
1.  Introduction
Since the signature of the Minamata Convention, an international convention aimed at controlling Hg 
emissions on a global scale, on January 19, 2013, environmental Hg contamination has attracted increasing 
public attention (Angot, Dastoor et al., 2016). Atmospheric Hg has three major forms based on its physical 
and chemical properties: gaseous elemental mercury (GEM or Hg(0)), gaseous oxidized mercury (GOM), 
and particle-bound mercury (PBM). GEM, the dominant form that makes up more than 90% of its total 
content in the surface air, can be transported worldwide owing to its long lifetime in the air (from months 
up to 1 year) (Horowitz et al., 2017; Radke et al., 2007). GOM and PBM, which can be formed through the 
oxidation of GEM, are highly reactive, water-soluble, and can be eliminated from the air effectively via dry 
and wet deposition (Driscoll et al., 2013; Radke et al., 2007).

The polar region plays a unique role in the global Hg cycle due to its particular geographical and weather 
conditions (Durnford & Dastoor, 2011). Springtime atmospheric mercury depletion events (AMDEs), phe-
nomena in which GEM is significantly depleted to below the detection limit accompanied by a concurrent 
depletion of ozone (O3) (Steffen et al., 2008), were first observed in the Arctic in 1995 (Schroeder et al., 1998), 
and have since then been regularly observed in both polar regions of the Earth (Ebinghaus et al., 2002; Ste-
ffen et al., 2008). This highlighted the role of halogen radicals in GEM oxidation in spring and changed 
our understanding of the Hg cycle (S. Wang et al., 2019; Xie et al., 2008). Although the Arctic has been 
extensively monitored, studies in the Antarctic region remain rather scarce (Angot, Magand et al., 2016). 
Several summertime observations of atmospheric Hg have been conducted at a few Antarctic research sta-
tions, including the Italian Antarctic Station (74°41′S, 164°07′E) (Sprovieri et al., 2002), Neumayer Station 
(70°39′S, 8°15′W) (Temme et al., 2003), McMurdo Station (77.86°S, 166.64°E) (Brooks et al., 2008b), and 
the South Pole (90°S) (Brooks et al., 2008a). J. Wang et al. (2016) reported the spatial and diurnal varia-
tions of total gaseous mercury (GEM + GOM) along a transect from coastal to central Antarctica. These 
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observations revealed that the atmosphere of the Antarctic continent during the sunlit season has a high 
oxidization capacity that could result in a high GOM content and/or obvious depletion of GEM (Angot, Das-
toor et al., 2016). Several studies have shown that the Antarctic Plateau plays a key role in influencing the 
atmospheric Hg cycle at a continental scale (Angot, Dastoor et al., 2016; Li et al., 2020; Temme et al., 2003).

Antarctic marine ecosystems are sensitive to the bioaccumulation of Hg, while there are still gaps in our 
understanding of the mechanisms of the Hg cycle in the Antarctic MBL. Elevated concentrations of Hg 
have been observed in seawater near Antarctica (Cossa et al., 2011; Nerentorp Mastromonaco, Gårdfeldt, 
Assmann, et al., 2017; Wang et al., 2017), and even contamination in Antarctic biota have been found (Bar-
gagli, 2008; Brasso et al., 2012; Carravieri et al., 2014). Atmospheric deposition is a principal pathway for 
Hg to enter the ocean (Soerensen et al., 2010; Steve et al., 2007), mainly in the form of oxidized mercury 
(e.g., GOM or PBM). The constituents of deposited inorganic mercury would be converted into more toxic 
organometallic forms (e.g., CH3Hg) followed by bioaccumulation and biomagnification in Antarctic ma-
rine food webs (M. G. Nerentorp Mastromonaco et al., 2016). However, records of Hg concentration in the 
Antarctic MBL have been sparse to date. Moreover, in most cases, only GEM (or total gaseous mercury) has 
been measured among atmospheric Hg species (Soerensen et al., 2010; Xia et al., 2010). The lack of obser-
vations of oxidized Hg restricts our understanding of the mechanisms of the Hg cycle and our evaluations 
of atmospheric Hg deposition in the Antarctic MBL. In addition, the presence of sea-ice, which is unique 
to polar seas, also plays a special role in the regional Hg cycle. Sea-ice both affects the sea–air exchange of 
Hg and provides a reaction interface for the photochemical transformation thereof (Chaulk et al., 2011; 
Nerentorp Mastromonaco, Gårdfeldt, & Langer, 2017). Both enhanced GEM and dissolved gaseous mercury 
(DGM) concentrations have been found in sea-ice covered areas (Wang et al., 2017). It is widely believed 
that the annual sea-ice area during polar springtime is an important source of atmospheric halogen radi-
cals, leading to the oxidation and subsequent deposition of GEM. Several previous observations have shown 
that the atmospheric oxidized Hg in the sea-ice area mainly takes the form of PBM (M. Nerentorp Mastro-
monacoet al., 2016; Steffen et al., 2013); this is different from the characteristics of the Hg species in polar 
coastal and inland areas, where there usually be a higher GOM presence compared to PBM in Antarctic 
summertime (Brooks et al., 2008a, 2008b; Temme et al., 2003), and will influence the deposition flux of 
mercury. However, the mechanism of this phenomenon needs to be explored further.

As part of the 34th Chinese National Antarctic Research Expedition aboard the icebreaker R/V Xuelong, 
we here report the observations of atmospheric Hg species (GEM, GOM) from areas of open ocean and 
those covered with sea-ice to the Antarctic coast, as recorded during a large-scale cruise, to investigate the 
characteristics and corresponding major influence factors of different atmospheric Hg species in various 
land surface types, therefore facilitate a better understanding of the atmospheric Hg cycle mechanisms in 
the Antarctic MBL.

2.  Materials and Methods
2.1.  Study Site

Atmospheric Hg species were measured continuously from Christchurch, New Zealand to eastern and west-
ern Antarctica during summer, from November 27, 2017 to April 3, 2018 (Figure 1). Our study sites were 
generally located in four regions: the southern Pacific Ocean, Ross Sea, Indian sector of Southern Ocean, 
and the Amundsen Sea. These regional distinctions are for the purpose of data interpretation only and do 
not necessarily comply with geographical conventions. Further details are provided in Table S1.

2.2.  Measurements of Atmospheric Mercury

Continuous measurements of GEM and GOM were conducted using an automated Hg speciation system 
consisting of a 2537B cold vapor atomic fluorescence spectroscopic Hg analyzer and an 1.130 GOM unit 
(both from Tekran Inc., Toronto, Canada). GOM was operationally defined as the fraction of oxidized mer-
cury collected on a KCl-coated annular quartz denuder. This system was configured to measure GEM and 
GOM with a temporal resolution of 5 min and 2 h, respectively. Details on the Tekran Hg speciation system 
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can be found elsewhere (Landis et al., 2002). The GEM and GOM sampling flow rates were set to 1 and 
7 L·min−1, respectively. Coarse particles larger than 2.5 μm were removed at the inlet by a heated impactor.

This Tekran system was placed on the compass deck approximately 35 m above the surface of the sea. The 
1,130 unit, which contained the air inlet, was fixed windward at the front of the compass deck and kept 
away from the power system of the ship to minimize the impact of the plumes emitted from the chimney. 
The detection limit (DL) for GEM measured by the 2537B unit was better than 0.10 ng·m−3. The DL for 
GOM was estimated to be better than 0.89 pg·m−3 based on the sampling volumes. The GEM measurements 
were calibrated daily via a built-in internal mercury permeation source within the 2537B unit. External 
calibration using a Tekran 2,505 unit, with manual injections of known concentrations of GEM, was per-
formed before and after the cruise, and the accuracy of both measurements was better than 95%. There are 
no calibration standards available for GOM, but its 1σ precision is approximately 15% (Landis et al., 2002). 
To avoid the impact of moisture, two drying tubes containing soda lime were replaced every 4 days. The 
KCl-coated denuder of the 1,130 unit and Teflon filters (with a pore size 0.2 μm) at the air inlets of the 2537B 
unit was changed biweekly. Some data loss occurred due to occasional instrument failure, power loss, and 
ship motions. Other QA/QC procedures followed typical protocols used in similar studies (M. Nerentorp 
Mastromonaco et al., 2016; Wang et al., 2014).

The Tekran system has been widely used to measure atmospheric Hg speciation (e.g., the Atmospheric 
Mercury Network (AMNet) of the USA (Gay et al., 2013), the Global Mercury Observation System (GMOS) 
of the European Union (Sprovieri et al., 2016), and the several Arctic and Antarctic research stations (Dom-
mergue et al., 2010; Steffen et al., 2015)); however, previous studies pointed out that the KCl-coated denuder 
in the Tekran technique cannot efficiently collect all GOM compounds and thus results in an underesti-
mation of GOM (Gustin et al., 2013; Huang & Gustin, 2015). As Gustin's group suggested, one potential 
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Figure 1.  Overviews of (a) gaseous elemental mercury (GEM) and (b) gaseous oxidized mercury (GOM) in the marine boundary layer along these cruise paths 
(the 34th Chinese National Antarctic Research Expedition); GOM data below instrument detection limits are also displayed. The base map was generated using 
the software Ocean Data View 4.0.
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mechanism of the underestimation of GOM by the Tekran system is likely attributed to the presence of 
moisture and ozone in ambient air, which may cause the reduction of captured GOM to GEM in KCl-coat-
ed denuder (Gustin et al., 2013; Huang & Gustin, 2015; McClure et al., 2014). We estimate the effects of 
humidity and ozone variations on the GOM observations based on McClure et al. (2014) (see details in the 
supplementary information). It generally displays that when the latitude was within the range of 60°S–80°S, 
the O3 and absolute humidity (AH) levels were both low, with a small variation range, which could lead 
to high recovery of GOM (closed to 1); when the latitude was within the range of 45°S–60°S, the high AH 
level might lead to larger uncertainty of GOM, but the GOM level in this latitude range was very low and 
the corresponding data amount only accounted for lower than 3% in this study, which would not affect the 
conclusion significantly either (Figure S1). Besides, another new method to correct the bias of the Tekran 
GOM observation technique was proposed recently, which suggested that the GOM loss can be corrected 
by including Hg content detected during the Tekran instrument's flush cycles (Marusczak et al., 2017). We 
also evaluated our GOM observed results based on this method and found that the bias in our observations 
appeared to be negligible (see details in the supplementary information). In fact, Gustin's recent review 
paper also suggested that “We expect that KCl-denuder derived data is best for polar regions or high elevation 
locations in the free troposphere for these areas are dominated by halogenated compounds and dry air” in Sec-
tion 6 of this paper (Gustin et al., 2021). In summary, we think that the uncertainty of GOM measurement 
from the Tekran system may not fundamentally change our main discussion and conclusions in this study 
based on our evaluations of GOM data, and we caution that the GOM results reported in this study should 
be considered as the lower limits of atmospheric GOM (Wang et al., 2014).

2.3.  Other Ancillary Data and Analysis

Ozone was continuously measured using ultraviolet photometry (49i; Thermo Fisher, Inc., USA) at a tem-
poral resolution of 1 min. Its air inlet, which was equipped with Teflon filters (pore size 0.2 μm) to remove 
coarse particles, was installed windward of and close to the Hg speciation system inlet. The DL of the 49i 
unit is 1 part per billion by volume (ppbv). The zero and potential shifts of the instrument were regularly 
controlled via an internal ozone generator. Nitrous oxides (NOx) were continuously measured by a chemi-
luminescence NO-NO2-NOx analyzer (42i; Thermo Fisher, Inc., USA). We served NOx data as an indicator 
of ship emissions, in view of the high detection limit of Model 42i (0.4ppbvppbv) which may be unsuita-
ble in MBL observation (with background concentration of pptv magnitude) (Carsey et al., 1997; Heikes 
et al., 1996), and considerable emission of NOx by ship (Huszar et al., 2009; Vinken et al., 2014). However, 
according to statistics, the concentration of 85.5% of the NOx data during this whole cruise was between 
0 and 1 ppbv (indicating the baseline fluctuation of the NOx instrument in view of ship swing during the 
voyage), which indicated that ship emissions would be minor in most observation periods in this study.

Some of the meteorological data, including wind direction, wind speed, relative humidity (RH), and at-
mospheric temperature were obtained from shipboard monitoring systems. Data on shortwave radiation 
(Radiation), sea-ice fraction, and planetary boundary layer height (PBLH) were extracted from the assimi-
lated hourly meteorological data from Goddard Earth Observing System—forward processing (GEOS-FP) 
meteorological field product (horizontal resolution: 2° × 2.5°). Maps of the density distribution of the BrO· 
vertical column were generated from Global Ozone Monitoring Experiment-2 (GOME-2) satellite data us-
ing the DOAS algorithm (http://www.iup.uni-bremen.de/doas/scia_data_browser.htm). The BrO· images 
can generally display the variations in the boundary layer with a more or less constant offset owing to the 
relatively constant nature of stratospheric BrO· with few spatiotemporal variations (Lindberg et al., 2002). 
Hourly aerosol water-soluble Na+ concentrations were measured by a semi-continuous in-situ gas and aer-
osol composition (IGAC) monitoring system performed by the Third Institute of Oceanography, Ministry of 
Natural Resources during this cruise (Yan et al., 2020). Fine particles were enlarged via vapor condensation, 
accelerated by a conical-shaped impaction nozzle, and collected on an impaction plate, and then analyzed 
for Na+ and other ions via an online ion chromatography system (Dionex ICS-3000, place of manufacture).

The online Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) transport and disper-
sion model from the NOAA-Air Resources Laboratory (https://www.ready.noaa.gov/hypub-bin/trajtype.
pl?runtype=archive) was used to identify the source of air masses from selected locations.
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3.  Results and Discussion
3.1.  Concentrations of Gaseous Elemental Mercury (GEM)

Detailed data including the regional distributions of the measured GEM and GOM are shown in Table S2 
and Figure 1, respectively. The lowest GEM concentrations were observed in the southern Pacific Ocean 
(average: 0.78 ± 0.15 ng·m−3, median: 0.76 ng·m−3, n = 3,851). As the existence of the prevailing westerlies 
accompanied by few distributions of anthropogenic sources in this area, this was likely caused by the di-
lution of GEM through the strong wind with an average wind speed of 11.42 ms−1, which was the highest 
recorded during the entire cruise. The regional distribution of GEM in the Antarctic MBL exhibited the fol-
lowing trend: Indian sector of Southern Ocean (1.08 ± 0.24 ng·m−3, n = 615) > Ross Sea (0.96 ± 0.21 ng·m−3, 
n = 5,683) > Amundsen Sea (0.85 ± 0.18 ng·m−3, n = 3,787) (p < 0.001). The GEM levels we observed in 
the Antarctic region are similar to those reported in the Weddell Sea during spring and at the McMurdo and 
Neumayer stations in Terra Nova Bay during summer (0.9–1.2 ng·m−3) (Brooks et al., 2008b; M. Nerentorp 
Mastromonacoet al., 2016; Sprovieri et al., 2002; Temme et al., 2003) (Table S2), but lower than the cruise-
based observations of Soerensen et al. (2010) from the western Antarctic ocean (1.30 ± 0.16 ng·m−3) and 
near the Antarctic Peninsula (1.55 ± 0.38 ng·m−3). These discrepancies reflect the spatiotemporal variability 
of GEM in the Antarctic MBL. Our results for the GEM concentration in the Antarctic region are apparently 
lower than those observed in the Arctic region during summertime (e.g., Alert [1.80 ± 0.35 ng·m−3], Barrow 
[1.40 ± 0.27 ng·m−3]) (Steffen et al., 2015). It would to some extent reflect the more impact of anthropogenic 
emissions on the atmospheric GEM content in the Arctic region, which is closer to human residences, than 
Antarctica.

3.2.  Concentrations of Gaseous Oxidized Mercury (GOM)

The GOM concentrations observed during this cruise presented a wide range of variations, from lower 
than the DL to a maximum of 201.22 pg·m−3. As shown in Table S2 and Figure 1, the average GOM con-
centrations in the Ross Sea (23.95  ±  36.59  pg·m−3, n  =  309) and Indian sector of the Southern Ocean 
(16.38 ± 17.99 pg·m−3, n = 61) were several times higher than those in the Amundsen Sea (2.09 ± 2.35 pg·m−3, 
n = 34) and southern Pacific Ocean (3.89 ± 3.86 pg·m−3, n = 27). The high spatial differences in the GOM 
content imply that some special factors efficiently influence the state of the oxidation of atmospheric Hg, 
causing large variations in GOM concentrations; this will be discussed in more detail below. Moreover, 78% 
and 54% of the GOM observations in the Amundsen Sea and the southern Pacific Ocean, respectively, were 
lower than the DL of the instrument. Therefore, the statistical means of the GOM levels shown in Table S2 
might, to some extent, overestimate the overall values of the GOM concentrations in these areas as GOM 
results below the DL were not counted.

The average concentrations of GOM observed in all Antarctic MBL regions during this cruise, and in some 
previous observations conducted in the Antarctic marginal sea (e.g., the southern Pacific Ocean, south-
ern Atlantic Ocean, and Weddell Sea, Table  1), are largely lower than those observed at several inland 
Antarctic stations, for example, McMurdo and Terra Nova Bay, which recorded levels of 116 ± 45 pg·m−3 
and 116.3 ± 77.8 pg·m−3, respectively (Brooks et al., 2008b; Sprovieri et al., 2002), and near the Antarctic 
peninsula (43 ± 39 pg·m−3) during the cruise undertaken by Soerensen et al. (2010). Cruise observations of 
Hg species near western Antarctica, conducted by Temme et al. (2003) also found that GOM concentrations 
rose correspondingly as they approached the Antarctic continent. This phenomenon implies different at-
mospheric Hg cycles over the different land surface types in Antarctica.
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Regions

2h-averaged GEM (ng/m3) GOM (pg/m3) GOM/GEM (%)

Range Average Median Range Average Median Range Average Median n

Coastal Antarctica 0.54–1.47 0.93 ± 0.24 0.90 4.80–201.23 56.23 ± 47.74 44.09 0.46–23.92 6.51 ± 5.57 4.88 101

Sea-ice region 0.49–1.37 0.99 ± 0.17 1.01 1.03–87.01 13.1 ± 14.48 9.06 0.094–17.31 1.6 ± 2.61 0.93 142

Oceanic region 0.43–1.79 0.92 ± 0.24 0.90 0.90–27.42 3.95 ± 4.69 2.21 0.080–3.37 0.47 ± 0.61 0.23 164

Table 1 
Statistics for 2h-Averaged Gaseous Elemental Mercury (GEM), Gaseous Oxidized Mercury (GOM), and GOM/GEM Ratios (%) in the Three Areas Studied
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To allow clear discussion of the characteristics and mechanisms influencing the spatial distributions of 
Hg in different land surface types during this cruise, we used Land–Water–Ice indices (LWI), which was 
extracted from the GEOS-FP (horizontal resolution: 2° × 2.5°) hourly meteorological data and derived from 
the ocean, land, and sea-ice fractions in each grid box, to divide our observation area into three regions: (a) 
coastal Antarctica (LWI = 1), with the land fraction in each grid box ranges from 50.6% to 92.4%, (b) sea-ice 
regions (LWI = 2), with the sea-ice fraction in each grid box ranges from 45.7% to 90.2%, and (c) oceanic 
regions (LWI = 0), with the ocean fraction in each grid box ranges from 63.4% to 100% in this study. Time 
series for the GEM, GOM, sea-ice fraction, and the corresponding LWI over the duration of this cruise are 
given in Figure S4.

3.3.  Characteristics of Mercury in Different Regions

3.3.1.  Overview of the Characteristics of Gaseous Mercury Species

The value series and corresponding spatial distributions of measured GOM are shown for the tree types 
of regions in this cruise in Figure  S5. Also shown are the calculated GOM/GEM (%) ratios, which im-
ply the oxidation degree of gaseous mercury based on the chemistry that leads to AMDEs occurs in the 
gas phase through oxidation of GEM to GOM (Steffen et al., 2013). The statistics (range, mean, standard 
deviation, and median) of these measurements are shown in Table 1. Despite sea-ice acting as a barrier 
to the air-sea exchange (DiMento et  al.,  2019), the average concentration of GEM in the sea-ice region 
(0.99 ± 0.17 ng·m−3) is higher than coastal Antarctica (0.93 ± 0.24 ng·m−3, p < 0.001) and the oceanic region 
(0.92 ± 0.24 ng·m−3, p < 0.001), respectively. A similar phenomenon was reported by Wang et al. (2017) 
which observed increased GEM concentrations in the Ross Sea, accompanied by elevated concentrations of 
DGM in surface seawater and enhanced sea-ice concentrations in nearby regions during the Antarctic sum-
mer. The increased GEM observed in the sea-ice region is likely attributed to the accumulation-to-emission 
effect of DGM from sea-ice lead and the photoreduction of divalent Hg (Hg(II)) among snow and sea-ice 
surface during Antarctic summertime. In springtime, the Antarctic sea-ice region would be served as a 
sink of Hg due to the significant Hg deposition through AMDEs. The leaching supplement of Hg from the 
sea-ice, followed by the photoreduction and bioreduction, would cause the accumulation of DGM among 
the surface water under the sea-ice, which has obviously higher concentrations than the open seawater 
(DiMento et al., 2019; M.G. Nerentorp Mastromonaco et al., 2016; Wang et al., 2017); while in the summer-
time, sea-ice melt and icebreaking activity of a ship would drive the intensive evasion of these accumulated 
DGM from the sea-ice leads (Andersson et al., 2008), and the shallow convection driven by the temperature 
difference between the water in the sea-ice leads and the ambient air, would be conducive to the outgassing 
of Hg(0) from the leads (McElroy et al., 1999; Moore et al., 2014). Moreover, exposure to sunlight during 
the polar day would facilitate the photoreduction and release of Hg(II) from the snowpack on the surface of 
sea-ice. These two factors might co-contribute to the increase of GEM among sea-ice region in the Antarctic 
summertime (Lalonde et al., 2002; M. Nerentorp Mastromonaco et al., 2016; Wang et al., 2017). Based on 
our observations, we inferred that the barrier effect of sea-ice cover on the air-sea exchange of Hg might 
be changed and/or offset by the evasion of GEM from widespread sea-ice leads and the photoreduction of 
Hg(II) on the surface of the sea-ice during the Antarctic sunlit season.

Figure S5d shows that, notably, the variabilities of the GOM concentrations and GOM/GEM ratios in coastal 
Antarctica are clearly larger than those in the sea-ice and ocean regions. There are also significant differenc-
es in the average GOM concentrations and GOM/GEM (%) ratios in the three study regions, with the results 
of coastal Antarctica (56.23 ± 47.74 pg·m−3, 6.51 ± 5.57, n = 101) > sea-ice region (13.10 ± 14.48 pg·m−3, 
1.6 ± 2.61, n = 142) > oceanic region (3.95 ± 4.69 pg·m−3, 0.47 ± 0.61, n = 164) (p < 0.001) (Table 1). These 
features further confirm that various land surface types would significantly affect the concentration of oxi-
dized mercury species in the Antarctic MBL. Details of the mechanisms influencing the cycle of gaseous Hg 
species in each region are discussed in the following sections.

3.3.2.  Coastal Antarctica

The highest concentrations of GOM and largest fluctuations thereof measured during this cruise were re-
corded in coastal Antarctica, with a range of 4.80–201.23 pg·m−3 (Figure 2a and Table 1). As observations of 
mercury species were mainly conducted during berthing period in Coastal Antarctica, we firstly estimated 
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Figure 2.  Time series for gaseous oxidized mercury (GOM), 2h-averaged gaseous elemental mercury (GEM), O3, shortwave radiation, and the sea-ice fraction in 
(a) coastal Antarctica, (b) the sea-ice region, and (c) the ocean region in this cruise. The gray shaded area shows the periods during which elevations in the GOM 
were accompanied by synchronous depletions of GEM, and the blue shaded area shows the periods in which elevations in GOM levels were not accompanied 
by depletions in GEM levels.



Journal of Geophysical Research: Atmospheres

the impact of anthropogenic emission on it here. Several evidences indicated that its impact would be neg-
ligible for GOM results:

1.	 �As shown in Figure S6, there is no synchronous rising trend or correlation between GEM and NOx dur-
ing the whole cruise (r = 0.0043) and in Coastal Antarctica (r = −0.013), also the same to GOM and NOx 
during the whole cruise (r = 0.065) and in Coastal Antarctica (r = 0.071)

2.	 �The observed GOM concentrations (<5 pg/m3) during two berthing periods at Christchurch, New Zea-
land in this cruise were significantly lower than that in Coastal Antarctica (Figure S7)

3.	 �Laurier et al. (2003) suggested that ship's exhaust gases would lead to contamination with relative wind 
direction angle (RWD) in the range of 120°–240°, while statistics showed that 86.3% of the RWD was out-
side the 120°–240° range during the whole cruise. We also compared relative wind direction angle with 
observed GEM and GOM and found no relationship with them. Many periods of elevated concentrations 
of GEM and GOM corresponded to sparse points of RWD (Figure S8)

4.	 �The concentration levels of GOM measured near Terra Nova Bay (from December 7 to December 10, 
2017) in this study are comparable to those measured in McMurdo station by Brooks et al. (2008b) from 
October 29 to November 4, 2003, which had a similar observed season to this study and were closed to 
our observation site (in Ross Sea region)

As shown in Figure 2a, parts of the periods in which the increases of GOM concentrations are accompanied 
by synchronous rapid depletion in GEM concentrations and high values of shortwave radiation (gray shad-
ed area). This indicates the photochemical in-situ oxidation of atmospheric GEM occurred near berthing 
sites in coastal Antarctica, and the GOM produced here can reach up to 195.37 pg·m−3 (the leftmost gray 
shaded area). Similar results were also observed at Antarctic Terra Nova Bay and Neumayer Station dur-
ing summertime, with significant elevations in GOM concentrations (up to more than 300 pg·m−3 in both 
cases) accompanied by obvious GEM depletions, indicating a conversion from GEM to GOM (Sprovieri 
et al., 2002; Temme et al., 2003).

Besides, there were no depletions, even synchronous elevations of GEM concentrations during some pe-
riods of elevated GOM concentration (Cases 1–4, blue shaded areas), including the period in which the 
maximum GOM concentration (201.23 pg·m−3) of this cruise was observed (Figure 2a). We speculated that 
it may be to some extent related to the local atmospheric physical conditions. In the springtime, the polar 
troposphere is characterized by stable stratification with weak vertical mixing, and the frequent occurrence 
of strong surface temperature inversions would inhibit turbulent transport of atmospheric components, 
which can facilitate the continuous depletion of GEM and O3 during AMDEs, while the more well mixed 
troposphere in the polar summertime would not favor the continuous depletion of GEM concentrations 
during its in-situ oxidation (Nguyen et al., 2009; Steffen et al., 2008). Moreover, it is a unique phenomenon 
in Antarctica that the negative buoyant force which develops along the ice-sheet slopes will result in strong 
katabatic winds flowing out from the Antarctic Plateau (Gallée & Pettré, 1998). The observation sites for 
cases 1–4 are located at Terra Nova Bay, Prydz Bay, and Ross Ice Shelf, respectively (Figure S5a), where 
the ice-sheet katabatic winds are frequent (Bromwich & Kurtz, 1984; Parish & Bromwich, 2007). The 72 h 
HYSPLIT backward trajectory results show that the air mass during cases 1–4 came primarily from the 
Antarctic continent (Figure S9), with a downward velocity originating at high altitudes, which is the typical 
feature of Antarctic katabatic wind. The katabatic winds would enhance turbulent mixing over this region 
and facilitate atmospheric transport, which could replenish both GEM and O3 and caused no depletion 
during cases 1–4 even if the presence of in-situ oxidation of GEM (Figure 2a).

Furthermore, Brooks et al. (2008a) found that GOM and PBM concentrations observed at the South Pole 
during summer were positively correlated with the depth of the mixing layer, indicating that oxidized Hg 
species were entrained from the lower free troposphere and continuously removed via surface deposition at 
the South Pole. However, in this study, there was no correlation found between GOM and the PBLH (Fig-
ure S10). This suggests that the vertical convection input of GOM is minor in coastal Antarctica, which is 
different from the situation in inland Antarctica.

3.3.3.  Sea-Ice Region

The GOM concentrations range from 1.03 to 87.01 pg·m−3 in the sea-ice region, which were lower and less 
variant than in coastal Antarctica (Figure 2b and Table 1). The average concentration of GOM in the sea-ice 
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region is more than 230% higher than that in the oceanic region (Table 1), which indicates that the exist-
ence of sea-ice cover can promote the oxidation of GEM in the Antarctic MBL during the sunlit summer. 
There was a clear high spike in GOM from December 3 and 4 during the navigation in Ross sea (the gray 
shaded area in Figure 2b), with the concentrations increasing promptly from 8.23 to 69.50 pg·m−3 within 
the first 4 h of that period and finally reaching the maximum at 87.01 pg m−3 in the subsequent 4 h. The 
corresponding 2h-averaged GEM concentrations underwent a significant simultaneous depletion from 0.87 
to 0.49 ng·m−3 and shortwave radiation levels were also high during this period (Figure 2b). These features 
suggest that significant in-situ photochemical oxidation of GEM can occur in the region of Antarctica that 
is, covered with sea-ice during summer. Similar to the situation in coastal Antarctica, the 2h-averaged O3 
concentrations corresponding to this period also showed no correlation with GEM, and the chemical mech-
anisms involved in this process (the oxidation of GEM and/or the production of oxidants) needs further 
investigation.

As shown in Figure S11, there is a negative logarithmic regression relationship between the GOM levels 
observed in the sea-ice region and the 2h-averaged GEM level, implying that with the continuous decrease 
of GEM, the growth rate of GOM (can be expressed as -dGOM/dGEM, quantified by the absolute value of 
the tangential slope of the logarithmic fitting of GOM vs. GEM) gradually increased. This result could, to 
some extent, reflect the low lifetime of GOM in the Antarctic sea-ice region. The more significant depletion 
of GEM might suggest a shorter time was taken after GEM is oxidized to GOM in the air (otherwise the 
depletion of GEM would peter out due to the mixing of air mass from other places as time goes by). This 
is conducive to keeping formed GOM in the air due to its unstable property and results in the logarithmic 
relationship that it has with GEM, as presented in Figure S11.

Several previous observations have shown that the oxidized atmospheric Hg species in the sea-ice area 
are mainly in the form of PBM with a low GOM level (M. Nerentorp Mastromonaco et al., 2016; Steffen 
et al., 2013), which might be attributed to the high particle load of the air. Several laboratory studies have 
shown that sea salt aerosols have a high capacity to uptake atmospheric GOM (Malcolm et al., 2009; Rutter 
& Schauer, 2007). Since considerable sea-salt aerosol can be produced by the salt-rich blowing snow and 
the wave breaking among Antarctic MBL (Han et al., 2017; Lieb-Lappen & Obbard, 2015), synchronous 
high-resolution field observations of atmospheric Na+ in aerosol (used in this study as an indicator of sea 
salt levels) were made during this cruise. Figure 3b shows that GOM is significantly anti-correlated with 
the 2h-averaged levels of Na+ in the sea-ice region (p < 0.01), implying the uptake effect of sea-salt aerosol 
on GOM in the sea-ice region. This mechanism was further supported by a similar variation trend between 
observed Na+ concentrations and the Hg(II) uptake coefficients of sea-salt aerosol, which was calculated 
based on the parametric scheme of GEOS-Chem in Holmes et al. (2010) (Figure S12). It might be a non-neg-
ligible factor causing GOM loss and the high PBM content in polar sea-ice covered area as observed before, 
which would then influence its deposition flux. In addition, the concentrations of Na+ measured in the 
coastal Antarctica region were generally low (Figure 3a), with a significantly lower average concentration 
(107.49 ± 104.87 ng·m−3, n = 173) than the sea-ice region (335.03 ± 428.63 ng·m−3, n = 309), suggesting that 
the weaker sea salt uptake of GOM could also be a cause of the higher GOM concentrations and GOM/GEM 
ratios observed in the coastal Antarctica region. The weaker sea salt uptake is also likely, to some extent, to 
explain the phenomenon of GOM predominating the oxidized atmospheric Hg observed at several inland 
Antarctic stations, which is opposite to observations from the sea-ice region (Brooks et al., 2008b; Temme 
et al., 2003).

3.3.4.  Oceanic Region

The GOM concentrations observed in the oceanic region during this cruise were the lowest compared to 
coastal Antarctica and sea-ice regions (Figure 2c and Table 1); the average was similar to the global average 
(3.1 ± 11 pg·m3) (Soerensen et al., 2010), and observations in seas in the northern hemispheric (the Medi-
terranean, Bohai, Yellow, and South China seas and off Okinawa) (Chand et al., 2008; Sprovieri et al., 2003; 
C. Wang et al., 2016, 2019) (Table S2). Holmes et al. (2009) suggested that 80%–95% of divalent Hg in the 
MBL was present in sea salt aerosols rather than as a gas phase. The average concentration of Na+ observed 
in the oceanic region during this cruise was 875.19 ± 1,068.61 ng·m−3 (n = 165) and was more than twice 
that of the sea-ice region and seven times that of coastal Antarctica, suggesting that the high uptake of 
GOM by sea salt aerosols might be an important factor causing the oceanic region to have the lowest GOM 
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level. Our cruise observations in the Ross Sea span from mid-December to late January, featuring obvious 
sea-ice melting and then caused a majority of the sea-ice region to become the oceanic region based on their 
respective LWI. As shown in Figure 4e, there are notable differences between the GOM level and GOM/
GEM ratios obtained during Cruise 1, which was dominated by the sea-ice region, and Cruise 2, which was 
oceanic-region dominated although it had a navigation area similar to that of Cruise 1. The average GOM 
concentrations observed during Cruise 2 (2.99 ± 2.22 pg·m−3) were nearly 85% lower than those from Cruise 
1 (20.15 ± 4.51 pg·m−3), along with the apparent melting of the sea-ice between the two cruise periods 
(Figures 4a–4d). As the first year sea-ice served widely as an important source of active halogen species in 
the polar region (Luo et al., 2018; Saiz-Lopez et al., 2007; Simpson et al., 2007), sea-ice loss likely weakened 
the production of active halogens, which slowed GEM oxidation. This is verified by the data from GOME-2 
satellite maps that showed an obvious loss in the BrO· column concentration for the period between Cruise 
1 and Cruise 2 (Figure S13). Our observations suggest that the seasonal melting of the first year sea-ice 
during summer would decrease the oxidation of GEM, which is also an important factor that causes the 
low content of GOM in the oceanic region in Antarctica, and might, in turn, change the rate of deposition 
atmospheric Hg in the Antarctic MBL. In all, the cycle mechanisms of atmospheric mercury in three land 
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Figure 3.  (a) Time-series of measured gaseous oxidized mercury (GOM) levels, atmospheric water-soluble Na+ 
concentrations, and the sea-ice fraction during part of this cruise, which included voyages in coastal Antarctica, the 
sea-ice region, and the ocean region, and (b) the relationship between the measured GOM levels, the atmospheric Na+ 
concentrations, and the sea-ice fraction during the navigation period in sea-ice region.
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surface types among the Southern Ocean in summer, which were discussed in this study, are simply illus-
trated through a schematic diagram shown in Figure 5.

4.  Conclusions
This study reflects that the large discrepancy in the land surface types appears to impact the atmospheric 
Hg cycle in the Antarctic marine boundary layer, causing large spatial differences in GOM levels. The Ant-
arctic continent can serve as an important source of oxidized Hg during the sunlit summer period, due to 
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Figure 4.  Spatial distributions of gaseous oxidized mercury (GOM) observations and the corresponding sea-ice fraction during Cruise 1 (a and b) and Cruise 2 
(c and d). Time-series of GOM concentrations, GOM/ gaseous elemental mercury ratios (%), land–water–ice indices, and sea-ice fractions during Cruise 1 and 
Cruise 2 in the Ross Sea (e).
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the significant in-situ oxidation there. As coastal Antarctica is a primary habitat for creatures such as pen-
guins, whales, and seals, the ecological effects of their exposure to highly oxidized Hg in this environment 
are worthy of further attention. In sea-ice regions, the uptake of the high content of sea-salt aerosols might 
efficiently eliminate atmospheric GOM in the summertime. It would be an important factor that influences 
the deposition flux of Hg and can explain the phenomenon observed in previous studies that atmospheric 
oxidized Hg in the sea-ice area mainly takes the form of PBM. In the oceanic region, the lowest level of 
GOM is attributed to both the uptake of sea-salt aerosols and the seasonal melting of first-year sea ice. In 
general, our study indicates that the impact of various land surface types should be seriously considered in 
the estimation of Hg deposition in the Antarctic region, due to their apparently different influencing mech-
anisms in the atmospheric Hg cycle.
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Figure 5.  A schematic diagram simply displaying the cycle mechanisms of atmospheric mercury in three land surface types among the Southern Ocean in 
summer, which were discussed in this study. In coastal Antarctica, the highest gaseous oxidized mercury (GOM) level can be attributed to the in situ oxidation 
there. In the sea-ice region, the significant in-situ oxidation of gaseous elemental mercury could also occur, while the uptake of the high content of sea-salt 
aerosols in sea-ice regions might efficiently eliminate GOM in the air. In the oceanic region, the lowest level of GOM is due to both the uptake of sea-salt 
aerosols and the seasonal melting of first-year sea-ice.
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