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Abstract. Mercury is a chemical with widespread anthropogenic emissions that is known to be highly 16	
  
toxic to humans, ecosystems and wildlife. Global anthropogenic emissions are around 20% higher than 17	
  
natural emissions and the amount of mercury released into the atmosphere has increased since the 18	
  
industrial revolution.  In 2005 the European Union and United States adopted measures to reduce 19	
  
mercury use, in part to offset the impacts of increasing emissions in industrialising countries.  The 20	
  
changing regional emissions of mercury have impacts on a range of spatial scales. Here we report four 21	
  
years (Dec 2011 – Dec 2015) of Total Gaseous Mercury (TGM) measurements at the Cape Verde 22	
  
Observatory (CVO), a global WMO-GAW station located in the sub-tropical remote marine boundary 23	
  
layer. Observed total gaseous mercury concentrations were between 1.03 and 1.33 ng m-3 (10th, 90th 24	
  
percentiles), close to expectations based on previous interhemispheric gradient measurements. We 25	
  
observe a decreasing trend in TGM (0.04 ± 0.03 ng m-3 yr-1, -3.4% ± 2.4% yr-1) over the four years 26	
  
consistent with the reported decrease of mercury concentrations in North Atlantic surface waters and 27	
  
reductions in anthropogenic emissions.  The trend was more visible in the summer (Jul-Sep) than in the 28	
  
winter (Dec-Feb), when measurements were impacted by air from the African continent and 29	
  
Sahara/Sahel regions. African air masses were also associated with the highest and most variable TGM 30	
  
concentrations. We suggest that the less pronounced downward trend in African air may be attributed 31	
  
to poorly controlled anthropogenic sources such as artisanal and small-scale gold mining (ASGM). 32	
  
 33	
  
1  Introduction 34	
  
 35	
  
Mercury is present in the atmosphere in three main forms; gaseous elemental mercury Hg0, which is 36	
  
the most common form in the gas phase, oxidized mercury HgII (GOM or RGM), and Hg-bound to 37	
  
particulate matter (PBM). The measurement of Total Gaseous Mercury (TGM or GEM) encompasses 38	
  
the measurement of all of these forms with Hg0 contributing to around 90-99% of the total Hg or TGM. 39	
  
 40	
  
Anthropogenic sources of mercury account for around 30% of the total amount and include emissions 41	
  
from coal burning, mining, cement production, oil refining and waste incineration.  Hg0 reacts slowly 42	
  
with atmospheric oxidants, with a global lifetime of around 6-8 months (Selin et al., 2007;Holmes et 43	
  
al., 2010), and so can be transported to remote regions. When oxidized to less volatile HgII, it can be 44	
  
deposited either through wet deposition processes (precipitation-scavenging) or by surface uptake 45	
  
(Gustin et al., 2012;Schroeder and Munthe, 1998;Sather et al., 2013;Wright et al., 2014). Hg0 also 46	
  
undergoes slow dry deposition of mercury through air-surface exchange with both terrestrial and 47	
  
aquatic surfaces (Zhang et al., 2009;Wang et al., 2016).  Once deposited, transformation to highly toxic 48	
  
species such as the neurotoxic methylmercury allows bioaccumulation in food chains and thus poses a 49	
  
health risk to humans and a damaging effect to ecosystems (US EPA, 1997).  Previously deposited 50	
  
mercury can also be reduced back to Hg0 through the natural weathering of mercury-containing rocks, 51	
  
geothermal activity, or from volcanic activity, and then re-emitted back to the atmosphere (Gustin et 52	
  
al., 2012)(Qureshi., 2012).  53	
  
 54	
  
Reactions of Hg0 to HgII with the hydroxyl radical (OH) and ozone (O3) were historically accepted as 55	
  
the dominant photochemical oxidation mechanisms (Bergan and Rodhe, 2001;Lin et al., 2006;Seigneur 56	
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et al., 2006;Selin et al., 2007;Pongprueksa et al., 2008).  Recent work has suggested that there may be 1	
  
significant other oxidants such as atomic halogens (Holmes et al., 2010;Wang et al., 2014) and more 2	
  
complex two-step oxidation schemes, which include further reactions with NO2 and HO2, however the 3	
  
kinetics are highly uncertain (Goodsite et al., 2004) (Goodsite et al., 2004;Holmes et al., 2010).  4	
  
Heterogeneous oxidation in clouds may also contribute but is not experimentally proven (Ariya et al., 5	
  
2009;Calvert and Lindberg, 2005).  6	
  
 7	
  
Strode et al. (2007) estimated that 36% of all mercury emissions in the northern hemisphere come from 8	
  
the ocean both through primary emission (ocean upwelling and mercury-containing rocks) and from re-9	
  
emission of previously deposited mercury (as HgII), but this increases to 55% as you move into the 10	
  
southern hemisphere (Strode et al., 2007).  The major anthropogenic source affecting the remote 11	
  
marine boundary layer is likely to be long-range transport of Hg0 from coal-fired combustion 12	
  
(smelting, waste incineration, chemical plants) rather than from HgII, which is more likely to deposit 13	
  
regionally due to its relatively short lifetime of 4.8 hours (Zhang et al., 2012). Other industrial sources 14	
  
for Hg include artisanal and small-scale gold mining (ASGM), which are known to occur in West 15	
  
Africa (Telmer and Velga, 2009; UNEP, 2013) and will likely regionally influence the measurements 16	
  
described here.   For the 2013 UNEP global assessment, ASGM emission data were compiled from 17	
  
field and industry reports but with an uncertainty of ca. ± 43% due to the multitude and varying nature 18	
  
of ASGM sites.  In recent years, global emissions from ASGM, and in particular the proportion of 19	
  
global emissions attributed to South America and Sub-Saharan Africa, appear to be increasing; 20	
  
however this assumption may be due to improved reporting (Muntean et al., 2014).  The majority of 21	
  
global anthropogenic emissions of Hg to the atmosphere in 2010 are associated with ASGM (37%), 22	
  
with one third thought to be from sub-saharan Africa (UNEP, 2013). 23	
  
 24	
  
A community strategy developed by the EU was adopted in 2005 and listed 20 actions to reduce 25	
  
mercury emissions, cut mercury supply and demand, and to protect people against exposure.  This 26	
  
strategy had a strong focus on the need to take a global approach and included actions relating to 27	
  
multilateral negotiations for the conclusion of a legally binding convention on mercury 28	
  
(http://ec.europa.eu/environment/chemicals/mercury/strategy_en.htm).  The UNEP Global Mercury 29	
  
partnership led by the US Environmental Protection Agency took a similar approach 30	
  
(http://www.unep.org/chemicalsandwaste/Metals/GlobalMercuryPartnership/tabid/1253/Default.aspx) 31	
  
and these initiatives formed the basis of the Minamata Convention on Mercury, which was agreed in 32	
  
2013 and is a global treaty to protect human health and the environment from the adverse effects of 33	
  
mercury (http://www.mercuryconvention.org/).  34	
  
 35	
  
It has been a source of contradiction that in the northern hemisphere, while both measured atmospheric 36	
  
Hg concentrations and wet deposition fluxes have been decreasing since 1990 (Soerensen et al., 2012) 37	
  
and 1996-2013 (Slemr et al., 2013;Weigelt et al., 2015); global Hg emissions during this period were 38	
  
calculated to be increasing (Pacyna et al., 2010;Streets et al., 2011). Very recently, however, Zhang et 39	
  
al., (2016), using a revised inventory and the global model GEOS-CHEM, have shown that global Hg 40	
  
emissions may also be decreasing.  They suggest that a large discrepancy in the emissions data was 41	
  
from locally deposited mercury close to coal-fired utilities.  It is thought that this source has declined 42	
  
more rapidly than was previously predicted due to shifts in mercury speciation from air pollution 43	
  
control technology targeted at SO2 and NOx (Zhang et al., 2016). Flue gas desulfurization (FGD) - 44	
  
which controls SO2 emissions - washes out HgII, whilst selective catalytic reduction (SCR) to control 45	
  
NOx emissions also oxidises Hg0 to HgII.  These effects of FGD, in addition to the recent phase-out of 46	
  
Hg from commercial products (UNEP Minamata Convention on Mercury) and lower global estimates 47	
  
from small-scale gold mining, serve to explain the globally decreasing atmospheric concentrations in 48	
  
the model. Zhang et al. (2016) also found that the larger emission decreases observed in North America 49	
  
and Europe globally offset the increases from other major polluted regions e.g. from coal-fired utilities 50	
  
in East Asia (Pacyna et al., 2010;Pirrone et al., 2013). 51	
  
 52	
  
Using data from ship cruises, Soerensen et al. (2012) observed a significant decreasing trend of 53	
  
atmospheric mercury concentrations over the North Atlantic of  -0.046 ng m-3 yr-1 (-2.5% yr-1), with 54	
  
smaller trends at more southern latitudes (Soerensen et al., 2012).  They suggest that this decline is due 55	
  
to decreasing oceanic evasion driven by declining subsurface water Hg0 concentrations (-5.7% yr-1 56	
  
since 1999, (Mason et al., 2012)).  57	
  
 58	
  
Here we report four years (Dec 2011 – Dec 2015) of TGM measurements at the Cape Verde 59	
  
Observatory (CVO), a clean marine background station located in the subtropical Atlantic.  The 60	
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measurements presented here are part of the EU Global Mercury Observation System (GMOS) 1	
  
network.  The GMOS network of sites was established in 2011 with the aim of addressing known gaps 2	
  
in the spatial and temporal measurement of mercury, as well as improving knowledge of Hg speciation.  3	
  
The data is being used to validate regional and global scale atmospheric Hg models in order to improve 4	
  
understanding of global Hg transport, deposition and re-emission as well as providing a contribution to 5	
  
future international policy development and implementation (www.gmos.eu). 6	
  
 7	
  
2  Experimental 8	
  
 9	
  
The CVO was established in 2006 as a multilateral project between the UK, Germany and Republic of 10	
  
Cape Verde.   Long-term atmospheric measurements include reactive trace gases including ozone, 11	
  
carbon monoxide, nitrogen oxides and volatile organic compounds (National Centre for Atmospheric 12	
  
Sciences (NCAS), University of York, UK), long lived greenhouse gases (Max-Planck Institute (MPI), 13	
  
Jena, Germany), and physical and chemical characterisation of aerosol (Leibniz Institute for 14	
  
Tropospheric Research (TROPOS), Leibzig, Germany). Details of the measurements and 15	
  
characteristics of the station can be found in Carpenter et al., (2010). 16	
  
 17	
  
The CVO is positioned on the northeast side of Sao Vicente (16.85°N, 24.87°W), one of ten islands in 18	
  
the Cape Verde archipelago (Fig. 1).  The island is of volcanic origin and the CVO is situated 50m 19	
  
from the coastline.  The climate is warm (mean annual air temperature is 24.0°C ± 2.0°C) and dry with 20	
  
extremely low annual rainfall (<200 mm), which occurs mostly during the rainy season of July-21	
  
November.  The site receives air masses from the northeasterly trade winds for 95% of the time, which 22	
  
have travelled typically for five days over the ocean.  Research flights carried out over the CVO in 23	
  
summer 2007 established that the boundary layer is well mixed (Read et al., 2008).  There is no coastal 24	
  
shelf to the island at this location point, and the CVO conditions are considered to be representative of 25	
  
the North Atlantic open ocean boundary layer.   26	
  
 27	
  

 28	
  
 
Figure 1: Cape Verde site location.  Top right, image from Google earth: V7.1.5.1557 (6th July 2016). São 
Vicente, Cape Verde, 16°51’59.60’’N, 24° 52’03.60’’W, Eye altitude 2.70 km.  Wind rose for the 
measurement period is coloured by wind speed.    
 29	
  
Air is sampled from the main laboratory glass manifold (10 m, 2” diameter, residence time 4 seconds) 30	
  
and then through a 2 m length of ¼” Teflon tubing and a particulate filter which is changed every two 31	
  
months.  The entire inlet is heated.  A TEKRAN 2537B analyser (Tekran Inc., Toronto, Canada) was 32	
  
used for the TGM measurements and is described in detail elsewhere (Steffen et al., 2014) and so only 33	
  
a brief summary is presented here.  The analytical principle collects the TGM onto gold traps with 34	
  
subsequent thermal desorption and detection by atomic fluorescence spectroscopy (λ= 253.7 nm, 35	
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(Bloom and Fitzgerald, 1988)).  Samples of 5 L volume are obtained every 5 minutes (1 L min-1 flow 1	
  
rate) with a detection limit of around 0.1 ng m-3, using a dual trap set-up.  Calibrations are performed 2	
  
every 72 hours using an internal mercury permeation source which injects a known amount of Hg0 into 3	
  
mercury-free zero air (using a TEKRAN Zero Air filter, part no: 90-25360-00).  The calibration 4	
  
consists of a zero and a span on each channel.  The effective span was 19.08 ng m-3 for a sample 5	
  
volume of 5 L.  The permeation rate was externally validated using manual injections of saturated 6	
  
mercury vapour taken from a Tekran 2505 mercury vapour calibration unit and after 5 years found to 7	
  
be within 3.58% of the instrumental set-point.  The detection limit of the instrument was 0.1 ng m-3. 8	
  
 9	
  
Four years of data are presented here obtained between 5th December 2011 and 5th December 2015.  In 10	
  
calculating annual trends and averages, we have used data from 1 Dec – 30 Nov.  The data was quality 11	
  
controlled using the central GMOS-Data Quality Management (G-DQM) system (Cinnirella et al., 12	
  
2014;D'Amore et al., 2015).  The G-DQM allows harmonization of data across the network and is able 13	
  
to acquire and process data in near real time allowing immediate diagnosis of issues.  It was developed 14	
  
using harmonized Standard Operating Procedures, which had been established over many years by 15	
  
European and Canadian monitoring networks, together with recent literature (Brown et al., 2010;Gay et 16	
  
al., 2013;Steffen et al., 2012).  An additional filter has been applied to the data presented here to 17	
  
exclude periods when the relative humidity was higher than 90%, as the data was prone to increased 18	
  
uncertainties due to water condensing in the instrument.   Instrument issues led to some significant data 19	
  
gaps; a lamp failure caused major data gaps between July-August 2012 and May-June 2014, whilst a 20	
  
pump failure caused downtime between October 2012-January 2013. 21	
  
 22	
  
3  Results and discussion 23	
  
 24	
  
3.1  Statistics and seasonal cycles 25	
  
 26	
  
The mean TGM concentration over 2011-2015 was 1.191 ± 0.128 ng m-3 and the four-year time-series 27	
  
is shown in Fig. 2.  Sprovieri et al. (2016) showed that the CVO measurements (site referred to as CAL 28	
  
rather than CVO) fit well within the north-south gradient of	
  TGM	
  data. Other sites of reference, which 29	
  
receive background air similar in origin to CVO, include Mace Head, Ireland, Nieuw Nickerie, 30	
  
Suriname, and Cape Point, South Africa (Table 1). The remoteness of the CVO is reflected in the small 31	
  
variability of the TGM measurements, compared to other sites. 32	
  
 33	
  

 34	
  
 35	
  
Figure 2: Time-series (December 2011-December 2015) of TGM data measured at the Cape Verde 36	
  
Observatory. 37	
  
 38	
  
The data shown in Table 1 illustrate the dominating effect of emissions from the northern hemisphere 39	
  
compared to the southern hemisphere, with Mace Head (53°20’N, 9°54’W) TGM concentrations 40	
  
averaging 7-9% higher than those observed at Cape Point.  The site at Niew Nickerie experiences 10% 41	
  
higher concentrations in the air arriving from the north compared to the south (Muller et al., 2012) and 42	
  
is additionally impacted by emissions from biomass burning and gold mining from South America  43	
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(Sprovieri et al., 2010).  Comparisons to ship-borne field campaigns in the Atlantic made between 1977 1	
  
and 2001 (Sprovieri et al., 2010) show that the data from CVO are more comparable with southern 2	
  
Atlantic conditions than the northern Atlantic. 3	
  
 4	
  

Site 
(Latitude, Longitude) 

Average ± standard deviation 
for 2013  
(ng m-3) 

Average ± standard 
deviation for 2014  

(ng m-3) 
 

Mace Head, Ireland 
(53°20’N, 9°54’W) 

1.46 ± 0.17 1.41 ± 0.14 

Calhau, Rep of Cape Verde 
(16°51’N, 24°52’W) 

1.22 ± 0.14 1.20 ± 0.09 

Nieuw Nickerie, Suriname 
(5°56’N, 56° 59’W) 

1.13 ± 0.42 1.28 ± 0.46 

Cape Point, South Africa  
(33° 56’S, 18°28’E) 

1.03 ± 0.11 1.09 ± 0.12 
 

 5	
  
Table 1. Average TGM concentrations and standard deviation statistics from comparable sites in 2013 and 6	
  
2014. Data from Sprovieri et al., (2016). 7	
  
 8	
  
The CVO TGM data shows a weak seasonal cycle (1.289 ± 0.134 ng m-3 December maximum, 1.130 ± 9	
  
0.128 ng m-3 June minimum, Fig. 3) with generally higher concentrations in winter and lower in 10	
  
summer.  This cycle is similar to that observed within sub-tropical maritime air masses at Mace Head, 11	
  
which is shallower than for other air masses (Weigelt et al., 2015) and generally not so defined as that 12	
  
of other remote sites in the Northern Hemisphere (Temme et al., 2007;Holmes et al., 2010).  Selin et 13	
  
al., (2007) show that the mean seasonal amplitude of 12 northern mid-latitude sites between the 14	
  
maximum in January (winter) and minimum August (summer) is 0.19 ng m-3, compared to the CVO 15	
  
amplitude of 0.14 ng m-3 (December-June).   A smaller seasonal cycle may mean that O3 plays a more 16	
  
dominant role in the oxidation of Hg0 compared to other oxidants such as OH (Temme et al., 17	
  
2007;Selin et al., 2007;Holmes et al., 2010).  The equatorial nature of the CVO site means that solar 18	
  
irradiance and water vapour are high year-round (Carpenter et al., 2010;Whalley et al., 2010). This may 19	
  
lead to a less pronounced change in oxidation capacity between summer and winter, when compared to 20	
  
sites at higher latitudes.  21	
  
 22	
  

 23	
  
Figure 3: Seasonal cycle of TGM at CVO.  
 
Anthropogenic emissions of mercury affecting the Atlantic region include emissions from coal 24	
  
combustion, which tend to have maximum impact in February-March due to a dominance of air from 25	
  
North America when fossil fuel consumption is highest (Duncan et al., 2007).  This is additionally 26	
  
observed in the seasonal distribution of anthropogenic tracers such as carbon monoxide (Selin et al., 27	
  
2007;Weigelt et al., 2015;Read et al., 2009).  Ocean emissions of Hg0 from the reduction of Hgaq

II to 28	
  
Hgaq

0, driven by increased biological production are at a maximum in June in the NH but December in 29	
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the SH (Strode et al., 2007).  The seasonal trend may also be affected by meteorological differences in 1	
  
seasonal circulation patterns and cycles in boundary layer heights, clouds, precipitation and dry 2	
  
deposition characteristics (Dastoor and Larocque, 2004;Selin et al., 2007). 3	
  
 4	
  
3.2  Trends  5	
  
 6	
  
Box and whisker plots of annual averages are shown in Fig. 4.  Over four years the data shows a weak 7	
  
downward trend (0.04 ± 0.034 ng m-3 yr-1).  This trend is more visible in the data collected during the 8	
  
Cape Verdean summer (-0.077 ± 0.055 ng m-3 yr-1 June-August, Fig. 4b) than in the winter (-0.003 ± 9	
  
0.192 ng m-3 yr-1 in December-February, Fig. 4c).  Previous studies have shown a stronger decreasing 10	
  
trend in air that has been influenced by anthropogenic emissions, for which there is more ready 11	
  
detection of the impact of regulation.  The seasonal findings here imply that there are additional 12	
  
sources of mercury influencing the measurements with greater effect in the winter months compared to 13	
  
the summer months.  This may be because the actual emissions of mercury (which themselves are 14	
  
decreasing more rapidly) are increased in winter e.g. those from residential burning or it may be 15	
  
because a mercury-rich air mass (which is not decreasing or decreasing less) is a more dominant 16	
  
contributor to the CVO air composition at that time of the year.  One explanation is an emission source 17	
  
such as ASGM impacting on continental African originated air that is predominantly measured by the 18	
  
CVO in winter (Carpenter et al., 2010).  Alternatively global oxidant concentrations (such as that of 19	
  
OH) may be increasing which would affect summer concentrations more than winter, but there is little 20	
  
evidence of this.  21	
  

 22	
  
Figure 4: Box and whisker plots of a) annual data and separated by season b) summer, c) winter. The edges 
and middle of the boxes are 25th, 50th and 75th percentiles, 10th and 90th percentiles are illustrated by the 
spread of the whiskers.  

(a) 

(b) 

(c) 
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In order to understand better the drivers of the TGM trends, data was classified according to the origin 1	
  
and pathways of airmasses arriving at the CVO over a ten-day period using the UK Met Office NAME 2	
  
dispersion model in passive tracer mode (Ryall et al., 2001).  The air mass classifications have been 3	
  
used previously for evaluating the source regions of reactive trace gases arriving at CVO (Carpenter et 4	
  
al., 2010).  Five geographical regions were defined (Coastal African, polluted Marine, Saharan Africa, 5	
  
Atlantic marine and Atlantic continental) and from these, 7 air mass types are classified based on the 6	
  
percentage time spent over each of the 5 regions (Carpenter et al., 2010).     These are: Atlantic and 7	
  
African Coastal (AAC), Atlantic marine (AM), North American and Atlantic (NAA), North American 8	
  
and coastal African (NCA), European (with minimal African influence) (EUR), African (with minimal 9	
  
European influence) (AFR) and European and African (EUR/AFR). 10	
  
 11	
  
Figure 5 shows histograms representing the data in each of the 7 classifications and Table 2 details the 12	
  
associated statistics.  The highest and most variable concentrations of total gaseous mercury (mean was 13	
  
of 1.23 ± 0.16 ng m-3) were observed in the air from continental Africa (AFR).  It has been established 14	
  
that West Africa is an important source region for ASGM activity (Telmer and Velga, 2009).  It is 15	
  
difficult to determine whether West Africa is a growing source of emissions since data prior to these 16	
  
observations has been limited and is subject to large uncertainty.  It is likely however that the ASGM 17	
  
emissions are less regulated than the anthropogenic emissions from coal combustion, ferrous/non-18	
  
ferrous metal and cement production from Europe and the US (UNEP, 2013) and so is not decreasing 19	
  
in source strength.   Selin et al., (2007) suggest that the global emission rate of anthropogenic mercury 20	
  
has declined by 5.5% and there is evidence from Northern Hemispheric sites, which are more impacted 21	
  
by anthropogenic emissions from these sources, that atmospheric concentrations are decreasing in-line 22	
  
with recent measures (Selin et al., 2007;Cole et al., 2014;Weigelt et al., 2015;Zhang et al., 2016). 23	
  
 24	
  

 25	
  
 
Figure 5: Histograms of air mass classified data.  
 26	
  

Air mass Average +/- 1 sigma standard deviation (25th-75th 
percentiles) ng m-3 

% Time spent in air 
mass 

 
AAC 1.14 +/- 0.11 (1.08-1.22) 9% 
AM 1.15 +/- 0.12 (1.08-1.24) 22% 

NAA 1.21 +/- 0.08 (1.17-1.27) 17% 
NCA 1.20 +/- 0.10 (1.15-1.27) 15% 
EUR 1.18 +/- 0.13 (1.08-1.26) 7% 
AFR 1.23 +/- 0.16 (1.14-1.29) 24% 

EUR/AFR 1.22 +/- 0.11 (1.16 -1.30) 6% 
   
 27	
  
Table 2. Statistics for the individual air mass classified data. 28	
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The lowest variability in TGM was observed in air that had travelled the longest periods since contact 1	
  
with continental sources even though these would have been subjected to greatest potential for ocean 2	
  
emissions (AM, NCA, NAA).  The lowest concentrations (1.144 +/- 0.109 ng m-3) were observed in 3	
  
Atlantic and African coastal air (AAC).  4	
  
  5	
  
The air was further separated by year to investigate whether the decreasing trend observed in the entire 6	
  
dataset could be seen within the individual air masses and if any further conclusions could be drawn. 7	
  
 8	
  
The Theil-Sen function (Theil 1950; Sen 1968) was used to evaluate the 4-year trend based on monthly 9	
  
TGM averages and the results are shown in Fig. 6.  In this function the slopes between all x, y pairs are 10	
  
calculated and the Theil-Sen estimate is then the median of all these slopes.  The advantage of using 11	
  
this function is that it gives accurate confidence intervals and is resistant to outliers. 12	
  
 13	
  

 14	
  
 
Figure 6: TGM trends separated by air mass at the Cape Verde Observatory.  The green text shows the 
slope estimate and 95% confidence intervals in brackets. 
  15	
  
The data for all air masses is shown in the top left panel with the rest of the panels showing the data 16	
  
separated by the seven air mass classifications.  In each case the solid red line shows the trend estimate 17	
  
and the dashed red lines show the 95% confidence intervals for the trend based on resampling methods.   18	
  
The overall data show a trend of -0.04 ng m-3 yr-1 (95% confidence interval of -0.07 to -0.02 ng m-3 yr-19	
  
1), as shown in the green text. The symbol “***” indicates that the trend is significant to the 0.001 20	
  
level.  Over the 4-year period the trends were (in ng m-3 yr-1): -0.06, -0.02, -0.06, -0.06, -0.05, -0.07, -21	
  
0.06 for AAC, AFR, AM, EUR, EUR/AFR, NAA and NCA respectively.  Only in the African (AFR) 22	
  
air is the trend not significant and suggests some additional input to the background concentrations.  23	
  
This would also explain the higher and more variable concentrations that we observe in this air mass.   24	
  
 25	
  
Weigelt et al., (2015) observed an annual decrease in TGM concentrations at Mace Head (53°20’N, 26	
  
9°54’W, 10 m asl) of between -0.021 and -0.023 ng m-3 yr-1 between 1996-2013, close to the upper 27	
  
confidence levels shown here (Weigelt et al., 2015).  A global calculation using the GEOS-CHEM 28	
  
model (Soerensen et al., 2012) suggested that the TGM trend within sub-tropical maritime air masses 29	
  
(air from south of 28°N, west of 10°W) of -0.016 ± 0.002 ng m-3 yr-1 is lower than over the Northern 30	
  
Atlantic (model prediction of -0.04 ng m-3 yr-1).  In that evaluation an observed shallower decrease than 31	
  
the GEOS-CHEM prediction has been attributed to a shallower seasonal variation of oxidant 32	
  
concentrations in the region rather than to higher emissions (Weigelt et al., 2015). That research also 33	
  
suggests that the trend is leveling off in contrast to the findings presented here.  34	
  
 35	
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The overall trend (2011-2015) of -0.04 ng m-3 yr-1 is in line with that calculated by Soerensen et al., 1	
  
(2012) from their measurements over the North Atlantic, whilst further south at Cape Point the trend 2	
  
for 17 years (1996-2013) was reported as -0.018 ng m-3 yr-1 (95% significance interval of -0.035 to -3	
  
0.013 ng m-3 yr-1), lower than reported here but which may not take into account the very recent 4	
  
decreases in emissions (Weigelt et al., 2015;Soerensen et al., 2012).  5	
  
 6	
  
3.3 Short term variability 7	
  
 8	
  
The TGM data shows a very weak (statistically insignificant) diurnal profile in all air masses.  9	
  
Nevertheless, the maximum at night and minimum in early afternoon is consistent with the reaction 10	
  
with OH being the main loss term (Fig. 7), and similar to the diurnal profiles both in magnitude and 11	
  
shape that are presented in Wang et al., (2014) from measurements in the Pacific Ocean.  The lowest 12	
  
concentrations and deepest diurnal amplitude (of 0.062 ng m-3) observed at the CVO were in air that 13	
  
had spent more time over the ocean.   The weakest diurnal cycle in TGM is observed in the AFR and 14	
  
EUR/AFR air masses (variation amplitudes of 0.028 ng m-3 and 0.036 ng m-3 respectively), consistent 15	
  
with fresh anthropogenic emissions influencing the concentrations (Wang et al., 2014).  16	
  
 

 
 
Figure 7: Diurnal variability of TGM separated by air mass. The error bars for data classified as from the 
North American and Atlantic (NAA) are included on the plot. 
 17	
  
Rural sites tend to show minimum concentrations before sunrise and then maximum concentrations 18	
  
around noon (Lan et al., 2012;Nair et al., 2012).  This is assumed to be due to the presence of a strong 19	
  
nocturnal boundary layer, which is then diluted by the vertical mixing of the boundary layer in the 20	
  
morning.  Increased oxidation throughout the day at those locations leads to a decreasing or leveling 21	
  
off of TGM concentrations after noon. The results shown here suggest that the boundary layer effect is 22	
  
minimised at this location consistent with previous findings (Read et al., 2008;Carpenter et al., 2010).    23	
  
 24	
  
4  Conclusions 25	
  
 26	
  
We report a four-year decreasing trend in total gaseous mercury (TGM) concentrations over the sub-27	
  
tropical north Atlantic of -0.04 ± 0.03 ng m-3 yr-1, a rate of decline that is in agreement with a number 28	
  
of other studies.  A downward trend in concentration was observed in 6 out of 7 different air mass 29	
  
types, all associated broadly with long-range transport of air from the US and Europe over the north 30	
  
Atlantic ocean to the measurement location.  The smallest and least significant downward trend (-0.02 31	
  
± 0.03 ng m-3 yr-1) was observed in air that was influenced by West Africa and the Sahel and Sahara, 32	
  
where emissions are less understood and may well be still increasing.  The UNEP Global Mercury 33	
  
Assessment report in 2013 suggested that more work is needed to improve emissions estimates for 34	
  
West African sources including field measurements around ASGM sites.  35	
  
 36	
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