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25  Abstract

26

27  Long-term measurements of gaseous elemental mercury (GEM) concentrations at
28  Cape Point, South Africa, reveal a downward trend between September 1995 and
29  December 2005 and an upward one since March 2007 until June 2015 implying a
30 change in trend sign between 2004 and 2007. The trend change is qualitatively
31  consistent with the trend changes in GEM concentrations observed at Mace Head,
32 Ireland, and in mercury wet deposition over North America suggesting a change in
33 worldwide mercury emissions.

34 Seasonally resolved trends suggest a modulation of the overall trend by regional
35  processes. The trends in absolute terms (downward in 1995 — 2004 and upward in
36 2007 — 2015) are the highest in austral spring (SON) coinciding with the peak in
37  emissions from biomass burning in South America and southern Africa. The influence
38  of trends in biomass burning is further supported by a biennial variation in GEM

39  concentration found here and an ENSO signature in GEM concentrations reported

40  recently.

41

42 Introduction
43

44  Mercury and especially methyl mercury which bio-accumulates in the aquatic
45 nutritional chain are harmful to humans and animals (e.g. Mergler et al., 2007
46 Scheuhammer et al., 2007; Selin, 2009; and references therein). Mercury, released
47  into the environment by natural processes and by anthropogenic activities, cycles
48  between the atmosphere, water, and land reservoirs (Selin et al., 2008). In the
49  atmosphere, mercury occurs mostly as gaseous elemental mercury (GEM) which with
50  an atmospheric lifetime of 0.5 — 1 yr can be transported over large distances (Lindberg
51 et al,, 2007). Mercury is thus a pollutant of global importance and as such on the
52  priority list of several international agreements and conventions dealing with
53  environmental protection and human health, including the United Nations
54  Environment  Program  (UNEP) Minamata convention on  mercury
55 (www.mercuryconvention.org).

56

57  Because of fast mixing processes in the atmosphere, monitoring of tropospheric

58  mercury concentrations and of its deposition will thus be the most straightforward
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way to verify the decrease of mercury emissions expected from the implementation of
the Minamata convention. Regular monitoring of atmospheric mercury started in the
mid-1990s with the establishment of mercury monitoring networks in North America
(Temme et al., 2007; Prestbo and Gay, 2009; Gay et al., 2013). Until 2010 only a few
long-term mercury observations have been reported from other regions of the northern
hemisphere and hardly any from the southern hemisphere (Sprovieri et al., 2010). The
Global Mercury Observation System (GMOS, www.gmos.eu) was established in 2010
to extend the mercury monitoring network, especially in the southern hemisphere

(Sprovieri et al., 2016).

Decreasing atmospheric mercury concentrations and wet mercury deposition have
been reported for most sites in the northern hemisphere (Temme et al., 2007; Prestbo
and Gay, 2009; Ebinghaus et al., 2011; Gay et al., 2013). At Cape Point, the only site
in the southern hemisphere with a long-term record exceeding a decade, decreasing
mercury concentrations were also observed between 1996 and 2004 (Slemr et al.,
2008). The worldwide decreasing trend has been at odds with increasing mercury
emissions in most inventories (Muntean et al., 2014, and references therein).
Soerensen et al. (2012) thought that decreasing mercury concentrations in sea water of
the North Atlantic were responsible for the decrease, at least in the northern
hemisphere. The most recent inventories, however, attribute the decrease of
atmospheric mercury concentrations to a decrease in mercury emissions since 1990
(Zhang et al., 2016). The decrease in mercury emissions was attributed to the decrease
of emissions from commercial products, changing speciation of emission from coal-
fired power plants, and to the improved estimate of mercury emissions from artisanal
mining. According to Zhang et al. (2016) the worldwide anthropogenic emissions
decreased from 2890 Mg yr'! in 1990 to 2160 Mg yr'! in 2000 and increased slightly
to 2280 Mg yr'! in 2010.

In the first approximation, the observed trends in atmospheric mercury should follow
these changes. There is indeed some recent evidence that the downward trend in the
northern hemisphere is slowing or even turning upwards (Weigelt et al., 2015; Weiss-
Penzias et al., 2016). Here we report and analyse the trends of atmospheric mercury
concentrations at the GAW station Cape Point between 1995 and 2004 and since
March 2007 until June 2015.

Atmospheric
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93  Experimental

94

95  The Cape Point site (CPT, 34° 21°S, 18° 29'E) is operated as one of the Global
96  Atmospheric Watch (GAW) baseline monitoring observatories of the World
97  Meteorological Organization (WMO). The station is located on the southern tip of the
98  Cape Peninsula within the Cape Point National Park on top of a peak 230 m above sea
99 level and about 60 km south from Cape Town. The station has been in operation since
100 the end of the 1970s and its current continuous measurement portfolio includes Hg,
101  CO, Os, CH4, N20, ??2Rn, CO,, several halocarbons, particles, and meteorological
102  parameters. The station receives clean marine air masses for most of the time.
103  Occasional events with continental and polluted air can easily be filtered out using a
104  combination of CO and ??2Rn measurements (Brunke et al., 2004). Based on the 222Rn
105 <250 mBq m criterion about 35% of the data are classified annually as baseline.

106

107  Gaseous elemental mercury (GEM) was measured by a manual amalgamation
108  technique (Slemr et al., 2008) between September 1995 and December 2004 and by
109 the automated Tekran 2537B instrument (Tekran Inc., Toronto, Canada) since March
110  2007. Typically, ~ 13 measurements per month were made using the manual
111  technique, each covering 3 h sampling time. The manual technique was compared
112 with the Tekran technique in an international intercomparison (Ebinghaus et al., 1999)
113  and provided comparable results.

114

115 Since March 2007 GEM was measured using an automated dual channel, single
116  amalgamation, cold vapor atomic fluorescence analyzer (Tekran-Analyzer Model
117 2537 A or B, Tekran Inc., Toronto, Canada). The instrument utilized two gold
118  cartridges. While one is adsorbing mercury during a sampling period, the other is
119  being thermally desorbed using argon as a carrier gas. Mercury is detected using cold
120  vapor atomic fluorescence spectroscopy (CVAFS). The functions of the cartridges are
121  then interchanged, allowing continuous sampling of the incoming air stream.
122 Operation and calibration of the instruments follow established and standardized
123 procedures of the GMOS (Global Mercury Observation System, www.gmos.eu)
124  project. The instrument was run with 15 min sampling frequency while 30 min
125  averages were used for the data analysis. All mercury concentrations reported here are
126  giveninng m?at 273.14 K and 1013 hPa.
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The Mann-Kendal test for trend detection and an estimate of Sen’s slope were made

using the program by Salmi et al. (2002).

Results

1. Trend

The upper panel of Figure 1 shows monthly average GEM concentrations calculated
from all data since March 2007 until June 2015 and in the lower panel monthly
average GEM concentrations were calculated from baseline data, i.e. GEM
concentrations measured at 222Rn concentration < 250 mBq m™. The slope of the least
square fit of all data (0.0222 + 0.0032 ng m™ yrt, n=99) is not significantly different
from the slope calculated from the baseline data only (0.0219 + 0.0032 ng m= yrt).
Sen’s slope and trend significance for all (0.0210 ng m™ yr?) and baseline (0.0208 ng
m- yr'!) data are listed in Table 1. Sen’s slopes tend to be somewnhat lower than the
slopes from the least square fits but they are in agreement within their 95%
uncertainty range. All trends are highly significant, i.e. at level > 99.9%. The results
are essentially the same whether monthly median or monthly average concentrations
are used. This shows that the trend is robust and not influenced by occasional

pollution or depletion events.

The trends were calculated for different seasons (austral fall - March, April, May;
winter — June, July, August; spring — September, October, November; and summer —
December, January, February) for the period since March 2007 until June 2015 from
all and baseline data. These are listed in Table 1. Although the 95% uncertainty
ranges of seasonal Sen’s slopes overlap, the least square fit slopes for different
seasons are statistically different at > 99% significance level. Irrespective of whether
monthly averages or medians or least square fit or Sen’s slope are used, a consistent
picture emerges with upward trends where the slopes decrease in the following order:
austral spring (SON) > summer (DJF) > winter (JJA) > fall (MAM).

For comparison we also calculated the trends for the manually measured GEM
concentrations during the period September 1995 — December 2004 periods. Baseline

data were not filtered out from this data set because a) on average only 13

Atmospheric
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measurements were available per month and b) 22Rn was measured only since March
1999 and cannot thus be used as criterion for the whole period. In Table 2 we list the
trends calculated from the least square fit of the monthly medians. Monthly averages
provide qualitatively the same trends with lower significance, because of their larger
sensitivity to extreme GEM concentrations. The trend of all monthly medians of -
0.0176 + 0.0027 ng m™ year? is somewhat higher than -0.015 + 0.003 ng m™ year
(Slemr et al., 2008) calculated from the 1996 and 1999 — 2004 annual averages but
within the uncertainty of both calculations.

Seasonal trends for the 1995 — 2004 period are all downward and their slopes are
decreasing in the following order: austral fall > summer > winter > spring (note the
negative sign of the slopes). The difference between fall and summer as well as
between winter and spring is not significant. In absolute terms the slope during austral
autumn (MAM) is the smallest and for spring (SON) is the highest for both the 1995 —
2004 and 2007 — 2015 data sets.

2. Seasonal variation

For analysis of seasonal variation we detrended the monthly averages using their least
square fits. The detrended monthly averages were then averaged according to months.
Figure 2a shows the seasonal variation of relative monthly averages with their
respective standard error. No systematical seasonal variation is apparent in this plot.
We noted, however, a two-year periodicity in the monthly averages. Figure 2b shows
the monthly averages of the detrended monthly values for a 2year period. Despite the
somewhat higher standard errors of the monthly averages (number of averaged
months for biennial variation being only half of those for the seasonal variation), the
monthly averages vary between 0.95 and 1.05 as do the monthly averages for the
seasonal variation (Figure 1a). Taken collectively, however, the relative GEM
concentrations during the second year are significantly (>99.9%) higher than those in
the first year. This is a clear sign of a biennial variation of GEM concentrations at

Cape Point.

Discussion

Atmospheric
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Tropospheric biennial oscillations (TBO) in tropospheric temperature, pressure, wind
field, monsoon, etc. has been previously reported in the literature (e.g. Meehl, 1997,
Meehl and Arblaster, 2001, 2002, Zheng and Liang, 2005). Meehl and Arblaster
(2001) also report that TBO with roughly a 2 — 3 years period encompasses most
ENSO years with their well-known biennial tendency. Slemr et al. (2016) analysed
mercury data from Cape Point in South Africa, Mace Head in Ireland, and from
CARIBIC measurements in the upper troposphere and found an ENSO signature in all
these data sets. Thus the finding of biennial variation of GEM concentrations at Cape
Point is consistent with the ENSO influence.

All GEM concentrations show an upward trend of 0.0210 (0.0127 — 0.0284) ng m™
year™ between March 2007 and June 2015. This trend is almost identical with 0.0208
(0.0141 - 0.0280) ng m year! when only baseline (i.e. GEM concentrations at 2>2Rn
concentrations < 250 mBq m™) are considered. Occasional pollution and depletion
events (Brunke et al., 2010; 2012) thus do not influence the trend of the all data set. A
decreasing trend of - 0.015 + 0.003 ng m™ yr* was derived from annual medians of all
GEM concentrations at Cape Point measured manually during the years 1996 and
1999 — 2004 (Slemr et al., 2008). These data were obtained by a manual technique
and have an annual coverage of only about 300 hours per year, i.e. about 3% in
contrast to the Tekran measurements since 2007 where the coverage was nearly
100%. Here we derive a downward trend of -0.0176 + 0.0027 ng m™ year from the
least square fit of the monthly medians since September 1995 until December 2004.
Despite the different temporal coverage (because of incomplete data set, only the
1996 and 1999 — 2004 annual medians were used by Slemr et al. (2008)), both trends
are in good agreement. Because of the small data coverage and 2??Rn data available
only since 1999 we were not able to filter out the baseline data for the whole 1995 —

2004 period and to determine their trend separately.

The upward trend after March 2007 and the downward trend between 1995 and 2004
were measured by different techniques: the former one with a Tekran instrument and
the latter one using the manual technique. For reasons outside of our control we could
not operate both techniques side by side for a reasonable length of time. Although the
measurements by both techniques agreed well during an international field

intercomparison (Ebinghaus et al., 1999), we do not claim here that they are

Atmospheric
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comparable without an intercomparison of both techniques at Cape Point. Assuming
internal consistency of each of the data sets, it is however obvious that the decreasing
trend between 1995 and 2004 turned to an increasing one since 2007 implying that the
turning point was located between 2004 and 2007.

The changing trend at Cape Point is not the only sign that the hemispheric trends in
mercury concentrations are changing. An analysis of 1996 — 2013 data from Mace
Head, classified according to the geographical origin of the air masses, showed a) that
the downward trend of mercury concentration in air masses originating from over the
Atlantic Ocean south of 28°N is substantially lower than for all other classes
originating north of 28°N and b) that all downward trends for air masses originating
from north of 28°N are decelerating (Weigelt et al., 2015). The apparent inconsistency
that no decelerating trend for air masses from south of 28°N was found can be
explained by the fact that the changes of a smaller trend are likely to be more difficult
to detect. Weiss-Penzias et al. (2016) recently reported that the wet mercury
deposition was decreasing at 53% of the sites in the U.S. and Canada and was
increasing at none of the sites over the period 1997 — 2013. Over the period 2008-
2013, however, the mercury wet deposition was decreasing only at 6% of the sites but
was increasing at 30% of the sites. Thus the sign change of the trend at Cape Point
somewhere between 2004 and 2007 is just one more indication that trends in
atmospheric mercury concentrations are changing world-wide. The most recent
inventory by Zhang et al. (2016) estimated that the worldwide anthropogenic
emissions decreased from 2890 Mg yr'! in 1990 to 2160 Mg yr' in 2000 and
increased slightly to 2280 Mg yr™! in 2010.

Seasonally resolved trends may provide some information about the processes
influencing the trends at Cape Point. For the period 1995 - 2005 we find the smallest
downward trend (-0.0132 ng m year?) in austral fall (MAM) and the largest one (-
0.0198 ng m? year™) in austral spring (SON). In the 2007 — 2015 data the lowest
upward trend is found for austral fall (MAM, around 0.010 ng m™ year™) and the
highest in austral spring (SON, ~ 0.037 ng m™ year?). The difference in seasonal
GEM trends may originate from the seasonal trends of GEM emissions or from
climatological shifts in regional transport patterns or both.

Atmospheric
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Hg emissions from coal fired power plants, the largest anthropogenic Hg source, tend
to be nearly constant over the year (Rotty, 1997). On the contrary, biomass burning is
a highly seasonal phenomenon with maximum emissions during August - September
both in southern America and southern Africa (Duncan et al., 2003; van der Werff et
al., 2006). Taking into account a delay by ~ 3 months due to intrahemispherical air
mixing time,he October - November coincide with the maximum seasonal trends: an
upward one for 2007 — 2015 and a downward one for the 1995 — 2004 periods.
Biomass burning emission inventories suggest a small decrease in CO emissions from
Africa and more pronounced one from South America between 1997 and 2004, but
differences between different inventories render it very uncertain (Granier et al.,
2011). As the emission estimates by Granier et al. (2011) end in 2010, no trend in
emissions from biomass burning in 2007 — 2015 period can be given. Nonetheless, the
ambient Cape Point CO data has shown a measurable decrease during 2003 till 2014
(Toihir et al., 2015). We tried to calculate seasonal trends of baseline CO mixing
ratios for 1995 — 2004 and 2007 — June 2015 periods but none of the trends was
significant. The 1995 — 2004 and 2007 — June 2015 periods are probably too short to
reveal trends in CO data obscured by strong seasonal and interannual variations.
Nevertheless, the ENSO signature both in Hg and CO data from Cape Point, Mace
Head, and CARIBIC was found to be consistent, within large uncertainty margins,
with emissions from biomass burning (Slemr et al., 2016). In summary, seasonal
variations of emissions from biomass burning in southern Africa and America as well
as ENSO signature are consistent with a hypothesis of emissions from biomass
burning as a major driving force behind the different seasonal trends as seen in the

Cape Point data.

Conclusions

We report here an increasing trend for mercury concentrations at Cape Point for the
period 2007 — 2015. As mercury concentrations at Cape Point decreased over the
period 1996 — 2004 we conclude that the trend must have changed sign between 2004
and 2007. Such a change is qualitatively consistent with the trend changes observed in
atmospheric mercury concentrations at Mace Head in the Northern Hemisphere
(Weigelt et al., 2015) and in mercury wet deposition at sites in North America (Weiss-

Penzias et al., 2016). Combining all this evidence it seems that the worldwide

Atmospheric
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mercury emissions are now increasing, after a decade or two of decreasing emissions.
This finding is consistent with the temporal development of mercury emissions in the

most recent mercury inventory (Zhang et al., 2016).

For both periods, 1995 — 2004 and 2007 — 2015, seasonally resolved trends were
different in different seasons. We believe that the observed trends of GEM
concentrations at Cape Point result from the trend of worldwide mercury emissions
and are additionally modulated by regional influences. During 1995 — 2004 the
highest downward trend was observed in austral spring (SON) and winter (JJA). For
the 2007 — 2015 period the highest upward trend was found in austral spring. Hg
emissions from biomass burning in South America and southern Africa both peak in
August and September (Duncan et al., 2003, van der Werff et al., 2006). Although the
trend of these emissions is uncertain because of differences between different
emission inventories (Granier et al., 2013), it can produce different trends in different
seasons. Biennial variation of the GEM concentrations at Cape Point, reported here,
suggest that climatological changes of transport patterns can also play a role in
seasonally different trends. The detection of the ENSO signature in GEM
concentrations at Cape Point (Slemr et al., 2016) is consistent with the influence of

both emissions from biomass burning and changing regional transport patterns.
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Table 1: Sen’s slopes calculated from monthly GEM averages of all and baseline (i.e. *2Rn <

250 mBq m) data for March 2007 — June 2015.

Data Sen’s slope n Significance Range at 95% signif.
[ng m3year?] [%] level
[ng m3year?]

All data 0.0210 99 >99.98 0.0127 - 0.0284
All Baseline 0.0208 97 >99.98 0.0141 -0.0280
Fall (MAM, all data) 0.0089 27 95.99 -0.0009 —0.0198
Fall (MAM, baseline) 0.0108 27 98.78 0.0018 —0.0223
Winter (JJA, all data) 0.0153 25 99.29 0.0025 -0.0294
Winter (JJA, baseline) 0.0152 25 98.68 0.0020 - 0.0287
Spring (SON, all data) 0.0375 24 99.74 0.0142 - 0.0556
Spring (SON, baseline) 0.0361 24 99.84 0.0160 - 0.0563
Summer (DJF, all data) 0.0287 23 99.87 0.0119 - 0.0440
Summer (DJF, baseline) | 0.0269 21 99.79 0.0020 - 0.0287

Table 2: Least square fit of monthly median of all GEM concentrations for September
1995 — December 2004.

Data Slope n Signif. level
[ng m* year] [%]

All data -0.0176 + 0.0027 94 >09.9

Fall (MAM) -0.0132 + 0.0052 23 >05

Winter (JJA) -0.0189 + 0.0049 23 >99.9

Spring (SON) -0.0198 + 0.0038 24 >99.9

Summer (DJF) -0.0154 + 0.0065 24 >05
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Figure 2: Seasonal (upper panel) and biennial (lower panel) variation of detrended

monthly averages. The error bars denote the standard error of the monthly average.



