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A B S T R A C T   

Mercury (Hg) fate and transport research requires more effort to obtain a deep knowledge of its 
biogeochemical cycle, particularly in the Southern Hemisphere and Tropics that are still missing 
of distributed monitoring sites. 

Continuous monitoring of atmospheric Hg concentrations and trend worldwide is relevant for 
the effectiveness evaluation of the Minamata Convention on Mercury (MCM) actions. In this 
context, Gaseous Elemental Mercury (GEM) and total mercury (THg) in precipitations were 
monitored from 2013 to 2019 at the Amsterdam Island Observatory (AMS - 37◦48′S, 77◦34′E) to 
provide insights into the Hg pathway in the remote southern Indian Ocean, also considering 
ancillary dataset of Rn-222, CO2, CO, and CH4. GEM average concentration was 1.06 ± 0.07 ng 
m− 3, with a slight increase during the austral winter due to both higher wind speed over the 
surface ocean and contributions from southern Africa. In wet depositions, THg average concen-
tration was 2.39 ± 1.17 ng L− 1, whereas the annual flux averaged 2.04 ± 0.80 μg m− 2 year− 1. In 
general, both GEM and Volume-Weighted Mean Concentration (VWMC) of THg did not show an 
increasing/decreasing trend over the seven-year period, suggesting a substantial lack of evolution 
about emission of Hg reaching AMS. 

Air masses Cluster Analysis and Potential Source Contribution Function showed that oceanic 
evasion was the main Hg contributor at AMS, while further contributions were attributable to 
long-range transport events from southern Africa, particularly when the occurrence of El Niño 
increased the frequency of wildfires.   

1. Introduction 

Due to its toxicity and great impact on human health and the environment, mercury (Hg) has increasingly been investigated by the 
scientific community [1,2] with the overall aim to reduce its emissions in each environmental compartment [3]. The Minamata 
Convention on Mercury (MCM) is perhaps the most important international regulatory framework aimed at protecting human health 
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and the environment from anthropogenic emissions of Hg and its compounds [4] and the effectiveness evaluation of its actions has 
highlighted the need to increase the number of ground-based monitoring sites worldwide, particularly in areas of scarce data coverage 
and to provide comparable Hg data both in the background and in impacted areas [5]. This complex framework draws attention to the 
need for multiple analytical methods and the exploitation of new analytical strategies for comprehensive investigations, which should 
also include remote areas [6–9]. 

Although several Hg monitoring programs and networks have been established over the years [10–13], the monitoring stations that 
provide Hg data both in air and wet depositions in the open ocean and remote areas are still limited in number [8,10,14–24] 
particularly in the Southern Hemisphere. 

In this context, the station on Amsterdam Island (AMS) has been set up in the framework of the Global Mercury Observation System 
(GMOS) Hg global network (http://www.gmos.eu/), with the support of the French Polar Institute (IPEV). The unique geographic 
location of this site has enabled the study of background data on major air pollutants in the Southern Hemisphere due to the absence of 
local anthropogenic sources and its distance from maritime traffic routes [15,17,25–29]. 

The present manuscript is an updated study on the temporal variability of Gaseous Elemental Mercury (GEM) and total Hg (THg) in 
precipitations from 2013 to 2019 at AMS providing new insights into the Hg pathway in the Southern Hemisphere. The investigation of 
seasonal and inter-annual variability, combined with the analysis of CO2, CO, CH4, and radon-222 (Rn-222) data, with the support of 
Potential Source Contribution Function (PSCF) and Cluster Analysis (CA), permitted to assess the evolutionary tendencies of Hg at the 
Southern Hemisphere midlatitudes and pinpoint the potential sources associated with long-range transport and El Niño Southern 
Oscillation (ENSO). 

2. Materials and methods 

2.1. Sampling site 

Amsterdam Island (37.7983◦ S, 77.5378◦ E) is a small remote volcanic island of 55 km2 in the southern Indian Ocean, 3200 km from 
Australia, 3400 km from Madagascar, 4200 km from South Africa, and 3300 km from Antarctica. The atmospheric observatory of 
Pointe Benedicte is northwest to the island at an altitude of 55 m above sea level, and due to its strategic position that ensures minimal 
local interference, the station is of particular interest to study Hg dynamics and pathway under unique background conditions. 

Within the GMOS global network, it has been classified as a master site [11] and it is also part of other atmospheric monitoring 
programs such as the Global Atmosphere Watch World Meteorological Organization (GAW WMO), the French national monitoring 
system Integrated Carbon Observation System ICOS-France-Atmosphere for the long-term observation of greenhouse gases (GHGs), 
and the Global Observation System for Mercury (GOS4M) GEO Flagship [10,16,17]. A more detailed description of the site is given in 
the Supporting Information (Text S1). 

2.2. Meteorological variables and CO2, CO, CH4, and Rn-222 measurements 

Meteorological data – air temperature, rainfall amount, wind speed and direction – were provided by the local meteorological 
station. The dataset of GHGs included CO2, CO, and CH4 from March 23, 2013, to December 22, 2019. A temporal gap exists in the CO 
measurements, which started from December 2, 2015. CO2, CO, and CH4 were monitored using Picarro gas analyzers, which used 
cavity ring-down spectroscopy to measure the gas concentration every 30 s with a precision (1 sigma confidence) for hourly mea-
surements of 10 ppb, 1 ppb, and 0.3 ppb, respectively, in compliance with the specifications of the manufacturer. Calibration was 
performed monthly. The raw data were manually checked and validated by ICOS staff [30], before being hourly averaged. 

Radon-222 measurements, covering the same period considered for GHGs, were performed using an alpha spectrometer which 
required monthly calibration and ensured a minimum detected activity of about 10 mBq m− 3 with an uncertainty of about 40%. 

This set of ancillary data proved useful to track continental air over the ocean [31]. Indeed, Rn-222 concentration at AMS exceeding 
the threshold of 80 mBq m− 3 (i.e., radonic storms), indicated that the air mass over the island recently passed over the mainland, 
usually southern Africa [17,32]. 

The time series of all gases were analyzed on an hourly, seasonal, and annual basis, with seasonal boundaries defined as follows: 
austral winter from July to September, austral summer from December to February, Intermediate Season 1 (IS1) from March to June, 
and Intermediate Season 2 (IS2) from October to November. This classification revealed useful since the meteorological conditions in 
June are more similar to that in the preceding months than in July–August, as also the case of other sites in the Southern Hemisphere, 
and more strictly in Africa [33]. 

2.3. Mercury determination in the atmosphere and wet deposition 

2.3.1. GEM measurements 
GEM was continuously measured from March 23, 2013, to December 22, 2019, using Tekran analyzer 2537A/B models (Tekran 

Inc., Toronto, Canada) based on amalgamation onto dual gold cartridge design, thermal desorption, and quantification by cold vapor 
atomic fluorescence spectroscopy (CV-AFS). Calibration was performed using both the internal permeation sources (every 69 h) and 
manual injections of saturated Hg vapor (every year). To ensure comparability of the Hg data, GEM measurements were carried out 
according to GMOS Standard Operating Procedures (SOPs) [34]. 
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2.3.2. Rainwater sampling and total mercury quantification 
Wet deposition samples were continuously collected from March 24, 2013, using an automatic wet-only NSA-171 Eigenbrodt 

collector which comprises a glass funnel connected to a 1-L fluorinated high-density polyethylene (FLPE) bottle. The entire sampling 
apparatus was thoroughly acid-cleaned, according to the procedures reported by Tassone et al. [35], based on the SOPs developed 
within the GMOS network [36]. Each deployment lasted 6–45 days, depending on the season (wet or dry) and according to exceptional 
periods of intense rainfall events. Analyses of wet deposition samples were performed at the CNR-IIA laboratories following the 
US-EPA method 1631E guidance reported in the literature [35]. Quality assurance/quality control (QA/QC) procedures were routinely 
implemented, including the analysis of duplicate samples, accuracy test using certified reference material (NIST1641), matrix spikes, 
and assessment of Hg contamination through the analysis of the system, transport, reagent and field blanks (more details in Text S2). 

2.4. Data treatment 

Raw GEM time series were quality-controlled according to GMOS SOPs, using a dedicated software developed at the Institute of 
Environmental Geosciences (https://doi.org/10.25326/168 available at https://gmos.aeris-data.fr, last access: February 10, 2023) 
[37]. Specifically, the QA/QC procedure involved comparing the raw data with fixed criteria, concerning both the calibration and the 
readout steps of airborne measurements [34]. 

THg values were derived according to UNI 15853:2010 and converted into volume-weighted mean concentration (VWMC) values, 
while seasonal and annual Hg wet deposition fluxes (Fw) were calculated as reported in Sprovieri et al. [10] by using the season-
al/yearly VWMCs and cumulative rain depths (Pi, mm), according to Eq. (1): 

Fw =VWMCHg

∑n

i=1
Pi/1000 (1) 

The statistical significance of temporal variability of each variable was determined using linear regression with the method of 
Pearson’s correlation coefficient and the differences in annual and seasonal concentration values were investigated using Mann- 
Whitney and ANOVA tests. 

The seasonal Mann-Kendall trend test was applied to monthly mean data of each variable, after verification of their significant 
seasonality using the Kruskal-Wallis test, to detect trends while Sen’s slope estimator was applied to assess their magnitude, using the 
Theil-Sen method [38]. 

The investigation of the impact of El Niño on Amsterdam Island was conducted using cross-correlation to seek lag times between 
the Southern Oscillation Index (SOI), as a tracer of El Niño occurrence, and GEM and CO concentrations. All data analyses were 
performed using the R software. 

2.5. Backward trajectories and source identification techniques 

The interpretation of the surveyed time series was carried out using the U.S. NOAA’s HYbrid Single-Particle Lagrangian Integrated 
Trajectory (HYSPLIT) model (http://ready.arl.noaa.gov/HYSPLIT.php, last access: May 3, 2022), which permitted to obtain infor-
mation on the path of air masses to the receptor site. For this purpose, the READY website was used to compute 5-day back-trajectories, 
at 3-h intervals, at 50 m above ground level in the domain 70◦–0◦ S and 0◦–120◦ E [33,39,40]. Considering the remoteness of the 
island, 5-day trajectories may be deemed short for tracing possible Hg sources reaching AMS. However, longer trajectories calculated 
for the entire 7-year monitoring period would have entailed a higher computational cost. We therefore calculated 10-day trajectories 
only for few cases, in order to support our findings overcoming computational limitations. More specifically, 10-day trajectories were 
used to facilitate the interpretation of particularly high or low values of GEM and Rn as well as to run the CA. The GDAS 1◦ × 1◦ from 
the Global Data Assimilation System was selected as the meteorological dataset [41]. 

In addition, CA was applied to group air masses according to their origin through the computation of the proportion of time that a 
particular back-trajectory was in a specific wind sector (e.g., S, SW, W). CA was performed using Ward’s Minimum-Variance method 
which, starting with groups containing single trajectories, iteratively merges pairs of them so as to obtain the minimum increase in the 
sum of squared distances between the members and the centroids of the corresponding groups, summed over the resulting groups 
[42–44]. The centroid of the newly-formed group, i.e., our mean trajectory, is recomputed each time using the data from the individual 
groups previously separated, before calculating the squared distances [45]. In our study, an angle distance matrix was used to assess 
the similarity between the trajectories to be merged. The optimal number of clusters was chosen following the total spatial variance 
(TSV) metric in the Elbow method [45,46], selecting a variance criterion of 20%. This approach relies on calculating the sum of the 
spatial variance of all the clusters, until TSV increases significantly, thus indicating that the merged clusters are not very similar. This 
increase in TSV denotes the completion of the clustering process [47], and in our case, it resulted in four clusters as the optimal 
number. Furthermore, a hybrid receptor model, namely the Potential Source Contribution Function, was used to locate potential 
emission sources around the receptor site [48,49]. This technique assumes that air masses that intercept emission sources in the grid 
cell (i, j) can get enriched in the pollutants emitted by that source and transport them to the receptor site. The PSCF is defined by Eq. 
(2): 
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PSCF =
mij

nij
(2)  

where nij is the number of times that the trajectories passed through the cell and mij is the number of times that a source concentration 
was high (>90th percentile) when the trajectories passed through the cell (i, j). The cell with the higher PSCF value thereby char-
acterizes the most likely source location. 

3. Results and discussion 

3.1. Variability of CO2, CO, CH4, Rn, and meteorological conditions 

The summary of the annual meteorological variables and atmospheric gases is listed in Table 1. The monthly median air tem-
perature ranged from 11 ◦C in winter to 19 ◦C in summer (Fig. S1) while winds mainly blew from NNW to WSW, without significant 
differences in direction among the seasons (Fig. S1), except for a higher frequency of N-NW air masses during winter. The most 
abundant precipitations were measured during IS1 except for 2013, when the maximum was recorded during winter (Fig. 1). On an 
annual basis, rainfall averaged 905 ± 62 mm and varied between 833 mm, collected in 2013, and 1003 mm, in 2019. 

The measured CO2 (n = 56976, 89.5% of available hourly data) showed a statistically significant increase over the investigated 
period, from 390.5 ppm in 2013 to 412.8 ppm in 2019 (Fig. S2), with an average rate of 2.46 ppm year− 1 (p < 0.05), thus confirming 
the growing trend already found in previous studies [26]. Daily CO2 concentration showed little variability among the seasons, with a 
slight decrease between 9 a.m. and 6 p.m., suggesting a weak influence from the photosynthetic activity of local vegetation (Fig. S2). 

The hourly CO values (n = 34264, 88% of available data) ranged from 30 ppb to a maximum of 65 ppb (Fig. S3), with an upward 
significant trend (p < 0.05), as confirmed by the positive Sen’s slope value, which was 6.8e-05 ppb year− 1. However, it is worth 
noticing that this increasing tendency was very small, thus not physically meaningful. On a seasonal basis, a clear distribution was 
observed, with the lowest values being obtained in February and March (Fig. S3), due to removal phenomena favored by the high 
presence of radical OH during IS1. Conversely, these removal processes were weak during winter and the CO concentration increased 
significantly, with maxima in October [50]. In addition, between June and October, this pattern was probably influenced by the 
long-range transport of CO released during the biomass burning events in southern Africa [51]. 

The hourly CH4 values (Fig. S4) showed a statistically significant increase from 1747 ppb to 1841 ppb with an average value of 
1794 ± 21 ppb (n = 56964, 89.5% of available hourly data) and a growth rate of 8.5 ppb year− 1 (p < 0.05). The lowest values were 
recorded in January–April (Fig. S4) and were mainly due to the reaction with OH radicals, as was also observed for CO. Indeed, CH4 
and CO showed a significant correlation (r = 0.57, p < 0.05) over the covered period, suggesting that common mechanisms have 
driven their pattern on a seasonal scale [50,52,53]. 

The 2-h Rn-222 activity was on average 35.36 ± 32.24 mBq m− 3 (n = 26988, 92.3% of available data) with a maximum of 398.80 
mBq m− 3 (Fig. S5). The Mann-Kendall test revealed a significant decrease that was confirmed by the Sen’s slope value (− 4.1e-04 mBq 
m− 3 year− 1). However, this tendency was quite small, therefore not physically meaningful, as in the case of CO. Annual Rn activities 
(Fig. S5) ranged between 24.93 ± 26.78 mBq m− 3 (in 2016) and 48.10 ± 19.4 mBq m− 3 (in 2013), as typical for marine air masses 
which usually range between 30 and 50 mBq m− 3 [27,54,55]. Radonic storms from southern Africa were mainly detected during 
winter (Fig. S5), which is the season with the greatest contribution of the long-range transport [17]. Their continental origin was 
confirmed by the correlation between Rn and CO, which improved when considering only the biomass burning season (i.e., austral 
winter) rather than the entire period, with a 10-fold increase in the correlation coefficient, from 0.02 to 0.20 (p < 0.05). Besides, by 
looking at the relationship between Rn and wind direction (Fig. S5), it can be noticed a lower frequency of radonic storms transported 
up to AMS during the second half of the investigated period. Although there was substantial uniformity in the direction of Rn origin 
(WNW), these radonic storms decreased their frequency from W over time, and in 2019 they were recorded only from the northernmost 
(NW) sectors. 

Table 1 
Annual mean (± standard deviation) of the meteorological variables and monitored gases, namely CO2, CO, Rn-222, CH4, and Gaseous Elemental 
Mercury (GEM) at AMS from March 2013 to December 2019. Annual mean (± standard deviation) of volume-weighted mean concentration (VWMC) 
of total mercury in rainwater and wet deposition fluxes are also reported. 
(n.a. = not available).   

Temperature (◦C) Rainfall (mm) CO2 (ppm) CO (ppb) Rn-222  
(mBq m− 3) 

CH4 (ppb) GEM (ng m− 3) VWMC (ng L− 1) Wet deposition  
flux (μg m− 2 year− 1) 

2013 13.7 ± 2.2 833 393.4 ± 0.8 n.a. 48.1 ± 19.4 1769 ± 11 1.04 ± 0.09 2.34 ± 0.93 1.95 ± 0.15 
2014 14.2 ± 2.8 864 395.2 ± 0.9 n.a. 41.7 ± 14.2 1774 ± 15 1.05 ± 0.06 1.80 ± 1.07 1.55 ± 0.33 
2015 14.4 ± 2.8 916 397.5 ± 0.9 50.0 ± 3.3 46.8 ± 13.4 1786 ± 14 1.02 ± 0.07 1.16 ± 0.30 1.06 ± 0.13 
2016 14.5 ± 2.9 967 400.7 ± 1.0 52.1 ± 6.7 24.1 ± 8.3 1792 ± 12 1.08 ± 0.06 3.04 ± 1.39 2.94 ± 0.44 
2017 15.0 ± 2.9 894 402.7 ± 0.9 45.2 ± 6.8 32.0 ± 7.5 1799 ± 15 1.02 ± 0.08 2.18 ± 1.63 1.95 ± 0.31 
2018 14.8 ± 3.3 855 405.2 ± 0.9 42.8 ± 8.1 31.1 ± 8.8 1810 ± 14 1.08 ± 0.05 4.67 ± 3.95 3.31 ± 0.58 
2019 14.3 ± 3.0 1003 407.6 ± 1.1 50.5 ± 7.8 26.9 ± 7.1 1817 ± 13 1.08 ± 0.06 1.55 ± 0.47 1.55 ± 0.26  
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3.2. Hg in the atmosphere and wet deposition 

3.2.1. GEM measurements 
The individual mean hourly GEM values from March 2013 to December 2019 (Fig. 2) ranged from 0.70 to 1.58 ng m− 3, resulting in 

a mean concentration of 1.06 ± 0.07 ng m− 3 (n = 45018, 70.7% of available data), which is comparable with the concentrations 
(0.9–1.0 ng m− 3) usually found at background sites of the Southern Hemisphere [11]. The observed GEM was also consistent with 
previous measurements at AMS, which reported concentrations of 1.03 ng m− 3 [17] and 1.05 ng m− 3 [16], as well as at the Cape Point 
station in southern Africa, where the annual mean GEM was 1.09 ng m− 3 [16]. However, concentrations at AMS were slightly higher 
than in other subequatorial sites, such as the EMMA station in Argentina, where the average concentration was 0.9 ng m− 3 [22], and 
the Cape Grim station in Tasmania, where concentrations of 0.9–1.0 ng m− 3 were found [56,57]. On a seasonal basis (Fig. 2), we 
recorded a slightly but significantly higher Hg concentration in winter than in summer (1.08 ± 0.05 vs. 1.06 ± 0.07 ng m− 3, p < 0.05). 
This seasonal variability may be ascribed to the impact of the Intertropical Convergence Zone (ITCZ) shift during the austral winter, 
which caused changes in the wind speed on the sea surface [58], thus favoring Hg emission. Indeed, ITCZ is a belt of air masses from 
both the Northern and Southern hemispheres mixing together which crosses the equator from south to north around April–May (IS1) 
and reaches its northernmost point around June–July (winter), and then moves south again around August-September [58,59]. 
Therefore, the relocation of the ITCZ over the Indian Ocean was likely a vector of air masses from the north to AMS that reasonably 
influenced the recorded GEM concentrations. In addition, a non-negligible contribution to the observed GEM seasonal variability was 
the long-range transport from southern Africa during the biomass burning season, that was confirmed by the significant positive 
correlation between GEM and CO only in winter (r = 0.28, p < 0.05), contrary to the findings regarding the correlations between GEM 
and CO2 or CH4, which were in all cases non-significant. 

3.2.2. Total mercury in rainwater 
The annual-averaged VWMC of THg in precipitation samples (n = 27) was 2.39 ± 1.17 ng L− 1 and varied in the range from 1.16 ng 

L− 1 to 4.67 ng L− 1, which were obtained in 2015 and 2018, respectively, when total rainfall was 916 mm and 855 mm (Table 1 and 
Fig. 1). On both a seasonal and annual basis, the VWMC showed no significant increase or decrease over time, suggesting that no 
substantial changes in the concentration of atmospheric oxidized Hg species during the investigated period were observed. Since a 
significant source of these species at AMS is biomass burning in southern Africa [16], it can be hypothesized that these emissions did 
not change during the last decade. 

Even focusing only on the winter seasons, when African air masses are detectable at AMS, we did not observe a clear upward/ 

Fig. 1. The plot of the seasonal volume-weighted mean concentration (VWMC) of total mercury in rainwater and rainfall amount in the 2013–2019 
period (IS1 = M-A-M-J; austral winter = J-A-S; IS2 = O–N; austral summer = D-J-F). 

Fig. 2. Temporal variability of Gaseous Elemental Mercury (GEM) from March 2013 to December 2019: Individual hourly mean values (left panel) 
and monthly median values (right panel). The shadings in the monthly median plot represent 25/75th and 5/95th quantile values. 
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downward tendency of VWMC, rather it was mostly fluctuating (Fig. 1). Except for 2016, the lowest values were observed during the 
rainy season, i.e., from May to October, due to the movement of cold fronts from the west. Conversely, higher values were mainly found 
in IS2 (Fig. 1), except for 2014 and 2017 when a peak was recorded during summer. In particular, during IS2 2018 we observed a 
VWMC value of 10.93 ng L− 1, associated a rainfall amount (199 mm) that was not notably different from the typically measured values. 
The analysis of the wind roses combined with backward trajectories during IS2 2018 did not provide us with immediate answers to this 
event. Within the same synoptic pattern, more intense winds from the W and WNW sectors in IS2 than other seasons were recorded 
(Fig. S6), suggesting the potential contribution of long-range transport from Africa. Therefore, we hypothesize during this season some 
unusual emission phenomena occurred in Africa, whose oxidized Hg was then scavenged by the wet deposition reaching AMS [60,61]. 
This hypothesis is supported by previous measurements at AMS, which showed that the highest concentrations of particle-bound Hg 
were observed during episodes of stronger winds from the NW sector [17]. 

The effect of washout of atmospheric oxidized Hg species from wet deposition was studied on a seasonal basis by correlating VWMC 
with total rainfall (n = 27, r = − 0.21, p > 0.05) (Fig. 3), which resulted in a negative but not significant coefficient. The correlation was 
low because the occurrence was observed by considering seasonal values from samples that averaged out their respective contribu-
tions. Similarly, a non-significant correlation was found between GEM and wet deposition volume (n = 27, r = 0.11, p > 0.05), 
suggesting rainfall events did not affect GEM concentration (Fig. 3). As regards the VWMC and the corresponding seasonal GEM 
concentrations (Fig. 3), the correlation study revealed a not significant linear relationship between the two forms (n = 27, r = 0.05, p >
0.05), which was probably due to their different temporal variability. Indeed, GEM showed a quite stationary pattern compared to the 
more variable VWMC throughout the covered period. 

The values of VWMC in precipitation samples and their respective precipitation volumes resulted in an average wet deposition flux 
of 2.04 ± 0.80 μg m− 2 year− 1, and therefore slightly higher than the value of 1.95 μg m− 2 year− 1 reported in a previous study [10]. This 
finding was impacted by the higher value of Hg in wet deposition observed in 2018. In fact, during 2018 the highest wet deposition flux 
was attained (3.31 μg m− 2 year− 1), whereas the lowest value (1.06 μg m− 2 year− 1) resulted in 2015. On a seasonal scale, the maximum 
flux varied year-to-year between IS1 and IS2. 

A positive significant correlation (n = 27, r = 0.48, p < 0.05) was observed between the wet deposition flux and associated rainfall 
(Fig. 3), indicating that wet Hg deposition flux increased with increasing rainfall, as also reported in other studies showing that rainfall 
had a greater influence on the variation of wet deposition fluxes [62]. 

The average THg (whence the HgII forms) wet deposition flux is lower than the GEOS-Chem model results that produced wet Hg 
deposition flux around 5–6 μg m− 2 year− 1 [63,64] in the areas surrounding AMS. Compared with other models, such as GLEMOS, 
GEM-MACH-Hg, and ECHMERIT, our experimental result was also lower, as can be seen from the spatial distribution maps reported in 
Travnikov et al. [65], from which it can be inferred that the flux value in 2013 ranged in 2.9–4.4, 2.9–7.3, and 4.4–7.3 μg m− 2 year− 1, 
respectively. This model-to-measurement gap outlines the importance of monitoring wet deposition at AMS to gather experimental 
results that contribute to the study of the latitudinal gradient of HgII wet deposition over the oceans, hence improving the 

Fig. 3. Correlation plots of seasonal averages of VWMC versus total rainfall (upper left); GEM versus total rainfall (upper right); VWMC versus GEM 
(lower left); Wet deposition flux versus rainfall (lower right). 
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understanding of Hg inputs to different ocean regions. 

3.3. Influence of the El Niño Southern Oscillation (ENSO) 

The El Niño Southern Oscillation (ENSO) is a cyclical meteorological event that occurs approximately every 3–7 years and causes 
variation of rainfall amount with consequent impact on emission phenomena, such as biomass burning due to long periods of drought 
[66–68]. The occurrence of El Niño has usually been detected using atmospheric indexes like SOI (Southern Oscillation Index), MEI 
(Multivariate ENSO Index), and ONI (Oceanic Niño Index). 

From 2013 to 2019 (Fig. 4), ONI values reached very high levels between July 2015 and July 2016, with a peak in Decem-
ber–January. MEI and SOI also showed a very similar, increasing trend over the same period. However, the growth of all the indexes 
around 2016 was not accompanied by a sharp and direct increase in GEM, suggesting at first a limited simultaneous influence of ENSO. 
On the contrary, the highest GEM concentrations were observed at the most negative SOI values on average 6–8 months after the El 
Niño event (Fig. S7). This result is in agreement with the findings at Cape Point (South Africa) and Mace Head (Ireland) [67], therefore 
supporting the influence of El Niño on GEM variability, which can occur with the increased wildfire frequency (which also impacts CO 
concentration) [67] or with enhanced Hg re-emission from the ocean surface caused by the increase of the sea surface temperature [69, 
70]. Huang and Zhang indeed recently simulated by GEOS-Chem model a positive anomaly of atmospheric Hg concentration, lagged of 
3 months, driven by Hg(0) evasion fluxes after the occurrence of El Niño [71]. 

In our study, we found a significant cross correlation between CO and SOI, with lag time peaking at 4–6 months (Fig. S7) com-
parable to that between GEM and SOI and therefore we suggest that ENSO-modulated biomass burning was one of the major mech-
anisms of GEM variability on Amsterdam Island. 

3.4. Backward trajectories analysis 

The analysis of the 10-day backward trajectories revealed that more than 30% of the GEM peaks (concentration>95th percentile) 
were associated with the transport of air masses coming from southern Africa during the biomass burning season (Fig. S8). A similar 
apportionment was confirmed for the high concentrations of Rn-222 (Fig. S8), whose pattern was mainly affected by the emissions 
from the African continent. The 10-day trajectory analysis was also useful to analyze low GEM concentrations, which were mainly 
linked to southerly polar air masses (Fig. S8), and low Rn values, which were also traced to air masses traveling over the ocean from the 
Antarctic (Fig. S8), which has low local emissions of Rn, being almost entirely covered by ice [72]. 

For each individual year, the analysis of 5-day backward trajectories reaching AMS revealed no particular differences on both 
annual and seasonal scales (Fig. S9), although differences could be expected on a seasonal basis at least for the summer of 2016 because 
of the occurrence of El Niño. 

The four clusters of the 10-day backward trajectories resulting from the CA were clearly associated with the marine environment, 
though coming from different sectors: The first cluster (C1) collected a set of trajectories coming from N-NNE; the second (C2) and 
fourth (C4) clusters those coming from the SW, probably intercepting masses also from the subantarctic and Antarctic region, while the 
third (C3) from the NW sector collected trajectories probably intercepting masses near the African continent (Fig. S10). These results 

Fig. 4. Temporal plot of the SOI, ONI, MEI indexes during the monitored period useful to assess ENSO occurrence and trend of GEM over the same 
period. (For a better visualization, SOI was sign-changed using multiplication by − 1). The exceedance of the threshold of ±0.5 ◦C of the ONI for five 
consecutive months is used as evidence of El Niño (+0.5 ◦C), as well as large positive values of –SOI and MEI. The light green box indicates the 
occurrence of the El Niño. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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allowed us to demonstrate that air masses reaching AMS essentially traveled over the ocean, so we could assume that the origin of Hg 
was related to the marine environment with occasional continental sources. This outcome agrees with the literature on pollutant load 
at this site, which reports oceanic emissions and biomass burning as the pathways that primarily influence the occurrence of pollution 
events. 

The results of the CA were combined with the maps obtained from the PSCF technique for GEM and Rn-222, thus obtaining in-
dications about the most likely source location of these two pollutants. The map obtained for GEM over the entire 2013–2019 period 
showed that the highest values of GEM were associated with clusters C1 and C3 (Fig. 5), thus supporting our hypothesis that the main 
contribution to GEM concentration was the emission from the subtropical ocean, which contributed to depositional fluxes, as expected 
for marine regions [10]. The second GEM source was probably of continental origin, arising from WNW air masses that crossed through 
some areas of southern Africa, meeting the assumption of the influence of long-range transport on the pollution load on Amsterdam 
Island. The detailed study of the PSCF maps by season did not show significant differences in the PSCF probability, except for C1 where 
the highest values of this probability were found during summer and IS2, two periods with higher solar radiation and temperature 
gradient in the air-water interface that favor the emission of elemental Hg from surface water [73]. As for the lower GEM values, the 
PSCF confirmed the limited contribution that southerly polar air masses (C4 and C2 clusters) provided to the GEM concentration at 
AMS. In summary, our findings suggested GEM levels on Amsterdam Island are consistent with primary control by evasion from 
subtropical marine waters and transport from the African continent. Besides, considering the lack of upward/downward trend in both 
GEM and VWMC, we can surmise that there has been no evolution in the Hg emissions intercepted at AMS from Africa. 

A different situation was found with Rn, for which the PSCF map in the entire period showed a higher probability associated with 
cluster C3 (Fig. S11), also providing further evidence that the cluster C3 was associated with trajectories coming from southern Africa. 
In addition, observation of the seasonal PSCF maps clarified that Rn sourced most probably from the African inland in winter and was 
transported to AMS (Fig. S11). In support of this conclusion, previous studies of air mass backward trajectories ending at AMS and Rn 
measurements showed that southern Africa (including Madagascar) was the predominant non-marine source of trace materials 
transported to AMS [27,74,75]. 

4. Conclusions 

Given the importance of Hg pollution control on a global scale, continuous measurements have been carried out at the station on 
Amsterdam Island, a unique monitoring site in the Indian Ocean. 

The GEM concentration throughout 2013–2019 was quite stationary, ranging from 0.70 to 1.58 ng m− 3, with an average value of 
1.06 ± 0.07 ng m− 3, following the typical background concentrations in the Southern Hemisphere. The highest values were recorded 
during winter, presumably due to the ITCZ variability that caused higher wind speed over the surface ocean, and the long-range 

Fig. 5. The plot of the PSCF probabilities for GEM concentrations (90th percentile) at AMS in the 2013–2019 period. The round black dot indicates 
the location of Amsterdam Island. 
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contribution of biomass burning from South Africa. In addition, the occurrence of the El Niño in 2016 led to GEM peaks which were 
detected at AMS with a delay of 6–8 months. 

Statistical tools such as CA and PSCF showed that oceanic emission was the major driver of GEM, while Rn-222 at AMS was pri-
marily associated with long-range transport from southern Africa. In precipitation, the VWMC of THg was 2.39 ± 1.17 ng L− 1 on 
average and varied between 1.16 and 4.67 ng L− 1, which corresponded to wet deposition fluxes between 1.06 and 3.31 μg m− 2 year− 1. 
However, the substantial lack of increasing/decreasing trend for both GEM and VWMC suggested that there was no clear evolution 
about emission of Hg transported to AMS from Africa, hence numerous efforts still need to be made for an effective long-term reduction 
of the concentration of this pollutant to fulfill the objectives of the MCM. 
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X. Yang, H. Zhang, Five-year records of mercury wet deposition flux at GMOS sites in the Northern and Southern hemispheres, Atmos. Chem. Phys. 17 (2017) 
2689–2708, https://doi.org/10.5194/acp-17-2689-2017. 

[11] F. Sprovieri, N. Pirrone, M. Bencardino, F. D’Amore, F. Carbone, S. Cinnirella, V. Mannarino, M. Landis, R. Ebinghaus, A. Weigelt, E.G. Brunke, C. Labuschagne, 
L. Martin, J. Munthe, I. Wängberg, P. Artaxo, F. Morais, H. De Melo Jorge Barbosa, J. Brito, W. Cairns, C. Barbante, M. Del Carmen Diéguez, P. Elizabeth Garcia, 
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