
Author responses to Referees comments on the paper “Source apportionment of atmospheric 

mercury in the remote marine atmosphere: Mace Head GAW station, Irish west coast” by Custodio et 

al.  

The authors are grateful for the referees for the comments, which improved the manuscript 

considerably. We provide point-by-point responses below in bold, and new statement in red.  

 
Referee #1 
Mace Head, GAW station provides valuable long-term observational data for atmospheric 
mercury in a coastal region in middle-latitudes. The data has been extensively interpolated for 
source appointment and atmospheric trend attribution. In this study, the authors utilized a 
receptor modeling technique for source apportionment that involves other chemical atmospheric 
trace species and meteorological data. This is a new addition to mercury trend analysis and the 
conclusions are generally reasonable. Clearly it merits publishing in ACP, but not in the current 
form. My major concern is the organization of the article. The authors made conclusions and 
speculations all through the results and discussion section. But some of them are not fully 
supported and seem hasty. I suggest reorganizing the paper to separate the result and discussion 

sections. By this mean the author can first present all the results, and then interpret them, 
especially their interactions as they are so closely associated (e.g. the results of hourly, monthly, 
and annual cycles and their associations with other chemical tracers and meteorological data). 
My detailed comments are as follow: 
 

R: The authors understand that such organization structure (separating results from discussion) 

could help the reader finding the manuscript results. The reason for do not split the section in results 

and discussion subsection, comes from the perspective of the told history. The authors prioritize the 

connection and insertion of results in the context of atmospheric mercury understanding. 

Moreover, splitting the aforecited section in effect of physical and qualitative analysis with 

measured parameters and a quantitative apportion with vector strength analysis can helps more in 

the structure and facilitate the understanding the results and research meaning. 

 
Line 136-137: this conundrum has an explanation in Zhang et al. PNAS, 
https://doi.org/10.1073/pnas.1516312113. 
 

R: A new statement, one paragraph was added with the following edits:  

Line 145 to 150: “This conundrum related to increasing global emissions on one hand and measured 

declines in atmospheric mercury is discussed by Zhang et al. (2016). They state that the inventories 

do not account for the decline in the atmospheric release of Hg from commercial products, and do 

not properly account for the change in Hg0/HgII speciation of emissions from coal-fired utilities after 

implementation of gases emission controls” 

 
Line 167-169: It’s not clear how the standard electrode potential or the kinetic coefficient of 
reactivity is translated to the conclusion that “Hg0 is quite a stable vapor gas, and a significant 
daily mass depletion by photooxidation is very unlikely”. 
 

R: The stability of a chemical element is measured by his thermodynamic oxidation potential, which 

will reflect, or even determine its ΔH. Since thermodynamic is not the only control factor of reaction, 

https://doi.org/10.1073/pnas.1516312113


including oxidation, they can be catalyzed, as happen with mercury in the atmosphere. The kinetic 

coefficient mentioned above consider .OH, Br., O3, organic radical catalysis. 

In order to improve, the authors reworded the sentence to “Hg0 is a chemically relatively inert 

towards gas-phase oxidation, and a significant daily mass depletion by photooxidation is very unlikely. 

(Lines 182-183)”.  

 
Figure 4: wind direction has no y-axis. 
 
R: It was normalized, we understand that radians normalization is not intuitive. A new axis with a 

new metric normalization was prepared for the plot of wind direction.  A new plot with a new metric 

for wind direction was prepared, figure 4 in the revised MS  

 

Line 194: A specie with a lifetime of _0.5 yr is not a short-lived one. 
 

R: We appreciated the comment. The main point here is the CHCL3 has a shorter lifetime than 

mercury. The sentence was reworded to “…because CHCl3 is a shorter-lived species (lifetime ~0.5yr”; 

line 206-207.  

 
Section 3.1. The authors made some conclusions in this section, e.g. line 169-170 and 199-201. 
These conclusions seem unreliable and hasty. Why not waiting after presenting the PMF results? 
 

R: Line 169-170 we simply refer to the well-known stability of elemental mercury against oxidation 

based on physical-chemical properties of the element (kinetically and thermodynamically), no new 

fundamental insights on atmospheric chemical reaction is presented.  

About Line 199-201, the transport discussion is not propelled by PMF solution, but from the 

chemical species loaded in. The sentence is supported by the closer pattern between mercury and 

carbon monoxide as a well-known primary pollutant. The wind pattern presented in this section 

also supports such statement. The increase of TGM in winds from continental areas, winds with a 

high load of primary pollutants endorse and corroborate the PMF solution but is not a conclusion 

from the solution.    

The sentence was rewrote as “Figure 3, 4 and S3, show that the seasonality in TGM observed in Mace 

Head is closely related to other species linked to primary sources and can be explained by transport 

from continental areas”, now line 212-213.  

 

Figure 5: The histogram of reconstructed value is not helpful. I suggest showing that of error. 
 

R: The figure presents correlation, histograms for observed and reconstructed and 25/75th and 

10/90th quantile values, plotting the error. The figure legend was improved in the revised MS in 

order to clarify the histogram meaning and help the reader identifying the error.  

A new statement “Correlation among total elemental mercury measured and mercury reconstructed 

by the PMF solution and conditional quantiles plot showing the difference between PMF solution and 

observation. The observations are split up into bins according to correspondent reconstructed value. 

The median prediction line together with the 25/75th and 10/90th quantile values are plotted 

together with a line showing a “perfect model”. It also shown is a histogram of reconstructed values 

(shaded grey) and a histogram of observed values (shown as a blue line).” 



   
Line 224-233: “atmospheric acidification”? Is it actually “atmospheric oxidation”? Also, this 
paragraph reads very confusingly with so many turns around. 
 

R: CO2 is an acid oxide, the ΔG of metals (Gibbs free energy) are strongly affected by acidification, 

reducing EH, for example the Pourbaix diagram. Our point here is, it is possible that the increasing 

of CO2 concentration in the atmospheric potentially affects the Hg0 lifetime. 

The paragraph was reformulated based the comments 16 from Referee #2. The aforementioned 

sentences now appear reworded as “Another possible explanation for the declining trend may be the 

Hg0 atmospheric life-cycling reduction due to atmospheric acidification caused by CO2 increase and its 

potential (E°) to force elemental mercury oxidation” line 231-241.   

 
Line 215-233: I suggest cutting the length of such speculations, they are very long and basically a 
review of past results. What new information is revealed by the author’s own data and analysis? 
 

R:  We appreciate and understand the reviewer's concern, it is important to be consistent, 

pragmatic, and mainly be supported by evidence. However, mercury sources and fades are complex 

and not well described yet. In the aforementioned paragraph we cite other statements and scientific 

premises to support our argument and finding.  

The paragraph was reformulated also based in the comment above and comment 16 from Referee 

#2.  The new statement is in line 229-250 in the revised MS: “The PMF results show a statistically 

significant decrease in the baseline factor that could explain almost all of the trend changes in 

atmospheric mercury. This suggests a major decrease of anthropogenic inputs on a global scale. Slemr 

et al. (2011) reported a worldwide trend of atmospheric mercury, showing an equally strong decrease 

in the northern and southern hemispheres, which supports the argument of baseline-driven TGM 

decline.  

According to Streets et al. (2011), anthropogenic Hg emissions in the USA and Europe decreased by 

20% and 40%, respectively, from 1990 to 2008. However, emissions on a global scale, particularly from 

East Asia, are poorly reported (UN, 2018), even for most of the countries that are signatories of 

Minamata convention (UN, 2019). Moreover, the total emissions from small scale artisanal gold 

mining are highly uncertain estimates. 

Another possible explanation for the declining trend may be the Hg0 atmospheric life-cycling reduction 

due to atmospheric acidification caused by CO2 increase and its potential (E°) to force elemental 

mercury oxidation. As reported by Slemr et al. (2011) and references therein, an increase in the 

atmospheric reactivity can induce large decreasing trends in the concentration of many long-lived 

substances. Clerbaux and Cunnold, (2007) did not observe lifetime changes for halogenated and other 

greenhouse gases, however, changes in oxidation rates of elemental mercury in the atmosphere could 

follow different kinetics. Furthermore, the increasing UV radiation and the shifting solar radiation to 

shorter wavelengths could also intensify the oxidation of elemental mercury into Hg2+ (IPCC, 2007; 

Qureshi et al., 2010).  Based on a global box-model of mercury biogeochemical cycling Streets et al. 

(2011) present a trend of atmosphere mercury from 1850 to 2008 showing the increase of Hg2+ in the 

atmosphere in recent decades.”  

 
Line 260: It’s risky to call this component as oceanic contribution as i) the fraction is very low; 
and 2) the baseline fraction may contain a contribution from the global ocean evasion fluxes. I 



would suggest using the term “nearby ocean contribution”. Many orphan sentences throughout 
the article. I suggest combine them with near by paragraphs. 
 

R: Thanks for the comment, this is true. As CHCl3 fades, the factor signed by this species loses load 

of mercury; the mercury lost in the ocean factor is reloaded in the baseline factor. 

We are not convinced to call the factor “nearby ocean” since the lifetime of chloroform is not so 

short allowing the specie to be transported for long distances. For example, air masses from North 

America can reach Mace Head within 96 hours and even less. 

We are rewording the sentence to “This study shows an oceanic contribution (based on ocean factor 

solved by PMF) of 13% (0.17 ± 0.07 ng m-3) to atmospheric TGM at Mace Head station.” Line 283-284 

in the revised MS. 

 

Anonymous Referee #2 
Received and published: 30 March 2020 

Overall this is a good manuscript. The results and analysis are valuable additions to the scientific 
community. I have provided some technical suggestions to hopefully improve the manuscript and 
some editorial suggestions to improve the readers experience. My recommendation is that this 
manuscript be accepted with revisions. Technical suggestions: 1. Page 2 line 48. You use data from 
January 2013 to March 2018. I would suggest that when reporting annual trend data that you do 
not include 2018 in that data given that you do not have a full year and it may skew the results. 
Of course monthly reporting works but be mindful with annual reporting. 2. Page 3 
 

R: The matrix-vector introduced in PMF had time resolution of hours, 2018 contributed, roughly, 

with 2160 equations for the positive factorization. The manuscript has been revised in order to make 

clear that the time series is only until March 2018 and does not include all 2018 months. 

New statement: “Account the more recent years (1996 to 2018, March), this decline continued with 

approximately 0.025 ± 0.04 ng m-3 yr-1, figure 2.” Line 135-137 in the revised MS. 

 
line 72 – please add in a description of how the data was quality assured. What is the level of 
completeness of the data used in the analysis. This is very important when the data is compared 
to other data sets.  
 

R: Thanks for the comment. Some level, instrument failure is inevitable, they are susceptible to 

malfunctions that can result in lost or poor-quality data. Some data quality control steps are taken 

to minimize the risk of loss and to improve the overall quality of data. The validation process, In 

order to ensure data reliability and comparability of Mace Head mercury data follows the GMOS-

Data Quality Management (G-DQM) protocol described by D`Amore et al. (2015). This statement 

will be reworded in the aforementioned paragraph. 

New statement in the revised MS, line 74-79:  “At some level, instrument failure is inevitable, they 

are susceptible to malfunctions that can result in lost or poor-quality data. Some data quality control 

steps are taken to minimize the risk of loss and to improve the overall quality of data. Validation 

process, In order to ensure data reliability and comparability of Mace Head mercury data follows 

GMOS-Data Quality Management (G-DQM) protocol described by D`Amore et al. (2015) through a 

human check at Helmholtz-Zentrum Geesthacht.” 

 



D'Amore, F., Bencardino, M., Sergio Cinnirella, S., Sprovieria, F., Pirrone, N.: Data quality through a web-based 
QA/QC system: implementation for atmospheric mercury data from the Global Mercury Observation 
System. Environmental Science Processes Impacts, 17, 1482–1491. DOI: 10.1039/c5em00205b, 2015. 

 

 

The G-DQM system is a web-based tool aimed to control data quality that has been specifically 

developed to ensure data comparability among atmospheric mercury datasets collected within 

the GMOS network. Its application to three years of data allowed a very detailed analysis for 

each Tekran analyser used in the network. This centralized tool gave a fast and general 

overview of the analyser behaviour, and a rapid check of data quality. The fags adopted to tag 

values within datasets allowed us to understand issues occurring frequently and noticeably 

affecting data quality. The analysis performed here by means of the G-DQM on the GMOS 

network should be considered preliminary, since the site operator approval step is necessary to 

Analize the validation process through a human check. However, the results presented here 

provide an important first assessment of the mercury data acquired with the on-going GMOS 

stations and give important feedback for future instrument management and maintenance 

guidelines that could be taken into account in further development of mercury-oriented 

monitoring networks. G-DQM has been specifically designed to give rapid feedback on 

monitoring of atmospheric mercury based on the Tekran instrument, and is now being 

expanded to include the mercury analyser manufactured by Lumex, following ad-hoc SOPs. 

Further progress will also include an inter-comparison with existing systems aimed to quality 

assure and control mercury datasets. Apart from mercury, the amount of environmental data in 

general is expected to increase rapidly in the coming years, thus there is an increasing need for 

automated, platform-based methods to check and correct data to ensure that datasets provided 

to various end users are of highest quality 
 

R: The authors totally agree and are engaged and committed with G-DQM. The mercury laboratory 

from Helmholtz-Zentrum Geesthacht has extensive experience with atmospheric mercury 

measurements, working with Tekran QA/QC since 1993 and integrate the operator approval step of 

GMOS-Data Quality Management. 

 
3. Page 3 line 75 - please mention whether there was a filter on the outside inlet and if there is a 
rain shield etc. This is important again for comparison with other data sets. You can refer to other 
papers as appropriate if described there. 4. Page 3 lines 89-97 – I don’t understand this very much. 
Can you give a small sentence with what this analysis will provide to the data in layman’s terms? 
 

R: The authors are taking the comment and reword the sentence. Lines 80-84 in the revised MS: 

“The air-sampling inlet is located on a tower at 10m agl (18m amsl) with a rain shield only. Air is 

sampled at a flow rate of 1 L/min through unheated PTFE tubing (1/4” O.D.) to the instrument, which 

is located in an air-conditioned laboratory. As reported by Weigelt et al. (2015), a PTFE pre-filter (pore 

size 0.2 mm) at the inlet of the instrument protects the sampling cartridges from contamination by 

particles.” 

 

5. Page 3 line 101 – it would be interesting to see the information of the accuracy of each of the 
analytical species to see where the largest error occurs. If doable, a table in supplemental 
information?  
 

R: The sentence was reword in order to give reference to analytical accuracy and method description 

reported by Stanley et al. (2018). 



Line 109-111 in the revised MS: “The uncertainty input in the matrix was estimated based on the 

analytical accuracy of each individual species reported in Stanley et al. (2018) and Weigelt et al 

(2013).”  

 
Stanley, K. M., Grant, A., O'Doherty, S., Young, D., Manning, A. J., Stavert, A. R., Spain, T. G., Salameh, 

P. K., Harth, C. M., Simmonds, P. G., Sturges, W. T., Oram, D. E., and Derwent, R. G.: Greenhouse 
gas measurements from a UK network of tall towers: technical description and first results, 
Atmos. Meas. Tech., 11, 1437–1458, https://doi.org/10.5194/amt-11-1437-2018, 2018. 

Weigelt, A., Temme, C., Bieber, E., Schwerin, A., Schuetze, M., Ebinghaus, R., and Kock, H.H.: Measurements of 
atmospheric mercury species at a German rural background site from 2009 to 2011 – methods and results. 
Environ. Chem.10, 102–110, 2013 

 
6. Page 3 line 104 – “the method provides a better solutions” – what do you mean by that? Solution 
to what? Be specific.  
 

R: Matrix factorization is an algebraic calculation assessing the strength of the vector with physical 

meaning (sources). Afterwards, what we obtain is a mathematical solution describing the 

observation, and reporting the differences in a degree of confidence. The “better solution” basically 

comes from a residual analysis in a context of the physical meaning of factors, beyond the creation 

of factors rather the restrict it based on constrained inputted source profile.   

The sentence was reworded to “The method provides a better qualitative solutions and time 

resolution of sources than principal component analysis (PCA) (Huang et al., 1999) or chemical mass 

balance (CMB) since PMF can generate source profiles (“learning algorithm”) and let input of 

uncertainties which allow individual treatment of matrix elements.” Line 112-115 in the revised MS.  

 
7. Page 4 lines 106-120 – The reader would benefit from a short explanation in simple terms 
on what one gets from this type of analysis. 
 
R: It is true that this type of analysis is well established and described in the literature, however, 
there are considerations in the calculation that have to be reported in order to make the analysis 
reproducible by others. Moreover, as far as the authors know, there is no other publication making 
use of a positive rotated factorization matrix to solver atmospheric mercury probabilistic mass 
function. 
The authors are stating the benefit from this type of analysis in line 112-115 in the revised MS “The 
method provides a better qualitative solutions and time resolution of sources than principal 
component analysis (PCA) (Huang et al., 1999) or chemical mass balance (CMB) since PMF can 
generate source profiles (“learning algorithm”) and let input of uncertainties which allow individual 
treatment of matrix elements.” 
 
Page 4 line 125 – what do you mean “central tendancy”?  
 
R: Actually is “central tendency” and mean the central tendency of a statistical probabilistic 
distribution often called average. * normalized distribution. 
Line 132-133 in the revised MS “Concentrations range from 0.9 to 3.3 ng m-3, displaying a central 
tendency of 1.3 ± 0.2 ng m-3.” 
 
9. Page 4 line 128 – does this trend include the Jan – march 2018 data and should that be included?  
 
R:  The sentence is being reword to “Account the more recent years (1996 to 2018, March), this 
decline continued with approximately 0.025 ± 0.04 ng m-3 yr-1,” line 135-137 in the revised MS 



 
10. Page 4 line 127-128 – any thoughts on why the decline is so consistent? Have you looked to 
see if there is a change over time (the data from 1995 is available) to see if the rate of decline 
changes year over year or periodically? Maybe look at the trends in 5 year trends similar to how 
emissions are reported (i.e. each 5 years)?  
 

R: A short period trend can be misleading since it can be affected by inter annual differences, 

seasonality (as start the series in autumn/winter and finishing in spring/summer) as well starting, 

or finishing in an El Niño year can potentially constrain the trend.  About the consistency between 

trend reported by Ebinghaus and the present study, it is one of the drivelines in the manuscript`s 

discussion, mainly concerning sources and fate of mercury in the atmosphere. Moreover, changes 

in the trend over the 21 years period is plotted in figure 2. 

 
11. Page 5 line 164 – in the reported studies of diurnal cycles, were they coastal sites like Mace 
Head?  
 

R: The point in the aforementioned sentence is the absence of a well-established statement for 

photochemical oxidation of mercury driving its diurnal cycle. For example Kalinchuk et al. (2019) 

reported decreasing in mercury in the day time and Wu and Nair (2010) report an increase in 

mercury concentration in the day time. Our manuscript explore the effect of transport driving the 

diurnal variation as presented in figure 4 and discussed in section 3.1.   

 
12. Page 5 lines 167-169 
–Photoxidation may be unlikely but you have to consider the atmospheric conditions that lead to 
enhanced photooxidation at various locations and not only consider the properties of Hg0  
 

R: Thanks for the comment, this could lead to a long discussion that is not clear that can lead to 

somewhere. Atmospheric reactions are mainly of kinetic control, the principal catalytic agents are 
.OH, .Br, O3, organic radicals, altogether will give a kinetic coefficient of reactivity < 2.1 × 10−12 cm3 

molec−1 s−1. We can play around with temperature, pressure, and concentration of those radials. 

Which atmospheric, or enhanced photooxidation could give a reactivity to diminish 2% of mercury 

in 12h! On the other side, assuming that Hg0 could be significantly reduced by photooxidation in a 

diurnal cycle, that would imply in a major effect in the lifetime of this specie.  

The sentence was reworded giving references of manuscript showing no significant seasonality of 

Hg0 and Hg+2. 

Line 180-183 in the revised MS: “With a standard electrode potential (E0) of +0.85 V and a kinetic 

coefficient of reactivity of <9.8 × 10−13 to 2.1 × 10−12 cm3 molec−1 s−1, at 1 atm and 298 K (Khalizov et 

al., 2003; Shepler et al., 2007; Subir at al., 2011; Sun et al., 2016), Hg0 is a chemically relatively inert 

towards gas-phase oxidation, and a significant daily mass depletion by photooxidation is very 

unlikely.”  

Line 264-272 in the revised MS: The wind patterns for the baseline, combustion and sea factors 

(discussed below) as displayed in the polar plot of Figure 6 indicate an interpretation of the PMF profile 

with “combustion” being mostly associated with easterly transport, “sea” being linked to north-

westerly and south-westerly winds. The "baseline" factor does not correlate with any significant wind 

patterns. 

Another hand, no seasonality was observed for the baseline factor, linking lower concentrations of 

mercury in the warm season mainly to transport or evasion patterns and less to deposition by 

https://en.wikipedia.org/wiki/Standard_electrode_potential


oxidation. For instance, no evidences of photooxidation increase in growing season was reported by 

Weigelt at al. (2013) which shows no significant seasonality in gaseous elemental mercury and gaseous 

oxidised mercury in a remote rural environment in Germany. 

 
13. Page 7 line 214 - “the PMF results show a statistically significant decrease in the baseline 
factor” – I am not sure I see that in what is presented. Can you make it clearer please?  
 

R: The sentence was reworded. 

Line 229-230 in the revised MS “The PMF results show an expressive decrease in the baseline factor 

that could explain almost all of the trend changes in atmospheric mercury as observed in figure 1.” 

 
14. Page 7 line 220 – you mention the decreases but why not include the increases during that 
time as well. 
 

R: The contradiction is presented on pages 1 and 2 lines 37 to 46. The statement was improved in 

the revised MS based on a comment from reviewer 1 on line 138-143. “The increasing improvement 

of manufacturing processes involving mercury and regulations limiting the emissions from coal-fired 

power plants since the 1980s (Hylander and Meili, 2003; Pirrone et al., 2009) could be a possible 

reason for this observed decline at Mace Head. Jiskra et al. (2018) report the Hg0 uptake by 

vegetation as an alternative mechanism for driving mercury depletion in the Northern Hemisphere 

atmosphere over the past 20 years.” 

Also in line 234-235: “According to Streets et al. (2011), anthropogenic Hg emissions in the USA and 

Europe decreased by 20% and 40%, respectively, from 1990 to 2008.” And lines 37 to 46 “The 2018 

Global Mercury Assessment (UN, 2018) reveals that primary anthropogenic mercury emissions into 

the air are 2220 t/y, also indicating an increase of 20% from such sources in recent years. The 2018 

UNEP Report (AMAP/UNEP, 2018) presents an inventory for the year 2015, which indicates that the 

greatest atmospheric mercury emissions resulted from combustion of fossils fuels, mainly coal. While 

mercury in the atmosphere is chemically inert, once released into this environment, all sources are of 

concern. 

To compile a global assessment based on inventories requires a number of assumptions and 

generalizations (AMAP/UNEP, 2018). Several discrepancies are observed in the mass balance-based 

estimation: there can be large differences between estimates, and it is important to recognize that 

there are sources of error in all methods for estimating mercury emissions.” 

 
 15. Page 7 line 221 – I don’t think the point about countries being valid signatories is relevant. 
Initial reporting were only due in December 2019 and full reporting is only due 2021. So, this 
statement isn’t fair under the context of the Minamata Convention.  
 

R: Actually, the Initial reporting were only due in December 2019 and full reporting is only due 2021 

however the Minamata Convention on Mercury was approved by delegates representing close to 

140 countries on 19 January 2013 in Geneva and adopted and signed later that year on 10 October 

2013. 

 

16. Page 7 lines 224-232 – Maybe have a look at some trend data from speciated Hg monitoring 
and use that to comment on this paragraph.  
 



R: We really appreciate this comment. A new statement considering the increase of Hg+2 in recent 

decades shows by Streets et al. (2011) will be considered. 

Line 239-250 in the revised MS: “Another possible explanation for the declining trend may be the Hg0 

atmospheric life-cycling reduction due to atmospheric acidification caused by CO2 increase and its 

potential (E°) to force elemental mercury oxidation. As reported by Slemr et al. (2011) and references 

therein, an increase in the atmospheric reactivity can induce large decreasing trends in the 

concentration of many long-lived substances. Clerbaux and Cunnold, (2007) did not observe lifetime 

changes for halogenated and other greenhouse gases, however, changes in oxidation rates of 

elemental mercury in the atmosphere could follow different kinetics. Furthermore, the increasing UV 

radiation and the shifting solar radiation to shorter wavelengths could also intensify the oxidation of 

elemental mercury into Hg2+ (IPCC, 2007; Qureshi et al., 2010).  Based on a global box-model of 

mercury biogeochemical cycling Streets et al. (2011) present a trend of atmosphere mercury from 

1850 to 2008 showing the increase of Hg2+ in the atmosphere in recent decades.” 

 
17. Page 7 line 238 – But you have far more data available from this location, why not use that?  
 

R: We will use it. Source apportion of mercury is an ongoing project. We are working on data 

harmonization and increasing computer power. 

 

18. Page 8 line 244 – CHCl3 and CO are not mentioned in Figure 7  
 

R: Figure 7 shows the factors seasonality, the sea, and combustion factors are fingerprinted by CHCl3 

and CO respectively. 

Line 257 in the revised MS: “Moreover, seasonality observed in the factors fingerprinted by CHCl3 and 

CO (Figure 7)”. 

 

19. Page 8 lines 244-255 – the explanations are a little all over the place. Perhaps a more 
organized discussion could be done here so the reader can follow more easily.  
 

R: The sentence was relocated in the previous paragraph. Line 237-260 in the revised MS: 

“Moreover, seasonality observed in the factors fingerprinted by CHCl3 and CO (Figure 7) should, 

however, be considered with caution because those short-lived species (CHCl3 4-5 months and CO 1-

3 months) have lifetimes that vary by season, which can dampen mercury load into its factor during 

summer.” 

 
20. Page 8 line 264 – “: : :is forcing the atmospheric trends”. Do you mean rather than emissions? 
If so, please state that so its clear  
 

R: The sentence was reworded, line 286-287 in the revised MS: “They also argued, based on cruise 

data, that the decrease of oceanic emissions is forcing the atmospheric trend down.”   

 
21. Page 8 line 268 – maybe include the % here to stay consistent with the other 3 factors 
explained.  
 

R: In the significance reported for others factors this one will be ~0% as presented in figure 8. The 

sentence was reword. 



Line 224 in the revised MS: “One factor with a high load of O3 and CO was found by the PMF solution 

which appeared to be irrelevant for the mercury mass balance, as its load was just 0.003 ng m-3 (~0 

%).”  

 
Line 269, 0.57ngm-3 is very big! Can you put that in a percent and also offer more insight as to 
why. 
 

R: Really good comment. As reported in the manuscript, this accounts for 25% mercury mass for 

high concentration episodes. Among those episodes, we have for example biomass burning nearby 

the station. More insight into the high mercury concentration will be presented in follow-up 

manuscript presently under preparation. 

 

 Editorial suggestions: 
 1. Page 2 line 56th. It’s a little odd that you don’t give this factor an identification as you have 
done for the others. I would suggest naming it something relevant to what its looking at rather 
than saying 4th factor which doesn’t define it at all. 
 

R: We agree, however despite having a high load of ozone and carbon monoxide which could link it 

to anthropogenic source it was not possible to present a factor profile (chemical species load in the 

factor) that really seems a singular source coming from a specific spot or region. The point is, the 

number of days with high concentration is not so many, more equations can be necessary to 

strengthen this vector. Labeling it as a 4th factor could seem more conservative.  

 
2. Page 3 line 81 – remove “furthermore” this adverb is not appropriate here. 
 
R: It was reworded. Thanks,  
 
 3. Page 3 lines 102-104 – I would suggest this explanatory sentence be moved 
closer to the top of the paragraph.  
 

R: Suggestion taken, sentence reworded. Thanks  

 
4. Page 5 line 148 – where is the Iberian Peninsula? (is that a joke ?) 
 

R: The Iberian Peninsula is the South-west European region that's most associated with the 

countries of Spain and Portugal. 

 

5. Page 6 line 208 – The Figure 5 caption does not reflect what this sentence here 
days  
 

R: Figure 5 caption was reworded and improved based on the comment from the first reviewer. 

Statement in the revised MS: “Figure 5: Correlation among total elemental mercury measured and mercury 

reconstructed by the PMF solution and conditional quantiles plot showing the difference between PMF solution 

and observation. The observations are split up into bins according to correspondent reconstructed value. The 

median prediction line together with the 25/75th and 10/90th quantile values are plotted together with a line 

showing a “perfect model”. It also shown is a histogram of reconstructed values (shaded grey) and a histogram 

of observed values (shown as a blue line).” 



 
6. Page 6 line 212 – I would like the 4 factors first, describe their relevance and 
then go into the results.  
 

R: Section 3.2 was reworded based on this comment. 

Line 216-226 in the revised MS: “Figure 1 shows the set of four factors reconstructing atmospheric 

mercury concentrations obtained from the PMF solution. As reported by Henry (1991), the first set of 

natural physical constraints of the system to be considered in any approach for identifying and 

quantifying source mass contributions must be the reconstruction of the original data set by the 

algorithm—that is, the solution must explain the observations. Figure 5 shows that the sum of the 

predicted elemental mass contributions for all sources is almost the same as the total TGM measured. 

Lower reconstruction performance was observed in particular for concentrations higher than 2 ng m-

3, which make up 0.44% of the observations. One factor with a high load of O3 and CO was found by 

the PMF solution which appeared to be irrelevant for the mercury mass balance, as its load was just 

0.003 ng m-3 (~0 %). However, for atmospheric mercury concentrations higher than 2 ng m-3 this factor 

had a load of 0.57 ng m-3, and was labeled as fourth factor.” 

7. Page 7 line 240 – this should be said above to explain the 
figure 8.  
 

R: Section 3.2 was reworded and the sentence relocated. 

In the revised MS the sentence is in line 264   

Page 8 line 276 – remove “On the other hand” its not really necessary. 
 

R: The sentence was reworded 

Line 294 in the revised MS: “A decrease in mercury is observed in the factor with high loading of long-

lived species such as CFCs.”  

 
Page 9 line 297 – “exploited” I think you mean explored?  
 

R: We intended to say exploited, which mean that it was used to take advantage of.   

 
10. Figure 1 – its hard to read. I suggest you average the data up to daily and then plot that so you 
don’t have the significant noise  
 

R: The average will dump variance and constrain significance. In order to build a solution based on 

data with a daily resolution, could be necessary a period longer than 5 years. 

The graphic resolution was improved afford be in order to be easily afford scaled by the reader.  

 
11. Figure 2 – In the figure caption, please include details about each planel.  
 
R: The figure caption was improved. 
The Statement in the revised MS: “Figure 2. Time series decomposition of TGM (monthly averages) 

measured at Mace Head from 1996 to February 2018. From top to bottom it is presented the monthly time 
series followed by the patterns of deconstructed components, trend, seasonality and radon. * TGM in ng m-3.” 
 
12. Figure 4 –Do you need to repeat normalized level in each plot? I think 
more explanation in the figure caption would be appreciated  



R: Figure 4 was improved based on comments of both reviewers, the normalized level was removed 

from plots on the left. It was add a secondary axis for wind dir. 

The caption in the revised MS: “Figure 4: Diurnal cycle and seasonal cycle of mercury and species loaded in 

the PMF matrix. The shaded areas are the 95% confidence intervals in the mean. *Wind direction is normalised 

with west 90° as -1 and east (270°) as 1.”  

 
13. Figure 6 – I am not a fan of acronyms in figure captions without it having been written out. 
14. Figure S1– really hard to read the left hand plots. Is is necessary to have all the information 
in each plot? If it is maybe put it in a table elsewhere? I think you mean units and not unity. 
 

R: We appreciate the comments, the figures and captions were reassessed. 

 

We thank the two referee for the encouraging comment! With the joint effort from the authors, 

we edited the manuscript to improve the quality as a whole. 
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Abstract 10 

We examined recent atmospheric mercury concentrations measured with a high temporal resolution 11 

of 15 min. at Mace Head, a GAW station on the west coast of Ireland. We attributed a direct 12 

contribution of 34% (0.44 ng m-3) to primary sources. Additionally, a steep decline (0.05 ng year-1) in 13 

mercury concentrations was observed between 2013 and 2018.  14 

Using a stereo algorithm we reconstructed 99.9% of the atmospheric mercury. A conservative 15 

analysis demonstrated no decreasing of TGM associated with atmospheric species typically used as 16 

tracers for oceanic emissions. The results show that the atmospheric mercury mass is mainly loaded in 17 

a baseline factor with an on-going decline. Moreover, we exploit temporal variation and wind pattern 18 

effects in the measured atmospheric species, the results show that the diurnal variation and 19 

seasonality in TGM observed in Mace Head is closely related to other species linked to primary sources 20 

and can be explained by transport from continental areas.  21 

 22 

 23 

1. Introduction 24 

Atmospheric mercury is a bioaccumulative, toxic pollutant with the potential to be transported over 25 

large distances that poses a significant public health and environmental problem (WHO, 2007). 26 

Despite efforts by governments and international agencies as well as the private sector to reduce 27 

mercury release into the environment, current environmental levels are often still of concern. 28 

Atmospheric mercury is emitted from both natural and anthropogenic sources as well as through 29 

recycling of past emissions. Natural sources are comprised of release from volcanoes, weathering of 30 

rocks, forest fires and oceanic emissions. Anthropogenic sources are related to fossil fuel combustion, 31 

cement production, industrial activities, mining and municipal or medical waste incineration. Mercury 32 

is also reintroduced into the atmosphere through natural processes such as oceanic evaporation after 33 

reduction of inorganic oxidized Hg in anaerobic environments, which leads to global cycling of this 34 

element (Corbitt et al., 2011; Streets et al., 2011). The source contribution, as well as the life-time of 35 

atmospheric mercury, is only roughly estimated. 36 

The 2018 Global Mercury Assessment (UN, 2018) reveals that primary anthropogenic mercury 37 

emissions into the air are 2220 t/y, also indicating an increase of 20% from such sources in recent 38 

https://www.researchgate.net/institution/National_University_of_Ireland_Galway
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2012GL053736#grl29750-bib-0010
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2012GL053736#grl29750-bib-0042
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years. The 2018 UNEP Report (AMAP/UNEP, 2018) presents an inventory for the year 2015, which 39 

indicates that the greatest atmospheric mercury emissions resulted from combustion of fossils fuels, 40 

mainly coal. While mercury in the atmosphere is chemically inert, once released into this environment, 41 

all sources are of concern. 42 

To compile a global assessment based on inventories requires a number of assumptions and 43 

generalizations (AMAP/UNEP, 2018). Several discrepancies are observed in the mass balance-based 44 

estimation: there can be large differences between estimates, and it is important to recognize that 45 

there are sources of error in all methods for estimating mercury emissions. 46 

Here we report concentrations of atmospheric mercury (TGM: total gaseous mercury) measured from 47 

January 2013 to March 2018 at Mace Head. Mace Head station is located within the central North 48 

Eastern Atlantic region and based on a GEOS-Chem simulation it is one of the most influenced 49 

region by a decreasing mercury trend in ocean surface water, according to Soerensen et al. 50 

(2012).  51 

Using the relationship between mercury and other chemical atmospheric trace species (O3, CFC-12, 52 

CCl4, N2O, CH4, CHCl3, CO and H2) and meteorological data (wind speed and direction), we performed 53 

a mass balance to reconstruct atmospheric mercury. Solved by positive matrix factorization, the total 54 

mercury mass was distributed into four different factors, classified as baseline, combustion, oceanic 55 

and a fourth factor and then each of them was assessed for source trends. 56 

Time series analysis of atmospheric mercury concentrations at Mace Head were already 57 

reported by Weigelt et al. (2015) and Ebinghaus et al. (2011). 58 

In this work we apply a new approach for source apportionment and extend the time series 59 

analysis up to March 2018. 60 

 61 

2. Experimental Setup 62 

 63 

2.1. Sampling site and analytical methods 64 

Mace Head atmospheric research station is located on the west coast of Ireland at 53.330N and 9.540W, 65 

55 km from Galway (80,000 inhabitants), the nearest city with significant industrial activity. It is a GAW 66 

baseline station, exposed to the North Atlantic Ocean and is an ideal location to study both natural 67 

and anthropogenic trace constituents in marine and continental air masses (Stanley et al., 2018). 68 

In addition to atmospheric mercury, meteorological parameters are routinely monitored 69 

(https://www.met.ie/). Atmospheric CFC-11, CFC-12, CHCl3, CCl4, N2O, CH4, CO and H2 are measured 70 

(Figure S1) as part of the AGAGE project (https://agage.mit.edu/). 71 

TGM is monitored by an automated dual channel, single amalgamation, cold vapour atomic 72 

fluorescence analyser (Tekran Analyzer Model 2537B, Tekran Inc., Toronto, Canada) described by 73 

https://www.met.ie/
https://agage.mit.edu/instruments/gas-chromatography-mass-spectrometry-ads-gc-ms
https://agage.mit.edu/instruments/gas-chromatography-mass-spectrometry-ads-gc-ms
https://agage.mit.edu/instruments/gas-chromatography-mass-spectrometry-ads-gc-ms
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Ebinghaus et al. (2011). At some some level, instrument failure is inevitable, they are susceptible 74 

to malfunctions that can result in lost or poor-quality data. Some data quality control steps are 75 

taken to minimize the risk of loss and to improve the overall quality of data. Validation process, 76 

In order to ensure data reliability and comparability of Mace Head mercury data follows 77 

GMOS-Data Quality Management (G-DQM) protocol described by D`Amore et al. (2015) 78 

through a human check at Helmholtz-Zentrum Geesthacht. 79 

The air-sampling inlet is located on a tower at 10m agl (18m amsl) with a rain shield only. Air 80 

is sampled at a flowrate of 1 L/min through unheated PTFE tubing (1/4” O.D.) to the instrument, which 81 

is located in an air-conditioned  laboratory. As reported by Weigelt (2015), a PTFE pre-filter (pore size 82 

0.2 mm) at the inlet of the instrument protects the sampling cartridges from contamination by 83 

particles. The device is operated with a temporal resolution of 15 minutes, calibrated every 25 hours 84 

using an internal mercury permeation source. The device has a detection limit of ~0.1 ng m-3 (Weigelt 85 

et al., 2015). 86 

The wind streamlines for near surface level conditions were assessed from 87 

https://earth.nullschool.net/ and long-range transport of air pollutants was calculated using the 88 

HYSPLIT model (Draxler and Rolph, 2003) from NOAA (National Oceanic and Atmospheric 89 

Administration). 90 

 91 

2.2. Source assessment / Probability mass function 92 

Apportionment of atmospheric species is often performed by receptor models that are based on the 93 

mass conservation principle: 94 

The inclusion of the potential rotated infinity matrices transformation produces factors that 95 

appear to be closer to realistic chemical profiles of sources:  96 

     i=1,2,…,m   j=1, 2…. n  (1) 97 

where xij is the concentration of the species j in the ith sample, gik is the contribution of the factor 98 

(associated to a source) kin in the ith sample and fjk is the concentration of the species j in factor k as 99 

presented by Paatero and Hopke (2003) and described by Comero et al. (2009). This equation can be 100 

solved by the probability mass function in positive matrix factorization (PMF) (Paatero and Tapper, 101 

1994) with the Multilinear Engine (ME-2) developed by Paatero (1999) and implemented in Version 5 102 

of the US EPA PMF (https://www.epa.gov/air-research/positive-matrix-factorization-model-103 

environmental-data-analyses). 104 

PMF is a stereo algorithm where analytical data sets are combined to create fingerprints and the profile 105 

is used to assess the contribution of each source based on the mass load, also providing a robust 106 

uncertainty estimation and source diagnostics. In this study, PMF was applied to the Mace Head 107 





p

k

jkikij fgx
1
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dataset with an hourly time resolution for the period 2013 to 2018. The results were constrained to 108 

provide positive factor contribution. The uncertainty input in the matrix was estimated based on the 109 

analytical accuracy of each individual species reported in Stanley et al. (2018) and Weigelt et al 110 

(2013). 111 

The method provides a better qualitative solutions and time resolution of sources than principal 112 

component analysis (PCA) (Huang et al., 1999) or chemical mass balance (CMB) since PMF can generate 113 

source profiles (“learning algorithm”) and let input of uncertainties which allow individual treatment 114 

of matrix elements. 115 

In the PMF the weighted factorization regression analysis is based on positive rotable factorization of 116 

non-singular matrix T; 117 

X = F G + E = G T T-1 F + E = 𝐺 𝐹 + E,                                                                                                                        (2) 118 

where the new rotated factors are  119 

𝐺 = G T and 𝐹 = T – 1 F as reported by Comore et al. (2009), then the factors are no-negatively 120 

constrained. 121 

Factors contributions are chosen on the basis of a matching strength score by using a form of discrete 122 

correlation. At the first interaction any matches which have the highest matching strength for 123 

primitives mass reconstruction that formed them are immediately chosen as reconstructed. Then, in 124 

accordance with the uniqueness constraint, all other matches associated with the primitives that have 125 

been formed for each chosen match are eliminated from further consideration. This allows further 126 

matches that were not either previously accepted or eliminated to propagate the process of PMF to a 127 

satisfactory solution if the propagation converges. 128 

 129 

3. Results and discussion 130 

Time series of TGM concentrations composed of 48,914 hours of measurements covering the period 131 

from January 2013 to March 2018 are given in Figure 1. Concentrations range from 0.9 to 3.3 ng m-3, 132 

displaying a central tendency of 1.3 ± 0.2 ng m-3. TGM concentrations in the northern hemisphere have 133 

been decreasing in recent decades (Ebinghaus et al., 2011; Slemr et al., 2003). For instance, Ebinghaus 134 

et al. (2011) reported a decline trend of 0.028 ± 0.01 ng m-3 yr-1   from 1996 to 2009. Account the more 135 

recent years (1996 to 2018, March), this decline continued with approximately 0.025 ± 0.04 ng m-3 yr-136 

1, figure 2. This observation could reflect a trend in global emissions, as mercury, roughly, has an 137 

atmospheric lifetime of 0.5 to 1 year (Holmes et al., 2006; Lindberg et al., 2007; Si and Ariya 2018). The 138 

increasing improvement of manufacturing processes involving mercury and regulations limiting the 139 

emissions from coal-fired power plants since the 1980s (Hylander and Meili, 2003; Pirrone et al., 2009) 140 

could be a possible reason for this observed decline at Mace Head. Jiskra et al. (2018) report the Hg0 141 
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uptake by vegetation as an alternative mechanism for driving mercury depletion in the Northern 142 

Hemisphere atmosphere over the past 20 years. 143 

 However, this decreasing trend is inconsistent with the increased emissions from 1990 to 2015, as 144 

indicated by anthropogenic Hg emission inventories (e.g., UN, 2018 and AMAP/UNEP, 2018). This 145 

conundrum related to increasing global emissions on one hand and measured declines in 146 

atmospheric mercury is discussed by Zhang et al. (2016). They state that the inventories do not 147 

account for the decline in the atmospheric release of Hg from commercial products, and do not 148 

properly account for the change in Hg0/HgII speciation of emissions from coal-fired utilities 149 

after implementation of gases emission controls. 150 

3.1. Temporal and wind pattern effects in mercury concentrations  151 

Plots of TGM as a function of wind speed and direction can be seen in Figure 3 as well as the polar 152 

frequency plot of wind direction. Concentrations of mercury are higher when winds come from the 153 

east (continental air masses) and lower for winds from the west and northwest (Atlantic air masses). 154 

The higher concentrations to the east are likely to be influenced by urban agglomerations, such as in 155 

Galway, Dublin or even the UK and continental Europe. These higher levels observed to the east are 156 

associated with relatively strong wind speeds of 15ms-1, which could indicate a relatively distant 157 

source. Furthermore, an increase of TGM with strong winds of 20 ms-1 was observed, indicating sources 158 

at further distances in air masses coming from westerly and south-westerly directions. 96-hour back 159 

trajectories show that these high TGM concentrations at Mace Head were affected by air mass 160 

transport from the Iberian Peninsula and long-range transport from North America.  161 

Higher mercury concentrations under the influence of easterly and strong westerly/south-162 

westerly winds closely resemble those of other pollutants that are also closely linked to 163 

anthropogenic emissions, such as carbon monoxide, and suggest TGM enrichment from 164 

continental air masses.  165 

The polar plot shows low concentrations of mercury associated with strong and weak winds 166 

coming from the North Sea and nearby land air masses, with  in < 10 m s-1.  167 

The diurnal cycle of elemental mercury (Hg0) has been discussed extensively (Laurier et al., 2003; 168 

Weiss-Penzias et al., 2003; Laurier and Mason, 2007; Xia et al., 2010; Obrist et al., 2011; Moore et al., 169 

2013; Wang et al., 2014; Ci et al., 2015; Wang et al., 2017; Castagna et al., 2018, Jiskra et al., 2018). 170 

Kalinchuk et al. (2019) reported solar radiation-driven increase and decrease of mercury 171 

concentrations in the Sea of Japan and in the Sea of Okhotsk, respectively. They assumed that the 172 

decrease in Hg0 concentrations in the marine boundary layer during daytime is mainly caused by its 173 

oxidation, catalyzed by active halogen species (mainly by atomic bromine radicals), which are released 174 

from sea salt aerosols as Br2 and could be transformed into reactive forms as a result of photolysis 175 

(Holmes et al., 2009; Sprovieri et al., 2010; Mao and Talbot, 2012; Moore et al., 2013; Si and Ariya, 176 
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2018). However, the absence of a diurnal cycle for mercury is reported in several studies and more 177 

research should be done to confirm the catalytic photolysis oxidation, as large uncertainties exist in 178 

the gas-phase reaction of mercury (Si and Ariya, 2018). 179 

With a standard electrode potential (E0) of +0.85 V and a kinetic coefficient of reactivity of <9.8 × 10−13 180 

to 2.1 × 10−12 cm3 molec−1 s−1, at 1 atm and 298 K (Khalizov et al., 2003; Shepler et al., 2007; Subir at 181 

al., 2011; Sun et al., 2016), Hg0 is a chemically relatively inert towards gas-phase oxidation, and a 182 

significant daily mass depletion by photooxidation is very unlikely.  183 

Seasonality and diurnal patterns for mercury concentrations at Mace Head have been detected, but 184 

similar patterns were observed for CO. As presented in Figure 4, wind direction was a driving factor for 185 

diurnal cycling of TGM at Mace Head as well as for CO and CHCl3. Winds from the east (land breezes) 186 

showed sharp increases of TGM, CO, CFC-12 and CCl4  (figure 3 and Figure S3). Conversely, an increase 187 

of CHCl3 in offshore winds (sea breezes) was observed. 188 

Mace Head is mostly influenced by air masses from the Atlantic Ocean, however, as a coastal site can 189 

be affected by on-shore breezes blowing from land to the North Atlantic. Daily fluctuations of wind 190 

speed and direction in coastal areas are a result of differences in air pressure created by the different 191 

heat capacities of water and dry land (Yan Y.Y., 2005). 192 

Decrease of atmospheric mercury concentrations during warm periods has often been linked to 193 

increased Hg2+ by catalytic mercury oxidation in the surface layer of the sea due to several chemical 194 

and biological processes, mainly controlled by solar radiation (Kalinchuk et al., 2019 and references 195 

therein). Si and Ariya (2018) and references therein reported maximum oxidation of mercury in 196 

summer based on several atmospheric models but failed to reconstruct observed summer depletion 197 

of atmospheric mercury at monitoring sites in North America and Europe. Furthermore, deposition 198 

models could not predict the observed large seasonal variability of either Hg oxidation or wet 199 

deposition flux (Travnikov et al., 2017). 200 

Figure 4 shows that the decrease of TGM during summer is closely related to CO depletion in this 201 

season.  202 

In addition, it was observed similarity among TGM depletion during summer, enhancement during 203 

autumn and seasonality of chloroform (CHCl3). Decreased emissions of CHCl3 from seawater or more 204 

intense depletion by photooxidation during summer may be possible explanations. It should be noted 205 

that any photochemical pattern of those species must be considered with caution because CHCl3 is a 206 

shorter-lived species (lifetime ~0.5yr), mainly produced in the ocean by biological processes that follow 207 

a different oxidation pathway than mercury (Khalil and Rasmussen, 1999). It should also be noted that 208 

wind pattern differences were observed within one year for Mace Head: strong winds during winter 209 

predominately comes from the sea, and relatively calm winds during summer (Figure S2). This should 210 

also be reflected in the observed seasonality of TGM concentrations.  211 

https://en.wikipedia.org/wiki/Standard_electrode_potential
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Figure 3, 4 and S3, show that the seasonality in TGM observed in Mace Head is closely related to other 212 

species linked to primary sources and can be explained by transport from continental areas.  213 

 214 

3.2. Source apportionment  215 

Figure 1 shows the set of four factors reconstructing atmospheric mercury concentrations obtained 216 

from the PMF solution. As reported by Henry (1991), the first set of natural physical constraints of the 217 

system to be considered in any approach for identifying and quantifying source mass contributions 218 

must be the reconstruction of the original data set by the algorithm—that is, the solution must explain 219 

the observations. Figure 5 shows that the sum of the predicted elemental mass contributions for all 220 

sources is almost the same as the total TGM measured. Lower reconstruction performance was 221 

observed in particular for concentrations higher than 2 ng m-3, which make up 0.44% of the 222 

observations. One factor with a high load of O3 and CO was found by the PMF solution which appeared 223 

to be irrelevant for the mercury mass balance, as its load was just 0.003 ng m-3 (~0 %). However, for 224 

atmospheric mercury concentrations higher than 2 ng m-3 this factor had a load of 0.57 ng m-3, and was 225 

labeled as fourth factor.  226 

The first factor with a loading of 66% of TGM mass (0.88 ng m-3) was labelled as baseline because it 227 

does not show any wind pattern, carries high loads of long-lived species such as CFCs and low loads of 228 

CO or sea-borne trace gas species. The PMF results show a statistically significant decrease in the 229 

baseline factor that could explain almost all of the trend changes in atmospheric mercury. This suggests 230 

a major decrease of anthropogenic inputs on a global scale. Slemr et al. (2011) reported a worldwide 231 

trend of atmospheric mercury, showing an equally strong decrease in the northern and southern 232 

hemispheres, which supports the argument of baseline-driven TGM decline.  233 

According to Streets et al. (2011), anthropogenic Hg emissions in the USA and Europe decreased by 234 

20% and 40%, respectively, from 1990 to 2008. However, emissions on a global scale, particularly from 235 

East Asia, are poorly reported (UN, 2018), even for most of the countries that are signatories of 236 

Minamata convention (UN, 2019). Moreover, the total emissions from small scale artisanal gold mining 237 

are highly uncertain estimates. 238 

Another possible explanation for the declining trend may be the Hg0 atmospheric life-cycling 239 

reduction due to atmospheric acidification caused by CO2 increase and its potential (E°) to force 240 

elemental mercury oxidation. As reported by Slemr et al. (2011) and references therein, an 241 

increase in the atmospheric reactivity can induce large decreasing trends in the concentration 242 

of many long-lived substances. Clerbaux and Cunnold, (2007) did not observe lifetime changes 243 

for halogenated and other greenhouse gases, however, changes in oxidation rates of elemental 244 

mercury in the atmosphere could follow different kinetics. Furthermore, the increasing UV 245 
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radiation and the shifting solar radiation to shorter wavelengths could also intensify the 246 

oxidation of elemental mercury into Hg2+ (IPCC, 2007; Qureshi et al., 2010).  Based on a global 247 

box-model of mercury biogeochemical cycling Streets et al. (2011) present a trend of 248 

atmosphere mercury from 1850 to 2008 showing the increase of Hg2+ in the atmosphere in 249 

recent decades. Jiskra et al.  (2018), on the other hand, hypothesise that increased vegetation uptake 250 

could be a reason for decreasing atmospheric mercury concentrations in recent years. 251 

A second factor that contributes to mercury with 0.27 ± 0.13 ng m-3 (21 %) and is characterised by a 252 

high load of CO and labelled as combustion. The load of mercury in combustion factor increase to 0.53 253 

ng m-3 for mercury concentrations higher than 2 ng m-3 being twice as high as for concentrations below 254 

2ng/m-3 in this sector (Figure 8). A decreasing trend was observed in this factor, but this is a more 255 

complex case because a higher load of Hg in the combustion factor could be strongly influenced by 256 

wind direction, as shown in Figure 6. Moreover, seasonality observed in the factors fingerprinted by 257 

CHCl3 and CO (Figure 7) should, however, be considered with caution because those short-lived species 258 

(CHCl3 4-5 months and CO 1-3 months) have lifetimes that vary by season, which can dampen mercury 259 

load into its factor during summer.   260 

 For the potential seasonality, significant trends are also difficult to establish due to the relatively short 261 

time series. The Global Mercury Assessment inventory (UN, 2018) estimates the contribution of 262 

combustion sources to atmospheric mercury at 24%. 263 

The wind patterns for the baseline, combustion and sea factors (discussed below) as displayed in the 264 

polar plot of Figure 6 indicate an interpretation of the PMF profile with “combustion” being mostly 265 

associated with easterly transport, “sea” being linked to north-westerly and south-westerly winds. The 266 

"baseline" factor does not correlate with any significant wind patterns. 267 

Another hand, no seasonality was observed for the baseline factor, linking lower concentrations of 268 

mercury in the warm season mainly to transport or evasion patterns and less to deposition by 269 

oxidation. For instance, no evidences of photooxidation increase in growing season was reported by 270 

Weigelt at al. (2013) which shows no significant seasonality in gaseous elemental mercury and gaseous 271 

oxidised mercury in a remote rural environment in Germany. 272 

Human activity has substantially increased the ocean mercury reservoirs and consequently the fluxes 273 

between the ocean and atmosphere (Strode et al., 2007; Smith-Downey et al., 2010).  274 

The residence time of mercury in the ocean is substantially longer than in the atmosphere, ranging 275 

from years to decades or millennia (Strode et al., 2007; Primeau and Holzer, 2006). Acidification of 276 

oceans, climate change, excess nutrient inputs, and pollution are fundamentally changing the ocean’s 277 

biogeochemistry (Doney, 2010) and will certainly also influence mercury ocean-air fluxes (Slemr et al., 278 

2011). The extent, however, and even the direction of the change is unknown. 279 
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Mason et al. (2012) estimate that global oceanic Hg0 evasion to be comparable to anthropogenic 280 

emissions, and Sunderland and Mason (2007) attributed the mercury emitted from seawater in the 281 

North Atlantic to the legacy of 20th-century anthropogenic sources in Europe and North America.  282 

This study shows an oceanic contribution (based on ocean factor solved by PMF) of 13% (0.17 ± 0.07 283 

ng m-3) to atmospheric TGM at Mace Head station. Based on atmospheric mercury concentration 284 

trends in the subsurface seawater Soerensen et al. (2012) predicted a decrease of approximately 0.045 285 

ng m-3 yr-1 of oceanic mercury emissions into the air over the North Atlantic. They also argued, based 286 

on cruise data that the decrease of oceanic emissions is forcing the atmospheric trend down. In this 287 

study, based on the PMF solution, we found no evidence for a decreasing mercury load in the oceanic 288 

factor, which could be traced by CHCl3 and CH4 concentrations. 289 

Moreover, we find from the PMF solution that the decrease of atmospheric mercury is linked less to 290 

oceanic emissions and is explained mainly by a baseline factor with a low load of short-lived species 291 

with significant anthropogenic sources, such as CO and O3, as well as a low load of sea trace species, 292 

such as CHCl3 and CH4. 293 

A decrease in mercury is observed in the factor with higher loading of long-lived species such as CFCs. 294 

However, the presented solution for apportionment of atmospheric mercury has restrictions and 295 

requires further consideration, as the mercury sources are complex and numerous, and merely a few 296 

source tracers were used in this study.  297 

 298 

4. Conclusions 299 

 300 

This study presents a comprehensive source assessment of atmospheric mercury measured 301 

at Mace Head, a baseline station with a long-term decreasing trend of TGM. Positive matrix 302 

factorization was applied to a set of atmospheric mercury data from 2013 to 2018 with high 303 

temporal resolution. The profiles of source factor contributions indicate that baseline (0.86 ng 304 

m-3, 66%) and combustion processes (0.27 ng m-3, 21%) are the controlling factors of mercury 305 

in the atmosphere at this remote coastal measurement location. The high load of mercury in 306 

the baseline factor reflects the relatively long lifetime of this species in the atmosphere.  307 

Biogenic activities in the ocean were identified as another primary source, contributing 13 % 308 

(0.17 ng m-3). 309 

Therefore, based on the analysis of temporal changes in the sources, no decreasing in the 310 

oceanic factor in the period of this study could be detected. The decrease in atmospheric 311 

mercury concentrations was linked to the baseline factor. Source contributions by wind sector 312 

were also exploited, based on directional wind dependence of source loadings from the PMF 313 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2012GL053736#grl29750-bib-0032
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2012GL053736#grl29750-bib-0043
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analysis. The patterns are also consistent with the location of the sources: oceanic sources 314 

coming from the west (Atlantic) and anthropogenic sources coming from east (Europe) of 315 

Mace Head. Furthermore, more extensive and detailed descriptions concerning mercury 316 

sources is needed to confirm and evaluate the reported trends, which then can have great 317 

relevance for policy and regulations in light of the Minamata convention. 318 

 319 
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Figure 1. TGM hourly variations measured at Mace Head, from 2013 to 2018 (bottom), time series of mercury 484 
attributed to each factor (center) and time series of sea and combustion only (top). 485 
 486 
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 487 
Figure 2. Time series decomposition of TGM (monthly averages) measured at Mace Head from 1996 to February 488 
2018. From top to bottom it is presented the monthly time series followed by the patterns of deconstructed 489 
components, trend, seasonality and radon. * TGM in ng m-3. 490 

491 
Figure 3. Polar plots for TGM (left) and polar wind frequency (right) at Mace Head. * TGM in ng m-3 and wind 492 
speed in ms-1.  493 
 494 
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 495 
Figure 4: Diurnal cycle and seasonal cycle of mercury and species loaded in the PMF matrix. The shaded areas 496 

are the 95% confidence intervals in the mean. *Wind direction is normalised with west 90° as -1 and east (270°) 497 
as 1.  498 
 499 
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 533 
 534 
Figure 5: Correlation among total elemental mercury measured and mercury reconstructed by the PMF solution 535 
and conditional quantiles plot showing the difference between PMF solution and observation. The observations 536 
are split up into bins according to correspondent reconstructed value. The median prediction line together with the 537 
25/75th and 10/90th quantile values are plotted together with a line showing a “perfect model”. It also shown is a 538 
histogram of reconstructed values (shaded grey) and a histogram of observed values (shown as a blue line). 539 
 540 

 541 
 542 
Figure 6. Polar plots for the factors obtained in the PMF solution. The plots show variations of mercury (ng m-3) 543 
loaded in each factor as a function of wind direction (°) and speed (ms-1). 544 
 545 
 546 
 547 
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 548 
 549 
Figure 7: Mean and 95% confidence interval in mean of diurnal and seasonal cycle of four PMF factors. 550 
 551 
 552 
 553 
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 555 
 556 
 557 

 558 
 559 
 560 
 561 
 562 
Figure 8. Average contribution (ng m-3 and %) of Hg0 factors for Mace Head from 2013 to 2018 (left) and mass 563 
closure for mercury concentration greater than 2 ng m-3 (right).  564 
 565 
 566 
 567 
 568 
 569 
 570 
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 571 
Figure S1: Time plots of hourly average and concentration distribution of H2, CO, CHCl3, CH4, N2O, CCl4, CFC-12, 572 

O3 and Hg, measured at Mace Head station from January 2013 to March 2018. *Units for the above 573 
mentioned species are ppb, ppb, ppt, ppb, ppb, ppt, ppt, ppb and ng m-3  respectively. 574 

 575 
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 576 
Figure S2: Wind seasonality (speed and direction) at Mace Head from 2013 to 2018, showing stronger winds 577 

during winter (December to March) compared to summer (June to September). 578 
 579 

 580 
Figure S3: Polar plots for the CO, CFC12 and CCl4 concentration measured at Mace Head station from 2013 to 581 

February 2018  as a function of wind direction (°) and speed (ms-1).  582 
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