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17 world regions (de!ned in Table S1 of the Supporting Informa-
tion (SI)). The method integrates our previous work on historical
and future emissions26!28 with our work on Hg emissions.9,29!31

For the 11 industrial commodities, the assembly of historical
production levels between 1850 and 2008 is documented in the
SI. For the three combustion-related emissions, the activity levels are
the same as used in previous work,26!28 disaggregated into 144
sector/fuel/technology combinations (see Table 3 of ref 28.).

A major challenge is to develop a representation of the time-
varying Hg emission factors associated with each industrial
activity. We have developed a dynamic representation of emis-
sion factors since 1850 to re"ect the transition from old, small-
scale, uncontrolled processes to modern, large-scale processes
with emission controls. We know that materials production has
grown year-by-year—sometimes dramatically—but at the same
time process technology has improved and pollution controls
have been adopted. So the resulting level of emissions at any
given time reduces to a competition between production growth
and technology improvement.

We use the following transformed normal distribution func-
tion to estimate the variation of Hg emission factors over time:

yr, p, t " #ar, p ! br, p$e# ! t2=2sr, p2$ % br, p

where yr,p,t = emission factor in region r for process p in year
t (g Mg!1); ar,p = pre-1850 emission factor (g Mg!1) in region r
for process p; br,p = best emission factor achieved in region r for
process p today (gMg!1); and sr,p = shape parameter of the curve
for region r and process p.

The use of such sigmoid curves to simulate the dynamics
of technology change has been previously applied to energy
and emission control technology,32 carbon sequestration,33 and

automobile technology.34 We have previously demonstrated the
use of this technique in estimating both historical26 and future28

emissions. 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 values of emission
factor y at any point in time. Parameter values where this technique
was used are provided in Table S2 of the SI.

Figure 1 illustrates the use of this technique for estimating Hg
emission factors for copper smelters. Note that we use !ve world
regions to represent di#erent emission factor trajectories. Eachworld
region is comprised of countries with similar levels of technology
development, ranging from most developed (Region 1) to least
developed (Region 5). The composition of these regions is provided
in Table S1 of the SI. Emission factors for each world region were
determined from a review of reported emission rates in representa-
tive countries6,8,29,35!38 and used to anchor each trajectory. Table S3
of the SI presents and documents emission factor ranges for each
industrial activity for 1850, 1930, and 2008 and provides citations for
the studies used in the development of the emission factor curves.
The procedure for combustion sources is di#erent and follows
previous work26,28 in that unique emission factors are developed for
each of the 144 sector/fuel/technology combinations, and transi-
tions from simple to advanced systems are determined by technolo-
gy shifts.

’RESULTS AND DISCUSSION

Historical anthropogenic Hg emission trends from 1850 to
2008 are shown in Figure 2, disaggregated by source type (upper)

Figure 1. Time development of Hg emission factors for Cu smelters in
!ve world regions. Each world region is comprised of countries with
similar levels of technology development, ranging from most developed
(Region 1) to least developed (Region 5). The composition of these
regions is provided in Table S1 of the SI.

Figure 2. Trends inHg emissions by (a) source type and (b) world region.
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Table 1. Average mercury concentrations and medians of all data measured at Cape Point by the continuous technique and data measured at
concentrations of 222Rn< 100mBqm!3.The standard deviations and number of measurements are also given.

Year GEM concentrations at 222Rn GEM concentrations, all data
<100mBqm!3[ng m!3]

Average Median Average Median

2007 0.873± 0.090 (90) 0.879 0.928± 0.181 (13036) 0.935
2008 0.921± 0.106 (858) 0.948 0.933± 0.132 (14418) 0.953
2009 0.867± 0.092 (1579) 0.861 0.872± 0.139 (12958) 0.870

from the NH and for a few months by emission from biomass
burning of which only the last one is confined to certain but
still large areas (Slemr et al., 2008).
Altogether, the concentration of gaseous mercury in

the SH decreased from about 1.35 ngm!3 around 1996
to about 0.9 ngm!3 around 2008. The trend calculated
from the least-square fit of the Cape Point data only is
!0.034± 0.005 ngm!3 yr!1 (r2 = 0.8677, n = 10). The
years 1995, 1997, and 1998 were not considered in this cal-
culation because of their uneven seasonal coverage (Slemr et
al., 2008). The trend calculated from Cape Point and ship
data is with !0.035± 0.006 ngm!3 yr!1 (r2 = 0.7439,n =
15) comparable. Both trends are substantially larger than
!0.015± 0.003 ngm!3 yr!1 calculated from the manual
measurements at Cape Point until 2004 (Slemr et al., 2008).
As discussed before, this difference can be explained neither
by the different measurement techniques nor by the different
data coverage. Figure 1 suggests that the downward trend
accelerated in the second half of the measurement period in
both hemispheres. Starting from a concentration of about
1.35 ngm!3 around 1996 the trend of !0.035 ngm!3 yr!1
translates to a decrease of 0.46 ngm!3 in 14 years until 2009,
i.e. a decrease of 34% since 1996. No other long-term ob-
servations of gaseous mercury concentrations have been re-
ported so far for this time interval in the SH.
The baseline gaseous mercury concentration at MH de-

creased from about 1.75 ngm!3 in 1996–1999 to about
1.4 ngm!3 in 2009. As shown by composite back attribution
plots for MH in Fig. 1 of Ebinghaus et al. (2011), the baseline
MH data are representative for a large area of the Northern
Atlantic including Greenland, Canada, and parts of the Arctic
Ocean. The data from ship cruises, measured predominantly
south of 50" N, suggest an even larger decrease within this
period. Please note that gaseous mercury concentrations of
about 1.1 ngm!3 measured over the northern Atlantic Ocean
in 2008 and 2009 are smaller than the annual median con-
centrations observed at CPT in the mid 1990s. Figure 1
of this paper also suggests a larger downward trend after
about 2002, in agreement with the observations in the SH.
The least-square fit of the baseline annual medians at Mace
Head provides a trend of !0.024± 0.005 ngm!3 yr!1 (r2 =
0.6398,n = 14) for the 1996–2009 period which is com-

Fig. 1. Trends of GEM concentrations in the Northern and South-
ern Hemispheres. The points and bars represent the annual medians
and the 95% confidence intervals of the medians, respectively. Mer-
cury was measured by manual double amalgamation technique (see
text) at Cape Point until 2004 and during the ship cruise in 1994,
all other measurements were made automated technique. The an-
nual medians of automated TGMmeasurements at Cape Point were
calculated using daily mean concentrations. The annual medians at
Mace Head were calculated from baseline hourly mean concentra-
tions (Ebinghaus et al., 2010). The median confidence intervals for
the continuous measurements are smaller than the symbols.

parable to !0.028± 0.010 ngm!3 yr!1 calculated from the
baseline monthly averages (Ebinghaus et al., 2011). In-
clusion of the median concentrations from the ship mea-
surements in 1994–2009 leads to a somewhat larger trend
of !0.035± 0.007 ngm!3 yr!1 (r2 = 0.5915,n = 19). The
least-square fit of the 1994–2009 ship data only is with
!0.051± 0.017 ngm!3 yr!1 (r2= 0.7576,n= 5) not signif-
icant.
The different trends calculated from the MH data only

and from data including the ship measurements point to
an inhomogeneous distribution of mercury within the NH.
Figure 1 of Slemr et al. (2003) shows this inhomogeneity

Atmos. Chem. Phys., 11, 4779–4787, 2011 www.atmos-chem-phys.net/11/4779/2011/
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17 world regions (de!ned in Table S1 of the Supporting Informa-
tion (SI)). The method integrates our previous work on historical
and future emissions26!28 with our work on Hg emissions.9,29!31

For the 11 industrial commodities, the assembly of historical
production levels between 1850 and 2008 is documented in the
SI. For the three combustion-related emissions, the activity levels are
the same as used in previous work,26!28 disaggregated into 144
sector/fuel/technology combinations (see Table 3 of ref 28.).

A major challenge is to develop a representation of the time-
varying Hg emission factors associated with each industrial
activity. We have developed a dynamic representation of emis-
sion factors since 1850 to re"ect the transition from old, small-
scale, uncontrolled processes to modern, large-scale processes
with emission controls. We know that materials production has
grown year-by-year—sometimes dramatically—but at the same
time process technology has improved and pollution controls
have been adopted. So the resulting level of emissions at any
given time reduces to a competition between production growth
and technology improvement.

We use the following transformed normal distribution func-
tion to estimate the variation of Hg emission factors over time:

yr, p, t " #ar, p ! br, p$e# ! t2=2sr, p2$ % br, p

where yr,p,t = emission factor in region r for process p in year
t (g Mg!1); ar,p = pre-1850 emission factor (g Mg!1) in region r
for process p; br,p = best emission factor achieved in region r for
process p today (gMg!1); and sr,p = shape parameter of the curve
for region r and process p.

The use of such sigmoid curves to simulate the dynamics
of technology change has been previously applied to energy
and emission control technology,32 carbon sequestration,33 and

automobile technology.34 We have previously demonstrated the
use of this technique in estimating both historical26 and future28

emissions. 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 values of emission
factor y at any point in time. Parameter values where this technique
was used are provided in Table S2 of the SI.

Figure 1 illustrates the use of this technique for estimating Hg
emission factors for copper smelters. Note that we use !ve world
regions to represent di#erent emission factor trajectories. Eachworld
region is comprised of countries with similar levels of technology
development, ranging from most developed (Region 1) to least
developed (Region 5). The composition of these regions is provided
in Table S1 of the SI. Emission factors for each world region were
determined from a review of reported emission rates in representa-
tive countries6,8,29,35!38 and used to anchor each trajectory. Table S3
of the SI presents and documents emission factor ranges for each
industrial activity for 1850, 1930, and 2008 and provides citations for
the studies used in the development of the emission factor curves.
The procedure for combustion sources is di#erent and follows
previous work26,28 in that unique emission factors are developed for
each of the 144 sector/fuel/technology combinations, and transi-
tions from simple to advanced systems are determined by technolo-
gy shifts.

’RESULTS AND DISCUSSION

Historical anthropogenic Hg emission trends from 1850 to
2008 are shown in Figure 2, disaggregated by source type (upper)

Figure 1. Time development of Hg emission factors for Cu smelters in
!ve world regions. Each world region is comprised of countries with
similar levels of technology development, ranging from most developed
(Region 1) to least developed (Region 5). The composition of these
regions is provided in Table S1 of the SI.

Figure 2. Trends inHg emissions by (a) source type and (b) world region.
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