as fast as it
once was (1.3%/yr). Emissions from coal combustion were relatively
stable in this period (0.7%/yr) and declining since 2013. It is clear that
emissions in the North Atlantic region continue to decline (−4.4%/yr),
aided mostly by reductions in the production and uses of Hg for com-
mercial applications (−2.0%/yr). While this is a significant and

Fig. 3. Emissions of Hg (Mg/yr) from seven world regions for the period 2010–2015, with the year-2000 values shown for comparison. Note that the scale for the East
Asia trend is doubled in order to make the trends in all regions clearly visible.

Fig. 4. Key trends (2010 = 1) in Hg emissions and related factors for the period 2010–2015.
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beneficial decline, it should not be considered to be representative of
global trends; the absolute value of Hg emissions in this region is now
heavily outweighed by Asian emissions, as discussed later in this paper.

3.4. Elemental mercury trends

Thus far, the emission trends discussed in this paper have been
concerned with total Hg emissions to the atmosphere, but it is also
important to examine the trends in emissions of divalent Hg and ele-
mental Hg. The former has a lifetime of days to weeks, compared to
many months for the latter (Corbitt et al., 2011; Horowitz et al., 2017).
If the fraction of total Hg emitted as Hg0 changed during the period
2010–2015, then the balance between long-range Hg transport and
local Hg deposition will have changed commensurately. This has im-
portant implications for trends in measured Hg concentrations. In this
work we calculated Hg0 emissions as in previous work, for each source
type separately (Streets et al., 2017, 2018). The results are shown in
Fig. 5, which presents the change in the Hg0/Hg fraction since 2010,
globally and for key world regions and source categories. These frac-
tional changes would need to be combined with the absolute values of
Hg emissions for each component in order to determine whether the
changes are significant or not at global or regional level.

Over the six-year period we find negligible change in the global
fraction of Hg0 in total Hg. The fraction has remained stable at ∼0.69
throughout the six-year period. However, there have been changes in
key regions and source categories. We find that the fraction has in-
creased in North America (2.3%/yr) and Europe (0.7%/yr), which is
consistent with earlier findings reported by Zhang et al. (2016) for the
period 1995–2010. We attribute these increases to ongoing region-wide
reductions in emissions of Hg from industrial operations; divalent and
particulate Hg are captured, while Hg0 is not. Thus, the fraction of Hg0

increases over time and long-range transport of Hg is favored over local
deposition in the North Atlantic area. The fractions of Hg0 in emissions
in South Asia and East Asia have grown only slightly, each by 0.1%/yr.

Certain sources of Hg have changed their Hg0/Hg fractions as a
result of technological transformations and/or the implementation of
emission controls. Coal combustion emissions worldwide have seen a
greater increase in the Hg0 fraction (0.4%/yr), due in large part to the
widespread use of FGD in China. Commercial Hg emissions have shown
the largest change (3.2%/yr increase) from 0.74 to 0.87. This is due to
the elimination or major reduction in the uses of Hg in industrial

chemical operations. What remains currently is largely the use of Hg in
commercial products like electrical and measuring equipment, dental
applications, etc., and thus the fraction of Hg0 trends rather quickly
towards the value of 1 for this source category.

3.5. Uncertainty in emission estimates

We performed an uncertainty analysis for the 2010–2015 emission
estimates, following the method initially developed for China (Wu
et al., 2010) and subsequently expanded for global emissions (Streets
et al., 2011) that uses a Monte Carlo framework of 10,000 simulations
and uncertainty estimates for all emission factors and activity levels.
Fig. 6 shows the uncertainty bounds for total Hg releases in this work,
expressed as 80% confidence intervals (C.I.) surrounding the central
estimates. This means that the probability of releases being outside the
calculated range is 20% or less. The uncertainty range is relatively
unchanged throughout the period, falling slightly from +44%/-20% in
2010 to +42%/-19% in 2015, driven by the changing mix of source
types. The range is somewhat larger than it was in the year 2000
(+38%/-18%), due to the increasing role of ASGM and the high un-
certainty in emission factor and activity level associated with it. De
Simone et al. (2017) examined the propagation of emissions un-
certainty through global transport models to uncertainty in deposition
estimates, concluding that the uncertainty in deposition flux is high,
because of the significant contribution of remote source regions to total
deposition in many receptor regions.

4. Observed and modeled trends

The emissions calculated in this work are shown in Fig. 7A and B,
with sub-regional spatial distributions from Zhang et al. (2016). Results
show a continued decline in anthropogenic Hg emissions in North
America and Europe between 2010 and 2015. We then modeled the
corresponding change in surface air concentrations of total gaseous
mercury (TGM) using the emissions from this work and the GEOS-Chem
global atmospheric Hg simulation model (Horowitz et al., 2017; http://
geos-chem.org) (Fig. 7C and D). Results show small declines in surface
air TGM concentrations in eastern North America and Western Europe
between 2010 and 2015, where most emission reductions are occurring,
but slight increases for much of the rest of the world driven by the
continued increases in emissions from Asia and ASGM. Observed

Fig. 5. Trends in the Hg0/Hg fraction in atmospheric Hg emissions from major world regions and key source types for the period 2010–2015.
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declines in eastern North America surface air TGM concentrations be-
tween 2010 and 2015 are clearly flatter than the emission trends be-
tween 2010 and 2015 (i.e., −4.4%/yr for North America) and increase
in some parts of the region due to the increasing contribution of global
background TGM to surface air as regional emissions decline. The lar-
gest increases in surface air TGM between 2010 and 2015 are apparent

in Asia and can be attributed to continued growth in emissions from
industrial metals extraction (4%/yr) and coal combustion (2%/yr) in
China.

Global anthropogenic Hg emissions estimated in this study in-
creased by 1.8%/yr between 2010 and 2015, mainly due to continued
increases in Asia and the ASGM sector globally. In prior work, we found

Fig. 6. Uncertainty bounds of total Hg release estimates (Mg/yr) for 2000 and 2010–2015, showing 80% confidence intervals (C.I.) around the central estimates.

Fig. 7. Global anthropogenic Hg emissions and corresponding simulated surface total gaseous mercury (TGM) concentrations based on the GEOS-Chem global
chemical transport model (Horowitz et al., 2017). Panels (A) and (C) show anthropogenic emissions and surface concentrations for the year 2010. Panels (B) and (D)
show the differences between 2015 and 2010 emissions and surface concentrations of TGM, respectively.
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an increase of 1.1%/yr between 2000 and 2010 (Streets et al., 2017).
TGM concentrations measured in the free troposphere provide a good
indication of global background concentrations. Observations between
2010 and 2015 indicate a slight increase in concentrations at the Mauna
Loa Observatory in Hawaii of 1.2 ± 2.0%/yr, but this trend is not
statistically significant (Fig. 8A). For the CARIBIC commercial flight
data, which includes continental Europe, North America, and the North
Atlantic, there is a slight decrease of −0.60 ± 0.58%/yr between 2010
and 2015, but this is also not statistically significant (Fig. 8A). The
CARIBIC measurements are from repeated aircraft measurements, while
the Mauna Loa data are from a long-term monitoring station, so we
think this data set is a good indicator of global background. Observed
trends in free tropospheric TGM reflect a combination of primary an-
thropogenic emissions and re-emissions from terrestrial and aquatic
surfaces. Jiskra et al. (2018) recently proposed that increased terrestrial
primary productivity and associated vegetative uptake of Hg0 in the
Northern Hemisphere over the last 20 years has contributed to the
observed decline in TGM. This may have offset some of the global Hg
emission increases in recent years suggested by the present work.

Anthropogenic emissions of Hg declined substantially in North
America (4.6%/yr) and Europe (3.5%/yr) between 2000 and 2015.
Clear evidence of corresponding declines of surface air TGM con-
centrations in these regions is apparent in the observations (Fig. 8B and
C). However, surface air TGM concentrations from long-term mon-
itoring stations between 2010 and 2015 suggest that decreases in North
America and Western Europe may be leveling off in recent years
(Fig. 8B and C). Similar to results shown in Fig. 7C and D, these ob-
servations suggest that regional trends have been offset by continued
increases in global emissions between 2010 and 2015.

Observed patterns in surface air TGM concentrations (Fig. 8B and C)
are consistent with the conclusions of several prior studies, which
suggest that observed declines in surface air TGM concentrations in the
late-1990s began to reverse in the mid-to-late 2000s. For example,
Weiss-Penzias et al. (2016) found declines in atmospheric TGM con-
centrations at most sites in the U.S. between the late 1990s and mid-
2000s. However, between 2007 and 2013 trends were more mixed
across the country with declines in TGM in some regions of the Eastern
U.S. and increases among some sites in the Midwestern and Western U.S
(Weiss-Penzias et al., 2016). Martin et al. (2017) reported a downward
trend in TGM concentrations at Cape Point, South Africa, between 1995
and 2005 and an upward trend between 2007 and 2015. Ebinghaus
et al. (2011) reported decreases of 1.6–2.0%/yr between 1996 and
2008 at Mace Head, Ireland; and Weigelt et al. (2015) noted slower
declines in later years (up to 2013) that were steeper for polluted
European air masses than sub-tropical maritime air. Read et al. (2017)
found a decreasing trend in TGM of −4.2 ± 3.3%/yr between 2011
and 2015 at Cape Verde, a remote sub-tropical Atlantic site. Tang et al.
(2018) reported recent trends of atmospheric Hg in East China that
showed a decline in GEM concentrations between 2014 and 2016, in
contrast to reported continuous increases up to 2012 (Fu et al., 2015).
This recent decline is attributed to air pollution control polices that
targeted SO2, NOx, and PM, and had co-benefits for Hg control. These
policies have been most effective in the more highly developed regions
of China, like the Yangtze River Delta where the measurements of Tang
et al. (2018) were taken. This is consistent with our emission trends that
show a leveling off of Hg emissions in the entire East Asia region by
2015 (Table 1 and Fig. 3).

5. Conclusions for policy development

The emission trends reported in this work for the period from 2010 to
2015 have implications for the development of national, regional, and
global policies, including implementation of the Minamata Convention.
We summarize in Fig. 9 the most significant trends that have driven global
emissions over the past 50 years. Increasing industrialization after World
War II drove a steady increase in global Hg emissions that peaked around

the year 1970 (blue line in Fig. 9). Along the pathway from 1950 to 1970,
the North Atlantic region (the U.S. and Western Europe, primarily) was
driving the increases (green line in Fig. 9). Between 1960 and 1970, in-
creasing awareness of the deleterious impacts of Hg in the environment
began to influence emission control policies and the intentional use of Hg.
This effect, however, was largely experienced in the North Atlantic region,
where emissions declined rapidly after 1970, illustrating the success of
stringent regulations. The global decline was less dramatic due to the
contributions from other world regions. After 1980 or thereabouts, emis-
sions in Asia and Oceania (China and India, primarily) began to grow
rapidly. In contrast to these two extreme and opposing trends, Hg emis-
sions in the rest of the world remained relatively flat throughout the
period. Our results for the period 2010–2015 show that the decline in the
North Atlantic region and the increase in the Asia region have both leveled
out considerably. Fig. 9 shows how the roles of the North Atlantic and Asia
regions in releasing Hg into the environment have dramatically reversed in
the last 50 years. This shift is largely reflected in the atmospheric Hg
concentration measurements taken at sites around the world and in the
simulations of atmospheric concentrations by chemical transport models.
These regional trends, in combination, resulted in a downward trend in
global releases to the atmosphere since 1970 that likely ended in the late
2000s and was replaced by a slow increase thereafter; however, we find
that the increase had flattened out considerably by 2015. We conclude that
at present we are in a period of relative stasis in the input of Hg into the
atmospheric environment, and more action is needed to drive further
deceases in atmospheric concentrations.

The implications for control policies are clear. The phase-out of

Fig. 8. Measured concentrations of TGM in the atmosphere and linear trends
inferred from an ordinary linear regression on the annual means (only sig-
nificant trends are shown). Data for the free troposphere are from the Mauna
Loa Observatory (MLO) in Hawaii and the CARIBIC commercial flight data
(www.caribic-atmospheric.com), as summarized in Zhang et al. (2016). North
American atmospheric data are from the CAMNet (https://www.ec.gc.ca/
natchem) and AMNet (nadp.sws.uiuc.edu/amn) networks and the Experi-
mental Lakes Area, Canada. Observations in Western Europe are from the EMEP
network (www.emep.int) and Global Mercury Observing System (GMOS) data
from Sprovieri et al. (2016).
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mercury use in products and processes in the North Atlantic region has
been very successful. Accompanied by controls on fossil-fuel combus-
tion and industrial production, emissions in this region dropped dra-
matically between 1970 and 2010. Though these initiatives should
continue to be pressed, the gains in terms of additional reductions in
atmospheric concentrations are reduced as time goes on because their
benefits have been almost fully realized. We thus propose that emphasis
needs to shift to Asia, where a similar set of policies to the ones im-
plemented in the North Atlantic region can reduce the emissions growth
there and begin to drive down both regional and global emissions.
Trends in China in the past decade illustrate that large reductions in Hg
emissions can be achieved by targeting coal-fired power plants and
other industrial sources. To achieve the greatest declines in Hg con-
centrations, the North Atlantic model of elimination of intentional Hg
use is necessary in Asia and elsewhere. In addition, ASGM, which has
slowly driven up emissions in Africa and selected other areas around
the world, needs urgent attention. Improved gold extraction techniques
that reduce Hg emissions are urgently needed. Focusing on these topical
areas within the framework of the Minamata Convention would achieve
the greatest benefits.
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