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Abstract

The authors evaluated continuous high resolution gaseous elemental mercury (GEM)
data from the Cape Point Global Atmosphere Watch (CPT GAW) station with different
statistical analysis techniques. GEM data was evaluated by cluster analysis and the
results indicated that two clusters, separated at 0.904 ngm−3, existed. The air mass5

history for the two-cluster solution was investigated by means of back-trajectory analy-
sis. The air mass back-trajectory net result showed lower GEM concentrations originat-
ing from the sparsely populated semi-arid interior of SA and the marine environment,
whereas higher GEM concentrations originated predominately along the coast of SA
that most likely coincide with trade routes and industrial activities in urban areas along10

the coast. Considering the net result from the air mass back-trajectories, it is evident
that not all low GEM concentrations are from marine origin, and similarly, not all high
GEM concentrations have a terrestrial origin. Equations were developed by means of
multi-linear regression (MLR) analysis that allowed for the estimation/prediction of at-
mospheric GEM concentrations from other atmospheric parameters measured at the15

CPT GAW station. These equations also provided some insight into the relation and
interaction of GEM with other atmospheric parameters. Both measured and MLR cal-
culated data confirm a decline in GEM concentrations at CPT GAW over the period
evaluated.

1 Introduction20

Mercury (Hg) is a volatile metal emitted into the atmosphere, naturally or through an-
thropogenic activities, such as the combustion and processing of fossil fuels (Pirrone
et al., 2010). It can be transported over large distances in the atmosphere due to its
low reactivity and solubility. The removal of Hg from the atmosphere is facilitated mainly
through wet deposition. This occurs when Hg is oxidised to less volatile and more solu-25

ble compounds (Lin et al., 2006). The deposited aqueous Hg compounds can then be
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converted into methylated Hg, which is a potent toxin for humans and animals. Methy-
lated Hg bio-accumulates in the aquatic food chain and may lead to the build-up of
high concentrations in predatory fish that can pose serious health risks to people and
animals that depend on a fish diet (Mergler et al., 2007). These negative environmen-
tal impacts of Hg have led to an increase in atmospheric Hg research (Lindberg et al.,5

2007).
Current emission inventories and models indicate that anthropogenic emissions are

the largest source of atmospheric Hg (2880 tyr−1), followed by marine (2680 tyr−1) and
terrestrial (1850 tyr−1) sources (Mason, 2009; Pirrone et al., 2010). Industrial coal com-
bustion processes, which include electricity generation, petrochemical plants and gasi-10

fication processes, are considered to be the major anthropogenic sources of atmo-
spheric Hg (Laudal et al., 2000; Wagner, 2001). It is estimated that coal combustion
accounts for approximately a third of anthropogenic Hg emissions in the United States
of America (USA) (Laudal et al., 2000). Other main sources of anthropogenic Hg emis-
sions include non-ferrous metal production, gold refining, cement production and other15

combustion sources. The US Environmental Protection Agency (US-EPA) introduced
the Clean Air Mercury Rule in March 2005 enforcing the capping of mercury emissions
from new and existing coal-fired power plants. The USA and European Union (EU)
were among the first to regulate Hg pollution, and it is widely expected that this could
significantly influence the way in which South Africa adopts Hg control legislation. In20

2013, the Minamata Treaty was signed by South Africa and 98 other countries to pro-
tect human health and the environment from anthropogenic emissions and releases
of elemental Hg and Hg compounds. It is expected that the Minamata Treaty will have
far-reaching implications for South Africa, since it is globally considered to be the 6th
largest emitter of mercury, emitting ∼ 50 tyr−1 due to the reliance on fossil fuels (Scott25

and Mdluli, 2012).
The global uncertainty associated with anthropogenic Hg emissions is considered to

be ±30 %, while the uncertainties associated with emissions from oceans and terres-
trial surfaces are ±50 % (Lin et al., 2006; Lindberg et al., 2007). Long-term monitoring
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of Hg is important to reduce these uncertainties associated with Hg emissions from
different sources, as well as to provide important information relating to the oxidation
mechanism of atmospheric Hg (Slemr et al., 2008, 2013). Although atmospheric Hg is
monitored extensively in the Northern Hemisphere, few studies have been published in
peer-reviewed literature for the Southern Hemisphere (Slemr et al., 2011). The German5

Antarctic research station measured total gaseous Hg (TGM) from January 2000 to
January 2001 (Ebinghaus et al., 2002). Gaseous elemental Hg (GEM) measurements
have been conducted at the Cape Point Global Atmosphere Watch (CPT GAW) atmo-
spheric monitoring station in South Africa since 1995 and have yielded several publi-
cations on long-term trends, depletion events, seasonal cycles and flux rates (Baker10

et al., 2002; Slemr et al., 2008; Brunke et al., 2010a, b). From 1995 until 2004, approx-
imately 200 three-hour GEM samples have been collected each year with a manual
double amalgamation technique (Slemr et al., 2008) at the CPT GAW station, while
continuous high-resolution Hg measurements commenced in 2007.

In this paper, a combination of different statistical techniques was applied to contin-15

uous high-resolution Hg data collected between March 2007 and December 2011, as
well as back-trajectory analyses that were performed in order to provide greater insight
into the source regions of GEM at the CPT GAW station. This approach is different
from previous studies of GEM measured at the CPT GAW station, where 222Rn mea-
surements were used to determine the origin of air masses, i.e. maritime or continental20

(Brunke et al., 2004; Slemr et al., 2013). The relationship between GEM and other
atmospheric parameters measured at the CPT GAW station was also determined sta-
tistically in order to establish whether GEM levels could be estimated or predicted from
these parameters.
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2 Experimental

2.1 Site description

The CPT GAW station (34◦21′ S, 18◦29′ E) is located in a nature reserve approximately
60 km south of Cape Town at the southernmost tip of the Cape Peninsula on the top of
a coastal cliff at 230 ma.s.l. Its location within a regional context is indicated in Fig. 1.5

The site experiences moderate temperatures with dry summers during which occa-
sional biomass burning events in the surrounding area occur and increased precipi-
tation during the winter (Slemr et al., 2013). Figure 1 is a composite map indicating
population density and major point sources (Lourens et al., 2011, 2012; Venter et al.,
2012) in South Africa. Population density data was obtained from the Socioeconomic10

Data and Applications Center (SEDAC) – a data centre in the Earth Observing Sys-
tem Data and Information System (EOSDIS) of NASA. As is evident from Fig. 1, the
industrial hub of South Africa that is concentrated around the Johannesburg–Pretoria
megacity conurbation (in the Gauteng Province, GP) and a relatively high density of
large point sources (e.g. coal-fired power plant, petrochemical operations, metallurgi-15

cal smelters) located in parts of the Mpumalanga, North West and Free State provinces
that border on GP, are somewhat remote from the CPT GAW station. The nearest large
anthropogenic point or area sources that could impact the CPT GAW station directly
include the Cape Town metropolitan area, industries associated with the conurbation
and an iron smelter on the west coast at Saldanha.20

2.2 Sampling

Continuous Hg measurements were conducted with a Tekran 2537A vapour-phase
mercury analyzer (Tekran Inc., Toronto, Canada) with a 15 min time resolution. A de-
scription of the instrument, as well as its calibration and maintenance were presented
by Slemr et al. (2008, 2013). The analyser is capable of measuring low Hg concentra-25

tions typically measured at background locations (Ebinghaus et al., 1999), with a TGM
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detection limit of ∼ 0.05 ngm−3. Under the prevailing atmospheric conditions at the
CPT GAW station, and due to the presence of hygroscopic sea salt aerosols, it can be
assumed that the reactive gaseous mercury (RGM) will be adsorbed by the inlet tub-
ing and the aerosol filter allowing for the exclusive measurement of atmospheric GEM
(Brunke et al., 2010b). The 15 min GEM data have been converted to 30 min averages5

in order to correlate the results with other trace gas and meteorological measurements
at CPT GAW. As described by Brunke et al. (2004), the 222Rn detector was designed
by the Australian Nuclear Scientific & Technology Organisation (ANSTO) and was par-
tially constructed locally. Trace gas measurements are drawn from the top of a 30 m
high mast located on the instrument deck of the laboratory. Several trace gases (car-10

bon monoxide, CO; carbon dioxide, CO2; methane, CH4; ozone, O3; nitrogen dioxide,
NO2), and halocarbons are measured at CPT GAW on a continuous basis. Of these,
CO, CO2, CH4 and O3 are used in this paper. Detailed instrumental descriptions of
these instruments and meteorological parameters measured can be found in previous
publications (Brunke et al., 1990, 2004, 2010b).15

2.3 Statistical analysis

In contrast to previously published atmospheric measurements of the CPT GAW sta-
tion, the dataset used in this paper was not de-trended (Brunke et al., 2004). The
complete dataset (March 2007 to December 2011) was evaluated statistically in or-
der to determine the influence and interaction of GEM and other atmospheric species20

on a temporal and spatial basis. The statistical techniques applied are subsequently
discussed.

During cluster analysis, GEM data was processed in MATLAB by making use of the
k-means function from the clustering toolbox. K -means clustering is an iterative parti-
tioning method that uses squared Euclidean distances to partition a data matrix into k25

clusters. The centroid of each cluster is the mean of the points in that cluster. K -means
uses a two-phase iterative algorithm to minimise the sum of point-to-centroid distances,
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summed over all k clusters. All GEM data considered, i.e. 41 499 measurements, were
subjected to five consecutive iterations using cluster analysis. Silhouette numbers ob-
tained from the clustering were further considered to quantify the separation of the
clusters. Silhouette numbers are a measure of how close individual points in a specific
cluster are to points in the neighbouring clusters. The silhouette numbers range from5

+1, indicating points that are very distant from neighbouring clusters, through 0, indi-
cating points that are not distinctly in one cluster or another, to −1, indicating points
that are probably assigned to the wrong cluster.

Multi-linear regression (MLR) analysis models the relationship between two or more
explanatory independent variables and a dependant variable by fitting a linear equation10

to the observed data. The MLR equation obtained can be utilised to calculate values
for the dependent variable. In this study, GEM values were considered the dependent
variable, while 27 other ancillary data parameters (such as gaseous species concentra-
tions and meteorological data) were considered the explanatory independent variables.
MLR was used to determine the optimum combination of independent variables to de-15

rive an equation that could be used to predict GEM concentrations, while root mean
square error (RMSE) was used to compare the calculated values with the measured
values.

2.4 Back-trajectory analysis

The origin of air masses arriving at CPT GAW was determined by making use of NCEP20

(National Centers for Environmental Prediction) GDAS (Global Data Assimilation Sys-
tem) data obtained from NOAA ARL (Air Resources Laboratory of National Oceanic
and Atmospheric Administration, ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/). Indi-
vidual eight-day back trajectories with hourly arrival times at an arrival height of 100 m
were calculated with the Hybrid Single Particle Lagrangian Integrated Trajectory Model25

(HYSPLIT) 4.820. An arrival height of 100 m was chosen since the orography in HYS-
PLIT is not very well defined, and therefore lower arrival heights could result in in-
creased error margins on individual trajectory calculations. Considering the above, 24
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back trajectories for each day were obtained for the entire sampling period. Individual
back trajectories generated in HYSPLIT (24 day−1 ×365 days×∼ 5 years) were super-
imposed and further analysed in MATLAB to form overlay back trajectory maps. In
these overlay back trajectory maps, a colour code indicates the percentage of trajecto-
ries passing over 0.2◦×0.2◦ grid cells, with red being the highest percentage. Therefore,5

such images indicate the main areas over which air masses arriving at CPT GAW had
passed. Similar overlay back trajectory analyses have previously been used in other
non-GEM related atmospheric studies, e.g. Venter et al. (2012), Lourens et al. (2011)
and Vakkari et al. (2013).

3 Results10

3.1 Cluster analysis

Cluster analysis of GEM data was performed to statistically determine the optimal num-
ber of clusters that the data could be divided into. The cluster analysis results were as-
sessed by calculating the average silhouette numbers of each cluster solution. Figure 2
shows the average silhouette numbers for the various cluster solutions. According to15

these results, dividing the GEM data into two clusters yielded an average silhouette
number of 0.638, while three or four cluster divisions yielded lower average silhouette
numbers. The division of the GEM data into five to ten clusters yielded higher aver-
age silhouette numbers, which indicate better separation between clusters. In Table 1,
the percentage GEM data distribution (columns) of each cluster solution (rows) is pre-20

sented, and indicates that cluster solutions containing more than four clusters did not
contain statistically significant amounts of GEM data in each cluster, e.g. the five-, six-
and seven-cluster solutions all had clusters with ≤ 0.05 % of the data. Therefore, the
two-cluster solution was chosen as the optimal representation for this study. The GEM
data distribution in the two clusters for the entire sampling period is presented in Fig. 3.25

According to the clustering approach applied, separation between the two clusters was
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at a GEM concentration of 0.904 ngm−3. Figure 3 also indicates a small number of
data points with GEM concentrations > ∼ 2 ngm−3 that could be investigated as possi-
ble plume events, or special case studies. However, these possible higher concentra-
tion case studies were not considered in this paper, but may be an important topic to
consider in future studies.5

3.2 Source region analysis

In order to identify possible sources and/or source regions, the two clusters identified
were further investigated by means of associating the arrival times of calculated back
trajectories with the GEM data in the two different clusters. This was performed by
correlating the GEM concentrations measured during the half hour before and the half10

hour after the hourly arrival time of the calculated back trajectory. Therefore, all the cal-
culated back trajectories could be divided as being associated with one of the two GEM
data clusters. The normalised (to 100 %) overlay back trajectory analysis map associ-
ated with GEM data cluster one, i.e. GEM concentration >0.904 ngm−3, is presented in
Fig. 4a, while the overlay back trajectory analysis associated with cluster two, i.e. GEM15

concentration <0.904 ngm−3, is shown in Fig. 4b. From both these overlay back trajec-
tory maps, it is evident that CPT GAW is mainly influenced by air masses from the south
west that had passed mainly over the marine background. It also seems as if the air
masses associated with GEM concentrations <0.904 ngm−3 (cluster two, Fig. 4b) have
a slightly larger fetch region over the ocean than the air masses associated with GEM20

concentrations >0.904 ngm−3 (cluster one, Fig. 4a). However, significant differences
between these two overlay trajectory maps, which could indicate possible differences
in sources/source regions for the two GEM clusters, are not that evident. Therefore,
a third overlay trajectory map (Fig. 4c) was drawn, which represents the difference be-
tween the two individual maps, i.e. subtracting the percentage of trajectories passing25

over each correlating 0.2◦ ×0.2◦ grid cell in Fig. 4b from the percentage of trajectories
passing over each 0.2◦ ×0.2◦ grid cell in Fig. 4a. In Fig. 4c, positive values (red) cor-
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respond with areas over which cluster one’s (>0.904 ngm−3) air masses dominated,
whereas negative values (dark blue) indicate areas over which air mass movement of
cluster two (<0.904 ngm−3) were dominant. From this map (Fig. 4c), two observations
can be made. Firstly, oceanic regions along both the east- and west coast around CPT
GAW correspond with air masses mostly related to cluster one (higher GEM values),5

which could potentially indicate the influence of shipping routes on GEM measured at
CPT GAW. Secondly, air masses that had passed over the very sparsely populated
semi-arid Karoo region, almost directly to the north of CPT GAW, were mostly associ-
ated with cluster two (lower GEM values). The afore-mentioned differences in source
regions for GEM did not seem to be associated with back trajectory heights, e.g. sub-10

siding air masses from the free troposphere. It was found that the mean height of tra-
jectories resulting in low and high GEM concentrations were almost identical, i.e. 1178
and 1104 m, respectively. A slight difference was observed for the mean air mass back
trajectory maximum height, with the lower and higher GEM concentrations peaking at
2785 and 2654 m, respectively. Similarly, the heights of trajectories passing over land15

(five hours or more) were investigated. The mean heights of continental trajectories
from cluster one (high GEM) and cluster two (low GEM) were 1490 and 1632 m, and
the mean maximum heights of continental trajectories were 3352 and 3599 m, respec-
tively.

The possibility of shipping routes contributing to the high GEM concentrations ob-20

served around the coast of South Africa was further investigated. From the Automated
Mutual-Assistance Vessel Rescue System (AMVER) website, sponsored by the United
States Coast Guard, Fig. 5 was obtained. In Fig. 5, the daily ship locations, derived
from an average of 4634 ships per day, for July 2011 are presented in a density plot.
The July 2011 timeframe was chosen since it was within the GEM data analysis pe-25

riod. The shipping route density plot indicated in Fig. 5 also closely correlates with NOx
shipping tracks characterised by satellite observations (Skjølsvik et al., 2000; Richter
et al., 2011). The similarities of shipping route densities and NOx shipping tracks, with
the areas indicating additional contributions to higher GEM values (as indicated in
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Fig. 4c), provide credibility to the postulation that shipping around South Africa con-
tributes meaningfully to GEM measured at CPT GAW.

Slemr et al. (2013) and Brunke et al. (2004) demonstrated how 222Rn could be used
to identify lower GEM concentrations that were associated with air masses passing
over the marine background and higher GEM levels that were associated with a con-5

tinental influence. In an effort to gain further insight into the difference between conti-
nental and marine background GEM concentrations at CPT GAW, the hourly arriving
back trajectories calculated for the entire sampling period were divided into groups ac-
cording to the time that these air masses had spent over the African continent. The
statistical distribution of GEM concentrations and the time that air masses spent over10

the continent are presented in Fig. 6.
An evident trend is observed in Fig. 6, i.e. an increase of GEM concentrations for

air masses that spent more time over the continent. As expected, back trajectories of
air masses spending shorter times over the continent were on average associated with
the lowest GEM concentrations. However, these groups also had the largest spread in15

GEM concentrations (±0.6 ngm−3). This can at least partially be explained by uncer-
tainties in the back trajectory calculations. During these calculations, a single hourly
position of the air mass was determined for each of its 96 hourly backward positions.
This relatively weak temporal resolution implies that an air mass could, for instance,
have passed over the relatively nearby Cape Town conurbation, without being regis-20

tered as spending any time over the continent. Additionally, the accuracy of trajectories
depends on the quality of the underlying meteorological data used during the calcula-
tions. Considering the afore-mentioned limitations, the errors accompanying a single
trajectory are currently estimated to be 15 to 30 % of the trajectory distance travelled
(Vakkari et al., 2013; Stohl, 1998; Riddle et al., 2006). It is therefore possible that25

a trajectory could have spent a short period over the continent, without being calcu-
lated as such. Notwithstanding the possible errors associated with the calculation of
individual back trajectories, the large number of trajectories calculated in this study
(24 day−1 ×365 days×∼ 5 years) ensures that the data obtained is statistically repre-
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sentative. The average marine background GEM concentration for the entire sampling
period according to the 222Rn level classification (< 350 mBqm−3 – as proposed by
Slemr et al., 2013; Brunke et al., 2004) was 0.92±0.275 ngm−3, while the average
GEM level for air masses that spent one hour or less over the continent (Fig. 6) was
0.92±0.300 ngm−3. This indicates that the classification of air masses arriving at the5

CPT GAW station with back trajectory analysis correlates well with air mass classifica-
tion according to 222Rn levels. However, the 222Rn classification method only allows for
the separation of the CPT GAW GEM data into relatively few classes, i.e. marine back-
ground, mixed and continentally influenced, while the back trajectory analysis methods
provide a more quantified classification based on the length of time that air masses10

spent over the continent resulting in increased GEM concentrations.
Additionally, from Fig. 6, it is evident that the GEM concentrations reach a plateau

for air masses that spent more than 10 h over the continent. The difference in average
GEM concentrations between air masses that had spent one hour or less over the con-
tinent, i.e. 0.92 ngm−3 and air masses that had spent more than 10 h on the continent,15

i.e. 1.09±0.150 ngm−3, therefore provides some quantified indication of the possible
continental contribution of GEM at CPT GAW. When GEM concentrations were classi-
fied according to 222Rn levels, i.e. 222Rn levels > 1200 mBqm−3 indicating continentally
influenced air masses (Slemr et al., 2013; Brunke et al., 2004), 50 % of the data was
greater than 0.99 ngm−3. This value is somewhat lower than the average concentra-20

tion value determined for air masses spending more than 10 h over the continent, i.e.
1.09 ngm−3.

3.3 Relationship of GEM with other parameters

In an effort to determine relationships between atmospheric GEM concentrations and
other atmospheric parameters measured at the CPT GAW station, as well as to es-25

tablish whether GEM levels could be estimated or predicted from these parameters,
multi-linear regression (MLR) analysis was conducted. In Fig. 7, the RMSE difference
between the calculated and measured GEM values, as a function of the number of
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independent variables included in the optimum MLR solution, is presented. The lin-
ear equation containing only a single optimum independent variable, which was deter-
mined as absolute humidity, had an RMSE of ∼ 0.1250, while the RMSE was lowered to
∼ 0.1231 if an MLR equation containing the optimum combination of two independent
variables, i.e. absolute humidity and O3, was calculated. The RMSE difference between5

the experimental and calculated GEM values could further be reduced if the optimum
MLR solution contained more independent variables. Minimisation of the RMSE was
attained when the number of independent variables included in the optimum solution
of the equation was increased to eight, and had an RMSE of 0.1205. Table 2 indicates
the identity of the independent parameters determined for each of the optimum MLR10

solutions.
The inclusion of more independent variables in the MLR solution did not significantly

reduce the RMSE, and this can be seen in Fig. 7. A new MLR equation was determined
with every addition of independent variables to determine the optimum variable combi-
nations. This implies that new constants were calculated for all independent variables15

in each new optimum variable combination. Therefore, the afore-mentioned reductions
in RMSE observed with an increase in the number of independent variables included
in the optimum solution was an overall reduction of RMSE resulting from the increased
number of independent variables included in the combination and not due to the con-
tribution of a single (or two) independent variable(s). The identity and constants asso-20

ciated with the independent variables in the identified optimum MLR solution to predict
GEM, i.e. the dependant variable, are provided in Eq. (1):

GEM = −1.2308+1.492×10−3AbsH−3.790×10−3O3 +6.220×10−4CO

+1.3630×10−3P +6.280×10−3T +2.180×10−4CH4 −5.530×10−6Rn−
1.110×10−3WGS (1)25

with GEM in ng m−3, gaseous species (CO, CH4, O3 and CO2) in ppb, T in ◦C, WGS
indicating wind gust speed in km h−1, WD the wind direction in degrees, AbsH the ab-
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solute humidity in g m−3, P the ambient pressure in hectopascal (hPa) and UVb the
ultraviolet radiation in minimum erythema dose (MED) units. In Eq. (1), independent
variables associated with positive constants indicate that an increase in these parame-
ters would statistically lead to an increase in atmospheric GEM, whereas the increase
in independent variables associated with negative constants would statistically lead to5

lower GEM. Although the MLR equations cannot be used to explicitly derive the origin
and/or reaction mechanistic information about GEM at CPT GAW, it could be used to
provide some insight.

The positive constants associated with CO and CH4 could indicate that higher GEM
can be attributed to anthropogenic emissions such as fossil fuel (e.g. shipping) and10

household combustion, as well as natural biomass burning observed during pollution
events (Brunke et al., 2010a, b). Higher O3 leads to higher hydroxyl (•OH) radical con-
centrations, therefore the possible negative constant associated with O3. As discussed
in Lan et al. (2012) and the references therein, GEM may be oxidised by •OH, ni-
trate (NO•3) or halogen (X•) radicals. Gierens et al. (2014) recently indicated that •OH15

concentrations reach a peak around midday in the interior of SA, and since •OH has
a lifetime of ∼ 1 s, its diurnal variation will therefore follow the diurnal variation of the
UV radiation with wavelength capable to photolyse O3 to O1D, and therefore achieving
peak GEM oxidation during midday. Additionally, the negative constant associated with
O3 in Eq. (2) could also indicate aged air masses, in which GEM decreased (e.g. by20

oxidation and deposition). The photochemically-driven oxidation of GEM results in the
formation of gaseous oxidised mercury (GOM). Particulate bound mercury (PBM) and
GOM typically reach diurnal minima before sunrise and maxima in the afternoon (Lan
et al., 2012). It has been suggested that an abundant halogen radical (X•) concentra-
tion present in the marine environment may lead to higher GOM concentrations (Mao25

and Talbot, 2012). The photochemically-driven oxidation of GEM to GOM in summer
depletes GEM levels during midday when solar radiation, O3 levels and atmospheric
halogens produced by sea spray are the most intense and would therefore explain neg-
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ative constants in Eq. (1). This signifies the complex nature of the interaction between
chemical species and the physical environment in the atmosphere.

In addition to providing some insight into the origin and/or reactions of GEM at CPT
GAW, it would also be useful to predict GEM at this site with the MLR Eq. (1). In
Fig. 8, the measured time series for atmospheric GEM at CPT GAW are presented5

(blue markers) and compared to the GEM values calculated with Eq. (1) (red markers).
Although slight differences are observed, the MLR equation predicts atmospheric GEM
concentrations relatively well, with the exception of very high and low levels. Therefore,
the MLR Eq. (1) could be used to predict GEM concentrations at CPT GAW if actual
measurements thereof are not available.10

Although not indicated Fig. 8 (to prevent cluttering of the graph), linear fitting of
the actual continuous measured and calculated (with Eq. 1) GEM concentrations in-
dicated negative slopes of −5.579×10−6 and −1.391×10−5, respectively. This indi-
cates a slight decrease of GEM concentrations at CPT GAW over the evaluated period.
Brunke et al. (2010b) previously also reported a decrease in GEM at CPT GAW from15

1995 to 2009, but this reported decline only include approximately two years of con-
tinuous measurement. The decline observed for the longer time series reported here
provides additional support to the observed decline.

4 Conclusions

As far as the authors could assess, this is the first study that has evaluated continuous20

high resolution GEM data of CPT GAW with different statistical analysis techniques.
GEM data was firstly evaluated by conducting cluster analysis on the dataset. This in-
dicated that the GEM data could be divided into two clusters, separated at atmospheric
concentrations of 0.904 ngm3. Trajectory analyses of the individual clusters, as well
as the differences between these clusters, indicated that shipping around Cape Point25

could be a significant source of GEM. Further research quantifying the contribution of
shipping should be undertaken, not only for the southern African region, but also for
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other busy shipping routes. Correlation of the time that back trajectories spent over the
African continent and GEM concentration, proved that such analyses could be used as
an alternative tool to distinguish between continental and marine GEM contributions.
It was also demonstrated that MLR analysis could be used to determine an equation
that can be used to predict GEM at CPT GAW. Moreover, this equation provided some5

insight into the complex nature of GEM chemistry. Lastly, the evaluation of both contin-
uously measured and calculated (with the determined MLR Eq. 1) GEM concentrations
seems to indicate a decline in GEM concentrations over the period evaluated in this pa-
per. It remains to be seen whether this decline continues, which would reflect a positive
response to global Hg emission reductions, or if it is only part of a longer-term cycle10

with a temporary decline.
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Table 1. The percentage GEM data distribution observed for each cluster solution.

% GEM distribution in each cluster
Cluster 1 2 3 4 5 6 7
solutions

2 36.79 49.07
3 3.35 41.34 41.18
4 1.78 28.54 16.02 39.52
5 18.37 0.05 27.27 38.47 1.70
6 11.43 31.36 1.36 27.29 0.05 14.37
7 1.51 1.23 29.62 11.34 16.76 25.38 0.02
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Table 2. The overall identity of independent variables during the determination of the optimum
combination of independent variables for GEM calculation utilising the entire dataset.

No of MLR solutions for all GEM values
independent
variables

1 AbsH
2 AbsH O3
3 AbsH O3 CO
4 AbsH O3 CO P
5 AbsH O3 CO P T
6 AbsH O3 CO P T CH4
7 AbsH O3 CO P T CH4 Rn
8 AbsH O3 CO P T CH4 Rn WGS
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Figure 1. Position of CPT GAW within a regional context. The population density (peo-
ple per km2) provides an indication of the possible location of anthropogenic pollutions
sources, while the location of large anthropogenic point sources (e.g. coal-fired power
stations, metallurgical smelters and petrochemical plants, adapted from Venter et al.,
2012; Lourens et al., 2011, 2012) is also indicated. NAM=Namibia, BOT=Botswana,
ZIM=Zimbabwe, MOZ=Mozambique, SZ=Swaziland, LSO=Lesotho, WC=Western Cape,
EC=Eastern Cape, NC=Northern Cape, NW=North West, FS=Free State, KZN=KwaZulu-
Natal, GP=Gauteng, MP=Mpumalanga and LP=Limpopo.
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Figure 2. Average silhouette numbers for the various cluster solutions. An increase in silhouette
numbers indicates that individual sub-clusters are better separated.
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Figure 3. A scatter plot of GEM concentrations over the entire sampling period indicating the
two main clusters. According to the clustering applied, division between the two clusters was at
a GEM concentration of 0.904 ngm−3.
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(a)

(b)

(c)

Figure 4. Normalised back trajectory analysis map, i.e. hourly arriving eight-day back trajecto-
ries with 100 m arrival height overlaid with MATLAB and normalised to percentage for the entire
sampling period for, (a) cluster one, i.e. GEM concentration >0.904 ngm−3, (b) for cluster two,
i.e. GEM concentration <0.904 ngm−3 and (c) the difference between the two individual maps,
i.e. percentage of trajectories passing over each correlating 0.2◦ ×0.2◦ grid cells in (b) sub-
tracted from the percentage of trajectories passing over each 0.2◦ ×0.2◦ grid cell in (a). The
colour bar indicates the percentage of trajectories passing over each grid cell.
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Figure 5. Monthly density plot for the total number of ships registered with Automated Mutual-
Assistance Vessel Rescue System (AMVER) for July 2011. AMVER is sponsored by the United
States Coast Guard and makes use of the global ship reporting system used worldwide by
search and rescue authorities. The ship density plot is compiled from a 2011 average of 4634
ships per day (United States Coast Guard, 2014).
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Figure 6. The statistical distribution of GEM concentrations as a function of time spent over
the continent. The mean is indicated by the black stars, the median by the red line, the 25 and
50 percentile by the blue box and the whiskers indicating 99.3 % data coverage (if a normal
distribution is assumed), while the black line connects the mean values to provide an indication
of the trend observed.
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Figure 7. Determination of the optimum combination of independent variables to include in the
MLR equation to calculate the dependant variable, i.e. GEM concentration (2007–2011). The
root mean square error (RMSE) difference between the calculated and actual GEM concentra-
tions indicated that the inclusion of 8 parameters in the MLR solution was the optimum.
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(a) 

 
 

(b) 

 

 

Figure 8. (a) Measured GEM (blue) and calculated GEM concentrations using the MLR Eq. (1)
(red) for the entire sampling period. The two vertical black lines in (a) indicate a period that was
enlarged in (b) to indicate more detailed differences between the measured and calculated
GEM concentrations.
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