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Abstract. Mercury emissions in South Africa have so far
been estimated only by a bottom-up approach from ac-
tivities and emission factors for different processes. In
this paper we derive GEM/CO (GEM being gaseous el-
emental mercury, Hg0), GEM/CO2, GEM/CH4, CO/CO2,
CH4/CO2, and CH4/CO emission ratios from plumes ob-
served during long-term monitoring of these species at
Cape Point between March 2007 and December 2009.
The average observed GEM/CO, GEM/CO2, GEM/CH4,
CO/CO2, CH4/CO2, and CH4/CO emission ratios were 2.40
± 2.65 pg m−3 ppb−1 (n = 47), 62.7± 80.2 pg m−3 ppm−1

(n = 44), 3.61 ± 4.66 pg m−3 ppb−1 (n = 46), 35.6 ±

25.4 ppb ppm−1 (n = 52), 20.2± 15.5 ppb ppm−1 (n = 48),
and 0.876± 1.106 ppb ppb−1 (n = 42), respectively. The ob-
served CO/CO2, CH4/CO2, and CH4/CO emission ratios
agree within the combined uncertainties of the observations
and emissions with the ratios calculated from EDGAR (ver-
sion 4.2) CO2, CO, and CH4 inventories for South Africa and
southern Africa (South Africa, Lesotho, Swaziland, Namibia,
Botswana, Zimbabwe, and Mozambique) in 2007 and 2008
(inventories for 2009 are not available yet). Total elemental
mercury emission of 13.1, 15.2, and 16.1 t Hg yr−1 are es-
timated independently using the GEM/CO, GEM/CO2, and
GEM/CH4 emission ratios and the annual mean CO, CO2,
and CH4 emissions, respectively, of South Africa in 2007
and 2008. The average of these independent estimates of
14.8 t GEM yr−1 is much less than the total emission of
257 t Hg yr−1 shown by older inventories which are now con-
sidered to be wrong. Considering the uncertainties of our
emission estimate, of the emission inventories, and the fact
that emission of GEM represents 50–78 % of all mercury

emissions, our estimate is comparable to the currently cited
GEM emissions in 2004 and somewhat smaller than emis-
sions in 2006. A further increase of mercury emissions due
to increasing electricity consumption will lead to a more pro-
nounced difference. A quantitative assessment of the differ-
ence and its significance, however, will require emission in-
ventories for the years of observations (2007–2009) as well
as better data on the speciation of the total mercury emissions
in South Africa.

1 Introduction

Mercury emissions to the atmosphere are of global impor-
tance because of its long range transport, deposition and par-
tial transformation to highly neurotoxic methyl mercury. The
latter is then bio-accumulated in the aquatic nutrition chain
and may affect both human populations and fauna which are
dependent on fish (Mergler et al., 2007; Scheuhammer et al.,
2007). Emissions from different natural and anthropogenic
processes such as volcanic emissions, emissions from soil
and coal as well as biomass burning have thus been de-
termined and the spatially and temporally resolved emis-
sion inventories calculated from the emission factors ob-
tained in these studies (e.g. Nriagu and Pacyna, 1988; Nriagu,
1989; Pirrone et al., 1996, 1998, 2010; Pacyna et al., 2002,
2003, 2006, 2010; Streets et al., 2005, 2009). Despite all
these efforts the emission estimates are still quite uncer-
tain, especially those related to natural sources and anthro-
pogenic emissions in rapidly developing countries in East
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and South-East Asia (Lin et al., 2006; Lindberg et al., 2007;
Pacyna et al., 2010; Pirrone et al., 2010).

Emissions from southern Africa are one example of these
uncertainties. In emission inventories for 1995 and 2000
South Africa and especially its provinces Gauteng and
Mpumalanga were supposed to represent the region with the
highest mercury emission density within the southern hemi-
sphere (Pacyna et al. 2003; Wilson et al., 2006). The emis-
sions were attributed to coal burning and gold production
in equal parts. Whereas the emissions from coal burning
are reasonably well documented, the large emission from
gold production has been found to be incorrect as indus-
trial gold production in South Africa relies almost exclu-
sively on cyanide technology which does not emit mer-
cury (Dabrowski et al., 2008; Leaner et al., 2009; Masekoa-
meng et al., 2010). According to the more recent inven-
tories the mercury emissions in South Africa amounted to
40 t Hg yr−1 in 2004 (Leaner et al., 2009) and 50 t Hg yr−1 in
2006 (Masekoameng et al., 2010).

All emission estimates mentioned above represent a
bottom-up approach in which emissions from different indi-
vidual processes are estimated from the activities, their cor-
responding emission factors and the resulting emissions are
then summed up. On a global scale, 3-D-models in com-
bination with observations constrain the emission estimates
(e.g. Selin et al., 2007; 2008; Strode et al., 2007) but the un-
certainty of these constraints is seldom smaller than that of
the emission inventories. In addition, such global constraints
do not provide much information about regional emission
densities. At regional and local scales the emission invento-
ries can be constrained directly by observations (e.g. Jaffe
et al., 2005; Slemr et al., 2002, 2006). In this paper we
analyze the pollution events observed at Cape Point dur-
ing the period between March 2007 and December 2009.
GEM/CO, GEM/CO2, GEM/CH4, CO/CO2, CH4/CO2, and
CH4/CO emission ratios are calculated from the correlations
of these species during pollution events and GEM emissions
are then calculated from known CO, CO2, and CH4 emis-
sions in South Africa. In addition the GEM/CO, GEM/CO2,
and GEM/CH4 emission ratios for plumes which according
to the backward trajectories originate from the Gauteng and
Mpumalanga provinces are compared with emission ratios
from other regions.

2 Experimental

The Cape Point station (34◦21′ S, 18◦29′ E) is part of the
World Meteorological Organization’s (WMO) Global Atmo-
sphere Watch (GAW) network. Cape Point is about 60 km
south of Cape Town, and located on top of a coastal cliff
230 meters above sea level at the southern-most tip of the
Cape Peninsula. The site is located in a nature reserve and
experiences moderate temperatures, dry summers with occa-
sional biomass burning episodes in the surrounding area and

increased precipitation during austral winter. The dominant
wind direction is from the south-eastern sector which is rep-
resentative of clean maritime air from the Southern Ocean
(Brunke et al., 2004). The site is occasionally also subjected
to air from the northern to north-eastern sector (mainly dur-
ing austral winter), which is influenced by anthropogenic
emissions from the greater Cape Town area and/or by other
continental sources.

Within the framework of the WMO-GAW program, con-
tinuous trace gas measurements of CO2, CH4, CO and O3
have been made at Cape Point for more than 25 yr (Scheel et
al., 1990). Gaseous mercury concentrations have been mea-
sured discontinuously (about 200 samples per year) since
September 1995 (Baker et al., 2002) and continuously with a
resolution of 15 min since March 2007 (Brunke et al., 2010).

Continuous measurements of gaseous mercury are made
using a Tekran 2537A vapor-phase mercury analyzer man-
ufactured by Tekran Inc., Toronto, Canada. It is capable of
measuring low level mercury concentrations typically ob-
served at background locations (Ebinghaus et al., 1999;
Munthe et al., 2001). The analyzer is operated in an air-
conditioned laboratory and run with a sampling air flow rate
of 1 l min−1 at 15 min sampling intervals. The mercury de-
tection limit under these conditions is about 0.05 ng m−3 and
the span of the analyzer is checked by an internal permeation
source once every 25 h. The air sample intake was attached to
a 30-m high aluminum sampling mast at a height of approx-
imately 5 m above the rocky surface and about 235 m above
sea level. A Teflon filter (pore size 0.2 µm; ID = 45 mm) up-
stream of the instrument protects the analyzer against con-
tamination by particulate matter. The filter has been replaced
once every two weeks. The 15-min mercury data have been
converted to 30-min averages so that comparisons with other
trace gas and meteorological data being measured simulta-
neously at Cape Point could be made. Under the prevail-
ing atmospheric conditions at Cape Point (higher temper-
ature and air humidity, in addition to hygroscopic sea salt
aerosols) we assume that reactive gaseous mercury (RGM)
will be adsorbed by the inlet tubing and the aerosol fil-
ter and that the measured atmospheric mercury concentra-
tion thus represents exclusively gaseous elemental mercury
(GEM) (Brunke et al., 2010). All mercury data concentra-
tions are given as ng m−3 (STP) with a standard temperature
of 273.16 K and pressure of 1013 mbar.

Carbon monoxide has been measured at Cape Point since
December 1989 with a model RGA-3 (Trace Analytical,
Stanford, California) instrument. The analytical principle is
the reduction of HgO by CO to Hg vapor and its subse-
quent detection by atomic absorption at 254 nm. CH4 mea-
surements started in 1982 and are made by the well estab-
lished GC-FID technique making use of a 13X molecular
sieve column. Carbon dioxide has been measured since 1992
with a URAS 4T NDIR analyzer. The measurements of all
three trace gases are linked to the NOAA-ESRL scale. The
uncertainties (expressed as percentage variations at currently

Atmos. Chem. Phys., 12, 7465–7474, 2012 www.atmos-chem-phys.net/12/7465/2012/



E.-G. Brunke et al.: Emissions of mercury in southern Africa 7467

Table 1.Statistics of 67 identified PEs and their slopes of correlation for Hg/CO, Hg/CO2, Hg/CH4, CO/CO2, CH4/CO2, and CH4/CO.

Correlation Events with available data Significant correlations>95 % Slope

Range Average Median

GEM/CO [pg m−3 ppb−1] 67 47 0.20–11.5 2.40± 2.65 1.41
GEM/CO2 [pg m−3 ppm−1] 63 44 12.3–436 62.7± 80.2 34.1
GEM/CH4 [pg m−3 ppb−1] 67 46 0.365–24.8 3.61± 4.66 2.13
CO/CO2 [ppb ppm−1] 63 52 3.98–169 35.6± 25.4 30.1
CH4/CO2 [ppb ppm−1] 63 48 1.05–77.3 20.2± 15.5 15.7
CH4/CO [ppb ppb−1] 67 42 0.092–6.62 0.876± 1.106 0.508

observed background levels) for CO2, CH4, and CO amount
to 0.01, 0.2, and 4.0, respectively. Analytical details of the at-
mospheric parameters measured have been summarized un-
derwww.empa.ch/gaw/gawsisand have also been described
in previous publications (Brunke et al., 1990; Scheel et al.,
1990; WMO report no. 161, 2005).

Jaffe et al. (2005) uses the slopes of the X vs Y correla-
tions as emission ratios under assumptions of (a) no losses
of the substances during the transport, (b) constant source
with fixed emission ratios, and (c) constant background con-
centration during the event. The assumption (b) can be ex-
tended for multiple sources along the trajectory of an event if
their relative contribution remains constant during the event.
As the events last on average 7.2 h and none lasts more than
17.5 h, these assumptions are reasonable. GEM vs. CO, CO2,
CH4, CO and CH4 vs. CO2 , and CH4 vs CO were all cor-
related using orthonormal regression (Cantrell, 2008) which
takes the uncertainties of the measurements of both corre-
lated parameters into account. These uncertainties were set
to 0.05 ng m−3, 1 ppb, 0.05 ppm, and 2 ppb for mercury, CO,
CO2, and CH4, respectively. The individual correlations are
listed in the supporting materials. Four significant correla-
tions with negative slopes were not considered in the statisti-
cal analysis.

The regions of origin for the pollution events were inter-
preted using ten-day isentropic backward trajectories from
NOAA ESRL (http://www.esrl.noaa.gov/gmd) and seven-
day back trajectories calculated by NILU using FLEX-
TRA model (http://tarantula.nilu.no/trajectories/index.cfm).
The GEM emissions were calculated using the CO, CO2,
and CH4 emission data for 2007 and 2008 from Emission
Database for Global Atmospheric Research (EDGAR), ver-
sion 4.2. The data for 2009 are not available yet.

3 Results and discussion

3.1 Statistics of pollution events

Pollution events (PEs) were defined as events with GEM con-
centrations of 0.18 ng m−3 above the eleven day moving av-
erage (Brunke et al., 2010). Altogether 67 events were iden-
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Fig. 1: Seasonal frequency of PE occurrence. 
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Fig. 1.Seasonal frequency of PE occurrence.

tified for the period starting in March 2007 and ending in De-
cember 2009. Their seasonal frequency in Fig. 1 shows that
most of them occur only during one half of the year, i.e. from
March till August. Only two PEs per month were observed
during January, February and September and none in Octo-
ber, November and December. This is in agreement with the
climatology of the site where the predominant wind direction
is from the ocean during austral summer with a higher inci-
dence of air flow from the northern and north-eastern sectors
during austral winter (Brunke et al., 2010).

Table 1 provides an overview of the data availability, the
number of significant positive correlations (at a significance
level of > 95 %) of GEM with CO, CO2, CH4, of CO with
CO2, and of CH4 with CO2 and CO, the range, average, and
median of the corresponding regression slopes. CO and CH4
correlated with CO2 most frequently (83 and 76 % of all PEs
with available data, respectively), followed by GEM vs. CO,
CO2, and CH4 (70, 70, and 69 %, respectively). CH4 vs. CO
correlated least frequently with 63 % of all PEs with available
data. The calculated slopes span a range which is generally
two orders of magnitude, and the slope medians are usually
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Fig. 2.Frequency distribution of GEM/CO, GEM/CO2, GEM/CH4, CO/CO2, CH4/CO2, and CH4/CO slopes.

only about half as large as the slope average. This suggests a
strongly skewed distribution of the slopes for all correlations.

3.2 Observed emission ratios

The correlation slopes for GEM vs. CO range from 0.20 to
11.5 pg m−3 ppb−1, while their average and median values
amounted to 2.40± 2.65 (n = 47) and 1.41 pg m−3 ppb−1,
respectively. The standard error of the average GEM/CO
emission ratio, considered by us as relevant for the analysis
of uncertainty of emission estimates, is 0.39 pg m−3 ppb−1,

i.e. 16 % of the average. Figure 2 shows that 27 slopes
are located within the 0.5–2.0 pg m−3 ppb−1 range, while
three slopes fall below it. Fourteen slopes range from 2 to
12 pg m−3 ppb−1. The median slope of 1.41 pg m−3 ppb−1

and even the average slope are much smaller than the aver-
age slope of 5.0± 2.1 pg m−3 ppb−1 observed between 1996
and 2003 at Mace Head in plumes originating from Europe
(Slemr et al., 2006) and 5.6± 1.6 pg m−3 ppb−1 observed
in 2004 at Hedo Station, Okinawa, in plumes originating
from East Asia (Jaffe et al, 2005). However, the predomi-
nant range of 0.5–2.0 pg m−3 ppb−1 falls within the range
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of 0.7–2.2 pg m−3 ppb−1 of emission ratios observed in the
plumes from biomass burning (Friedli et al., 2009). This
suggests that most of the plumes originated from biomass
burning or were substantially influenced by it. This is not
surprising. Biomass burning in southern Africa (according
to EDGAR inventory mostly savanna burning, burning of
agricultural waste, forest and grassland fires) starts usually
in May, peaks in July–September and ceases in November
(Duncan et al., 2003; van der Werf et al., 2006). This sea-
sonal variation overlaps with the seasonal frequency of our
plume observations shown in Fig. 1 with most plumes occur-
ring between March and August.

The GEM/CH4 slopes range from 0.37 to 24.8 pg m−3

ppb−1 with an average of 3.61± 4.66 pg m−3 ppb−1 (n =

46) and a median of 2.13 pg m−3 ppb−1. The standard
error of the average GEM/CH4 emission ratio is 0.69 pg
m−3 ppb−1, i.e. 19 % of the average. The distribution of the
GEM/CH4 emission ratios is shown in Fig. 2. The emission
ratio observed at Mace Head in European plumes varied be-
tween 2.2 and 5.6 pg m−3 ppb−1. Methane is emitted from
many sources among which the biomass burning, leakage
during coal and natural gas extraction, enteric fermentation
and agricultural rice cultivation are the more important ones
(Clerbaux and Cunnold, WMO, 2007; EDGAR inventory).
Since none of these sources is dominant (Clerbaux and Cun-
nold, 2007; EDGAR inventory), the Hg/CH4 emission can-
not be used to attribute the origin of these emissions.

The GEM/CO2 slopes range from 12.3 to 436 pg m−3

ppm−1 with an average of 62.7± 80.2 pg m−3 ppm−1

(n=44) and a median of 34.1 pg m−3 ppm−1. The stan-
dard error of the average GEM/CO2 emission ratio is 12.1
pg m−3 ppm−1, i.e. 19 % of the average. Figure 2 shows a
frequency distribution of the Hg/CO2 slopes with 26 slopes
falling within the range of 10–40 pg m−3 ppm−1 and 9 slopes
in the range between 40–80 pg m−3 ppm−1. Eight slopes are
larger than 110 pg m−3 ppm−1. There is a lack of informa-
tion on GEM/CO2 emission ratios from different types of
burning. To the best of our knowledge the only emission
ratio for biomass burning (109± 27 pg m−3 ppm−1) has so
far been reported by Brunke et al. (2001) for a biomass fire
close to Cape Point. Taking the average Hg content of coal
(0.29 g Hg Mg−1 coal) into account as well as the average
Hg emission reduction of 0.39 due to flue cleaning in South
African power plants (Leaner et al., 2009), an average emis-
sion ratio of about 15 pg m−3 ppm−1 can be estimated for the
power plant plumes. Since the coal Hg content varies from
0.15 to 0.45 µg Hg g−1 coal and the flue cleaning process can
remove 50–90 % of mercury, the emission ratio can be ex-
pected to vary from about 2 to 30 pg m−3 ppm−1.

The correlation slopes of CO vs. CO2 range from 3.98–
169 ppb ppm−1, while their average and median values
amount to 35.6± 25.4 (n = 52) and 30.1 ppb ppm−1, respec-
tively. The standard error of the average CO/CO2 emis-
sion ratio is 3.52 ppb ppm−1, i.e. 10 % of the average. Fig-
ure 2 shows that except for one event with slope ex-

ceeding 100 ppb ppm−1 all other slopes are smaller than
70 ppb ppm−1. The emission ratios for biomass burning vary
from about 60 ppb ppm−1 for grassland savannas up to about
110 ppb ppm−1 for extra tropical forests (Andreae and Mer-
let, 2001; Singh et al., 2010), while the emission ratios
for fossil fuel burning varies between 5 and 25 ppb ppm−1

(Gamnitzer et al., 2006; Singh et al., 2010). Thirteen of the
slopes are smaller than 20 ppb ppm−1 suggesting that fossil
fuel burning contributes substantially to the plumes observed
at Cape Point.

The CH4/CO2 slopes range from 1.05 to 77.3 ppb ppm−1

with an average of 20.2± 15.5 ppb ppm−1 (n = 48) and a
median of 15.7 ppb ppm−1. The standard error of the average
is 2.24 ppb ppm−1, i.e. 11 % of the average. Their frequency
distribution in Fig. 2 is skewed with most of the slopes
being in the range of 1.1–40 ppb ppm−1. The CH4/CO2
emission ratio of biomass burning varies between 3.9 and
11.8 ppb ppm−1 (Andreae and Merlet, 2001). The distribu-
tion of the CH4/CO2 slopes and their average and median
thus again suggest that biomass burning is just one of several
CH4 sources.

The CH4/CO slopes range from 0.092 to 6.62 ppb ppb−1

with an average of 0.877± 1.106 ppb ppb−1 (n = 42) and
a median of 0.509 ppb ppb−1. The standard error of the
average is 0.171 ppb ppb−1, i.e. 20 % of the average. The
frequency distribution in Fig. 2 shows a skewed distribu-
tion with a pronounced peak at 0.25–0.5 ppb ppb−1, and
nine slopes above 1.0 ppb ppb−1. For plumes observed
over North America Singh et al. (2010) reported ratios of
0.08± 0.03 ppb ppb−1 for plumes of fresh biomass burn-
ing, 0.25± 0.10 ppb ppb−1 for a mixture of urban and aged
biomass burning plumes, and 1.1± 1.1 ppb ppb−1 for urban
plumes, making the CH4/CO emission ratio a good indica-
tor for the origin of the plumes. Apart from 4 slopes above
2 ppb ppb−1 the observations fall into all three categories.

3.3 Geographical origin of the PEs

According to the geographical distribution by Wilson et
al. (2006) most of the mercury emissions in southern Africa
are located in the eastern part of South Africa – more par-
ticularly in the provinces of Gauteng and Mpumalanga in
the northeast. Since mercury emissions from gold production
are assumed to be responsible for about half of all emissions
in the older inventories and gold production is an unlikely
source of CO and CH4, the GEM/CO and GEM/CH4 emis-
sion ratios for events originating from this region should dif-
fer from those of other regions. To investigate this we classi-
fied the pollution events according to their backward trajec-
tories into 4 groups: 1 – North-West Cape (with a subgroup
1(CT) – Cape Town), 2 – Gauteng, Mpumalanga, Botswana,
Zimbabwe, 3 – East Cape Province, 4 – marine with short
section over the continent. Figure 3 displays an example of a
typical backward trajectory for each group. Most of the pol-
lution events were embedded in marine air with only a short
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Table 2.Average and median slopes of GEM/CO, GEM/CO2, GEM/CH4, CO/CO2, CH4/CO2, and CH4/CO for different trajectory types.
Average, standard deviation and number of slopes are given in the upper line, medians in the lower line.

Trajectory type 1 2 3 4

GEM/CO
[pg m−3 ppb−1]

1.30± 1.15 (12)
0.90

2.69± 2.52 (5)
1.23

3.51± 4.48 (5)
1.63

2.65± 2.74 (25)
1.51

GEM/CO2
[pg m−3 ppm−1]

26.8± 9.3 (9)
30.5

49.9± 45.7 (5)
25.3

37.8± 15.8 (4)
32.4

81.5± 98.5 (26)
50.2

GEM/CH4
[pg m−3 ppb−1]

2.53± 3.21 (13)
2.10

3.09± 2.22 (6)
2.89

1.73± 0.51 (3)
1.68

4.57± 5.81 (24)
2.63

CO/CO2
[ppb ppm−1]

36.4± 21.8 (12)
28.6

31.6± 13.8 (8)
31.5

26.1± 15.1 (4)
20.9

37.7± 30.5 (28)
30.9

CH4/CO2
[ppb ppm−1]

15.8± 9.4 (12)
14.5

17.3± 15.9 (7)
13.4

19.4± 7.5 (3)
16.9

23.2± 18.0 (26)
17.2

CH4/CO
[ppb ppb−1]

0.517± 0.269 (11)
0.421

0.528± 0.304 (7)
0.571

1.029± 0.651 (3)
0.859

1.159± 1.484 (21)
0.444
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Fig. 3. Examples of the most frequent types of backward trajec-
tories for pollution events observed at Cape Point: class 1: North-
West Cape (with a subgroup 1(CT) – Cape Town, trajectory from 27
May 2008, 11:00 UTC); class 2: Gauteng, Mpumalanga, Botswana,
Zimbabwe (trajectory from 18 June 2008, 15:00 UTC); class 3: East
Cape Province (trajectory from 2 June 2008, 14:00 UTC); class 4:
marine with short section over the continent, i.e. local pollution (tra-
jectory from 26 July 2008, 13:00 UTC).

section over the continent (group 4, 25 events), followed by
pollution events originating from Namibia, the northern West
Cape Province and Cape Town (group 1, 11 events). Only
a few pollution events originated in Gauteng, Mpumalanga,
Botswana, and Zimbabwe (group 2, 8 events) and East Cape
Province (group 3, 5 events). The low frequency of pollution
events with origin over the industrialized Highveld region is
in agreement with the general transport pattern described by
Freiman and Piketh (2003).

Table 2 shows the averages and medians of GEM/CO,
GEM/CO2, GEM/CH4, CO/CO2, CH4/CO2, and CH4/CO

emission ratios for the different trajectory groups. The av-
erage emission ratios for different trajectory groups differ by
about a factor of 3 for GEM/CO, GEM/CO2, and GEM/CH4
and less than a factor of 2 for CO/CO2, CH4/CO2, and
CH4/CO suggesting that the distribution of GEM emissions
might be more inhomogeneously distributed than those of
CO, CO2, and CH4. Unfortunately, none of the differences
is statistically significant due to the large standard deviations
and a small number of events falling in categories 2 and 3.
Thus we conclude that there is no sign of extraordinary high
GEM/CO, GEM/CO2, and GEM/CH4 emission ratios in pol-
lution plumes originating in the provinces of Mpumalanga
and Gauteng. This finding is consistent with the emission es-
timates by Dabrowski et al. (2008), Leaner et al. (2009), and
Masekoameng et al. (2010) who deem substantial mercury
emissions from gold production non-existent because of the
use of cyanide extraction process.

3.4 GEM emission estimates

Before proceeding to the estimation of the GEM emissions
we compare in Table 3 the observed CO/CO2, CH4/CO2,
and CH4/CO emission ratios with those calculated from CO,
CO2, and CH4 emissions in EDGAR inventory. As many
trajectories also cross the territory of the neighbor coun-
tries (category 1, 2, and 3) we additionally make calcula-
tions with the sum of emissions of South Africa, Swazi-
land, Lesotho, Namibia, Botswana; Zimbabwe, and Mozam-
bique, termed here as southern Africa. The CO2, CO, and
CH4 emissions in Table 3 are average emissions for the years
2007 and 2008, the data for 2009 are not available yet. Ta-
ble 3 shows that the emissions of South Africa are domi-
nant, representing 83, 70, and 70 % of CO2, CO, and CH4
emissions of southern Africa, respectively. The observed av-
erage CO/CO2 emission ratio of 35.6± 25.4 ppb ppm−1 (n =

52) is significantly higher than the calculated ratios of 23.0
and 27.2 ppb ppm−1 for South Africa and southern Africa,
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respectively. The difference is with 55 % larger for South
Africa than 31 % for southern Africa. The median CO/CO2
emission ratio of 30.1 ppb ppm−1 is closer to the calculated
one for southern Africa but still 31 % above the calculated
one for South Africa. A possible reason why the observed
CO/CO2 emission ratio exceeds the calculated one could be
the seasonality of plume observations combined with the sea-
sonality of biomass burning in southern Africa. According
to Fig. 1 most of the plumes were observed between March
and August which overlaps with the biomass burning season
occurring between June and October (Duncan et al., 2003).
Large contribution of biomass burning to the average ob-
served CO/CO2 emission ratio is documented by the distri-
bution of observed CO/CO2 emission ratios shown in Fig. 2.
Consequently, the over-representation of biomass burning in
our observations with higher CO/CO2 emission ratios quite
likely explains the difference with the ratio as calculated
from the annual CO and CO2 emissions.

The differences between observed average CH4/CO2 and
CH4/CO emissions and those calculated for South Africa and
southern Africa are not significant and except for CH4/CO2
they lie between the median and the average emission ra-
tios. This comparison does take neither the uncertainties of
emission inventories into account nor the uncertainties of the
observed emission ratios. The emission uncertainties are es-
timated to be about 10 % for CO2 and 50 % for each CO
and CH4 (Olivier et al., 2001). The uncertainties of the ob-
served emission ratios are represented by the standard errors
of the averages, i.e. of 10 %, 11 %, and 20 % for CO/CO2,
CH4/CO2, and CH4/CO, respectively. A small additional un-
certainty originates from using the average annual emissions
for 2007 and 2008 while the observations cover 2009 as well
for which the emissions are not available yet. Taking all these
uncertainties into account we conclude that the CO/CO2,
CH4/CO2 and CH4/CO emission ratios observed at Cape
Point reproduce reasonably well the emission ratios for South
Africa and southern Africa calculated from the EDGAR in-
ventory. This agreement lends credence to the GEM emission
estimates below.

GEM emission of 13.1, 15.2 and 16.1 t Hg yr−1 are esti-
mated from GEM/CO, GEM/CO2, and GEM/CH4 emission
ratios, respectively, and the South African emissions of CO,
CO2, and CH4. The average of these three independent es-
timations is 14.8± 1.5 t Hg yr−1. Using the CO, CO2, and
CH4 emissions of southern Africa and the corresponding
emission ratios, the GEM emissions would be 18.3, 18.6,
and 22.9 t Hg yr−1, with an average of 19.9± 2.6 t Hg yr−1.
The variation coefficients of 10 and 13 % of the three in-
dependent GEM emission estimates for South Africa and
southern Africa, respectively, seem to be fortuitously low.
Propagation of the uncertainties in CO (50 %), CO2 (10 %),
CH4 (50 %) emissions (Olivier et al., 2001) and the stan-
dard errors of emission ratios will result in a total uncer-
tainty of GEM emissions of 52 %, 21 %, and 53 % when cal-
culated from GEM/CO, GEM/CO2, and GEM/CH4, respec-

tively. The uncertainty of the average GEM emissions of 14.8
and 19.9 t Hg yr−1 for South Africa and southern Africa, re-
spectively, is hence probably closer to 25 % (average uncer-
tainty of 42 % divided by

√
3) than their variation coefficients

suggest. This uncertainty is comparable with the GEM emis-
sion uncertainty calculated from GEM/CO2 ratio only. The
additional estimates of GEM emissions from GEM/CO and
GEM/CH4 ratios thus do not improve the overall uncertainty
due to the large uncertainties in CO and CH4 emissions. With
the uncertainty of±25 % the South African GEM emission
may range from 11.1 to 18.5 t Hg yr−1. We would like to em-
phasize that all above estimates are for elemental mercury
only, which is the species measured by the instrument at
Cape Point. Oxidized mercury (Hg2+) and mercury bound
to particles (HgP ) are not included, because Hg2+ gets lost
in the inlet tubing of the instrument and on the particle filter
which also filters out particles.

A total elementary mercury emission of 14.8 t Hg yr−1

(range 11.1–18.5 t Hg yr−1) in South Africa is more than one
order of magnitude lower than 256.7 t Hg yr−1 estimated by
Pacyna et al. (2003 and 2006) but they are close to esti-
mates of 40 t Hg yr−1 in 2004 by Leaner et al. (2009) and
50 t Hg yr−1 in 2006 by Masekoameng et al. (2010) which
also include emissions of oxidized and particle bound mer-
cury. Leaner et al. (2009) and Masekoameng et al. (2010)
do not provide any information about the uncertainty of
their emission estimates but as coal burning in power sta-
tions represents about 75 % of all emissions, its uncertainty
will determine the uncertainty of all emissions. Taking an
uncertainty of±25 % of Hg emissions for stationary fossil
fuel combustion estimated by Pacyna et al. (2010) the total
mercury emissions were 30–50 t Hg yr−1 in 2004 and 37.5–
62.5 t Hg yr−1 in 2006. GEM represents 53 % of total world-
wide emissions (Pacyna et al., 2006), and 50–78 % of emis-
sions of coal powered stations (Pacyna and Pacyna, 2002, and
Streets et al., 2005), depending strongly on the flue clean-
ing technology. Assuming GEM to constitute 53 % of all
mercury emissions in South Africa, the GEM emissions de-
rived from the emission inventories by Leaner et al. (2009)
for 2004 and Masekoameng et al. (2010) for 2006 would
be 15.9–26.5 and 19.9–33.1 t Hg yr−1, respectively. Our es-
timate of GEM emissions of 14.8 (11.1–18.5) t Hg yr−1 in
2007–2009 thus overlaps with the estimate for 2004 but is
smaller than that for 2006. The assumption that GEM repre-
sents 53 % of total mercury emission is on the lower end of
the range given above. A higher GEM proportion would thus
increase the difference between our estimate and the South
African inventory. The comparison is further complicated by
the fact that mercury emission inventories for 2007–2009 are
not available yet. Mercury emissions varied between∼33–
40 t Hg yr−1 in the years 2000–2005 but then increased sud-
denly by some 25 % to∼50 t Hg yr−1 in 2006. A further in-
crease of emissions in 2007–2009 would again increase the
difference between our estimate and the inventories. How-
ever, the lack of a consistent trend makes a prediction of
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Table 3.Comparison of CO/CO2, CH4/CO2, and CH4/CO emission ratios from observations and from EDGAR inventory and GEM emis-
sions calculated from GEM/CO, GEM/CO2, and GEM/CH4 emission ratios.

South Africa Southern
Africaa

CO2 emissionb [Tg yr−1]
CO emissionb [Tg yr−1]
CH4 emissionb [Tg yr−1]

476.0
6.968
9.898

572.7
3.174
4.515

CO/CO2 ER calculated 23.0 27.2
[ppb ppm−1] observed 35.6± 25.4 (n = 52), median 30.1

CH4/CO2 ER calculated 18.3 21.7
[ppb ppm−1] observed 20.2± 15.5 (n = 48), median 15.7

CH4/CO ER calculated 0.797 0.798
[ppb ppb−1] observed 0.876± 1.106 (n = 42), median 0.508

GEM emissions
[t yr−1]

from GEM/CO ER
from GEM/CO2 ER
from GEM/CH4 ER

13.1
15.2
16.1

18.3
18.6
22.9

a South Africa and neighbors (Lesotho, Swaziland, Namibia, Botswana, Zimbabwe, and Mozambique.)
b including emissions from biomass burning, annual average of 2007 and 2008.

emissions in 2007–2009 impossible. We conclude that our
estimate of GEM emissions tends to be lower than the emis-
sions estimated from available inventories but we are not sure
about the size and significance of this difference. Its quanti-
tative assessment awaits updated inventories for 2007–2009
as well as better data on speciation of mercury emissions.

4 Conclusions

Sixty seven pollution events have been identified over the
period from March 2007 till December 2009 and analysed
for the following emission ratios: GEM/CO, GEM/CO2,
GEM/CH4, CO/CO2, CH4/CO2, and CH4/CO. Most of the
events occurred between March and August which overlaps
with the seasonal occurrence of biomass burning in south-
ern Africa starting in May, peaking in July–September, and
ending in November.

GEM correlation with CO, CO2, and CH4, was significant
(>95 %) in 47, 44, and 46 events, respectively. Correlations
of CO vs. CO2, CH4 vs. CO2, and CH4 vs. CO were signif-
icant in 52, 48 and 42 events, respectively. Half of the GEM
vs. CO slopes fell within the 0.5–2.0 pg m−3 ppb−1 range,
which matches the range observed by others for biomass
burning plumes. Similarly, 30 % of the CO/CO2 emission ra-
tios fall within the range between 4 and 25 ppb ppm−1 which
also suggests that fossil fuel burning constitutes a substantial
fraction of the plumes reaching Cape Point. CH4/CO emis-
sion ratios span a range from 0.09 to 6.6 ppb ppb−1, indicat-
ing contributions of fresh biomass burning, a mixture of aged
biomass burning and urban plumes, as well as urban plumes
per se. Although information on GEM/CO2 and GEM/CH4
ratios in the literature is lacking, their emission ratios of

12–436 pg m−3 ppm−1 and 0.37–24.8 pg m−3 ppb−1, respec-
tively, confirm the above conclusions that the origin of the
observed plumes includes fresh and aged biomass burning as
well as plumes from urban areas.

The pollution events were subdivided into 4 groups ac-
cording to their origin as indicated by backward trajectories.
Only 8 events can be ascribed as having originated in the
provinces of Gauteng and Mpumalanga where gold produc-
tion as well as a majority of coal-fired power stations are lo-
cated. However, no exceptionally high GEM/CO, GEM/CO2,
and GEM/CH4 emission ratios were found for these events.
This supports the contention of Dabrowski et al. (2008),
Leaner et al. (2009), and Masekoameng et al. (2010) that
gold production does not contribute substantially to mercury
emissions in South Africa. However, it should be noted that
from an ecosystem perspective this does not necessarily im-
ply that cyanide-leaching is the preferable or more sustain-
able way for gold production.

The total emission of elemental mercury of
14.8 t GEM yr−1 derived from GEM/CH4, GEM/CO2,
and GEM/CO emission ratios in 2007–2009 is close to GEM
emissions calculated from the current mercury inventories
by Leaner et al. (2009) for 2004 and smaller than the
one calculated by Masekoameng et al. (2010) for 2006.
A final judgment on the significance and the size of the
difference will require emission inventories for 2007–2009
and better data on speciation of mercury emissions. Our
observation and estimates of GEM emissions based on them
clearly disprove the existence of the high mercury emissions
postulated by older emission inventories for southern Africa.
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