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Abstract. Air—sea exchange of gaseous elemental mercury (Hg?) is a major component of the global mercury
(Hg) biogeochemical cycle but remains poorly understood due to sparse in situ measurements. Here, we used
long-term atmospheric Hg” (Hggir) observations combined with air mass back trajectories at four ground-based
monitoring sites to study Hg® air—sea exchange. The trajectories showed that all four sites sample mainly ma-
rine air masses. At all sites, we observed a gradual increase in mean Hggir concentration with air mass recent
residence time in the marine boundary layer (MBL), followed by a steady state. The pattern is consistent with
the thin-film gas exchange model, which predicts net Hg” emissions from the surface ocean until the Hggir con-
centration normalised by Henry’s law constant matches the surface ocean dissolved Hg” (Hggq) concentration.
This provides strong evidence that ocean Hg® emissions directly influence Hggir concentrations at these sites.
Using the observed relationship between Hggir concentrations and air mass recent MBL residence time, we esti-
mated mean surface ocean Hggq concentrations of 4—7 pgL~! for the North Atlantic and Arctic oceans (AA) and
4pgL~! for the Southern, South Atlantic and south Indian oceans (SSI). Estimated ocean Hg® emission fluxes
ranged between 0.57-0.86 and 0.60-0.87 ngm~2h~! for the AA and SSI, respectively, with a global extrapo-
lated mean flux of around 2270 tyr—! (1600-2900 tyr~!). This study demonstrates the applicability of long-term,
ground-based Hggir observations in constraining Hg® air-sea exchange.
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1 Introduction

Mercury (Hg), a ubiquitous element in the environment, has
gained widespread attention due to its adverse effects on hu-
man health and ecosystems (AMAP/UN Environment, 2019;
Budnik and Castelyn, 2019; Al-Sulaiti et al., 2022; Basu et
al., 2023). While naturally occurring in the Earth’s crust and
released by natural processes, anthropogenic activities have
dramatically increased the amount of Hg emitted into the en-
vironment (Sunderland and Mason, 2007; Amos et al., 2013;
Lamborg et al., 2014; Zhang et al., 2014; Streets et al., 2017;
Li et al., 2020; Sonke et al., 2023). Consequently, Hg has
become a persistent global pollutant.

The elemental form of Hg (Hg?) is particularly impor-
tant. Owing to its chemical inertness and low water solu-
bility, once emitted, Hg® stays in the atmosphere for sev-
eral months to a year (Horowitz et al., 2017; Saiz-Lopez et
al., 2018; Shah et al., 2021), allowing it to travel thousands
of kilometres across the globe, impacting even remote ar-
eas (Travnikov, 2005; Durnford et al., 2010; Koenig et al.,
2022). Although in the atmosphere Hg® exists in low con-
centrations with no direct harmful effects (Holloway and Lit-
tlefield, 2011), a portion of the atmospheric Hg? is gradu-
ally oxidised to more soluble divalent Hg compounds (Hg'")
that are readily deposited to surface reservoirs (Horowitz et
al., 2017; Saiz-Lopez et al., 2018; Shah et al., 2021). In
aquatic environments, some of this deposited Hg! is con-
verted to methylmercury (Lehnherr, 2014), a highly toxic
compound that bioaccumulates and is biomagnified up the
food chain (Lehnherr, 2014), posing serious health risks to
humans through the consumption of seafood (Driscoll et al.,
2013; Zillioux, 2015; AMAP/UN Environment, 2019; Al-
Sulaiti et al., 2022).

The exchange of Hg? between the atmosphere and the
oceans plays a crucial role in the cycling of Hg in the envi-
ronment. Atmospheric deposition, being the dominant source
of Hg (Hg®, as well as Hg'") entering the ocean (Horowitz
et al., 2017; AMAP/UN Environment, 2019; Zhang et al.,
2019, 2023; Jiskra et al., 2021; Shah et al., 2021), strongly
influences the distribution of aqueous Hg (Strode et al.,
2007; Kuss et al., 2011; Soerensen et al., 2014). On the
other hand, most of the deposited Hg is eventually re-
emitted back to the atmosphere, with ocean emissions con-
stituting about one-third of the total annual Hg released to
the atmosphere (Horowitz et al., 2017; AMAP/UN Environ-
ment, 2019; Zhang et al., 2019; Shah et al., 2021). Through
this “multihop” mechanism (Hedgecock and Pirrone, 2004),
where atmospheric Hg is deposited to the ocean and the
ocean re-emits it back to the atmosphere (as Hg"), ocean
emissions contribute to the long-range transport of Hg? and
extend the lifetime of Hg actively cycling in the environment
(Strode et al., 2007; Amos et al., 2013). Conversely, a re-
duction in dissolved Hg"" to Hg® in the water column and its
subsequent evasion decreases the Hg'! reservoir available for
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conversion to methylmercury (Lehnherr, 2014). Evidently,
accurately characterising Hg® air—sea exchange is critical.

Our understanding of Hg® air—sea exchange and cycling in
the marine boundary layer (MBL) mainly derives from in situ
measurements performed during ship-board sampling cam-
paigns (e.g. Gardfeldt et al., 2003; Andersson et al., 2007,
2008b, 2011; Kuss et al., 2011; Soerensen et al., 2013, 2014;
Mason et al., 2017; Nerentorp Mastromonaco et al., 2017;
Wang et al., 2017, 2019). These observations, comprised of
simultaneous measurements of Hg? in air (Hggir) and in sur-
face seawater (Hggq), along with variables such as sea sur-
face temperature (SST) and wind speed, have been instru-
mental in discerning the spatio-temporal variability in Hg? at
the air—sea interface, estimating Hg® air—sea exchange fluxes,
as well as understanding the factors driving these processes.
However, these measurements are sparse, covering only short
periods (typically a few days to a few weeks), and are pre-
dominantly performed in the Northern Hemisphere. Chemi-
cal transport models can provide insights beyond the spatio-
temporal limitations of in situ measurements, but they are
also limited by the sparsity of direct measurements, such as
for validating air—sea exchange parameterisations applied in
the models (e.g. Zhang et al., 2019). As a result, many as-
pects of Hg® dynamics at the air—sea interface remain poorly
understood.

Some ground-based monitoring sites sample air masses
with extended ocean exposure, offering a valuable opportu-
nity to study Hg® cycling at the air—sea interface. Moreover,
many of these sites have continuous Hggir records spanning
several years (e.g. Sprovieri et al., 2016). Despite their poten-
tial, their application for extensive analyses of Hg® air—sea
exchange remains underexplored, with studies primarily us-
ing them for model validation (e.g. Soerensen et al., 2010b)
or for complementing ship-based measurements (e.g. Gard-
feldt et al., 2003; Sommar et al., 2010).

In this paper, we analyse Hggir observations from four
ground-based monitoring sites to study Hg air-sea ex-
change. We use measurements from the longest continu-
ous monitoring sites in the Northern Hemisphere (NH) and
Southern Hemisphere (SH), Mace Head and Cape Point, re-
spectively, as well as from the subtropical North Atlantic
site Cabo Verde Observatory and the remote southern Indian
Ocean site Amsterdam Island. The observations are com-
bined with air mass back trajectories to gain insights into the
sources and travel paths of air masses sampled at the sites.
The results from this study will contribute towards an im-
proved understanding of Hg® air-sea exchange.
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2 Data and methods

2.1 Observations
2.1.1 Site descriptions

We used observations from four monitoring sites, namely
Mace Head, Cabo Verde Observatory, Cape Point and Am-
sterdam Island (Fig. 1). Below is a brief description of each
site.

Mace Head

Mace Head (53°20' N, 9°54’ W) is located in County Galway
on the west coast of Ireland (Ebinghaus et al., 2011). It is ex-
posed to the North Atlantic Ocean with a wide clean sector
between 180 and 300° (Ebinghaus et al., 2011), ideally situ-
ated to study atmospheric composition under northern hemi-
spheric background conditions but also under regionally pol-
luted European continental conditions, when air masses orig-
inate from an easterly direction (Ebinghaus et al., 2011). On
average, over 50 % of air masses that arrive at Mace Head
are within the clean sector, having recently travelled thou-
sands of kilometres across the North Atlantic Ocean (Ebing-
haus et al., 2011). The climate at Mace Head is mild and
moist (https://www.macehead.org, last access: June 2022),
with an average air temperature of about 10 °C, generally
high relative humidity (80 %—85 %) and an annual rainfall
of approximately 1200 mm. Air sampling at the site is per-
formed from two towers (10 and 22 m high) located 100 m
from the shoreline and 50 m from the high-water mark. There
are no industrial activities that could influence the measure-
ments at Mace Head (Ebinghaus et al., 2011), with the near-
est major urban area, Galway city, situated about 90 km east
of the station (Ebinghaus et al., 2011). Mace Head is oper-
ated by the Atmospheric Science Research Group at the Na-
tional University of Ireland, Galway (Kock et al., 2005), and
is part of multiple international research networks, including
the Global Mercury Observation System (GMOS) and the
Global Atmosphere Watch (GAW) of the World Meteorolog-
ical Organisation (WMO).

Cabo Verde Observatory

Cabo Verde Observatory (16°51’N, 24°52’ W) lies on the
northeast side of Sdo Vicente (Read et al., 2017), one of
ten islands in the Cabo Verde archipelago in the North At-
lantic Ocean (Read et al., 2017). The site is characterised by
a warm and dry climate, with a mean annual air tempera-
ture of 24 £ 2 °C and annual rainfall below 200 mm, most of
which occurs in the rainy season of July-November (Read
et al., 2017). The observatory receives mostly (about 95 %
of the time) air masses from the northeasterly trade winds,
which have typically travelled for 5d over the ocean (Read
et al., 2017), providing the opportunity to study clean ma-
rine air (Carpenter et al., 2010; Read et al., 2017). Air sam-
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pling at Cabo Verde Observatory is performed 50 m from the
coastline at 10 m above sea level (Carpenter et al., 2010).
The observatory is operated as a multilateral project between
the United Kingdom, Germany and the Republic of Cabo
Verde (Read et al., 2017) and is also part of both the GMOS
and WMO-GAW network of sites (Carpenter et al., 2010;
Sprovieri et al., 2016; Read et al., 2017).

Cape Point

Cape Point (34°21’S, 18°29'E) is located on the southern
tip of the Cape Peninsula, about 60 km south of Cape Town,
South Africa (Martin et al., 2017). It is situated within the
Cape Point National Park, on a coastal cliff 230m above
sea level (Brunke et al., 2004; Martin et al., 2017). The site
has a Mediterranean-type climate, characterised by moder-
ate temperatures, dry summers and increased precipitation
during winter (Brunke et al., 2004). The prevailing wind di-
rection at Cape Point is from the southeast to southwest, and
thus most air masses advected to the site are clean marine
air from the Southern Ocean (Brunke et al., 2004). On aver-
age, over 50 % of the air masses reaching Cape Point orig-
inate from this clean oceanic sector, having recently trav-
elled thousands of kilometres across the southern oceanic re-
gions (Labuschagne et al., 2018). Nevertheless, the site occa-
sionally experiences air masses from the north to northeast,
mainly in winter, that are influenced by anthropogenic emis-
sions from the greater Cape Town area and/or by other con-
tinental sources (Brunke et al., 2010). Cape Point is operated
by the South African Weather Service (SAWS) and is also
part of the GMOS and WMO-GAW networks (Martin et al.,
2017; Slemr et al., 2020).

Amsterdam Island

Amsterdam Island (37°48’S, 77°34'E) is a small subtrop-
jcal island (55km?) in the southern Indian Ocean, located
about 3400 and 5000km downwind of Madagascar and
South Africa, respectively (Angot et al., 2014; Slemr et al.,
2015, 2020; Li et al., 2023; Magand et al., 2023; Tassone et
al., 2023). The atmospheric monitoring station is situated at
Pointe Bénédicte at the northwest end of the island at an alti-
tude of 70 m above sea level (Angot et al., 2014; Magand et
al., 2023). Air sampling and monitoring at the Pointe Béné-
dicte station are performed from different heights depending
on the pollutant studied, with atmospheric Hg being sam-
pled at 6 m above ground level. The site has an oceanic cli-
mate with mild temperatures (ranging between 11 and 17 °C
over the year), high relative humidity (65 % to 85 %), and the
frequent presence of clouds and abundant rainfall (total an-
nual average between ~ 800 and ~ 1300 mm from the last
decades) (Miller et al., 1993; Angot et al., 2014; Tassone et
al., 2023). The dominant surface wind direction at Amster-
dam Island is westerly and northwesterly, and wind speeds
are comparatively high throughout the year (with an annual
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Mace Head 2 Feb 1996-06 Jan 2020 171 399 82
Cabo Verde Obs. 5 Dec 2011-29 Dec 2015 20 894 60
Cape Point 8 Mar 2007-31 Dec 2017 83 303 88
Amsterdam Island 28 Jan 2012-31 Dec 2020 56 844 73

Figure 1. Overview of the Hggir data used in the study. (a) Map showing the locations of the four study sites: Mace Head (MHD), Cabo
Verde Observatory (CVO), Cape Point (CPT) and Amsterdam Island (AMS). (b—e) Hourly mean Hggir concentrations at Mace Head, Cabo
Verde Observatory, Cape Point and Amsterdam Island, respectively. The mean +1 standard deviation and the range of the hourly observations
are shown in each panel. Note that the extent of the x axis differs across the four sites. For better readability of the data, for where the y axis
scales are adjusted to each site’s data distribution, see Fig. S1 in the Supplement. (f) Summary of the hourly mean Hggir data coverage at
the four sites, showing the temporal coverage of the observations used in the present study, the total number of hourly data points and the
percentage of hourly time stamps over the coverage period with (valid or non-missing) data.

average of 7.6ms!: Miller et al., 1993), peaking in aus-
tral winter (Baboukas et al., 2004; Li et al., 2023). The is-
land is largely free of human disturbance. The only possible,
but very rare, local source of pollution may emanate from
the 20-40 scientific research and technical crew in Martin-
de-Vivies life base 2 km downwind of the Pointe Bénédicte
station. Amsterdam Island is run under the administration
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of Terres Australes et Antarctiques Francaises (TAAF), the
French Southern and Antarctic Lands, and is scientifically
operated by the French Polar Institute (IPEV) research pro-
grammes all year round. The monitoring station is part of
the French national monitoring system, the Integrated Car-
bon Observation System, ICOS-France Atmosphere, for the
long-term observation of greenhouse gases (El Yazidi et al.,
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2018; Magand et al., 2023). As with Mace Head, Cabo Verde
Observatory and Cape Point, the Pointe Bénédicte station in
Amsterdam Island is part of both the GMOS network and is
also labelled as a WMO-GAW site (Angot et al., 2014; Slemr
etal., 2015, 2020; Magand et al., 2023).

2.1.2 Atmospheric Hg measurements

Atmospheric Hg has been measured since September 1995,
December 2011, March 2007 and January 2012 at Mace
Head, Cabo Verde Observatory, Cape Point and Amsterdam
Island, respectively, using Tekran 2537 A/B model analy-
sers (Tekran Inc., Toronto, Canada; Ebinghaus et al., 2002;
Read et al., 2017; Slemr et al., 2020; Magand et al., 2023).
The analysers are based on Hg enrichment on a gold car-
tridge, followed by thermal desorption and detection by
cold vapour atomic fluorescence spectroscopy (CVAFS) at
253.7nm (Fitzgerald and Gill, 1979; Bloom and Fitzgerald,
1988). The analysers use two gold cartridges, switching be-
tween the cartridges to allow for alternating sampling and
desorption, resulting in continuous sampling of the incom-
ing air (Ebinghaus et al., 2011; Martin et al., 2017; Slemr et
al., 2020; Magand et al., 2023). Concentrations are expressed
in nanograms per cubic metre at standard temperature and
pressure (STP) conditions (273.15K, 1013.25 hPa) with an
instrumental detection limit close to 0.1 ngm™> and an Hggir
average uncertainty value of about 10 % (Slemr et al., 2015).
The instruments are automatically calibrated every 25 h at
Mace Head and Cape Point, every 72 h at Cabo Verde Ob-
servatory, and every 69h at Amsterdam Island using inter-
nal permeation sources (Ebinghaus et al., 2011; Read et al.,
2017; Slemr et al., 2020; Magand et al., 2023). The perme-
ation sources are in turn checked (annually at Cabo Verde
Observatory and Cape Point, bi-annually at Mace Head,
and quarterly at Amsterdam Island) by manual injections
of saturated Hg vapour from a temperature-controlled vessel
adapted following Dumarey et al. (1985) procedures (Ebing-
haus et al., 2011; Slemr et al., 2020; Magand et al., 2023).
To ensure comparable results, the Tekran analysers at all four
sites are operated and calibrated under GMOS standard oper-
ating procedures (SOPs; Sprovieri et al., 2016; Martin et al.,
2017; Read et al., 2017; Slemr et al., 2020). The sampling
procedure, quality assurance and quality control measures
in operation at the sites are detailed in several references
(e.g. Ebinghaus et al., 2011; Angot et al., 2014; Sprovieri
et al., 2016; Slemr et al., 2020; Magand et al., 2023).
Several studies referenced here, including some of which
use the same atmospheric Hg observations as those in the
present study (i.e. from the same monitoring sites), denote
Tekran 2537A/B measurements as total gaseous mercury
(TGM; TGM = Hg’, + gaseous oxidised mercury, Hgll )
(e.g. Gardfeldt et al., 2003; Temme et al., 2003; Kock et al.,
2005; Xia et al., 2010; Andersson et al., 2011; Ebinghaus et
al., 2011; Read et al., 2017). However, at all four sites studied
here, it has been suggested that the measurements are most
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likely of Hggir rather than TGM, as Hgyir is easily lost to sea-
salt deposits in the inlet tubing and filters of the instrument
(Weigelt et al., 2015; Read et al., 2017; Slemr et al., 2020).
In Amsterdam Island, between 2012 and 2015 atmospheric
mercury species were measured using a Tekran Hg speciation
unit (Tekran 1130/1135 models), ensuring that only Hggir is
sampled and analysed with the associated Tekran 2537A/B
model. Since the deinstallation of the speciation unit at the
site in 2015, the Tekran 2537A/B instrument has been de-
ployed with a specific setup using two 0.45 um polyether-
sulfone cation-exchange membranes (PES-CEMs, 0.45 pm,
47 mm, Merck Millipore®) installed at the inlet of the heated
line, preventing the introduction of oxidised species and en-
suring that only Hggir is measured (Magand et al., 2023). Fur-
thermore, TGM typically comprises mostly (> 98 %) Hggir
(e.g. Soerensen et al., 2010a; Cheng et al., 2014; Yin et al.,
2018; Wang et al., 2019). Therefore, we regard the Tekran
2537A/B measurements at the four sites as Hggir and make
no distinction between TGM and Hggir, referring to the mea-
surements as Hggir, when referencing the above-mentioned
studies.

The record of hourly mean Hggir observations from the
four sites used in this study is presented in Fig. 1. Throughout
this paper, the data were analysed and are presented in their
local time.

2.1.3 222Rn measurements from Cape Point

Since 1999, atmospheric radon (**2Rn) has been continu-
ously measured at Cape Point using a two-flow-loop, dual-
filter detector designed by the Australian Nuclear Science
and Technology Organisation (ANSTO) and partially con-
structed locally (Brunke et al., 2004; Botha et al., 2018). The
instrument operates by passing ambient air through a partic-
ulate filter into a large chamber, where the 2>’Rn gas decays
(Brunke et al., 2004). A second filter collects the 222Rn de-
cay products, which are detected by means of a screen coated
with the scintillator material zinc sulfide and viewed by a
photomultiplier (Brunke et al., 2004). The count rate is pro-
portional to the ambient 22’Rn concentration (Brunke et al.,
2004). The detector at Cape Point has been continuously de-
veloped (Brunke et al., 2004; Botha et al., 2018). In 2011,
an upgraded version of the instrument was installed, incor-
porating system design improvements such as an automated
calibration system and a delay volume, increasing the accu-
racy and reliability of the measurements at the site (Botha et
al., 2018).

As described in detail in Botha et al. (2018), the radon de-
tector’s sample inlet is located 30 m above ground level and
222Rn is measured at a resolution of 30 min and further pro-
cessed to an average 1h temporal resolution. The detector
is calibrated monthly by introducing a known concentration
of 222Rn from a calibration source (226Ra source with 222Rn
production rate of 2.94 Bqmin~') acquired from Pylon Elec-
tronics, Inc., Canada (Brunke et al., 2004). The instrument
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has a lower limit of detection of 25+ 8 mBq m~3, and the
hourly measurements have an uncertainty of around 15 % at
100 mBqm™3 and 9 % at 1000 mBqm 3 (Botha et al., 2018).

In this work, we use hourly *”Rn data corresponding to
the period of the Cape Point Hg? dataset (i.e. the period
8 March 2007-31 December 2017).

2.2 Air mass back trajectories

We applied the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model (Stein et al., 2015) to trace air
masses arriving at the monitoring sites. For each station and
hour of the day, we calculated a 144 h (6d) air mass back
trajectory starting at 50 m above model ground level, using
the National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis
data with a 2.5° spatial and a 6-hourly temporal resolution
(Kalnay et al., 1996) for model input. Each of the 144 seg-
ments of every trajectory was then assigned to one of two
categories based on the underlying surface over which the
segment is passing:

— marine (or oceanic): segments passing over an area
where the bathymetric elevation is 0 m or below;

— terrestrial (or land): segments passing over an area
where the bathymetric elevation is above 0 m.

The bathymetry information was obtained from the GEn-
eral Bathymetric Chart of the Oceans Grid (GEBCO_GRID),
with a 15arcsec spatial resolution (GEBCO Compilation
Group, 2020). The segments were further classified into one
of two categories, according to their height in the atmo-
sphere:

— boundary layer: segments at or below the height of the
planetary boundary layer (PBL);

— free tropospheric: segments above the height of the
PBL.

For this step, we used PBL height data from the ERAS
re-analysis product of the European Centre for Medium-
Range Weather Forecasts (ECMWF; Hersbach et al., 2020),
with a temporal resolution of 1h and a spatial resolution of
0.25° x 0.25°. Therefore, each of the 144 segments of ev-
ery trajectory was assigned to one of four categories: ma-
rine boundary layer (MBL), free troposphere over the ocean
(FT_ocean), continental planetary boundary layer (CPBL) or
free troposphere over land (FT_terrestrial; see Fig. S2).
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3 Results and discussion

3.1 Overview of Hggir observations at Mace Head,

Cabo Verde Observatory, Cape Point and
Amsterdam Island

The record of hourly averaged Hggir measurements at the
four sites is shown in Fig. 1. Over the analysis periods,
the mean Hggir concentration was 1.53+0.26, 1.19+0.13,
1.0140.13 and 1.06 40.07 ngm™> (mean =1 standard de-
viation) at Mace Head, Cabo Verde Observatory, Cape Point
and Amsterdam Island, respectively. The higher mean con-
centration at Mace Head and, to a lesser extent, Cabo Verde
Observatory compared to Cape Point and Amsterdam Island
is consistent with previous studies that have reported higher
Hggir levels in the NH than in the SH (e.g. Temme et al.,
2003; Soerensen et al., 2010a, 2014; Sprovieri et al., 2010,
2016; Xia et al., 2010). The inter-hemispheric gradient in
Hggir concentrations has been widely discussed in the lit-
erature and is largely attributed to the bulk burden of an-
thropogenic Hg emissions occurring in the NH (Temme et
al., 2003; Sprovieri et al., 2010, 2016; Streets et al., 2017;
AMAP/UN Environment, 2019).

Figure 2 shows the seasonal variability in monthly mean
Hgoir concentrations across the four sites. At Mace Head,
Hg,;. levels are slightly but significantly higher in winter
(December to May, 1.57 £0.27 ngm_3, n = 84228) than in
summer (June to November, averaging 1.48 0.25ngm ™3,
n=287171) (p <2.2 x 1071, Mann-Whitney U test). As
with Mace Head, concentrations at Cabo Verde Obser-
vatory are slightly but significantly higher around win-
ter (December—-May, 1.224+0.12, n=11296) compared
to summer (June—November, 1.16 £0.12, n =9598) (p <
2.2 x 107!, Mann-Whitney U test). A similar seasonal pat-
tern has been observed at other ground-based monitoring sta-
tions (e.g. Kock et al., 2005; Lan et al., 2012; Sprovieri et al.,
2016; Jiskra et al., 2018) as well during ship-board sampling
campaigns (e.g. Soerensen et al., 2010a) in the NH. Sev-
eral explanations have been proposed for the northern hemi-
spheric Hggir seasonality, including increased anthropogenic
emissions from fossil-fuel combustion for heating in win-
ter (Ebinghaus et al., 2002; Lan et al., 2012), higher ocean
Hg® emissions from the North Atlantic Ocean in winter (So-
erensen et al., 2010b) and more recently increased vegetation
Hg0 uptake in summer (Jiskra et al., 2018; Feinberg et al.,
2022).

Amsterdam Island shows slightly but significantly
higher Hggir concentrations around winter (June—September,
1.074+0.06, n = 18697) (p < 2.2 x 107!, Mann-Whitney
U test). Angot et al. (2014) as well as Slemr et al. (2020),
who previously reported the same seasonality for the site, at-
tributed it to long-range transport of polluted air masses from
southern Africa between July and September, which coin-
cides with the biomass-burning season in the region. Nev-
ertheless, the observed winter peak at Amsterdam Island (in
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Figure 2. Normalised monthly mean Hggir
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concentrations at the four sites. The mean +1 standard deviation of the hourly observations is

shown in each panel. The bars show 1 standard deviation of the monthly means. The horizontal blue line represents the normalised mean
value (i.e. 1 ng m~3). The months are ordered starting in June for Mace Head and Cabo Verde Observatory and in December for Cape Point
and Amsterdam Island such that the plots consistently start in summer and end in spring (of the respective hemisphere).

this study) corresponds to only a ~ 1% increase from the
site’s overall mean concentration. Similarly, at Mace Head
as well as Cabo Verde Observatory, the winter maximum
(summer minimum), though significantly higher (lower) than
the overall mean concentration (p < 2.2 X 10_16, Mann-
Whitney U test), represents only a ~ 3 % change from the
overall mean. No clear seasonality is detected at Cape Point.

The diurnal variability in Hggir at the four sites is quite
weak as well, with daily mean minimum and maximum val-
ues reflecting just a ~2 % change from the overall mean
concentration (Fig. 3). The diurnal patterns also exhibit little
seasonal variation (Fig. S3). Non-existent or non-significant
Hggir diurnal variations in the marine boundary layer (MBL)
have also been reported in other studies (e.g. Soerensen et al.,
2010a; Wang et al., 2017, 2019).

32 Hg?, inthe MBL

A major goal of this work was to understand the dynamics
of Hggir in the MBL, especially given the weak seasonal and
diurnal variability in concentrations observed at our ground-
based study sites. Previous research has highlighted Hg? air—
sea exchange as one of the key processes influencing Hggir
concentrations in the MBL (e.g. Wingberg et al., 2001; Lau-
rier et al., 2003; Soerensen et al., 2010a, b; Carbone et al.,
2016; Wang et al., 2017). In turn, Hg0 air—sea exchange is
suggested to be driven by two main factors: (i) the Hg® con-
centration gradient at the air—sea interface and (ii) wind speed
and solar radiation (e.g. Gardfeldt et al., 2003; Wingberg et
al., 2001; Laurier et al., 2003; Soerensen et al., 2010a, b;
2013; Kuss et al., 2011; Wang et al., 2017). Many studies
show that ocean surface waters are primarily supersaturated
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in Hggq relative to the overlaying air (e.g. Wéngberg et al.,
2001; Gardfeldt et al., 2003; Andersson et al., 2011; Mason et
al., 2017; Wang et al., 2017, 2019), creating conducive con-
ditions for net ocean Hg® emission to the atmosphere. In fact,
recent estimates place ocean Hg? evasion as the largest sin-
gle net flux of Hg? to the atmosphere, in the range of 2800
4000 Hg0 tyr’1 (Horowitz et al., 2017; AMAP/UN Environ-
ment, 2019; Outridge et al., 2018; Shah et al., 2021; Zhang
et al., 2023). Regarding wind speed and solar radiation, both
variables generally exhibit pronounced seasonal and diurnal
variability. Considering these factors, it would be expected
that Hggir concentrations in the MBL also show pronounced
seasonal and diurnal variability, but this is not the case.
While the four sites largely sample clean marine air, they
are also occasionally affected by terrestrial sources and pro-
cesses (e.g. Ebinghaus et al., 2002; Brunke et al., 2004; Slemr
et al., 2013, 2020; Angot et al., 2014; Read et al., 2017;
Bieser et al., 2020), albeit to varying degrees. As air masses
from both the marine and terrestrial environment are sam-
pled at the sites, this can obscure the link between observed
Hggir concentrations and the oceanic Hg? evasion signal. To
distinguish between MBL conditions and terrestrial influ-
ences, we used the HYSPLIT back trajectories. We classified
each hourly Hggir observation at the sites into one of three
categories: MBL-influenced (MBL_i), terrestrial-influenced
(Terr_i) and mixed (Mixed). MBL_i was assigned to obser-
vations where 90 % or more of the (144) back trajectory seg-
ments were classified as MBL, Terr_i to those where 90 %
or more of the segments were classified as CPBL, and mixed
was assigned to those where neither of the first two criteria
is met (see Sect. 2.2 for the distinction between MBL- and
CPBL-assigned trajectory segments). To validate the classi-

Atmos. Chem. Phys., 25, 9645-9668, 2025



9652

K. M. Molepo et al.: Constraining elemental mercury air-sea exchange

_ 104 1.04
3 (a) Mace Head (b) Cabo Verde Obs.
(%]
E 1.02 1 1.02 1 -
g 1,00 uESt e gu™ L.:.‘"“,.. 1.00 = f.'.
s \__//
o
© 0981 0.98 - -
‘>
. -3 . -3
T 0.96 L ulio.1l.53 tIO.26 ngm- 0.96 4 uli0.1l.19 tl().13rllgm .
0 4 8 12 16 20 0 4 8 12 16 20
__ 1.04 1.04
§ (c) Cape Point (d) Amsterdam Isl.
E 1.02 A 1.02 1 -
= 1.00 1.00 -
; T —
Q
© 0981 0.98 - -
‘>
. -3 . -3
T 0.96 ulio.1l.01tlo.13r||gm . 0.96 pil-o.1.|06t(|).072lngml

0 4 § 12 16 20
Hour of the day [local time]

o 4 8§ 12 16 20
Hour of the day [local time]

Figure 3. Normalised mean Hggir diurnal variation at (a) Mace Head, (b) Cabo Verde Observatory, (¢) Cape Point and (d) Amsterdam Island.
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error. The horizontal line represents the normalised mean value (i.e. 1ng m~3), and the dashed vertical line is plotted along 12:00 LT.

fication method, we (also) applied it to 2?>Rn observations
from Cape Point. Considering that >*?Rn emission by the
ocean is negligible (at a rate 2 to 3 orders of magnitude
lower than the terrestrial flux; Schery and Huang, 2004) and
that 222Rn’s terrestrial source is unaffected by human activ-
ity, its consistent emission over land makes it an excellent
tracer for identifying air masses of terrestrial origin over the
ocean or within the troposphere for 2-3 weeks (Brunke et al.,
2010; Chambers et al., 2018). The 222Rn results, presented
in Fig. S4, show generally higher >*’Rn values for the Terr_i
data compared to the MBL_i data, with a significantly larger
mean concentration for the Terr_i data (3426 mBq m3, n=
56) compared to the MBL _i data (450 mBq m3,n =30 470)
(p <2.2x 1076, Mann-Whitney U test). While 2>’Rn mea-
surements are also available at Amsterdam Island, we did not
perform the above analysis for the site, as we do not expect
a strong terrestrial 22>Rn signal due to the remoteness of the
site (which is surrounded by over 3000 km of ocean) as well
as the small size of the island.

Figures S5 and S6 show the seasonal and diurnal varia-
tions, respectively, for the MBL_i, Terr_i and Mixed Hggir
datasets, along with the full observations (All data) at the
four sites. The summary statistics for the groups are pro-
vided in Table S1 in the Supplement. In summary, the re-
sults show that the Hggir observations at the sites are largely
associated with air masses strongly influenced by the MBL,
with little to no contribution from air masses influenced by
terrestrial surfaces. The results also show little difference be-
tween the Hggir temporal distributions (i.e. the seasonal and
diurnal variations) of the full observations and the MBL_i (as
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well as the Mixed) data. This suggests that the weak seasonal
and diurnal variations observed at the sites represent the ac-
tual MBL conditions and are not an artefact of sampling air
masses from different environments.

In a recent publication, Koenig et al. (2023) analysed Hggir
observations at Maido Observatory, a high-altitude station
(2160 m above sea level) located on La Réunion Island in the
southern tropical Indian Ocean (21°4’ S, 55°48’ E). The study
derived a mean lower-free-troposphere (LFT) Hggir concen-
tration of ~ 0.73ngm™3. Assuming that this value is also
representative of the LFT over Cape Point and Amsterdam
Island (located about 3900 and 2900 km from Maido ob-
servatory, respectively), the mean MBL (i.e. MBL_i) Hggir
concentrations extracted at Cape Point and Amsterdam Is-
land (1.01 40.12 and 1.06 £ 0.07 ngm™3, respectively; Ta-
ble S1) are both about 30% larger than the LFT value
from Koenig et al. (2023). In the NH, using aircraft data,
Weigelt et al. (2016) reported an LFT Hggir concentration
of about 1.3 ngm’3 over central Europe, which is about
15 % lower than the mean MBL concentration at Mace Head
(1.534+0.24 ngm™3). These higher MBL concentrations rel-
ative to LFT concentrations suggest net ocean Hg® emissions
into the MBL.

A question remains regarding the weak seasonal and di-
urnal variations in Hggir concentrations in the MBL. An-
other recent publication, Lamborg et al. (2021), has pro-
posed that dark reduction, rather than photoreduction, as pre-
viously believed, is responsible for most of the Hggq pro-
duced in the ocean and subsequently escaping to the atmo-
sphere. Since dark reduction is less directly impacted by cli-
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matic conditions than photoreduction, this would imply con-
stant (i.e. even under low solar radiation) Hggq supply to the

surface ocean. This would have two implications for Hg®
cycling in the air-sea interface. One, it would explain the
weak temporal Hg variability in the MBL, as dark reduc-
tion would provide a relatively constant pool of Hg to the
surface ocean throughout the day and seasons. Secondly, and
related to the first point, it would imply that the ocean is con-
stantly emitting Hg? to the atmosphere.

With these considerations, we sought to investigate the in-
fluence of air mass recent residence time in the MBL on ob-
served Hg concentrations. We hypothesise that an air mass
entering the MBL from the LFT carries a signature Hg air CON-
centration of this environment. As it travels within the MBL,
there is exchange of Hg” between the air mass and the sur-
face ocean. Because the ocean surface layer is typically su-
persaturated in Hg® relative to the atmosphere, there is net
Hg® emission to the atmosphere and consequently a gradual
increase in the Hg® concentration of the air mass over time.
Therefore, air masses which have recently spent a long time
in the MBL would generally have higher Hgallr levels than
those which have recently spent more time in the LFT. The
results of the investigation are presented in the next section.

3.3 Relationship between observed Hgallr
concentrations and air mass residence time in the
MBL

To test our hypothesis, we used the back trajectories to study
the Hggir observations in relation to air mass recent MBL
residence time. We define air mass recent MBL residence
time as the number of hours that an air mass (correspond-
ing to an hourly Hggir observation) spent in the MBL in the
last 144 h before reaching the sampling site, that is the num-
ber of segments of the back trajectory classified as MBL as
per our back trajectory segment classification (described in
Sect. 2.2). We then group together the Hggir observations ac-
cording to air mass recent MBL residence time at an hourly
resolution. Further details on the analysis are provided in Ap-
pendix A.

Figure 4 shows mean Hgg-lr concentrations against air mass
recent MBL residence time across the four sites. As seen in
the figure, Hggir concentrations generally increase with air
mass recent MBL residence time, in agreement with our hy-
pothesis. The observed increase exhibits an asymptotic pat-
tern, with varying points at which a steady state (i.e. where
the concentration remains mostly constant despite increasing
time air masses spent in the MBL) is reached across the sites.
Air masses sampled at Mace Head, Cabo Verde Observa-
tory, Cape Point and Amsterdam Island reach a mean steady-
state Hggir concentration of about 1.51+0.02, 1.16 £0.02,
1.0140.01 and 1.06 £0.01 ngm™3 (mean = standard devi-
ation) at about 60, 72, 30 and 60 h in the MBL, respectively.

The asymptotic Hggir pattern is clearer at Cape Point and
Amsterdam Island compared to Mace Head and Cabo Verde
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Figure 4. Mean Hggir concentration against air mass recent MBL
residence time at the four sites. The bars show 2 times the standard
error of the means. Note that the y axis differs across the four pan-
els.

Observatory. A possible explanation for this is the contribu-
tion from anthropogenic emissions. As already mentioned,
overall, anthropogenic Hg emissions are higher in the NH
than in the SH. As such, it may be that, at Mace Head and
Cabo Verde Observatory, the anthropogenic (emission) sig-
nal is strong enough that it obscures the relationship be-
tween Hggir concentrations and air mass recent MBL resi-
dence time. The fact that at Mace Head and Cabo Verde Ob-
servatory the asymptotic Hggir pattern is revealed after filter-
ing out air masses which have had recent contact with the
continental planetary boundary layer (see Appendix A) sup-
ports this hypothesis.
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Nevertheless, the observed asymptotic Hggir increase at
the sites may be partially explained by the exchange of Hg”
between the ocean and the atmosphere. The pattern is consis-
tent with the air—sea gas exchange model (Eq. 1 in Sect. 3.5),
which predicts net ocean Hg® emissions into passing air
masses until the Hggir concentration in them normalised by
the Henry’s law constant matches the surface ocean Hggq
concentration. While other processes may be involved, we
are unable to discern them in this study. Concerning redox
chemistry, our estimation of the rate of net chemical loss
due to oxidation shows that it is 2 orders of magnitude lower
than the rate of Hg® concentration change observed here (see
details in Appendix B), suggesting that the observed Hggir
concentration increase far exceeds net oxidation-driven loss.
Over longer periods, net oxidation may play a more signifi-
cant role in shaping Hggir concentrations in the MBL. How-
ever, over the short timescale considered here, its impact on
the observed patterns is negligible.

We also investigated seasonal variability in the observed
relationship between Hggir concentrations and air mass re-
cent MBL residence time; however, no clear pattern emerged
(Fig. S7). Therefore, in the subsequent sections, where we
use the observed relationship to estimate surface ocean Hggq

concentrations as well as ocean net Hg" emissions fluxes,
seasonal analyses are not included.

3.4 Estimation of surface ocean Hggc| concentrations

Assuming our findings in Sect. 3.3 can explain most of the
variation in Hgoir concentrations in the MBL, we used the
steady-state Hg ;. concentrations in air masses reaching the
sites to estimate mean surface ocean Hggq concentrations.
Based on the back trajectory footprints (see Fig. 5), we as-
sume that the estimates (both the Hggq concentrations and
the fluxes, in Sect. 3.5 below) derived from the Mace Head
and Cape Verde Observatory Hggir observations represent av-
erage conditions for the broad ocean area comprising the
North Atlantic and Arctic oceans, while those derived from
the Cape Point and Amsterdam Island data represent condi-
tions for the area encompassing the Southern, South Atlantic
and south Indian oceans. We apply the equation describing
the air—sea exchange flux of Hgo, F, based on the thin-film
gas exchange model from Liss and Merlivat (1986):

Hg.0~
F =ky (Hggq— Hj“f), (1)

where ky, is the gas transfer velocity, Hggq and Hggir are the

surface ocean and atmospheric Hg? concentrations, respec-
tively, and H’ is the dimensionless Henry’s law constant.
Following the discussion in Sect. 3.3, for air masses that
remain in the MBL long enough, we can assume that they
reach steady-state conditions with the underlying ocean sur-
face, implying an average net exchange flux of F' =~ 0 (see
the discussion on the possible effect of redox chemistry in
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Appendix B). Note that this assumption does not imply a net
zero air—sea exchange flux for the ocean as a whole, as un-
saturated air masses continuously enter the MBL and take up
Hg® from the surface ocean. In this case, Hggq is obtained
with

Hgo-

0 _ air(ss)
Hgaq - H / ) (2)
where Hggir(ss) is the steady-state Hggir concentration. H'
is calculated using the derivation from Andersson et al.
(2008a):

o e(%%.%)’ 3)

where T is the SST. To obtain 7', we extracted hourly ERAS
SSTs (Hersbach et al., 2020) corresponding to the trajectories
associated with the hourly Hggir observations in the steady
state (i.e. the observations for which air mass recent MBL
residence time is greater than or equal to 60, 72, 30 and 60 h
at Mace Head, Cabo Verde Observatory, Cape Point and Am-
sterdam Island, respectively). More details are provided in
the caption of Table 1, which summarises the Hggir(ss), T,

H' and resultant mean surface ocean Hggq concentration for
each site.

From our calculations, we derived a mean surface ocean
Hggq concentration of 7.00 +£0.21, 4.00 £0.12, 4.22+0.21

and 4.7440.16 pgL~! (mean %1 standard deviation) based
on the steady-state Hggir concentration at Mace Head, Cabo
Verde Observatory, Cape Point and Amsterdam Island, re-
spectively. The higher estimate for Mace Head compared to
Cape Point and Amsterdam Island is in line with elevated
anthropogenic Hg emissions and resultant ocean Hg enrich-
ment in the NH relative to the SH. The estimate for Cabo
Verde Observatory is lower than that of Mace Head (and
closer to that of the two SH sites). This lower Hggq con-
centration for Cabo Verde Observatory compared to Mace
Head may be attributed to the much higher mean SST corre-
sponding to the average position of the air masses sampled at
the former site (294.89 £0.92 K at Cabo Verde Observatory
compared to 284.53 + 0.92 K at Mace Head; Table 1). While
both sites receive air masses from the North Atlantic, Cabo
Verde Observatory also samples tropical air masses, while
Mace Head can sample polar air masses (see Fig. 5). Higher
SSTs enhance Hggq diffusivity, resulting in lower seawater
concentrations.

We compare our estimates to reported surface ocean con-
centrations in the literature obtained from direct measure-
ments. The estimates from Mace Head and Cabo Verde Ob-
servatory are compared to values from the North Atlantic
and Arctic oceans, while those from Cape Point and Ams-
terdam Island are compared to values from the Southern and
South Atlantic oceans (no published measurements are avail-
able for the Indian Ocean, to the best of our knowledge; see
Dastoor et al., 2025). We acknowledge, nevertheless, that our
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Figure 5. Back trajectory profiles illustrating the sources of air masses that arrive at (a) Mace Head, (b) Cabo Verde Observatory, (¢) Cape
Point and (d) Amsterdam Island. The back trajectories correspond to the data considered in deriving the profiles shown in Fig. 4, and shown
here is only a subset of the data from January to December 2013. In each panel, the location of the site is illustrated by the yellow triangle,
and the dotted horizontal line shows 0° latitude.

Table 1. Summary (mean =+ 1 standard deviation) of steady-state Hggi . (e Hggi ((88)) concentration, T', H ’and resultant surface ocean
Hggq concentration across the four sites. For each variable at each site, the mean and standard deviation are based on the mean values of the
(steady-state) MBL residence time bins. The mean value for each bin is the average of the individual values within the bin. For Hggir(ss),
these are the hourly Hggir observations grouped by back trajectory recent MBL residence time. The individual T values are the mean SSTs
for the trajectories corresponding to the Hggir observations, considering only SSTs associated with segments assigned MBL. These T values
are in turn used to obtain H’ values, which, together with the Hggir concentrations, are used to calculate Hggq concentrations according to

Eq. (2).

Site Hggir( 5s) T H’ Hggq

[ngm—3] [K] [pgL™ "]
Mace Head 1.51£0.02 284.53+0.92 0.217+£0.006 7.00+0.21
Cabo Verde Obs. 1.16£0.02 294.894+0.92 0.291+0.007 4.00+0.12
Cape Point 1.01£0.01 288.03+1.52 0.240+0.011 4.224+0.21
Amsterdam Isl. 1.06£0.01 285.594+1.08 0.2244+0.007 4.74+0.16

estimates are not directly comparable to these reported mea-
surements for several reasons (this applies for our evasion
flux estimates as well, in the next section). While the com-
bination of measurements from multiple short-term studies
can capture the full variability in surface ocean Hggq concen-
trations, individual measurement campaigns, which typically
span a few days to a few weeks (see Tables 2 and 3, for ex-
ample), primarily reflect transient conditions. In contrast, our
estimates, which are derived from multi-year (Hggir) obser-
vations, represent long-term averages. Also note that some
of the studies denote the surface water gaseous Hg mea-
surements as dissolved gaseous mercury (DGM; e.g. Gard-
feldt et al., 2003; Wang et al., 2017), the sum of Hg(a)q
and dimethylmercury (DMHg). Outside of upwelling regions
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(Adams et al., 2024), it has been shown that surface ocean
DGM concentrations are comprised of mostly Hggq, with
very minor (if any) contributions from DMHg (e.g. Mason
and Fitzgerald, 1993; Horvat et al., 2003; Kotnik et al., 2007,
Cossa et al., 2011; Bratkic et al., 2016); therefore, we assume
that the surface DGM measurements, where they are denoted
as such, represent Hggq.

Comparison of our Hggq estimates to direct measure-
ments from the literature is presented in Tables 2 and 3
for the NH and SH sites, respectively. As seen in Table 2,
there is considerable variability in reported surface ocean
Hggq concentrations in the North Atlantic and Arctic oceans.
Our Mace Head- and Cabo Verde Observatory-based esti-
mates (7.0040.21 pgL~! and 4.00+0.12pgL~", respec-
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Table 2. Reported surface ocean Hggq concentrations as well as Hg0 air—sea exchange fluxes in the North Atlantic and Arctic oceans

obtained from direct measurements, as well as the estimates from this study based on the relationship between mean Hggir concentrations
and air mass recent MBL residence time at Mace Head and Cabo Verde Observatory. For the fluxes, positive (negative) values indicate net

evasion (deposition).

Location Time period Hggq concentration HgO exch. flux  Reference

[ e -
Baltic Sea 2-15 Jul 1997 17.6 1.58 Wiingberg et al. (2001)
Baltic Sea 2-15 Mar 1998 17.4 0.83  Waingberg et al. (2001)
Irish west coast Sep 1999 214 2.7  Gardfeldt et al. (2003)
Arctic Ocean 13 Jul-25 Sep 2005 44.13 £22.06 — Andersson et al. (2008b)
N Atlantic midlatitudes  Nov 2008 16+4 —  Kussetal. (2011)
N Atlantic subtropics Nov 2008 10+2 —  Kussetal. (2011)
N Atlantic midlatitudes ~ May 2009 4+1 — Kussetal. (2011)
N Atlantic subtropics May 2009 5+1 — Kussetal. (2011)
North Atlantic 7-11 Jul 2005 11.6£2.0 0.42+£0.36  Andersson et al. (2011)
NW Atlantic 17-27 Aug 2008 32.1+12.0 4.34+3.4 Soerensen et al. (2013)
NW Atlantic 21-26 Sep 2008 25.7+4.0 3.0£2.9 Soerensen et al. (2013)
NW Atlantic 24-27 Jun 2009 24.0+4.0 4.74+3.7 Soerensen et al. (2013)
NW Atlantic 31 Aug—4 Sep 2009 22.3+2.8 2.1+£0.7 Soerensen et al. (2013)
NW Atlantic 29 Sep—7 Oct 2009 18.1+4.8 2.2+ 1.7 Soerensen et al. (2013)
NW Atlantic 4-9 Aug 2009 39.3+£6.8 6.8£5.1 Soerensen et al. (2013)
N Atlantic Autumn 2010, 2011 10+ 69 — Bowman et al. (2014)
Eastern N Atlantic Autumn 2010, 2011 9.4+6.014 0.60+0.67 Mason et al. (2017)
Western N Atlantic Autumn 2010, 2011 11+£7.44 1.23+1.56 Mason et al. (2017)
Arctic Ocean 9-12 Oct 2015 6.424+6.01¢ 0.44+2.8° DiMento et al. (2019)
Arctic Ocean 9-12 Oct 2015 20.26 + 19.65¢ 2.84+10.43f  DiMento et al. (2019)
Baltic Sea 10 May-20 Jun 2017 13.5£3.5 0.6+0.6 Osterwalder et al. (2021)
Mace Head Feb 1996-Jan 2020 7.00+0.21 0.86 (0.50-1.21)8  Present study
Cabo Verde Obs. Dec 2011-Dec 2015 4.00+£0.12 0.57 (0.40-0.74)8  Present study

8 Mean = standard deviation (if standard deviation given), except for our flux estimates, where we report the mean and the upper and lower bounds of the 95 %
confidence interval. ® Some concentrations reported in ngm73, fM or pM and converted here to pg L~ as follows: 1 ngm73 =1 ng*l,

1fM = 0.20059ng_I and 1pM = 200.59ng_' . © Some fluxes reported in ng m=2d-1, pmolm_2 h~!or pmo]m_2 d~! and converted here to ngm_2 h~!
as follows: 1 ngm*2 = 1/24ng m~2h 11 pmolm72 hl= 0A20059ngm*2 h~!and1 pmolm*2 = 0.20059/24 ngm*2 h~!. 4 Values from the same
sampling campaign. € Value in ice-free open waters. f Value in contiguous ice-covered waters. & Mean and the upper and lower bounds of the 95 % confidence

interval of the mean.

Table 3. Similar to Table 2, but for reported values in the South Atlantic and Southern oceans and estimates from this study for Cape Point
and Amsterdam Island. Here, all reported Hggq concentrations are surface ocean values except those marked with *, which are total column
concentrations. For the fluxes, positive (negative) values indicate net evasion (deposition).

Location Time period Hggq concentration Hg0 exch. flux  Reference
peL™'1**  [ngm=2h~'R
S Atlantic subtropics Apr 2009 942 — Kussetal. (2011)
S Atlantic midlatitudes ~ Apr 2009 8§43 — Kussetal. (2011)
S Atlantic 24 Dec 2011-27 Jan 2012 45 +29* —  Bratkic et al. (2016)
Southern Ocean 8 Jun—12 Aug 2013 945 0.4£1.5 Nerentorp Mastromonaco et al. (2017)
Southern Ocean 14 Aug—16 Oct 2013 1247 1.1£1.6 Nerentorp Mastromonaco et al. (2017)
Southern Ocean 8 Dec 2010-14 Jan 2011 7+6.8 —0.2+£1.3 Nerentorp Mastromonaco et al. (2017)
Southern Ocean 13 Dec 2014—1 Feb 2015 24+13 1.5+£1.8 Wangetal. (2017)
Cape Point Mar 2007-Dec 2017 4224021 0.87 (0.64-1.10)°  Present study
Amsterdam Island Jan 2012-Dec 2020 4.74+£0.16 0.60 (0.50-0.68)°  Present study

@ Mean =+ standard deviation (if standard deviation given), except for our flux estimates, where we report the mean and the upper and lower bounds of the 95 % confidence interval.
b Some concentrations reported in ng m~3 and converted here to pgL~! as follows: 1ng m3 = 1pg L~!. ¢ Mean and the upper and lower bounds of the 95 % confidence interval of

the mean.
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tively), which lie on the lower end of the reported range, are
comparable to the North Atlantic concentrations from Kuss
et al. (2011) (in spring, mean of ~4-5pgL~') and Bow-
man et al. (2014) (10:|:6ng_1), as well as the non-ice-
covered Arctic Ocean concentrations from DiMento et al.
(2019) (6.42+6.01 pg LY, for example. The estimates are
rather low compared to the values reported for the Baltic Sea
by Osterwalder et al. (2021) (13.543.5pgL~!) and Wiing-
berg et al. (2001) (~ 17 pgL™") and especially the Irish west
coast (~ 21 pg L—!; Gardfeldt et al., 2003), the western North
Atlantic (mean values ranging between ~ 18 and 39 pgL~!;
Soerensen et al., 2013) and the Arctic Ocean by Andersson
et al. (2008b) (44.13 £22.06 pgL™").

The relatively high concentrations reported for the Baltic
Sea, Irish west coast and western North Atlantic (from So-
erensen et al., 2013), for instance, are (near-)coastal mea-
surements and may not be representative of the open ocean.
In contrast, the air masses sampled at Mace Head and Cabo
Verde Observatory spent most of their time over the open
ocean, and thus our Hggq estimates reflect open-ocean con-
ditions. Coastal waters typically exhibit higher Hg concen-
trations than the open ocean due to river inputs, which have
a much stronger impact in the coastal zone compared to the
open ocean (Andersson et al., 2008b; Soerensen et al., 2013;
Amos et al., 2014). Similarly, the Arctic measurements from
Andersson et al. (2008b) are also not representative of the
non-ice-covered open ocean due to the capsulating effect of
sea ice, which limits air—sea exchange, leading to the accu-
mulation of Hggq in seawater (Andersson et al., 2008b; Di-
Mento et al., 2019).

For the SH, in situ Hggq measurements are very
limited. Nevertheless, for available measurements, our
Cape Point (4.22+0.21pgL™") and Amsterdam Island
(4.74+£0.16 pgL~!) estimates are somewhat comparable to
the values reported in the South Atlantic midlatitudes in au-
tumn (8 +3pgL~!; Kuss et al., 2011). The estimates also
compare well to the Southern Ocean measurements reported
for summer (7.0 4 6.8 pgL~") and winter (94 5pgL~") by
Nerentorp Mastromonaco et al. (2017) but are low compared
to the summer Southern Ocean measurements from Wang et
al. (2017) (24 + 13 pgL~"). Bratki¢ et al. (2016) report to-
tal column DGM measurements for the South Atlantic, with
values seemingly around 0-10pgL~! near the surface (See
Fig. 6 in Bratkic€ et al., 2016).

3.5 Estimation of ocean net Hg0 evasion fluxes

We also used the observed relationship between Hggir con-
centrations and air mass recent MBL residence time to esti-
mate ocean net Hg® evasion fluxes. The estimates are derived
using a simplified Lagrangian model describing the change in
Hg® mixing ratio in an air parcel along a trajectory (Brasseur
and Jacob, 2017). The detailed methodology is provided in
Appendix B.

https://doi.org/10.5194/acp-25-9645-2025
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Based on our calculations, we estimated a mean net
evasion flux of 0.86 (95 % confidence interval, CI: 0.50—
1.21), 0.56 (0.40-0.74), 0.87 (0.64-1.10) and 0.59 (0.50-
0.68)ngm~2h~! for the oceanic air mass source regions for
Mace Head, Cabo Verde Observatory, Cape Point and Ams-
terdam Island, respectively (Fig. B1, Appendix B). Presented
in Tables 2 and 3 are these estimates compared to reported
values from the literature (calculated using in situ measure-
ments of Hggir and surface ocean Hggq concentrations) for
the NH and SH sites, respectively.

As with the Hggq concentrations, there is a large variabil-
ity in reported flux estimates in the North Atlantic and Arctic
oceans, with mean evasion fluxes ranging from 0 to around
7ngm~2h~!. Our Mace Head- and Cabo Verde Observatory-
based estimates are comparable to values such as those re-
ported for the Baltic Sea in winter (0.83ngm~2h~'; Wiing-
berg et al., 2001) and summer (0.6 & 06 ng m~2h~!; Oster-
walder et al., 2021), as well as the North Atlantic midlati-
tudes (0.42 £0.36 ngm_2 h~!; Andersson et al., 2011). The
estimates are quite low compared to reported values in Irish
west coast (2.7 ngm_2 h~!: Gérdfeldt et al., 2003) and the
western North Atlantic (mean values in the range of ~ 2—
7ng m~2h~1; Soerensen et al., 2013).

For the SH, there are only a few flux values in the lit-
erature (Table 3). The Cape Point- and Amsterdam Island-
based mean estimates from our study are within the range
of Southern Ocean values reported by Nerentorp Mas-
tromonaco et al. (2017), which show marked seasonal vari-
ability (—0.241.3, 04+1.5 and 1.1+£1.6ngm2h~! in
summer, winter and spring, respectively). The estimates are
lower than the Southern Ocean value from Wang et al. (2017)
(1.5+1.8ngm=2h~1).

3.6 Global extrapolation

By extrapolation of our site-specific flux results, we es-
timated a global mean evasion flux. For this, we as-
sume that the mean of our Mace Head- and Cabo Verde
Observatory-based estimates, 0.71ngm~2h~! (95% CI
0.45-0.97ngm~2h™1), is representative of the North At-
lantic and Arctic oceans (combined area: ~ 57.048 x
100 kmz), and the mean of the Cape Point- and Am-
sterdam Island-based estimates, (.73 ngm_2 h! (0.57-
0.89 ngm’2 h’l), is representative of the Southern, South
Atlantic and Indian oceans (~ 132.79 x 100 kmz). For the
Pacific Ocean (~ 168.723 x 106 kmz), which is not cov-
ered by our observatories, we use the mean of the four
estimates, 0.72ngm~2h~! (0.51-0.93ngm2h~!). Under
these assumptions, we obtain a global mean evasion flux of
around 2270 tyr~!, with a 95 % confidence interval of 1600—
2900tyr—!. This flux is rather small compared to recent
model estimates, which range from 2800 to 4000 Hg? tyr—!
(Horowitz et al., 2017; AMAP/UN Environment, 2019; Out-
ridge et al., 2018; Shah et al., 2021; Zhang et al., 2023), sug-
gesting that net oceanic Hg emission may currently be over-
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estimated. Such an overestimation may relate to the parame-
terisation of the air—sea exchange velocity (e.g. Nightingale
et al., 2000; McGillis et al., 2001) used in the models which
is a large source of uncertainty (Zhang et al., 2019; Oster-
walder et al., 2021).

That being said, our estimate is evidently subject to sig-
nificant uncertainties, particularly due to the strong assump-
tion that the results corresponding to individual sites and their
oceanic areas of influence (see Fig. 5) are somewhat repre-
sentative of larger oceanic regions. In addition, back trajec-
tories, on which our estimate is based, provide only a gen-
eral indication of air mass source regions and are prone to
large uncertainties from possible errors in input meteorolog-
ical fields as well as numerical models (Yu et al., 2009).

4 Summary and conclusions

In this study, we combined long-term Hggir observations with
HYSPLIT air mass back trajectories at four ground-based
monitoring sites, Mace Head and Cabo Verde Observatory in
the NH and Cape Point and Amsterdam Island in the SH, to
study Hg? air—sea exchange. At all sites, we observed weak
seasonal and diurnal Hggir variations, even after filtering the
data to extract observations representative of MBL condi-
tions. This suggests that the weak variations reflect actual
MBL dynamics and are not an artefact of the sampling of air
masses of both oceanic and terrestrial origin.

We investigated the relationship between Hggir concentra-
tions and the recent residence time of air masses in the MBL.
Our results showed a gradual increase in mean Hggir concen-
tration with air mass recent MBL residence time, followed
by a steady state. The observed pattern is consistent with the
thin-film gas exchange model, which predicts net ocean Hg”
emissions into the atmosphere until the Hggir concentration
normalised by the Henry’s law constant matches the surface
ocean Hggq concentration. This provides strong evidence that

ocean Hg® emissions directly influence the observed Hggir
concentrations at the sites. Combined with the weak seasonal
and diurnal variability at the sites, our findings suggest that
air mass recent MBL residence time has a stronger influence
on Hggir concentrations in the MBL than seasonal and diur-
nal factors, such as solar radiation.

Using the relationship between mean Hggir concentrations
and air mass recent MBL residence time at the sites, we esti-
mated surface ocean Hggq concentrations as well as ocean

net Hg" evasion fluxes for the North Atlantic and Arctic
oceans (AA) and the Southern, South Atlantic and south In-
dian oceans (SSI). The estimated Hggq concentration was in
the range of ~ 4—7 pgL~! for the AA and around 4 pgL~!
for the SSI, while the mean evasion flux was around 0.6—
0.8ngm~2h~! and 0.5-0.7ngm=2h~! for the AA and SSI,
respectively. Extrapolating the fluxes to the global scale, we
derived a global net Hg® evasion flux of around 2270 tyr~!
(95 % CI: 1600-2900tyr~'). While this global estimate is
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based on strong assumptions and is subject to significant un-
certainties, it suggests that current model estimates of net
Hg® evasion flux (2800-4000 Hg? tyr~!') may be too high.
To improve the accuracy of the flux estimate, it is crucial to
conduct longer-term, higher-frequency in situ measurements
of Hg? air-sea exchange fluxes (as well as Hggq concentra-
tions). These efforts are particularly crucial in the SH, where
direct measurements are currently very sparse. Such compre-
hensive measurements would significantly improve our un-
derstanding and modelling of Hg cycling in the MBL.

The methodology applied here could be improved. In par-
ticular, the air mass back trajectories could be computed
with higher spatially and temporally resolved meteorologi-
cal input, if enough computational resources are available.
However, while higher-resolution input data could provide
more accurate insights into the sources and travel paths of air
masses, relatively low-resolution input data (NCEP/NCAR
Reanalysis) were chosen here considering the large number
of trajectories (e.g. every hour between 1996 and 2020 for
Mace Head) which had to be computed for the study.

While the results of this paper are subject to significant
uncertainties, our study demonstrates the applicability of
ground-based Hggir observations, where the currently avail-
able measurements span multiple years, in studying air—sea
exchange as well constraining surface ocean Hggq concentra-

tions and net ocean Hg® evasion fluxes.

Appendix A: Hggir concentration in relation to air
mass recent MBL residence time

We used the HYSPLIT air mass back trajectories to inves-
tigate the relationship between observed Hggir concentration
and air mass recent MBL residence time. Air mass recent
MBL residence time is defined as the number of hours that
an air mass (corresponding to an hourly Hggir observation)
spent in the MBL in the past 144 h before reaching the site,
i.e. the number of segments of the back trajectory that are
classified as MBL as per our back trajectory segment cat-
egorisation (described in Sect. 2.2). We then group together
the Hggir observations according to air mass recent MBL res-
idence time at an hourly temporal resolution.

Figure Al shows the mean Hggir concentrations against
air mass recent MBL residence time at the four sites. The
left-hand panels show the initial results. For Cape Point and
Amsterdam Island (Fig. Alg and i, respectively), there is a
clear pattern of increasing mean Hggir concentration with air
mass recent MBL residence time, albeit with some outliers.
At Mace Head, we observe an increase in mean Hggir con-
centration from 0 to about 14 h in the MBL, followed by a
decline until about 48 h, a slight increase and then steady
concentrations (Fig. Ala). Cabo Verde Observatory shows
a similar pattern, with decreasing concentrations until about
60h of MBL duration, followed by an increase until about
68 h and then mostly steady Hggir concentrations (Fig. Ald).
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Figure A1. Mean Hggir concentration against air mass recent MBL residence time at Mace Head, Cabo Verde Observatory, Cape Point and
Amsterdam Island, showing the progressive filtering applied. In the panel on the left (“All data”), the entire dataset is used at each site. In
the middle panels (“No_CPBL”), Hggir data points in which the corresponding back trajectory has any segments categorised as CPBL have
been removed; this is applied only at Mace Head and Cabo Verde Observatory. In the panels on the right (“Minimum data points”), the same
data as on the left are used, but MBL residence times with fewer than 12 Hggir observations are removed. The bars show 2 times the standard
error of the means. Note that the extent of the y axis differs across the four stations.

We expected the pattern observed at Cape Point and Ams-
terdam Island to be present at Mace Head and Cabo Verde
Observatory as well, so we investigated further. Since an-
thropogenic Hg emissions are generally higher in the NH
compared to the SH, we hypothesised that, at Mace Head
and Cabo Verde Observatory, the relationship between mean
Hggir concentrations and air mass recent residence time in the
MBL is obscured by anthropogenic emissions. This would
explain the relatively high mean Hggir concentrations at low
MBL residence times at the two NH sites (Fig. Ala and d).
To reduce the impact of anthropogenic emissions, we re-
moved the hourly Hggir observations where the air mass re-
cently had contact with the terrestrial surface, i.e. where the
corresponding air mass back trajectory has any segments
classified as CPBL (see Fig. A2 for an illustration of the tra-
jectory filtering). These results, referred to as No_CPBL, are
shown in the middle column of Fig. Al. We tested various

https://doi.org/10.5194/acp-25-9645-2025

(less strict) versions of this filter, for instance removing the
Hggir observations where the back trajectory had a certain
percentage of segments in the CPBL only in the last 6, 12
or 24 h before arrival at the site (not shown). These various
filters produced more or less similar results to the No_CPBL
filter.

As seen in Fig. Alb and e, reducing the influence of the
terrestrial environment at Mace Head and Cabo Verde Obser-
vatory, respectively, reveals a similar pattern to that observed
at the SH sites, albeit with considerable noise at the lower
MBL residence time groups, particularly at Mace Head. Fur-
ther investigation showed that the noisy values were due to a
low number of observations in the groups (in some instances,
a single data point). Therefore, we applied a 12-data-point
(equivalent to half a day’s observations) minimum filter, re-
moving groups with fewer than 12 observations. This rule

Atmos. Chem. Phys., 25, 9645-9668, 2025
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Figure A2. Illustration of the back-trajectory-based filtering applied at Mace Head and Cabo Verde Observatory, with a sample from July—
December 2013. The left-side panels (a, ¢) show the trajectories corresponding to all data, and on the right (b, d) the trajectories which
have any segments categorised as CPBL have been removed. The dashed horizontal line shows 0° latitude, and the location of the station is

illustrated with the yellow triangle.

was applied to all sites, and the results (minimum data points)
are presented in the right-hand panels of Fig. Al.

Influence of Agulhas Current region emissions at
Amsterdam Island

The Hggir observations at Amsterdam Island show a clear
pattern of increasing concentration with air mass recent MBL
residence time (Fig. Ali and j). Nevertheless, there are occur-
rences of relatively high mean concentrations at low MBL
residence time groups. We investigated these occurrences by
studying the individual hourly observations in these groups.
The investigation showed that for most of these occurrences,
one or more of the hourly observations has an unusually high
value (considering the site’s mean of 1.0640.07 ngm™3),
over 1.3ngm™3. Further investigation into these unusually
high concentrations showed a close association with air
masses coming from the Agulhas Current region. This find-
ing is analogous to that of Bieser et al. (2020), who observed
that elevated Hggir concentrations at Cape Point were linked
to air masses from the warm Agulhas Current region. We
therefore remove all hourly observations at Amsterdam Is-
land where the corresponding trajectory has travelled over
the Agulhas Current region (Fig. A3). For Cape Point, we
did not observe the same impact, and hence the same filter-
ing was not applied.

Atmos. Chem. Phys., 25, 9645-9668, 2025

Appendix B: Constraining ocean net Hg0 evasion
fluxes from the observed relationship between mean
Hg‘a’ir concentration and air mass recent MBL
residence time

We use the observed relationship between mean Hggir con-
centration and air mass recent MBL residence time at the
sites to constrain the associated mean ocean net Hg® evasion
fluxes. We apply the continuity equation in the Lagrangian
form describing the change in Hg® mixing ratio along a tra-
jectory (Brasseur and Jacob, 2017):

du 1 F
—=——-L), (B1)
dt  pa \hpBL

where 11 = ¢/ p, is the mass mixing ratio of Hg" in air, ¢ is the
Hg0 air concentration and p, the air density, zppL is the plan-
etary boundary layer height, F is the air—sea Hg exchange
flux, and L is the net chemical loss of Hgo. The flux F and
net loss L terms are expressed according to

F=ky (cw - Hi) : (B2)

L = cRen, (B3)

where ky, is the gas transfer velocity, ¢y, is the seawater dis-
solved Hg® concentration, H' = c¢/cy, is the dimensionless
Henry’s law constant, and R, is the net chemical loss rate of
Hg' in the MBL.
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Figure A3. Illustration of the Agulhas Current filtering applied at Amsterdam Island. (a, ¢) Mean Hggir concentration against air mass recent
MBL residence time and (b, d) the corresponding air mass back trajectories (a sample, January—June 2013). Panel (a) is the same as Fig. S7j,
while in (c) Hggi . Observations where the back trajectory has travelled over the Agulhas Current (defined as latitude between 40 and 27° S
and longitude between 20 and 50° E) have been removed (as shown in d). In panels (a) and (c) the bars show 2 times the standard error of
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Substituting Eqgs. (B2) and (B3) into Eq. (B1) and
multiplying the resulting equation by air density pg =
1.275kgm™ at standard temperature and pressure (T =
273.15K, ps = 10° Pa, IUPAC), we obtain the equation for
Hg? air concentration at standard temperature and pressure
(as measured by Tekran):

de
9 _p_ac (B4)
dr
— ky _ Pst kwew
where A = z7— + cRep and B = p_alﬁ‘

Assuming A and B are constants in the first approxima-
tion, Eq. (B4) has a solution:

B
o)== (X - Co) e, (BS)
where cg is the initial concentration at ¢t = 0.
Equation (B5) can be transformed to
c(t) = ceq — D™, (B6)

where ceq = B/A is the equilibrium concentration (f — 00),
and D = ceq — cop.

Equation (B6) describes the temporal change in the Hg?
concentration (at standard temperature and pressure) in an
air parcel moving along a trajectory.

We obtain ceq by averaging the Hggir concentrations at the
steady state. Shown in the left-most panels of Fig. B1 are the
Ceq values (which are also described in Sect. 3.3 of the main
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text). Next, taking the natural logarithm of ceq — ¢, we obtain
from Eq. (BS)

In(ceq —c) =InD — At. B7)
Plotting In(ceq — ¢) against air mass MBL residence time and
applying a linear approximation, we obtain A and In D, as
well as the standard error (SE) of A (see middle panels of

Fig. B1). Using the A and In D, we obtain the final approxi-
mation of ¢(¢), as shown in the left-most panels of Fig. BI.

Flux estimations using the relationship between mean
Hggir concentrations and air mass recent MBL duration

Substituting expressions for A and B from Eq. (B4) into
Eq. (B2) and taking into account that Ceq = B/A, we derive

A—R
F = hppLA (ﬁceq - —°hc> . (BS)
Pst A
Assuming p, &~ pg we finally obtain
A — Rch
F ~ hppLA | Ceq — — <) (B9)

where hppy, is the mean (ERA5-derived) planetary boundary
layer height corresponding to the trajectories associated with
the Hggir observations, considering only the trajectory seg-
ments assigned as MBL. The net chemical loss rate R, is
determined by complex oxidation and reduction reactions of
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Figure B1. Sequential process of estimating mean ocean net HgO evasion fluxes from the relationship between mean Hggir concentration

and air mass recent MBL residence time at the monitoring sites. Left-most panels (a, d, g, j): mean Hggir concentration against air mass

recent MBL residence time (black dots), with the mean steady-state Hggir concentration (ceq) and the approximation for c(#) (curve and
equation) also shown. The shading gives the approximate 95 % confidence interval of c(¢) (derived using A +2 times SE of A). Middle
panels (b, e, h, K): In(ceq — ¢) against air mass recent MBL residence time. Also illustrated is the linear approximation of In(ceq — ¢) (curve
and the equation) as well as the resultant A (including the SE of A, in brackets) and In D estimates. Right-most panels (c, f, i, 1): ocean net
Hg0 evasion flux (F) against air mass recent MBL residence time. The three curves correspond to the best approximation and the upper and
lower bounds of the 95 % confidence interval of F (calculated using A &2 times SE of A). The mean values of the curves, uf, are shown

on the top right.

Hg® in the MBL and is difficult to evaluate directly. How-
ever, its order of magnitude can be roughly estimated using
published results from chemical transport modelling. For in-
stance, the average net chemical loss L of Hg® in the MBL
can be approximately derived from Shah et al. (2021) as
1 ppqd—", which corresponds to 3.7x10™* ngm=>h~! under
standard temperature and pressure conditions. Dividing this
by the average Hg® concentration of 1.5ngm™3, we obtain
an average net loss rate of Rcp = 2.5 X 10~*h~!. It should
be noted that this value is 2 orders of magnitude lower than
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the estimated above values of the concentration change rate
A (4-8 x 1072 h1, meaning that net chemical loss does not
have a significant effect on the variation in Hg® in the MBL
over short timescales.

In particular, it can be easily shown that under steady-state
conditions (du/dt = 0) the air—sea exchange flux is close to
zero, assuming an insignificant effect of redox chemistry. In-
deed, from Eq. (B1) at steady state, we obtain

F
—~_L=0.

(B10)
hpBL
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Substituting Eqs. (B2) and (B3) into Eq. (B10), expressing
cw, and substituting the expression for A from Eq. (B4), we
derive

R
szi 1+—Ch ,
H' A — Rep

which simplifies to ¢y &~ 77 by applying the earlier estimate
Rch < A. Under these conditions, the air—sea flux transforms
to

(B11)

F:kw(cw—%)%O. (B12)
The final approximation of F is shown in the right-most pan-
els of Fig. B1. We assume that the coloured curves in Fig. B1
(left column) show the change in Hg® concentrations dur-
ing the recent (last 144 h) transport history of a typical air
parcel travelling over the oceanic regions represented by our
sites. To obtain the mean fluxes at each site (shown on the
top right of the right-most panels), we integrated the instanta-
neous fluxes over the period from the shortest MBL residence
time with a value to the mean MBL residence time. The inte-
gral was then normalised by the mean MBL residence time.

Data availability. The Amsterdam Island L2 Hggir data
are freely accessible from the GMOS-FR website at
https://doi.org/10.25326/168 (Magand and Dommergue, 2021).
The Cabo Verde Observatory Hggir data are publicly available
following free registration at the National Centre for Atmospheric
Science (CEDA) archive 770 https://catalogue.ceda.ac.uk/uuid/
OaeSeb7ce3ad4885a7223dd7b69f4db6/ (Read, 2010). Hggir data
from Mace Head and Cape Point can be obtained upon request
from https://gos4m.org (Global Observation System for Mercury,
2023). The Cape Point 222Rn data are publicly accessible following
free registration from the World Data Centre for Greenhouse Gases
website  https://doi.org/10.50849/WDCGG_222RN_ALL_2022
(Williams et al., 2022). The HYSPLIT model and the NCEP/N-
CAR reanalysis used as input are publicly available from
https://www.ready.noaa.gov/HYSPLIT.php (Stein et al., 2015) and
ftp://arlftp.arlhq.noaa.gov/pub/archives/reanalysis/ (Kalnay et al.,
1996), respectively. ERAS5 data are publicly accessible from the
Copernicus Climate Data Store (https://cds.climate.copernicus.eu/)
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available at https://www.gebco.net/data_and_products/historical_
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