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Abstract

Mercury (Hg) is a globally distributed pollutant due to the long atmospheric residence time of
elemental mercury (Hg®), which enables long-range transport before deposition to terrestrial
and ocean surfaces. In the ocean, deposited Hg can be converted to monomethylmercury
(MMHg), a highly toxic compound with severe implications for human and ecosystem health.
Air—sea exchange of Hg? plays a pivotal role in the global Hg cycle by both supplying and
removing the Hg in the ocean, thereby influencing the substrate available for methylation.
Despite its significance, this exchange remains poorly constrained, due to a scarcity of direct
observations and an incomplete understanding of the underlying mechanisms. This dissertation
uses indirect observations, that is, ground-based atmospheric Hg® (Hg%ir) measurements from
long-term coastal monitoring sites to study Hg® air-sea exchange. These measurements, from
Mace Head (Irish west coast), Cabo Verde Observatory (sub-tropical North Atlantic Ocean),
Cape Point (southwestern tip of South Africa) and Amsterdam Island (remote Indian Ocean),
are combined with back trajectory analyses as well as a diverse set of meteorological and
oceanographic datasets to provide new constraints on Hg? air-sea exchange. Observed at all
sites is a gradual increase in mean Hg%%ir concentration with time air masses recently spent in
the Marine Boundary Layer (MBL), consistent with direct influence of ocean Hg" emissions.
Based on this relationship, a new net global Hg’ evasion flux of 2270 t y! (95 % confidence
interval: 1600-2900 t y!) is derived, which is lower than current chemical transport model
(CTM) estimates, suggesting that these models overestimate the flux. Despite evidence of
ocean emissions, Hg%ir concentrations at the sites exhibit weak seasonal and diurnal variability,
contrasting expectations of strong environmental control by variables such as sea surface
temperature (SST), wind speed and solar radiation. Unexpected negative Hg’i—SST
correlations suggest that, while warmer waters may induce evasion on a local scale, the large-
scale influence of SST may be minor or masked by competing processes associated with
phytoplankton activity, for example Hg%ir uptake and surfactant-driven evasion suppression,
as well as hemispheric-scale terrestrial vegetation Hg%;: uptake. Moreover, the phytoplankton-
driven processes, which have been largely overlooked, may strongly influence mean
interannual variability in Hg" air—sea exchange fluxes and resulting Hg%;: concentrations in the
MBL. Overall, this work demonstrates the value of long-term, ground-based Hg'a
observations in constraining Hg® air-sea exchange and bridging knowledge gaps, while also



highlighting the need for extended measurements for a more comprehensive understanding of
the global Hg cycle.



Kurzfassung

Quecksilber (Hg) ist ein weltweit verbreiteter Schadstoff, da es in elementarer Form (Hg?)
aufgrund seiner langen Verweildauer in der Atmosphére liber weite Strecken transportiert
werden kann, bevor es sich auf Land- und Meeresoberflichen ablagert. Im Ozean abgelagertes
Hg kann in Monomethylquecksilber (MMHg) umgewandelt werden, eine hochgiftige
Verbindung, die die Gesundheit von Menschen und Okosystemen erheblich beeintrichtigen
kann. Der Austausch von Hg® zwischen Atmosphire und Meer spielt eine zentrale Rolle im
globalen Hg-Kreislauf, da er Hg sowohl dem Ozean zufiihrt als auch Hg aus dem Ozean
entfernt und somit das fiir die Methylierung verfligbare Substrat direkt beeinflusst. Trotz seiner
groBen Bedeutung ist dieser Austausch nach wie vor nur unzureichend verstanden, was auf
eine geringe Zahl direkter Beobachtungen und ein unvollstdndiges Verstindnis der zugrunde
liegenden Mechanismen zurilickzufiihren ist. Die vorliegende Dissertation nutzt indirekte
Beobachtungen, das heifit bodengestiitzte Messungen von atmosphirischem Hg? (Hg%ir) an
Langzeitmessstationen, um den Hg’-Austausch zwischen Atmosphire und Meer zu
untersuchen. Die in Mace Head (irische Westkiiste), dem Cabo Verde Observatory
(subtropischer Nordatlantik), Cape Point (Siidwestspitze Siidafrikas) und Amsterdam Island
(abgelegener Indischer Ozean) durchgefiihrten Messungen von Hg’: werden hierfiir mit
Riickwirtstrajektorien Analyse und einer Vielzahl meteorologischer und ozeanografischer
Datensitze kombiniert, um neue Erkenntnisse iiber den Hg’-Austausch zwischen Atmosphire
und Meer zu gewinnen. Hierbei wird an allen Messstationen ein allméhlicher Anstieg der
mittleren Hg’,i-Konzentration festgestellt, in Abhéngigkeit von der Zeit, die Luftmassen vor
threr Ankunft in der marinen Grenzschicht (MBL) verbracht hatten, was auf einen direkten
Einfluss ozeanischer Hg’-Emissionen auf die gemessenen atmosphirischen Konzentrationen
hinweist. Auf Grundlage dieser Beziehung wird ein neuer globaler Netto- Hg’-Emissionsfluss
aus dem Ozean in die Atmosphire von 2270 t a™ (95 %-Konfidenzintervall: 1600-2900 t a™)
abgeleitet. Dieser Fluss liegt unter den Schitzungen aktueller chemischer Transportmodelle
(CTM), was darauf hindeutet, dass diese den Austausch mdglicherweise tiberschitzen. Trotz
klarer Hinweise auf einen direkten Bezug zu ozeanischen Emissionen weisen die Hgl%-
Konzentrationen an allen untersuchten Standorten eine schwache saisonale und diurnale
Variabilitit auf. Dies ist nicht im Einklang mit der bislang angenommenen starken
Umweltkontrolle  durch  Parameter = wie  Meeresoberflichentemperatur ~ (SST),

il



Windgeschwindigkeit und Sonneneinstrahlung. Unerwartete negative Korrelationen zwischen
Hg%i: und SST deuten darauf hin, dass wirmere Gewisser lokal zwar erhdhte Emissionen
verursachen konnten, der iiberregionale Einfluss der SST jedoch gering ist. Eine weitere
Erklirung ist, dass eine Beziehung zwischen Hg’i: und der SST durch konkurrierende
Prozesse, wie der Hg-Aufnahme durch Phytoplankton, eine durch Tenside bedingte
Unterdriickung des Ozean-Atmosphire-Austausches oder die groBriumige Hg’i-Aufnahme
von terrestrischer Vegetation, maskiert sein konnte. Dariiber hinaus konnten die durch
Phytoplankton gesteuerten Prozesse, die bislang weitgehend ilibersehen wurden, die mittlere
interannuelle Variabilitit der Hg’-Austauschfliisse zwischen Atmosphire und Ozean sowie die
resultierenden Hg’i-Konzentrationen in der MBL stark beeinflussen. Insgesamt zeigt die
vorliegende Arbeit den groBen Wert langfristiger, bodengestiitzter Hg’,i-Beobachtungen fiir
die Abschitzung des Hg’-Austauschs zwischen Atmosphire und Ozean sowie fiir das
Schlieen bestehender Wissensliicken. Zugleich unterstreicht sie die Notwendigkeit weiterer
Messungen fiir ein umfassenderes Verstindnis des globalen Hg-Kreislaufs.
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Chapter 1 — Introduction

1.1 Motivation
1.1.1 Mercury as a global pollutant

Mercury (Hg) is a naturally occurring element that is present in the Earth’s crust and released
into the environment by processes such as volcanic eruptions and rock weathering (Ariya et
al., 2015; AMAP/UNEP 2018). For centuries, however, humans have exacerbated the release
of Hg through activities such as mining and fossil-fuel combustion, perturbing its natural cycle
(Sunderland and Mason, 2007; Amos et al., 2013; Lamborg et al., 2014; Zhang et al., 2014;
Streets et al., 2017; Outridge et al., 2018; Li et al., 2020; Sonke et al., 2023). Due to its toxicity,
atmospheric long-range transport and its persistence in the environment, Hg is now recognised
globally as a pollutant of major concern (Ariya et al., 2015; AMAP/UNEP, 2018; Budnik and
Castelyn, 2019; Al-Sulaiti et al., 2022; Basu et al., 2023). This recognition has led to
international regulatory efforts, most notably the Minamata Convention on Mercury, which
aim to reduce anthropogenic Hg emissions and mitigate the environmental and human health
impacts of Hg pollution.

On a global scale, most of the Hg released into the environment is emitted to the atmosphere,
with total emissions estimated at ~ 8000-12000 t y'! (Horowitz et al., 2017; Outridge et al.,
2018; Shah et al., 2021; Zhang et al., 2023). These emissions are primarily in the form of
gaseous elemental Hg (Hg®), which is highly volatile, sparingly soluble and relatively inert
(Horowitz et al., 2017). As a result, Hg® has a long atmospheric residence time, estimated at
around several months to a year (e.g., Horowitz et al., 2017; Saiz-Lopez et al., 2018; Shah et
al., 2021; Zhang et al., 2023). Due to this long atmospheric lifetime, it is transported thousands
of kilometres around the globe (Yin et al., 2018; Horowitz et al., 2017; Koenig et al., 2022),
reaching even remote areas far from anthropogenic sources (Travnikov 2005; Durnford et al.,
2010; Koenig et al., 2022).



While in the atmosphere Hg" is present in very low concentrations' and is not directly harmful
(Holloway and Littlefield, 2011), some of it is gradually oxidised to divalent Hg (Hg'"), which
is more soluble and readily deposited to terrestrial and aquatic surfaces (Horowitz et al., 2017,
Shah et al., 2021). In aquatic environments, some of this Hg" is converted to
monomethylmercury (MMHg), a highly toxic compound (Driscoll et al., 2013; Lehnherr, 2014;
Zilloux, 2015). Although, on a global scale, MMHg constitutes only a small fraction of the Hg
in the aquatic environment (Mason and Fitzerald, 1993; Bowman et al., 2014), it
bioaccumulates in aquatic organisms and biomagnifies, reaching very high concentrations in
piscivorous fish and other high trophic level species (Diez, 2009; Driscol et al., 2013; Lehnherr,
2014; Zillioux, 2015). Humans are primarily exposed to MMHg through consumption of
contaminated marine fish and other seafood (Mason et al., 2012; Driscoll et al., 2013; Zillioux,
2015; Al-Sulaiti et al., 2022). Once ingested, MMHg is absorbed into the bloodstream and
readily crosses both the blood-brain and placental barriers (Diez, 2009; Zillioux, 2015; Al-
Sulaiti et al., 2022), with major effects including neurotoxicity in adults and developmental
toxicity in foetuses exposed during pregnancy (Diez, 2009; Zillioux, 2015).

The Minamata Bay” tragedy in Japan is perhaps the most striking example of the dangers of
MMHg. Between 1951 and 1963, a chemical factory in the city of Minamata discharged
substantial amounts of MMHg into the sea, resulting in severe poisoning among the local
population who consumed contaminated fish and shellfish (Takeuchi et al., 1962; Diez, 2009;
Zillioux, 2015). Thousands of residents developed a neurological syndrome, now referred to
as Minamata disease, characterised by a range of symptoms including sensory disorders,
paralysis, coma and even death (Takeuchi et al., 1962). This incident highlighted the severe
consequences of environmental Hg contamination and was instrumental in raising global
awareness about the need for stringent Hg regulation.

Another major issue concerning Hg is its persistence in the biosphere, driven by a continuous
cycle of deposition and re-emission between the atmosphere and surface reservoirs. In
terrestrial and aquatic environments, deposited Hg'' can be reduced back to Hg’, which is then
re-emitted to the atmosphere. Burial in subsurface soils and in ocean and lake sediments serves
as the only long-term sink for Hg, but these processes take millennia (Cossa et al., 2011; Amos

! The global mean atmospheric Hg concentration is in the range of 1-2 ng m™ (e.g., Sprovieri et al., 2016).
> The Minamata Convention on Mercury was aptly named after Minamata, Japan.
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et al., 2013 and references therein; AMAP/UNEP, 2018). As a result, “legacy emissions”, with
sources dating back to the Spanish colonial period (~ 1520-1850) and the North American
Gold Rush (~1850-1920) (Amos et al., 2013; Outridge et al., 2018 and references therein),
continue to influence present-day Hg concentrations.

Since the 1980s, various emission control measures have been gradually implemented to tackle
Hg pollution, such as the ban of its usage in batteries and thermometers (e.g., US EPA, 1997;
OECD, 1995). While these measures have led to declines in anthropogenic emissions in the
developed world, emissions from some developing countries have increased (Zhang et al.,
2016; Streets et al., 2011, 2017).

To address Hg pollution on a global scale, the Minamata Convention on Mercury was adopted
in 2013 and entered into force in 2017. Signed by nearly 130 countries’, the Convention aims
to “protect human health and the environment from the adverse effects of mercury”, and
commits its member states to control, and where feasible, reduce their anthropogenic Hg
emissions (https://minamataconvention.org/en; last access: June 2025). Moreover, to evaluate
the effectiveness of emission reduction strategies and predict their environmental impacts, the
Convention stresses the need for research and monitoring of Hg, and calls for an improved
understanding of the global Hg biogeochemical cycle (Outridge et al., 2018).

The global Hg cycle is complex, involving an intricate set of physical, chemical and biological
processes, where Hg is converted between various forms and exchanged between different
environmental compartments until it is eventually removed by burial in sediments and
subsurface soils (see for instance Hg cycling in the marine environment in Figure 1). In
response to the call for improved understanding, this dissertation investigates Hg" air—sea
exchange, a crucial component of global Hg cycling that remains poorly constrained due to
limited observational data.

1.1.2 Hg" air-sea exchange, and its role in global Hg cycling

Hg? air-sea exchange refers to the bidirectional transfer of this gas between the atmosphere
and the surface ocean (Figure 1). It involves Hg’ emission (that is, evasion) to the atmosphere

128 countries, as of June 2025 (https://minamataconvention.org/en/parties; last access: June 2025).
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and dry deposition (i.e., invasion, or ocean uptake) to the surface ocean. This exchange plays
a pivotal role in the transport, turnover and fate of Hg in the environment.

= photolysis s
photolysis photolysis

e MMHgOH
I =

HgS

ag

2+ MMHg*, = MMHg",

S

Figure 1: Conceptual model of Hg biogeochemical cycling in the marine environment, illustrating the
complex processes and interconversions involved. Solid lines represent chemical reactions, fine dotted lines
photolytic reactions, dash-dotted lines instantaneous partitioning whereas bold dotted lines indicate
bioaccumulation and releases from biota into the dissolved phase. Different Hg forms are distinguished by
colour coding: white for elemental, yellow for inorganic oxidised, pink for methylated and green for biotic,
and species are labelled according to phase: “g” for gas, “aq” for dissolved and “s” for solid. Hg® air-sea
exchange, the focus of this dissertation, is denoted by the red box. (Adaptation from Bieser et al. (2023),
under CC BY 4.0; https://creativecommons.org/licenses/by/4.0/).

On a global scale, most of the Hg (Hg" as well as Hg", which in the atmosphere can originate
from Hg® oxidation) entering the ocean derives from atmospheric deposition (Strode et al.,
2007; Mason et al., 2012; Horowitz et al., 2017; Shah et al., 2021; Zhang et al., 2023). As such,

* As opposed to wet deposition, where Hg is dissolved in water droplets and removed from the atmosphere via precipitation, dry deposition
involves direct transfer from the atmosphere to the surface without precipitation, driven by diffusion. Due to its low solubility and high
volatility, Hg' is largely not involved in wet deposition.

4


https://creativecommons.org/licenses/by/4.0/

atmospheric deposition significantly influences the distribution of marine Hg (Strode et al.,
2007). At the same time, aqueous Hg'' can be reduced (back) to Hg’, which is (re-)emitted to
the atmosphere. Through this deposition—re-emission cycle, ocean emissions contribute to the
long-range transport of Hg and to its persistence in the environment (Hedgecock and Pirrone,
2004; Strode et al., 2007; Amos et al., 2013). On the other hand, reduction of aqueous Hg"' to
Hg? and its subsequent evasion decreases the Hg' available for methylation (i.e., conversion to
MMHg) and its eventual bioaccumulation in marine biota.

1.1.3 Challenges in accurately characterising Hg" air—sea exchange, and the importance
of long-term monitoring

Despite its significant role in the global Hg biogeochemical cycle, Hg® air-sea exchange
remains poorly constrained, due to a scarcity in direct observations and, in turn, an incomplete
understanding of the mechanisms driving this process. Most of our knowledge on Hg” air-sea
exchange stems from short-term, ship-based measurements performed during sampling
campaigns (see Table 3 and Table 4 in Chapter 3, for example). While these measurements are
immensely valuable, they only provide snapshots in time. Moreover, most sampling campaigns
have been conducted in the northern hemisphere, with a critical lack of data from the southern
hemisphere (see, for instance, Figure 7 in Dastoor et al., 2025). Global (e.g., Soerensen et al.,
2010a; Tang et al., 2023) and semi-global’ (e.g., Temme et al., 2003; Kuss et al., 2011)
campaigns offer a wider spatial coverage, but these are rare, and they also suffer the limitation
of only a few measurements made over each sampled location.

The global ocean is highly dynamic, with large spatio—temporal variability in parameters such
as turbulence, sea surface temperature, biological activity, presence of sea ice and water mass
mixing. These factors influence Hg" air—sea exchange, leading to a high variability in fluxes
(see discussion on how these factors potentially influence air—sea Hg® exchange in Section 2.2,
Chapter 2). Accurately capturing this variability and making reliable large-scale estimates
requires continuous, long-term measurements. Yet, most direct measurements® to date span
only a few days to a few weeks, requiring aggregation of data from different campaigns to infer
large-scale patterns (e.g., Soerensen et al., 2012). However, measurements from different

5 This is referring to sampling campaigns covering a wide ocean basin, for instance, both the North and South Atlantic oceans.
© That is, in situ flux as well as atmospheric and aqueous Hg" concentration measurements, along with relevant meteorological and oceanic
variables, needed to examine Hg dynamics at the air—sea interface.



campaigns are conducted with non-uniform standard operating procedures (Slemr et al., 2015),
which limits comparability and hampers efforts to combine the datasets. Currently, there is no
systematic monitoring of Hg® air-sea exchange fluxes (Dastoor et al., 2025), and this lack of
repeated, long-term observations remains a major barrier for fully characterising Hg? air-sea
exchange.

Chemical transport models (CTMs) help bridge the spatio—temporal gaps in observational data,
barring computational limits. However, the accuracy of these models is also reliant on
empirical input, for example the Hg? air—sea transfer velocity (see discussion in Section 2.3.2,
Chapter 2), which remains a major source of uncertainty in model-based global flux estimates
(Zhang et al., 2019). Models also require observational data for validation, which are sparse.

Due to these limitations in direct measurements, global Hg’ air-sea exchange flux estimates
remain highly uncertain, with recent model-based estimates of net global Hg’ evasion flux
ranging from 2800 to 4000 Hg" t y! (Horowitz et al., 2017; Shah et al., 2021; Zhang et al.,
2023). The scarcity of observations has also limited our understanding of how different
environmental parameters influence Hg® air-sea exchange on large temporal and spatial scales.
These gaps hamper efforts to fully characterise the global Hg biogeochemical cycle and to
predict Hg budgets, for instance, assessing the extent to which evasion reduces the Hg"
substrate for methylation, or how oceanic Hg levels respond to declining anthropogenic
emissions under the Minamata Convention (Mason et al., 2012; Soerensen et al., 2013; Jiskra
etal., 2021).

Long-term monitoring of atmospheric Hg® from ground-based sites has been instrumental in
advancing our understanding of the global Hg cycle. Continuous records spanning months to
decades, such as those from GMOS (Sprovieri et al., 2010, 2016) or AMNET’ (Lan et al., 2012;
Gay, 2013), have been widely used to discern Hg sources, sinks, transport pathways and spatio—
temporal patterns in the terrestrial environment and the free troposphere (e.g., Sprovieri et al.,
2010, 2016; Angot et al., 2014, Jiskra et al., 2018; Koenig et al., 2021, 2022, 2023). These
measurements have also been applied to understand long-term trends (e.g., Marumoto et al.,
2019; Custodio et al., 2022; Feng et al., 2024) and derive fluxes (e.g., Slemr et al., 2013) related
to terrestrial-atmosphere interactions, contributing to knowledge on global Hg cycling.

7 GMOS: Global Mercury Observation System; AMNET: (North American) Atmospheric Monitoring Network.
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Of these ground-based sites, some stations sample predominantly marine air masses. In this
way, they provide a valuable opportunity to study Hg’ dynamics at the air—sea interface and
constrain exchange processes. Moreover, their extended datasets enable analysis of
atmospheric Hg? variability in the Marine Boundary Layer (MBL) across different temporal
scales, offering insights into different environmental controls on concentrations and,
consequently, on exchange fluxes. Despite their potential, very few studies (e.g., Carbone et
al., 2016; Bieser et al., 2020) have leveraged these long-term datasets for comprehensive
analyses of Hg air-sea exchange.

1.2 Research goals

The main aim of this dissertation is to improve understanding of Hg" air—sea exchange using
long-term, ground-based atmospheric Hg® observations. Measurements from four marine sites
are applied in the original research studies: Mace Head on the west coast of Ireland, Cabo
Verde Observatory in the subtropical North Atlantic, Cape Point on the southwestern tip of
South Africa and Amsterdam Island in the remote Indian Ocean (see Figure 3 in Chapter 3 for
the locations of the sites). With these datasets, the objectives are to:

i. Assess the influence of Hg? air-sea exchange on observed atmospheric Hg” concentrations.
ii. Constrain the net global Hg” air—sea exchange flux.
iii. Understand the influence of different environmental drivers on Hg? air-sea exchange.

It is important to note here that this work does not propose ground-based Hg® measurements as
a substitute for direct observations at the air—sea interface. Rather, the goal is to gain new,
additional insights from extended records; insights that may not be accessible with (direct)
measurements from short-term sampling campaigns.

1.3 Document structure

The dissertation consists of five chapters. Following this Introduction:



Chapter 2 presents scientific background on Hg’ air-sea exchange, while also
highlighting existing gaps and uncertainties in current knowledge. In doing so, the
chapter contextualises the importance of the research presented in Chapters 3 and 4.
Chapters 3 and 4 present each a stand-alone chapter of original research led by the Ph.D.
candidate.

Chapter 5 summarises the key findings of the dissertation, discusses their implications
for global Hg cycling, and provides an outlook for future research.



Chapter 2 — Background

This chapter provides the scientific background necessary to understand Hg? air—sea exchange,
its role in the global Hg biogeochemical cycle and the environmental parameters that govern
this process. It also highlights existing gaps and uncertainties in current knowledge. Section
2.1 introduces the primary Hg species in the atmosphere and the oceans, along with their
sources and transformations. While the focus of the dissertation is Hg’, it is essential to
introduce all major forms of Hg in the two compartments, as they are connected through
interconversion, and most importantly, are all linked to the toxic MMHg (Figure 1).

2.1 Hg in the atmosphere and the oceans: sources, species, transformations and exchange
2.1.1 Hg in the atmosphere

In the atmosphere, Hg originates from both natural as well as anthropogenic sources. Natural
sources include emissions from volcanic eruptions, wildfires, marine and fresh aquatic
environments, soils, vegetation and geothermal activity (Ariya et al., 2015; AMAP/UNEP
2018). Anthropogenic emissions emanate from activities such as artisanal and small-scale gold
mining, fossil-fuel combustion, steel production, metal smelting, cement production and waste
incineration (Ariya et al., 2015; AMAP/UNEP 2018). Although both types contribute to the
atmospheric Hg load, anthropogenic emissions have driven a ~ 5.5-7.6-fold increase in
atmospheric Hg levels relative to pre-industrial concentrations (Amos et al., 2013; Zhang et al.,
2014).

Atmospheric Hg exists in three main forms (or species), which differ in their physicochemical
properties: gaseous elemental mercury (Hg’ or GEM), gaseous oxidised mercury (Hg" or
GOM; also denoted reactive gaseous mercury, RGM) and particle-bound mercury (Hg, or
PBM).

Hg’

Hg® is a monatomic gas and the dominant atmospheric Hg species, comprising over 98 % of
the total atmospheric Hg load (e.g., Yin et al., 2018; Wang et al., 2019; Horowitz et al., 2017).
It is the primary Hg form in both natural and anthropogenic emissions (Horowitz et al., 2017,
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Streets et al., 2017). Due to its high volatility, low water solubility and low chemical reactivity,
Hg® is largely unaffected by wet deposition (Horowitz et al., 2017), enabling it a relatively long
atmospheric residence time (~ several months up to a year; Horowitz et al., 2017; Saiz-Lopez
et al., 2018; Shah et al., 2021). Removal of Hg® from the atmosphere is mainly through dry
deposition to land and ocean surfaces® (Horowitz et al., 2017; Jiskra et al., 2021; Zhou and
Obrist, 2021; Feinberg et al., 2022; Zhang et al., 2023), as well as oxidation to Hg"!, with atomic
bromine (Br) and hydroxyl radicals (OH) thought to be the dominant oxidants (e.g., Horowitz
et al., 2017; Shah et al., 2021; Castro et al., 2022).

Hg!
This species comprises various gaseous oxidised divalent Hg compounds derived primarily
from anthropogenic emissions’ as well as oxidation of Hg’ in the atmosphere. The exact
speciation of atmospheric Hg! is unclear (Hedgecock and Pirrone, 2001; Shah et al., 2021),
although gas-phase HgCl, and aqueous-phase Hg-chloride complexes are believed to be the
primary species (e.g., Shah et al., 2021). Unlike Hg’, Hg" is more water soluble and efficiently
removed from the atmosphere by wet and dry deposition (although it can also be reduced back
to Hg’; Holmes et al., 2010; Horowitz et al., 2017; Shah et al., 2021). As such, compared to
Hg’, Hg" has a much shorter atmospheric residence time, ranging from hours to days
(Hedgecock and Pirrone, 2001; Driscoll et al., 2013; Horowitz et al., 2017; Yin et al., 2018),
and tends to be deposited locally or regionally (Hedgecock and Pirrone, 2001; Driscoll et al.,
2013).

Hgp

Hg, consists of Hg adsorbed onto solid and/or liquid particles in the atmosphere. These
particles can be chemically or physically homogeneous or heterogeneous (Ariya et al., 2015),
with sizes ranging from submicrometres to a few micrometres (Ariya et al., 2015). In addition
to direct emissions’, Hg, can also form in situ when the gaseous Hg species (Hg"' mainly)
adhere to suspended particles in the atmosphere (Styszko et al., 2015; Das et al., 2016; Lyman
etal., 2020). As with Hg", Hg, has a relatively short atmospheric residence time (hours to days)
and 1s locally or regionally deposited (Driscoll et al., 2013; Yin et al., 2018).

¥ Dry deposition to land surfaces occurs primarily via vegetation uptake, with recent estimates of the vegetation sink at around 2300 Hg" t y”!
(Zhou and Obrist, 2021; Feinberg et al., 2022). The global ocean is considered a net source of Hg® to the atmosphere; nevertheless, gross
estimates of ocean Hg” uptake are in the range of 1700-3300 Hg" t y"' (Horowitz et al., 2017; Shah et al., 2019; Zhang et al., 2023).

? While atmospheric Hg" and Hg,, are primarily emitted from anthropogenic sources, natural sources such as volcanic eruptions and wildfires
also contribute to their presence in the atmosphere (Pyle and Mather, 2003; Friedli et al., 2009).
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In the atmospheric reservoir, the sum of Hg’ and Hg" is referred to as total gaseous mercury
(TGM), that of Hg"" and Hg,, as reactive mercury (RM), and that of all three species as total
mercury (TM).

Recent estimates place the global total tropospheric Hg burden at around 3800—4000 t (e.g.,
Horowitz et al., 2017; Shah et al., 2021; Zhang et al., 2023), with annual emissions to the
atmosphere estimated at roughly 8000-12000 t y! (Horowitz et al., 2017; Outridge et al., 2018;
Shah et al., 2021; Zhang et al., 2023). While the exact contribution from different sources is
highly uncertain, net annual oceanic Hg’ emissions are thought to make up about one-third of
the global total, similar in magnitude to primary anthropogenic emissions (Horowitz et al.,
2017; Outridge et al., 2018; Shah et al., 2021; Zhang et al., 2023). This highlights the
importance of ocean Hg’ emissions in sustaining the atmospheric Hg reservoir, the main
pathway for global Hg distribution, and the need for accurate estimates of these emissions in
global Hg budgets.

2.1.2 Hg in the ocean

The majority of Hg entering the ocean is derived from atmospheric deposition (Strode et al.,
2007; Sunderland and Mason, 2007; Soerensen et al., 2010b; Mason et al., 2012; Horowitz et
al., 2017; Shah et al., 2021). This input includes both wet and dry deposition of Hg", as well
as dry deposition of Hg’. Earlier studies suggested that Hg" deposition dominates, with
contributions in the ratio of (Hg’:Hg") 1:2.7 (Horowitz et al., 2017)'” to 1:2.0 (Shah et al.,
2019)'!, whereas more recent work suggests a larger contribution from Hg® invasion, with
ratios of 1:1.5 (Zhang et al., 2023)'” and even 1:1 (Jiskra et al., 2021)"°. Riverine discharge,
groundwater, underwater volcanoes, mid-ocean ridges and hydrothermal vents also contribute
to marine Hg, but their global-scale input is minor compared to atmospheric deposition (Mason
et al., 2012; AMAP/UNEP, 2018; Torres-Rodriguez et al., 2024).

10 Horowitz et al. (2017): Model-estimated gross atmospheric deposition to the ocean: 1700 t y! Hg” and 4600 ty™! Hg".
'Shah et al. (2019): Model-estimated gross atmospheric deposition ocean: 2000 t y! Hg® and 3900 ty™! Hg'.

12 Zhang et al. (2023): Model-estimated estimated gross atmospheric deposition to the ocean: 3270 t y! Hg® and 4860 ty™! Hg'.
13 Jiskra et al. (2021): Constraint based on marine Hg stable isotope observations.

11



In seawater, Hg is present in four main chemical species, which interconvert via complex biotic
and abiotic processes: monomethylmercury (MMHg), dimethylmercury (DMHg), aqueous
divalent mercury (or mercuric ion; Hg") as well as dissolved gaseous elemental mercury (Hg")
(Strode et al., 2007; Kotnik et al., 2007; Bowman et al., 2014; Lamborg et al., 2014).

MMHg

MMHg is an organo-metallic compound produced primarily through microbial methylation of
dissolved Hg" in sediments and deep anoxic waters (Mason and Fitzgerald, 1993; Zillioux,
2015 and references therein; Lehnherr, 2014 and references therein; Baumann et al., 2019; Al-
Sulaiti et al., 2022). In surface waters, MMHg is mainly derived from diffusion and upwelling
from deeper water (Mason and Fitzgerald, 1993; Adams et al., 2024). Due to its toxicity and
capability for bioaccumulation and biomagnification, MMHg is the Hg species of greatest
concern.

DMHg

DMHg, which is a gas, is thought to form from degradation of MMHg (Soerensen et al., 2016),
although microbial methylation of Hg" is also considered to be a formation pathway (Baumann
et al., 2019). In surface waters, DMHg readily evaporates to the atmosphere (Soerensen et al.
2016), where it quickly degrades (in the presence of sunlight) to MMHg and is deposited back
to the ocean (Mason et al., 1995; Soerensen et al., 2016; Nerentorp Mastromonaco et al., 2017).
Unlike MMHg, DMHg is not believed to bioaccumulate (Mason et al., 1996; Baumann et al.,
2019).

Hgll

Apart from atmospheric deposition, aqueous Hg" is derived from microbial and abiotic
(photochemical) demethylation of MMHg (Mason and Fitzerald, 1993; Lehnherr, 2014 and
references therein). Hg'! is the principal substrate for both methylation and reduction reactions
in marine waters.

Hg’

In addition to dry deposition, Hg" in seawater originates from both biotic and photochemical
conversion of aqueous Hg" as well as MMHg (Kim et al., 2016; Lee and Fisher et al., 2018).
Due to its low solubility, Hg’ readily evades (back) to the atmosphere, although some may be
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(re)oxidised to Hg" or bind to suspended particulate matter (Wang et al., 2015). This reduction
of Hg'" to Hg? and its subsequent evasion lowers the pool of Hg"! available for methylation to
MMHg. Along with DMHg, Hg® constitutes the operationally defined dissolved gaseous
mercury (DGM). Except in upwelling regions (Adams et al., 2024), DGM in surface waters
comprises primarily of Hg’, with very negligible contributions from DMHg, which is found
mainly in deeper waters (Mason and Fitzerald, 1993; Horvat et al., 2003; Kotnik et al., 2007;
Cossa et al., 2011; Bowman et al., 2015, 2016; Bratkic et al., 2016).

As with the atmospheric reservoir, Hg concentrations in the ocean have been drastically
elevated by human activities. For example, Outridge et al. (2018) estimated that anthropogenic
increases to the atmospheric Hg load'* have resulted in a 4-fold increase in atmospheric
deposition rates, which has in turn increased marine surface water Hg concentrations an
average 3.3-fold. A similar estimate, 3.5-fold increase in surface water concentrations due to
anthropogenic activities, was derived by Lamborg et al. (2014) using direct oceanographic
measurements.

2.2. Factors that influence Hg" air—sea exchange

While the factors that govern Hg" air—sea exchange are complex and not fully understood,
several parameters have been identified as key drivers. This section summarises these drivers,
namely, the air-sea Hg® concentration gradient, surface wind speed, solar radiation, sea surface
temperature (SST) and microbial activity.

2.2.1 Hg' concentration gradient and seawater Hg? saturation

Hg’ air-sea exchange occurs by diffusion. As such, the direction and magnitude of net
exchange is strongly dependent on the Hg® concentration gradient across the air—sea interface,
normalised by the Henry’s law constant (Zhang et al., 2019). This gradient is expressed as a
degree of saturation of surface seawater (relative to the overlaying air), S (in %), calculated as:

Hg xH’
= (k) x 100, 2.1

ai

14 Referring to a 5.5-fold increase in the atmospheric Hg load relative to natural levels.
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where Hg’,, and Hg’,, are the Hg concentrations in surface seawater and air, respectively,
and H'is the dimensionless Henry’s law constant. Alternatively, S is derived from:

H 0
S = (}IgT‘*) x 100, (2.2)
where Hg’., is the surface seawater Hg concentration at equilibrium with the overlaying air.
The Henry’s law constant represents the equilibrium partitioning of Hg between water and air
and is defined as the equilibrium vapour pressure over the molar fraction in water (Gardfeldt
et al., 2003; Ariya et al., 2015). It varies with salinity and water temperature and typically
decreases with increasing salinity and temperature (Andersson et al., 2008a). Various
parameterisations have been derived to represent H', with the most commonly applied
formulation (in Hg® air-sea exchange research) being that from Andersson et al. (2008a)"’,
which uses SST:

(—2404.3

H o= (T *e92) 2.3)
where T is the SST.

When surface seawater is supersaturated (S > 100 %), evasion may occur; when it is
undersaturated (S < 100 %), invasion may take place. In situ measurements suggest that surface
oceans are largely supersaturated in Hg? relative to the atmosphere (e.g., Andersson et al.,
2008c; Wingberg et al., 2001; Gardfeldt et al., 2003; Wang et al., 2017; Wang et al., 2019;
Lamborg et al., 2021; Osterwalder et al., 2021), and hence, on a global scale, net Hg® exchange
is to the atmosphere.

However, supersaturation does not necessarily mean (high rates of) evasion. The rate of
exchange (in either direction) is also strongly dependent on sea surface conditions, such as

15 The Henry’s law derivation from Andersson et al. (2008a) has been widely used in Hg" air-sea exchange studies, including by Kuss et al.
(2011); Tseng et al. (2012); Soerensen et al. (2014); Nerentorp Mastromonaco et al. (2017); Wang et al. (2017); Zhang et al. (2019); Chen et
al. (2020); Li et al. (2024) and many others.
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wind-driven turbulence, and is also affected by the presence of surfactants in the sea surface
microlayer (Li et al., 2024) or sea ice (Andersson et al., 2008b; DiMento et al., 2019).

2.2.2 Surface wind speed

Surface wind speed, as noted above, is a critical driver of air—sea gas exchange. Strong winds
generate turbulence, enhancing breaking waves that form bubbles. Bubbles facilitate gas
exchange by increasing the effective surface area at the air—sea interface (Wanninkhof et al.,
2009). Moreover, strong winds promote vertical mixing between surface and subsurface
waters, which can replenish surface Hg'!, providing additional substrate for reduction to Hg’
(Soerensen et al., 2010b, 2013; Floreani et al., 2019).

As the primary driver of turbulence in the upper ocean (Li et al., 2024), wind speed is widely
used to parameterise air—sea gas transfer velocity (e.g., Liss and Merlivat, 1986; Wanninkhof
1992; Wanninkhof and McGillis, 1999; Nightingale et al., 2000; McGillis et al., 2001). This
wind-speed-based parameterisation of the air—sea gas transfer velocity is discussed further in
Section 2.3 in this chapter, which reviews approaches used to estimate air-sea Hg’ exchange
fluxes.

2.2.3 Solar radiation

Solar radiation drives the abiotic conversion of Hg'" to Hg (e.g., Kim et al., 2016). However,
the scale at which Hg® photoproduction is relevant is unclear. Coastal and near coastal in situ
studies report distinct diurnal cycles in DGM concentrations and evasion fluxes that correlate
to solar radiation (e.g., Lanzillotta and Ferrara, 2001; Géardfeldt et al., 2003; Andersson et al.,
2007; Floreani et al., 2019), whereas observations of atmospheric Hg0 concentration over the
open ocean show no significant diurnal patterns (e.g., Soerensen et al., 2010a; Wang et al.,
2017; Wang et al., 2019).

2.2.4 Microbial activity

Microbial activity influences Hg® air—sea exchange through several complex and potentially
contrasting mechanisms. As already highlighted, microbial activity contributes to reduction of
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Hg" to Hg (Grégoire and Poulain, 2014 and references therein; Kim et al., 2016; Lee and
Fisher 2018; Liang et al., 2022), which would promote evasion. Conversely, recent
experimental work suggests that phytoplankton may also sequester atmospheric Hg’, acting as
a sink (Santos et al., 2024). In addition, surface-active organic matter (surfactants), primarily
derived from phytoplankton exudates and degradation products, accumulate in the sea surface
microlayer, where they form a physico—chemical barrier and alter sea surface turbulence and
wave dynamics, the effects of which can suppress air—sea gas exchange (Tsai and Liu 2003;
Pereira et al., 2018; Li et al., 2024). Overall, the net influence of ocean primary productivity
on Hg? air-sea exchange is unclear.

2.2.5SST

SST influences Hg" air-sea exchange in three main ways, all of which promote evasion.
Warmer waters (i) increase the diffusivity of Hg® in seawater, (ii) decrease its solubility and
(iii) stimulate the microbial conversion of Hg'! (as well MMHg) to Hg’ (Mason et al., 1993;
Soerensen et al., 2013; Lee and Fisher, 2018).

Taken together, these factors underscore the complexity of Hg® air—sea exchange. Laboratory
and field experiments help isolate specific mechanisms and understand their individual
influence, but their impact at large spatial and temporal scales in the natural environment is
unclear. Moreover, some of these processes respond similarly to environmental controls (such
as radiation, which, itself also influences air—sea exchange) but exert opposing effects (e.g.,
production vs sequestration of Hg by phytoplankton), potentially masking or even cancelling
each other out. As such, understanding the net effects of these processes remains a key
challenge in quantifying Hg? air-sea exchange on a large scale.

2.3 Estimation of the Hg? air—sea exchange fluxes

A crucial step towards a comprehensive understanding of the global Hg cycling is accurately
quantifying the fluxes between different environmental compartments. For Hg’ air—sea
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exchange, two main approaches'® are widely applied, (i) (dynamic) flux chamber techniques

and (i1) the gas exchange model, each with its own advantages and disadvantages.

2.3.1 Flux chamber technique

The flux chamber technique is a relatively simple method for directly measuring Hg® air—sea
exchange fluxes. As described by previous studies, Bagnato et al. (2013) and Floreani et al.
(2019), for instance, measurements are performed on a small, floating rectangular chamber,
typically made of plexiglass. The chamber is open at the bottom and closed at the top, allowing
diffusion of Hg" from the confined sea surface, and submerged into the sea about halfway along
its length, preventing entry of outside air. External air, of which the Hg® concentration is first
measured, flows into the chamber via an inlet at a controlled flow rate. Fans installed in the
chamber allow the air inside to homogenise. Air then flows out of the chamber via an outlet
and its Hg® concentration is measured. The Hg® air—sea exchange flux, F, is then calculated as:

FoQxComt 2.4)

where C, and Ci are the Hg concentrations of the air exiting and entering the chamber,
respectively, O is the flow rate of air through the chamber and A4 is sea surface area covered by
the chamber, that is, the surface area of the bottom of the chamber.

This technique is commonly applied in coastal waters (e.g., Gardfeldt et al., 2003; Bagnato et
al., 2013; Floreani et al., 2019), but has also been adapted for the open ocean, during ship-
board sampling campaigns, where the incoming air has to be filtered to eliminate the impact of
shipborne Hg emissions (e.g., Kalinchuk et al., 2021, 2023).

While the flux chamber technique is relatively simple, a major drawback is that it creates a
microenvironment, altering gas exchange and environmental conditions (such as incident solar
radiation and wind speed), which may bias fluxes estimates (Wéngberg et al., 2001; Andersson
et al., 2007). However, it is suggested that the relatively short sampling times (typically 10
mins or less; e.g, Gardfeldt et al., 2003; Bagnato et al., 2013; Floreani et al., 2023) minimise

6 Other methods exist, such as micro-meteorological techniques (e.g., Osterwalder et al., 2021); however, these methods have not been
extensively applied for Hg’ air-sea exchange. Therefore, these other methods have been omitted from the discussion.
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the effects on the environmental conditions. This, on the other hand, makes the technique rather
tedious, as the chamber needs frequent redeployment. Another disadvantage with this method
is that it can only be performed under calm conditions, such as low wind speed, absence of
waves and low humidity (Gardfeldt et al., 2003; Bagnato et al., 2013; Floreani et al., 2019),
making it difficult to assess their influence on measured Hg® air—sea fluxes (Wingberg et al.,
2001).

2.3.2 Gas exchange model

The gas exchange model (also referred to as the thin film gas exchange model) is widely used
in both field studies and Chemical transport models (CTMs) to estimate Hg? air—sea exchange
fluxes. The model calculates the flux based on the Hg concentration gradient across the air—
sea interface as well as environmental parameters such as wind speed and SST. The flux, F, is
expressed as:

= i, - ), o

where k., is the gas transfer velocity, parameterised as a function of surface wind speed, Hg’,,
and Hg'y» are the Hg" concentrations in surface seawater and in air, respectively, and H' is the
dimensionless Henry’s law constant, typically parametrised as a function of SST (as described
in Section 2.2.1).

Currently, there is a lack of direct measurements of Hg transfer velocity, which is a major
source of uncertainty for global-scale flux estimates (Zhang et al., 2019; Osterwalder et al.,
2021; Lietal., 2024). Only one known study, Osterwalder et al. (2021), has derived the transfer
velocity from direct Hg” measurements, using micro-meteorological methods. Even then, the
derivation is based on a very small sample (see Figure 2). Parameterisations of k., applied in
Hg? air-sea exchange models are based on in situ measurements of other trace gases, such as
CO; and dimethyl sulfide (e.g., Wanninkhof, 1992; McGillis et al., 2001; Nightingale et al.,
2000). The parameterisations use wind speed, the primary driver of turbulence, in either linear,
quadratic or cubic form (see Table 1). Widely used k. formulations in Hg’ air—sea exchange
research include those from Liss and Merlivat (1986), Wanninkhof (1992), Wanninkhof and
McGillis (1999), Nightingale et al. (2000) and McGillis et al. (2001) (Table 1), with the
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formulation from Nightingale et al. (2000) being the most preferred (e.g., Andersson et al.,
2007, 2008b; Kuss et al., 2011; Soerensen et al., 2010b, 2013; Mason et al., 2017; Zhang et al.,
2019; Li et al., 2024).

However, gases of different solubility respond differently to the processes that drive fluxes,
which makes it problematic to apply a single wind speed function for all gases (Osterwalder et
al., 2021). Moreover, comparison of the various k, parameterisations shows considerable
variability in estimated fluxes, with the differences especially large at high wind speeds (see
Figure 2). As such, current global Hg? flux estimates from CTMs (2800-4000 Hg" t y! net
global evasion; Horowitz et al., 2017; Shah et al., 2021; Zhang et al., 2023) are highly sensitive
to the &, parametrisation applied.

Table 1: The most commonly applied paramerisations for k., the gas transfer velocity. In the table, Uy is
10 m wind speed, while Scug and Sccoz are the Schmidt numbers'’ of elemental Hg and COg., respectively.

Parameterisation scheme Equation
U10<3.6 ms™: 0.17U10 (Scug / Sccoz) 67

Liss and Merlivat (1986) 3.6ms!<UI0<13ms™: (2.8U10 — 9.6)(Schg / Sccoz) >
U10> 13 ms™: (5.9U10> — 49.3)(Scrg / Sccoz)

Wanninkhof (1992) 0.31U10% (ScHg / Scco2)0?

Wanninkhof and McGillis (1999) 0.0283U10° (Scrg / Sccoz) 0

Nightingale et al. (2000) (0.333U10 + 0.22U10%)(Schg / Scco2) 0

McGillis et al. (2001) (3.3 +0.026 U10*)(Scug / Sccoa)

2.4 Chapter conclusion

In summary, Hg’ air-sea exchange is a complex process influenced by a range of
environmental factors including wind speed, solar radiation, SST and microbial activity. A key
challenge remains in understanding the net effect of these factors in the natural environmental
and at large temporal and spatial scales, due to scarce measurements. Further uncertainty arises
from reliance (of global-model based air—sea exchange estimates) on gas transfer velocities
developed for other gases. These uncertainties propagate into global model estimates, hindering

" The Schmidt number (Sc) represents the ratio of kinematic viscosity of water and the diffusivity of a gas and depends on water
temperature and salinity. k,, is typically scaled to the Schmidt number of CO,, where a Scco, value of 600 or 660 is used. Unlike CO,, no
fixed value for Scyg, is available, and it is empirically derived.
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efforts to constrain the global Hg cycle. Addressing these uncertainties is essential for
improving global Hg budgets and assessing the effectiveness of regulatory policies.

In the next two chapters, this dissertation addresses these challenges by utilising indirect
measurements, that is, atmospheric Hg’ observations from long-term, ground-based
monitoring sites to study Hg’ air-sea exchange. It explores the influence of different
environmental parameters the exchange across various temporal scales and evaluates their net
effect. Furthermore, a novel approach is applied to constrain the net global ocean Hg® evasion
flux, independent of k,, parameterisations, with the aim of reducing the uncertainties associated
with traditional gas exchange model estimates.
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¢) Wanninkhof and McGillis (1999) a
d) McGillis et al. (2001)
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Figure 2: Parameterisations of the transfer velocity as a function of 10 m wind speed, normalized to a
Schmidt number of 660 (20° C for CO: in seawater). The derivations by Nightingale et al. (2000), Liss and
Merlivat (1986), Wanninkhof and McGillis (1999), McGillis et al. (2001) and Wanninkhof (2014) are based
on CO: and dimethyl sulfide measurements, and are listed in Table 1. The derivation from Andersson et
al. (2016) is based on eddy co-variance with oxygen, the COAREG3.6 is based on Coupled Ocean-
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Atmosphere Response Experiment flux algorithm with CO: (Fairall et al., 2011). Osterwalder et al. (2021)
shows the cubic fit (k = 0.18 u10) of measured transfer velocities of Hg" based on relaxed eddy accumulation
Hg® emission measurements (blue dots). (Adaptation from Osterwalder et al. (2021), under CC BY 4.0;
https://creativecommons.org/licenses/by/4.0/).
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Chapter 3 — Constraining elemental mercury air—sea
exchange using long-term ground-based
observations

This chapter is based on the following paper, which has been accepted for publication in
Atmospheric Chemistry and Physics:

Molepo, K. M., Bieser, J., Koenig, A. M., Hedgecock, 1. M., Ebinghaus, R., Dommergue, A.,
Magand, O., Angot, H., Travnikov, O., Martin, L., Labuschagne, C., Read, K., and Bertrand,
Y.: Constraining elemental mercury air-sea exchange using long-term ground-based
observations, EGUsphere [preprint], https://doi.org/10.5194/egusphere-2024-3722, 2024.

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® (Hg%ir) 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 marine air masses. At all sites, we
observed a gradual increase in mean Hg%;: 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 Hg%;ir concentration normalised by Henry’s law constant matches the surface
ocean dissolved Hg® (Hg’.q) concentration. This provides strong evidence that ocean Hg’
emissions directly influence Hg%: concentrations at these sites. Using the observed
relationship between Hg’ir concentrations and air mass recent MBL residence time, we
estimated mean surface ocean Hgq concentrations of 4-7 pg L™! for the North Atlantic and
Arctic oceans (AA) and 4 pg L™! 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 ng m™ h™! for
the AA and SSI, respectively, with a global extrapolated mean flux of around 2270 t y™! (1600—

22



2900 t y!). This study demonstrates the applicability of long-term, ground-based Hg'
observations in constraining Hg" air—sea exchange.

3.1 Introduction

Mercury (Hg), a ubiquitous element in the environment, has gained widespread attention due
to its adverse effects on human health and ecosystems (AMAP/UNEP, 2018; 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 environment (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 important. Owing to its chemical inertness and
low water solubility, once emitted, Hg? stays in the atmosphere for several 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 areas (Travnikov 2005;
Durnford et al., 2010; Koenig et al., 2022). Although in the atmosphere Hg’ exists in low
concentrations with no direct harmful effects (Holloway and Littlefield, 2011), a portion of the
atmospheric Hg" is gradually 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 converted to methylmercury
(Lehnherr, 2014), a highly toxic compound that bioaccumulates and biomagnifies up the food
chain (Lehnherr, 2014), posing serious health risks to humans through the consumption of
seafood (Driscoll et al., 2013; Zillioux, 2015; AMAP/UNEP, 2018; 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 environment. Atmospheric deposition, being the dominant source of Hg (Hg’, as
well as Hg'") entering the ocean (Horowitz et al., 2017; AMAP/UNEP, 2018; 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
constituting about one-third of the total annual Hg released to the atmosphere (Horowitz et al.,
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2017; AMAP/UNEP, 2018; 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, reduction of dissolved Hg'" to Hg in the
water column and its subsequent evasion decreases the Hg'! reservoir available for 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 campaigns
(e.g., Gardfeldt et al., 2003; Andersson et al., 2007, 2008b, 2011; Kuss et al., 2011; Soerensen
etal., 2013, 2014; Mason et al., 2017; Nerentorp Mastromonaco et al., 2017; Wang et al., 2017;
Wang et al., 2019). These observations, comprising of simultaneous measurements of Hg? in
air (Hg%%ir) and in surface seawater (Hg'q), along with variables such as sea surface temperature
(SST) and wind speed, have been instrumental in discerning the spatio—temporal variability of
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 predominantly performed in the
northern hemisphere. Chemical transport models can provide insights beyond the spatio—
temporal limitations of in situ measurements, but they are also limited by the sparsity in direct
measurements, such as for validating air—sea exchange parameterisations applied in the models
(e.g., Zhang et al., 2019). As a result, many aspects 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 opportunity to study Hg’ cycling at the air—sea interface. Moreover, many of these
sites have continuous Hg’,i records spanning several years (e.g., Sprovieri et al., 2016). Despite
their potential, their application for extensive analyses of Hg’ air-sea exchange remains
underexplored, with studies primarily using them for model validation (e.g., Soerensen et al.,
2010b) or for complementing ship-based measurements (e.g., Gardfeldt et al., 2003; Sommar
etal., 2010).
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In this study, we analyse Hg%i: observations from four ground-based monitoring sites to study
Hg® air—sea exchange. We use measurements from the longest continuous monitoring sites in
the northern hemisphere (NH) and southern hemisphere (SH), Mace Head and Cape Point,
respectively, as well as from the sub-tropical North Atlantic site Cabo Verde Observatory and
the remote southern Indian Ocean site Amsterdam Island. The observations are combined 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 improved
understanding of Hg? air—sea exchange.

3.2 Data and methods
3.2.1 Observations
3.2.1.1 Site descriptions

We used observations from four monitoring sites, namely, Mace Head, Cabo Verde
Observatory, Cape Point and Amsterdam Island (Figure 3). 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 exposed to the North Atlantic Ocean with a wide clean sector
between 180° and 300° (Ebinghaus et al., 2011), ideally situated to study atmospheric
composition under northern hemispheric background conditions but also under regionally
polluted European continental conditions, when air masses originate 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 thousands of kilometres across the North
Atlantic Ocean (Ebinghaus et al., 2011). The climate at Mace Head is mild and moist
(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 performed from two towers (10 m 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 measurements at Mace Head (Ebinghaus et al., 2011), with the nearest
major urban area, Galway city, situated about 90 km east of the station (Ebinghaus et al., 2011).
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Mace Head is operated by the Atmospheric Science Research Group at the National 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 Meteorological 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 Atlantic Ocean
(Read et al., 2017). The site is characterised by a warm and dry climate, with a mean annual
air temperature 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 five days over the ocean (Read et al., 2017), providing the opportunity to study clean marine
air (Carpenter et al., 2010; Read et al., 2017). Air sampling 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 230 m above sea level (Brunke et al., 2004; Martin et al., 2017).
The site has a Mediterranean-type climate, characterised by moderate temperatures, dry
summers and increased precipitation during winter (Brunke et al., 2004). The prevailing wind
direction 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 average, over
50 % of the air masses reaching Cape Point originate from this clean oceanic sector, having
recently travelled thousands of kilometres across the southern oceanic regions (Labuschagne
et al., 2018). Nevertheless, the site occasionally experiences air masses from the north to
northeast, mainly in winter, that are influenced by anthropogenic emissions from the greater
Cape Town area and/or by other continental sources (Brunke et al., 2010). Cape Point is
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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 subtropical island (55 km?) in the southern
Indian Ocean, located about 3400 km and 5000 km 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 altitude of 70 m above sea level (Angot et al., 2014; Magand
et al., 2023). Air sampling and monitoring at the Pointe Bénédicte station is performed from
different heights depending on the pollutant studied, with atmospheric Hg being sampled at 6
m above ground level. The site has an oceanic climate with mild temperatures (ranging between
11 and 17 °C over the year), high relative humidity (65 to 85 %) and frequent presence of
clouds and abundant rainfall (total annual average between ~800 mm 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 Amsterdam Island is westerly and northwesterly, and wind speeds are
comparatively high throughout the year (with an annual average of 7.6 m s’'; Miller et al.,
1993), peaking in austral winter (Baboukas et al., 2004; Li et al., 2023). The island 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
kilometres downwind of the Pointe Bénédicte station. Amsterdam Island is running under
administration of Terres Australes et Antarctiques Francaises (TAAF), the French Southern
and Antarctic Lands, and is scientifically operated by the French Polar Institute (IPEV)
research programs, all year round. The monitoring station is part of the French national
monitoring system, the Integrated Carbon Observation System, ICOS-France Atmosphere for
the long-term observation of greenhouse gases (EIl Yazidi et al., 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 the GMOS network and is also labelled as a WMO-GAW site
(Angot et al., 2014; Slemr et al., 2015, 2020; Magand et al., 2023).
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3.2.1.2 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 analysers (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 cartridge, followed by thermal desorption and detection
by cold vapour atomic fluorescence spectroscopy (CVAFS) at 253.7 nm (Fitzgerald and Gill,
1979; Bloom and Fitzgerald, 1988). The analysers use two gold cartridges, switching between
the cartridges to allow for alternating sampling and desorption, resulting in continuous
sampling of the incoming 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 (273.15 K, 1013.25 hPa) with an instrumental
detection limit close to 0.1 ng m™ and an Hg%ir average uncertainty value of about 10% (Slemr
etal., 2015).

The instruments are automatically calibrated every 25 h at Mace Head and Cape Point, every
72 h at Cabo Verde Observatory and every 69 h at Amsterdam Island using internal permeation
sources (Ebinghaus et al., 2011; Read et al., 2017; Slemr et al, 2020; Magand et al., 2023). The
permeation 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 (Ebinghaus 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 operating procedures (SOPs; Sprovieri et al., 2016; Martin et al., 2017; Read
etal., 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 (the)
Tekran 2537A/B measurements as total gaseous mercury (TGM; TGM = Hg%: + gaseous
oxidised mercury, Hg'%ir) (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,
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at all four sites studied here, it has been suggested that the measurements are most likely of
Hg i rather than TGM, as Hg'%i: 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 Hg%: is sampled and
analysed with the associated Tekran 2537A/B model. Since the uninstallation of the speciation
unit at the site in 2015, the Tekran 2537A/B instrument has been deployed with a specific setup
using two 0.45 um polyethersulfone cation-exchange membranes (PES-CEM, 0.45 um, 47 mm,
Merck Millipore®) installed at the inlet of the heated line, preventing the introduction of
oxidised species and ensuring that only Hg%;: is measured (Magand et al., 2023). Furthermore,
TGM typically comprises mostly (> 98 %) Hg%ir (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 Hg%ir, and make no distinction between TGM and Hg%,
referring to the measurements as Hg%ir, when referencing the above-mentioned studies.

The record of hourly mean Hg’,i: observations from the four sites used in this study is presented
in Figure 3. Throughout this study, the data were analysed and are presented in their local time.

3.2.1.3 222Rn measurements from Cape Point

Since 1999, atmospheric radon (***Rn) has been continuously measured at Cape Point using a
two flow-loop, dual-filter detector designed by the Australian Nuclear Science and Technology
Organisation (ANSTO) and partially constructed locally (Brunke et al., 2004; Botha et al.,
2018). The instrument operates by passing ambient air through a particulate filter into a large
chamber, where the 2*2Rn gas decays (Brunke et al., 2004). A second filter collects the 2’Rn
decay products, which are detected by means of a screen coated with the scintillator material
zinc sulphide and viewed by a photomultiplier (Brunke et al., 2004). The count rate is
proportional to the ambient **’Rn concentration (Brunke et al., 2004). The detector at Cape
Point has been continuously developed (Brunke et al., 2004; Botha et al., 2018). In 2011, an
upgraded version of the instrument was installed, incorporating system design improvements
such as an automated calibration system and a delay volume, increasing the accuracy and
reliability of the measurements at the site (Botha et al., 2018).
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Amsterdam Island 28 Jan 2012-31 Dec 2020 56 844 73

Figure 3: Overview of the Hg%i- 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 Hg'i- 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, where the y-axis scales are adjusted to each site’s data distribution, see Figure
Al.1 in Appendix A. (f) Summary of the hourly mean Hg%;- 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.

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

3.2.2 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-hour (6-day) 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 6-hourly
temporal resolution (Kalnay et al., 1996) for model input. Each of the 144 segments 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.
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- Terrestrial (or, land): segments passing over an area where the bathymetric elevation is above
0 m.

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

- 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 1 h and spatial resolution of 0.25° x 0.25°. Therefore, each of the 144
segments of every trajectory was assigned to one of four categories: marine boundary layer
(MBL), free troposphere over the ocean (FT ocean), continental planetary boundary layer
(CPBL), or free troposphere over land (FT _terrestrial; see Figure A1.2 in Appendix A).

3.3 Results and discussion

3.3.1 Overview of Hg%ir observations at Mace Head, Cabo Verde Observatory, Cape
Point and Amsterdam Island

The record of hourly averaged Hg’;ir measurements at the four sites is shown in Figure 3. Over
the analysis periods, the mean Hg’%;- concentration was 1.53 + 0.26, 1.19 £ 0.13, 1.01 £ 0.13
and 1.06 + 0.07 ng m (mean = 1 standard deviation) at Mace Head, Cabo Verde Observatory,
Cape Point and Amsterdam Island, respectively. The higher mean concentration 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 Hg%i: 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
etal., 2010). The inter-hemispheric gradient in Hg%;: concentrations has been widely discussed
in the literature and is largely attributed to the bulk burden of anthropogenic Hg emissions
occurring in the NH (Temme et al., 2003; Sprovieri et al., 2010, 2016; Street et al., 2017;
AMAP/UNEP, 2018).
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Figure 4 shows the mean seasonal variability of Hg%ir concentrations across the four sites. At
Mace Head, Hg%i: levels are slightly but significantly higher in winter (December to May, 1.57
+0.27 ng m>, n = 84 228) than in summer (June to November, averaging 1.48 + 0.25 ng m>,
n =287 171) (p < 2.2¢'%, Mann-Whitney U-Test). As with Mace Head, concentrations at Cabo
Verde Observatory are slightly but significantly higher around winter (December—May, 1.22 +
0.12,n =11 296) compared to summer (June—November, 1.16 £ 0.12, n =9 598) (p <2.2¢™'°,
Mann-Whitney U-Test). A similar seasonal pattern has been observed at other ground-based
monitoring stations (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. Several explanations have been proposed for the northern hemispheric Hg’,ir seasonality,
including, increased anthropogenic emissions from fossil-fuel combustion for heating in winter
(Ebinghaus et al., 2002; Lan et al., 2012), higher ocean Hg’ emissions from the North Atlantic
Ocean in winter (Soerensen et al., 2010b), and more recently, increased vegetation Hg® uptake
in summer (Jiskra et al., 2018; Feinberg et al., 2022).

Amsterdam Island shows slightly but significantly higher Hg%;: concentrations around winter
(June-September, 1.07 + 0.06, n = 18 697) (p < 2.2¢'®, Mann-Whitney U-Test). Angot et al.
(2014) as well as Slemr et al. (2020), who previously reported the same seasonality for the site,
attributed it to long-range transport of polluted air masses from southern Africa between July
and September, which coincides with the biomass-burning season in the region. Nevertheless,
the observed winter peak at Amsterdam Island (in 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¢’'6, Mann-Whitney U-Test), represents
only a ~ 3 % change from the overall mean. No clear seasonality is detected at Cape Point.
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Figure 4: Normalised mean seasonal Hg.ir concentrations at the four sites. The mean + 1 standard deviation
of the hourly observations is shown in each panel. The bars show one standard deviation of the monthly
means. The blue horizontal line represents the normalised mean value (i.e., 1 ng m-}). 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).

The diurnal variability of Hg%;: at the four sites is quite weak as well, with daily mean minima
and maxima values reflecting just a ~2 % change from the overall mean concentration (Figure
5). The diurnal patterns also exhibit little seasonal variation (Figure A1.3, Appendix A). Non-
existent or non-significant Hg%;: 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; Wang et
al., 2019).
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Figure 5: Normalised mean Hg%;- diurnal variation at Mace Head, Cabo Verde Observatory, Cape Point
and Amsterdam Island. The mean + the standard deviation of the hourly observations is shown for each
site. The shaded area shows the mean * 2 times the standard error. The horizontal line represents the
normalised mean value (i.e., 1 ng m~) and the dashed vertical line is plotted along 12:00 local time.

3.3.2 Hgoair in the MBL

A major goal of this work was to understand the dynamics of Hg% 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 Hg'%;r concentrations in the MBL (e.g., Wingberg et al., 2001; Laurier et al., 2003;

35



Soerensen et al., 2010a, 2010b; Carbone et al., 2016; Wang et al., 2017). In turn, Hg® air—sea
exchange is suggested to be driven by two main factors: (i) the Hg® concentration gradient at
the air-sea interface, and (ii) wind speed and solar radiation (e.g., Gardfeldt et al., 2001;
Wingberg et al., 2001; Laurier et al., 2003; Soerensen et al., 2010a, 2010b; 2013; Kuss et al.,
2011; Wang et al., 2017). Many studies show that ocean surface waters are primarily
supersaturated in Hg%q relative to the overlaying air (e.g., Wingberg et al., 2001; Gardfeldt et
al., 2003; Andersson et al., 2011; Mason et al., 2017; Wang et al., 2017; Wang et al., 2019),
creating conducive conditions for net ocean Hg® emission to the atmosphere. In fact, recent
estimates place ocean Hg” evasion as the largest single net flux of Hg® to the atmosphere, in
the range of 2800-4000 Hg’ t y! (Horowitz et al., 2017; AMAP/UNEP, 2018; 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 Hg%;: 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 processes (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 sampled at the sites, this
can obscure the link between observed Hg%ir concentrations and the oceanic Hg’ evasion
signal. To distinguish between MBL conditions and terrestrial influences, we used the
HYSPLIT back trajectories. We classified each hourly Hg%;: observation at the sites into one
of three categories: MBL-influenced (MBL 1), terrestrial-influenced (Terr 1) and mixed
(Mixed). MBL i was assigned to observations where 90 % or more of the (144) back trajectory
segments 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 are
met (see Section 3.2.2 of this chapter for the distinction between MBL- and CPBL-assigned
trajectory segments). To validate the classification method, we (also) applied it to **’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 2?Rn’s terrestrial source is unaffected by human activity, 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 *’Rn

36



results, presented in Figure A1.4 in Appendix A, show generally higher >*’Rn values for the
Terr i1data compared to the MBL i1 data, with a significantly larger mean concentration for the
Terr i data (3426 mBq m™, n = 56) compared to the MBL i data (450 mBq m™, n = 30 470)
(p < 2.2¢'%, Mann-Whitney U-Test). While *’Rn measurements are also available at
Amsterdam Island, we did not perform the above analysis for the site, as we do not expect a
strong terrestrial 2’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.

Figure A1.5 and Figure A1.6 show the seasonal and diurnal variations, respectively, for the
MBL i, Terr iand Mixed Hg’i: datasets, along with the full observations (All data) at the four
sites. The summary statistics for the groups are provided in Table Al.1, Appendix A. In
summary, the results show that the Hg’,i: 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 between the Hg'qir
temporal distributions (i.e., the seasonal and diurnal variations) of the full observations and the
MBL i (as well as the Mixed) data. This suggests that the weak seasonal and diurnal variations
observed at the sites represent the actual MBL conditions and are not an artefact of sampling
air masses from different environments.

In a recent publication, Koenig et al. (2023) analysed Hg%i 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) Hg%ir concentration of ~ 0.73 ng m™. Assuming that this value is also representative of
the LFT over Cape Point and Amsterdam Island (located about 3900 and 2900 km from Maido
observatory, respectively), the mean MBL (i.e., MBL i) Hg%: concentrations extracted at
Cape Point and Amsterdam Island (1.01 £ 0.12 and 1.06 + 0.07 ng m™, respectively; Table
Al.1) 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 Hg’%;: concentration of about 1.3 ng
m™ over central Europe, which is about 15 % lower than the mean MBL concentration at Mace
Head (1.53 + 0.24 ng m™). These higher MBL concentrations relative to LFT concentrations
suggest net ocean Hg? emissions into the MBL.
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A question remains, regarding the weak seasonal and diurnal variations in Hg’;: concentrations
in the MBL. Another recent publication, Lamborg et al. (2021), has proposed that dark
reduction, rather than photoreduction, as previously believed, is responsible for most of the
Hg%q produced in the ocean and subsequently evaded to the atmosphere. Since dark reduction
is less directly impacted by climatic conditions than photoreduction, this would imply constant
(i.e., even under low solar radiation) Hg%q supply to the surface ocean. This would have two
implications for Hg? cycling at the air—sea interface. One, it would explain the weak temporal
Hg%;: variability in the MBL, as dark reduction would provide a relatively constant pool of
Hg'q to the surface ocean throughout the day and seasons. Secondly, and related to the first
point, it would imply that the ocean is constantly emitting Hg® to the atmosphere.

With these considerations, we sought to investigate the influence of air mass recent residence
time in the MBL on observed Hg%;: concentrations. We hypothesise that, an air mass entering
the MBL from the LFT carries a signature Hg’ir concentration of this environment. As it travels
within the MBL, there is exchange of Hg between the air mass and the surface ocean. Because
the ocean surface layer is typically supersaturated 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 Hg%ir levels than those which have recently
spent more time in the LFT. The results of the investigation are presented in the next section.

3.3.3 Relationship between observed Hg’ir concentrations and air mass residence time in
the MBL

To test our hypothesis, we used the back trajectories to study the Hg%;: 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 (corresponding to an hourly Hg’i: observation) spent in the
MBL in the last 144 hours before reaching the sampling site, that is, the number of segments
of the back trajectory classified as MBL, as per our back trajectory-segment classification
(described in Section 3.2.2 of this chapter). We then group together the Hg’i: observations
according to air mass recent MBL residence time, at an hourly resolution. Further details on
the analysis are provided in Section A2, Appendix A.
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Figure 6 shows mean Hg'%: concentrations against air mass recent MBL residence time across
the four sites. As seen in the figure, Hg%: concentrations generally increase with air mass
recent MBL residence time, in agreement with our hypothesis. The observed increase exhibits
an asymptotic pattern, 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 Observatory, Cape Point and
Amsterdam Island reach a mean steady state Hg’,ir concentration of about 1.51 + 0.02, 1.16 +
0.02, 1.01 £ 0.01 and 1.06 = 0.01 ng m™ (mean =+ standard deviation) at about 60, 72, 30 and
60 hours in the MBL, respectively.

The asymptotic Hg%; pattern is clearer at Cape Point and Amsterdam Island compared to Mace
Head and Cabo Verde Observatory. A possible explanation for this is the contribution 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) signal is strong enough that it obscures the
relationship between Hg%;: concentrations and air mass recent MBL residence time. The fact
that at Mace Head and Cabo Verde Observatory the asymptotic Hg'i: pattern is revealed after
filtering out air masses which have had recent contact with the continental planetary boundary
layer (see Section A2, Appendix A) supports this hypothesis.

Nevertheless, the observed asymptotic Hg'; increase at the sites may be partially explained by
the exchange of Hg’ between the ocean and the atmosphere. The pattern is consistent with the
air-sea gas exchange model (Eq. (3.1) in Section 3.3.5), which predicts net ocean Hg’
emissions into passing air masses until the Hg’i concentration in them normalised by the
Henry’s law constant matches the surface ocean Hg’,q 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 two orders of
magnitude lower than the rate of Hg® concentration change observed here (see details in Section
A2, Appendix A), suggesting that the observed Hg%ir concentration increase far exceeds net
oxidation-driven loss. Over longer periods, net oxidation may play a more significant role in
shaping Hg%ir concentrations in the MBL. However, over the short time scale considered here,
its impact on the observed patterns is negligible.
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We also investigated seasonal variability in the observed relationship between Hg'a
concentrations and air mass recent MBL residence time, however, no clear pattern emerged
(Figure A1.7). Therefore, in the subsequent sections in this chapter, where we use the observed
relationship to estimate surface ocean Hg’q concentrations as well as ocean net Hg? emissions
fluxes, seasonal analyses are not included.

3.3.4 Estimation of surface ocean Hg’,q concentrations

Assuming our findings in Section 3.3.3 can explain most of the variation in Hg'
concentrations in the MBL, we used the steady state Hg%i: concentrations in air masses
reaching the sites to estimate mean surface ocean Hg’,q concentrations. Based on the back
trajectory footprints (see Figure 7), we assume that the estimates (both the Hg'q concentrations,
as well as the fluxes, in Section 3.3.5 below) derived from the Mace Head and Cape Verde
Observatory Hg%i: observations represent average 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 conditions for the area encompassing the Southern, South
Atlantic and south Indian oceans. We apply the equation describing the air—sea exchange flux
of Hg’, F, based on the thin-film gas exchange model from Liss and Merlivat (1986):

0
F =k, (Hg,, — =22r), 3.1)
where ky is the gas transfer velocity, Hg’, and Hg’u are the surface ocean and atmospheric
Hg® concentrations, respectively, and H'is the dimensionless Henry’s law constant. Following
the discussion in Section 3.3.3, for air masses that remain in the MBL long enough, we can
assume that they reach steady-state conditions with the underlying ocean surface, implying an
average net exchange flux of F' = 0 (see the discussion on the possible effect of redox chemistry
in Section A3, Appendix A). Note that this assumption does not imply a net zero air—sea
exchange flux for the ocean as a whole, as unsaturated air masses continuously enter the MBL
and take up Hg? from the surface ocean. In this case, Hg’, is obtained with:
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Figure 6: Mean Hg%ir- 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 panels.
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HY air(ss)
—:I‘,T = (3.2)

H ggq =
where Hg’.irss) is the steady state Hg%ir concentration. H' is calculated using the derivation
from Andersson et al. (2008a),

(—24-04-.3

o = (T +692) (3.3)

where T is the SST. To obtain 7, we extracted hourly ERAS5 SSTs (Hersbach et al., 2020)
corresponding to the trajectories associated with the hourly Hg%: 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 hours at Mace Head, Cabo Verde Observatory, Cape Point and
Amsterdam Island, respectively). More details are provided in the caption of Table 2, which
summarises the Hg’..(ss), T, H' and resultant mean surface ocean Hg’,, concentration for each
site.

From our calculations, we derived a mean surface ocean Hg%q concentration of 7.00 + 0.21,
4.00 £ 0.12, 4.22 + 0.21 and 4.74 + 0.16 pg L' (mean = 1 standard deviation) based on the
Hg'% steady state concentration at Mace Head, Cabo Verde Observatory, Cape Point and
Amsterdam Island, respectively. 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 enrichment 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 Hg%q concentration
for Cabo Verde Observatory compared to Mace Head may be attributed to the much higher
mean SST corresponding 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 2). 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 Figure 7).
Higher SSTs enhance Hg%q diffusivity and reduce its solubility, resulting in lower seawater
concentrations.
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Figure 7: 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 Figure 6, 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.

We compare our estimates to reported surface ocean concentrations in the literature obtained
from direct measurements. The estimates from Mace Head and Cabo Verde Observatory are
compared to values from the North Atlantic and Arctic oceans, while those from Cape Point
and Amsterdam Island are compared to values from the Southern and South Atlantic oceans
(no published measurements are available for the Indian Ocean, to the best of our knowledge;
see Dastoor et al., 2025). We acknowledge, nevertheless, that our estimates are not directly
comparable to these reported measurements for several reasons (this applies for our evasion
flux estimates as well, in the next section). While the combination of measurements from
multiple short-term studies can capture the full variability in surface ocean Hglyq
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concentrations, individual measurement campaigns, which typically span a few days to a few
weeks (see Table 3 and Table 4, for example), primarily reflect transient conditions. In contrast,
our estimates, which are derived from multi-year (Hg%ir) observations, represent long-term
averages. Also note that, some of the studies denote the surface water gaseous Hg
measurements as dissolved gaseous mercury (DGM; e.g., Gardfeldt et al., 2003; Wang et al.,
2017), the sum of Hg%q and dimethylmercury (DMHg). Outside of upwelling regions (Adams
et al., 2024), it has been shown that surface ocean DGM concentrations comprise of mostly
Hg'q, with very minor (if any) contributions from DMHg (e.g., Mason and Fitzerald, 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 Hg%%q.

Table 2: Summary (mean = 1 standard deviation) of steady state Hg'ir (i.e., Hg%ir(ss)) concentration, T, H',
and resultant surface ocean Hg'q 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 Hg'ir(ss), these are
the hourly Hg%i observations grouped by back trajectory recent MBL residence time. The individual T
values are the mean SSTs for the trajectories corresponding to the Hg%;- observations, considering only
SSTs associated with segments assigned MBL. These T values are in turn used to obtain H' values, which,
together with the Hg%ir concentrations are used to calculate Hg%q concentrations according to Eq. (3.2).

Site Hg%ir(ss) T H' Hgl%q

[ng m™] K] [pg L]
Mace Head 1.51+0.02 284.53 £0.92 0.217 +0.006 7.00+0.21
Cabo Verde Obs. 1.16 £0.02 294.89 £0.92 0.291 +0.007 4.00+0.12
Cape Point 1.01 +£0.01 288.03 +£1.52 0.240+0.011 422+0.21
Amsterdam Isl. 1.06 £0.01 285.59 £ 1.08 0.224 +0.007 4.74+0.16

Comparison of our Hg'%q estimates to direct measurements from the literature is presented in
Table 3 and Table 4 for the NH and SH sites, respectively. As seen in Table 3, there is
considerable variability in reported surface ocean Hg’,q concentrations in the North Atlantic
and Arctic oceans. Our Mace Head- and Cabo Verde Observatory-based estimates (7.00 = 0.21
pg L' and 4.00 £ 0.12 pg L', respectively), 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 ~4-5 pg L'!) and Bowman et al. (2014) (10 = 6 pg L), as well as the non-ice-covered Arctic
Ocean concentrations from DiMento et al. (2019) (6.42 + 6.01 pg L), for example. The
estimates are rather low compared to the values reported for the Baltic Sea by Osterwalder et
al. (2021) (13.5+ 3.5 pg L") and Wingberg et al. (2001) (~ 17 pg L"), and especially the Irish
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west coast (~ 21 pg L'; Gardfeldt et al., 2003), the western North Atlantic (mean values ranging
between ~ 18 and 39 pg L'!; Soerensen et al., 2013) and the Arctic Ocean by Andersson et al.
(2008b) (44.13 £22.06 pg L.

The relatively high concentrations reported for the Baltic Sea, Irish west coast and western
North Atlantic (from Soerensen et al., 2013), for instance, are (near-)coastal measurements 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 Hg’q
estimates reflect open ocean conditions. Coastal waters typically exhibit higher Hg
concentrations 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 accumulation of Hg%q in seawater (Andersson et
al., 2008b; DiMento et al., 2019).

For the SH, in situ Hg%q measurements are very limited. Nevertheless, for available
measurements, our Cape Point (4.22 £ 0.21 pg L) and Amsterdam Island (4.74 + 0.16 pg L)
estimates are somewhat comparable to the values reported in the South Atlantic mid-latitudes
in autumn (8 + 3 pg L', Kuss et al., 2011). The estimates also compare well to the Southern
Ocean measurements reported for summer (7.0 + 6.8 pg L") and winter (9 = 5 pg L") by
Nerentorp Mastromonaco et al. (2017) but are low compared to the summer Southern Ocean
measurements from Wang et al. (2017) (24 + 13 pg L. Bratki¢ et al. (2016) report total
column DGM measurements for the South Atlantic, with values seeming around 0-10 pg L
near the surface (see Figure 6 in Bratkic et al., 2016).

3.3.5 Estimation of ocean net Hg? evasion fluxes

We also used the observed relationship between Hg%ir concentrations and air mass recent MBL
residence time to estimate 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 Section A3,
Appendix A.
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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) ng m™ h! for
the oceanic airmass source regions for Mace Head, Cabo Verde Observatory, Cape Point and
Amsterdam Island, respectively (Figure A3.1, Section A3). Presented in Table 3 and Table 4
are these estimates compared to reported values from the literature (calculated using in situ
measurements of Hg%: and surface ocean Hg’q concentrations) for the NH and SH sites,
respectively.

As with the Hg%,q concentrations, there is a large variability in reported flux estimates in the
North Atlantic and Arctic oceans, with mean evasion fluxes ranging from 0 to around 7 ng m
2h!. Our Mace Head- and Cabo Verde Observatory-based estimates are comparable to values
such as those reported for the Baltic Sea in winter (0.83 ng m™ h™'; Wingberg et al., 2001) and
summer (0.6 + 06, ng m? h'!; Osterwalder et al., 2021), as well as the North Atlantic mid-
latitudes (0.42 £ 0.36 ng m? h'!, Andersson et al., 2011). The estimates are quite low compared
to reported values in Irish west coast (2.7 ng m2 h!; Gardfeldt et al., 2003) and the western
North Atlantic (mean values in the range of ~ 2-7 ng m? h'!; Soerensen et al., 2013).

For the SH, there are only a few flux values in the literature (Table 4). The Cape Point- and
Amsterdam Island-based mean estimates from our study are within the range of Southern
Ocean values reported by Nerentorp Mastromonaco et al. (2017), which show marked seasonal
variability (-0.2 = 1.3, 0.4 = 1.5 and 1.1 = 1.6 ng m? h'! in summer, winter and spring,
respectively. The estimates are lower than the Southern Ocean value from Wang et al. (2017)
(1.5+1.8ngm™h).

Table 3: Reported surface ocean Hg’q concentrations as well as Hg” air—sea exchange fluxes in the North
Atlantic and Arctic oceans obtained from direct measurements, and the estimates from this study based on
the relationship between mean Hg'ir 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 Hg%%q concentration ~ Hg® exch. flux Reference

[pg LJ*° e
Baltic Sea 2-15 Jul 1997 17.6 1.58 Waingberg et al. (2001)
Baltic Sea 2-15 Mar 1998 17.4 0.83 Wingberg et al. (2001)
Irish west coast Sep 1999 21.4 2.7 Gérdfeldt et al. (2003)
Artic Ocean 13 Jul-25 Sep 2005 44.13 £22.06 - Andersson et al. (2008b)
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N. Atlantic

midlatitudes Nov 2008 16 £4 Kuss et al. (2011)

N. Atlantic subtropics ~ Nov 2008 10+2 - Kuss et al. (2011)

N. Atlantic -

midlatitudes May 2009 4+1 Kuss et al. (2011)

N. Atlantic subtropics ~ May 2009 5+1 - Kuss et al. (2011)
North Atlantic 7-11 Jul 2005 11.6+2.0 0.42+0.36 Andersson et al. (2011)
N.W. Atlantic 17-27 Aug 2008 32.1+£12.0 43+34 Soerensen et al. (2013)
N.W. Atlantic 21-26 Sep 2008 25.7+4.0 3.0+29 Soerensen et al. (2013)
N.W. Atlantic 24-27 Jun 2009 24.0+4.0 47+3.7 Soerensen et al. (2013)
N.W. Atlantic 31 Aug—4 Sep2009 223428 21£07 Soerensen et al. (2013)
N.W. Atlantic 29 Sep—7 Oct 2009 18.1+4.8 22+17 Soerensen et al. (2013)
N.W. Atlantic 4-9 Aug 2009 393+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+6.01¢ 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 6.42+6.01¢ 04+2.8¢ DiMento et al. (2019)
Arctic Ocean 9-12 Oct 2015 20.26 + 19.65¢ 2.8+£10.43" DiMento et al. (2019)
Baltic Sea 10 May—20 Jun 2017 13.5+3.5 0.6£06 Osterwalder et al. (2021)
Mace Head Feb 1996-Jan 2020 7.00£0.21 0.86 (0.50-1.21)# Present study

Cabo Verde Obs. Dec 2011-Dec 2015 4.00+0.12 0.57 (0.40-0.74)¢ Present study

2 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 ng m3, fM or pM, and converted here to pg L' as follows: 1 ngm>=1pg L', 1 fM = 0.20059 pg
L' and 1 pM =200.59 pg L.

¢ Some fluxes reported in ng m? d!, pmol m? h™!' or pmol m? d'', and converted here to ng m? h™' as follows: 1 ngm? d"' = 1/24 ng
m2h', 1 pmol m? h'!' =0.20059 ng m? h'' and 1 pmol m? d-! = 0.20059/24 ng m? 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 4: Similar Table 3, 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 Hg"4 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 HgP%q conc. Hg? exch. flux Reference

[pg L] [ng m?h-'}?
S. Atlantic subtropics ~ Apr 2009 9+2 - Kuss et al. (2011)
S. Atlantic midlat. Apr 2009 8+3 - Kuss et al. (2011)
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S. Atlantic 24 Dec 201127 Jan 2012 45 +29* -

Bratkic et al. (2016)

Southern Ocean 8 Jun—12 Aug 2013 945 04+15 N-Mastromonaco et al. (2017)
Southern Ocean 14 Aug—16 Oct 2013 12+7 1.1£1.6 N-Mastromonaco et al. (2017)
Southern Ocean 8 Dec 2010-14 Jan 2011 7+6.8 -02+1.3 N-Mastromonaco et al. (2017)
Southern Ocean 13 Dec 20141 Feb 2015 24 +13 1.5+1.8 Wang et al. (2017)

Cape Point Mar 2007-Dec 2017 4.22+0.21 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

2 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 ng m and converted here to pg L' as follows: 1 ngm= =1 pg L.
¢Mean and the upper and lower bounds of the 95 % confidence interval of the mean.

3.3.6 Global extrapolation

By extrapolation of our site-specific flux results, we estimated a global mean evasion flux. For
this, we assume that the mean of our Mace Head- and Cabo Verde Observatory-based
estimates, 0.71 ngm2h' (95 % CI: 0.45-0.97 ng m2 h'!), is representative of the North Atlantic
and Arctic oceans (combined area: ~ 57.048 million km?), and the mean of the Cape Point- and
Amsterdam Island-based estimates, 0.73 ng m™? h! (0.57-0.89 ng m2 h'!), is representative of
the Southern, South Atlantic and Indian oceans (~ 132.79 million km?). For the Pacific Ocean
(~ 168.723 million km?), which is not covered by our observatories, we use the mean of the
four estimates, 0.72 ng m?2 h™' (0.51-0.93 ng m? h'!). Under these assumptions, we obtain a
global mean evasion flux of around 2270t y™!, with a 95 % confidence interval of 1600-2900 t
y'!. This flux is rather small compared to recent model estimates, which range from 2800 to
4000 Hg® t y'! (Horowitz et al., 2017; AMAP/UNEP, 2018; Outridge et al., 2018; Shah et al.,
2021; Zhang et al., 2023), suggesting that net oceanic Hg” emission may currently be
overestimated. Such an overestimation may relate to the parameterisation 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; Osterwalder et al., 2021).

That being said, our estimate is evidently subject to significant uncertainties, particularly due
to the strong assumption that the results corresponding to individual sites and their oceanic
areas of influence (see Figure 7) are somewhat representative of larger oceanic regions. In
addition, back trajectories, on which our estimate is based, provide only a general indication of
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air mass source regions, and are prone to large uncertainties from possible errors in input
meteorological fields as well as numerical models (Yu et al., 2009).

3.4 Summary and conclusions

In this study, we combined long-term Hg%: 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 Hg%, variations, even after filtering the data
to extract observations representative of MBL conditions. 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 Hg’ir concentrations and the recent residence time
of air masses in the MBL. Our results showed a gradual increase in mean Hg’%;: concentration
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 Hg’ir concentration normalised by the Henry’s law constant matches
the surface ocean Hg%q concentration. This provides strong evidence that ocean Hg emissions
directly influence the observed Hg'%;: concentrations at the sites. Combined with the weak
seasonal and diurnal variability at the sites, our findings suggest that recent air mass MBL
residence time has a stronger influence on Hg%;: concentrations in the MBL than seasonal and
diurnal factors, such as solar radiation.

Using the relationship between mean Hg’,ir concentrations and air mass recent MBL residence
time at the sites, we estimated surface ocean Hg%q concentrations as well as ocean net Hg’
evasion fluxes for the North Atlantic and Arctic oceans (AA) and the Southern, South Atlantic
and south Indian oceans (SSI). The estimated Hg",q concentration was in the range of ~ 4-7 pg
L! for the AA and around 4 pg L™! for the SSI, while the mean evasion flux was around 0.6—
0.8 ngm™ h'and 0.5-0.7 ng m™ h'! for the AA and SSI, respectively. Extrapolating the fluxes
to the global scale, we derived a net global Hg’ evasion flux of around 2270 t y!' (95 % CI:
1600-2900 t y!). While this global estimate is based on strong assumptions and is subject to
significant uncertainties, it suggests that current model estimates of net Hg® evasion flux
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(2800-4000 Hg° t y') 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 Hg',q concentrations). These efforts are particularly crucial in the SH, where
direct measurements are currently very sparse. Such comprehensive measurements would
significantly improve our understanding and modeling of Hg cycling in the MBL.

The methodology applied here could be improved. In particular, the air mass back trajectories
could be computed with higher spatially and temporally resolved meteorological 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, a relatively
low-resolution input data (NCEP/NCAR Reanalysis) was 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 Hg’.ir observations, where the currently available
measurements span multiple years, in studying air—sea exchange as well constraining surface
ocean Hg%4 concentrations and net ocean Hg? evasion fluxes.
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Chapter 4 — Constraining the influence of sea
surface temperature and aquatic primary
productivity on gaseous elemental mercury air—sea
exchange using ground-based atmospheric
observations

This chapter is based on the following paper, which is in preparation for submission:

Koketso M. Molepo, lan M. Hedgecock, Alkuin M. Koenig, Francesco Carbone, Ralf
Ebinghaus, Aurelien Dommergue: Constraining the influence of sea surface temperature and
aquatic primary productivity on gaseous elemental mercury air—sea exchange using ground-
based atmospheric observations. In preparation for submission

Abstract

Air-sea exchange of gaseous elemental mercury (Hg) plays a pivotal role in the global
mercury (Hg) biogeochemical cycle, yet the mechanisms driving this exchange remain poorly
understood. This study examines the potential influence of sea surface temperature (SST) and
surface ocean primary productivity on atmospheric Hg® (Hg%ir) concentrations in the marine
boundary layer, assuming a direct link between the concentrations and Hg® air—sea exchange
fluxes. We analyse 12 years of Hg%;: measurements at Mace Head, Ireland, together with SST
observations and satellite-retrieved surface ocean chlorophyll-a concentrations, the latter
representing primary productivity, and examine relationships across different temporal scales.
At the diurnal and seasonal scales, Hg%ir concentrations were inversely related to SSTs,
contrary to expected evasion enhancement with warmer waters, suggesting that, on a large
scale, SST-driven emission increases are minor or are masked by concurrent processes such as
vegetation uptake or phytoplankton uptake. No meaningful Hg%i—SST relationships were
observed at the interannual scale. Hg'ir showed a strong inverse relationship with surface ocean
primary productivity at seasonal and interannual scales, consistent with enhanced
phytoplankton Hg’;i: uptake or surfactant-mediated evasion suppression with high

51



productivity. However, at the seasonal scale, a similarly strong anticorrelation was observed
with NDVI, in line with previously established vegetation uptake control on northern
hemispheric Hg%;ir seasonality. Moreover, no correlation was observed between seasonal Hg'r
and chlorophyll-a at Cape Point in the southern hemisphere, casting doubt on the seasonal
aquatic primary productivity influence at Mace Head. On the other hand, at Cape Point, annual
mean Hg%;: concentrations were also inversely related to chlorophyll-a, supporting the
interannual link between Hg%;r and aquatic primary productivity. We also observe that, while
the long-term Hg%: decline at Mace Head is likely linked to vegetation uptake, interannual
variability may be related to oceanic productivity. These findings highlight surface ocean
primary productivity as a key modulator of Hg%;r air-sea exchange on interannual scales, a
driving factor that has so far been largely overlooked.

4.1 Introduction

Understanding the dynamics of mercury (Hg) in different environmental compartments is
crucial to constraining the global Hg biogeochemical cycle. At the air—sea interface, the
exchange of gaseous elemental Hg (Hg’) plays a pivotal role in determining the fate and
distribution of Hg in the environment. Atmospheric deposition, as the dominant source of Hg
(Hg®, plus divalent Hg, Hg") to the oceans, significantly influences concentrations of marine
Hg (Strode et al., 2007; Horowitz et al., 2017; AMAP/UNEP, 2018; Zhang et al., 2019, 2023;
Jiskra et al., 2021; Shah et al., 2021). Conversely, a large portion of the deposited Hg is re-
emitted back to the atmosphere (as Hg"), with ocean emissions estimated to contribute roughly
one-third to the total annual atmospheric Hg burden (Horowitz et al., 2017; AMAP/UNEP,
2018; Zhang et al., 2019; Shah et al., 2021). Through this recurrent deposition and re-emission,
ocean emissions prolong the residence time of Hg in the environment (Strode et al., 2007,
Amos et al., 2013). On the other hand, reduction of dissolved Hg! to Hg’ in seawater and its
subsequent evasion to the atmosphere decreases the pool of Hg'" available in the surface ocean
for transformation to the neurotoxic methylmercury (Lehnherr, 2014).

Despite its significance in global Hg cycling, Hg® air-sea exchange remains poorly constrained,
due to limited direct observations as well as an incomplete understanding of the environmental
parameters influencing this process (Zhang et al., 2019; Osterwalder et al., 2021; Li et al., 2024;
Dastoor et al., 2025). In this context, we aim to gain a better understanding of Hg" air-sea
exchange using long-term atmospheric Hg® (Hg%) observations from ground-based coastal
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monitoring sites. We infer Hg® air—sea exchange from patterns observed in the observations
and their relation to environmental factors.

Sea surface temperature (SST) is one of the key variables thought to strongly influence Hg"
air—sea exchange (e.g., Andersson et al., 2008; Soerensen et al., 2013; Osterwalder et al., 2021).
Higher SSTs not only enhance microbial reduction of Hg!" to Hg® (Soerensen et al., 2013; Lee
and Fisher, 2019), but also increase the diffusivity of Hg® in seawater, both of which promote
evasion. Observational studies have reported positive relationships between Hg i
concentrations in the marine boundary layer (MBL) and SSTs. For example, Bieser et al. (2020)
observed that elevated Hg%;: concentrations at Cape Point were associated with air masses from
the warm Agulhas Current, while Carbone et al. (2016) found a positive correlation between
Hg%ir concentrations at Mauna Loa Observatory and SSTs over the Pacific Ocean. In the
northern Adriatic Sea, Floreani et al. (2019) reported significantly higher Hg® evasion fluxes
in summer compared to autumn and winter, coinciding with increased SSTs. While these
studies indicate SST as a positive driver of evasion, no prior work, to our best knowledge, has
systematically assessed its influence on Hg%ir air—sea exchange and the resultant variability in
Hg%;: concentrations across different time scales using long-term datasets.

Another potentially important, yet underexplored, driver of Hg® dynamics in the MBL is
surface ocean primary productivity. Aquatic primary producers, which contribute ~ 50 % of
the annual global primary productivity (Field et al., 1998), can influence Hg cycling in the
marine environment through several mechanisms. For example, laboratory studies show that
phototrophs and their exudates can reduce Hg" to Hg’ (Grégoire and Poulain, 2014 and
references therein; Liang et al., 2022), thereby promoting evasion. On the other hand, recent
experimental work (Santos et al., 2024) suggests that phytoplankton may also sequester Hg %,
acting as a net sink. In addition, accumulation of biological surfactants in the surface ocean
microlayer, which are derived largely from phytoplankton and their exudates (Tsa and Liu,
2003), can form a physicochemical barrier that suppresses air—sea gas exchange (e.g., Tsa and
Liu, 2003; Pereira et al., 2018; Li et al., 2024). Despite these opposing mechanisms, the net
role of surface ocean primary productivity in modulating Hg%;: concentrations in the MBL has
not been extensively explored.
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In this study, we investigate the potential influence of SST and surface ocean primary
productivity on Hg’i concentrations in the MBL, assuming a direct link between Hgl
concentrations and air-sea exchange. We analyse 12 years (2008-2019) of Hg'
measurements from Mace Head, a coastal monitoring station on the Irish west coast that
primarily samples clean North Atlantic air masses. SST data are obtained from the Irish Marine
Data Buoy Observation Network (IMDBON), and MODIS-Aqua surface ocean chlorophyll-a
concentrations are used to represent sea surface primary productivity. By examining
relationships between Hg%;: concentrations and these variables across different time scales, this
work aims to improve understanding of how these oceanic parameters modulate Hg? air-sea
exchange.

4.2 Data and methods
4.2.1 Study area

The study mainly uses Hg%- observations from the Mace Head atmospheric research station
on the west coast of Ireland. Relationships are examined between the observations and SSTs
measured from offshore buoys located along the Irish coast, as well as satellite-retrieved
surface ocean chlorophyll-a concentrations averaged over the North Atlantic Ocean. Figure 8
shows the locations of Mace Head and the observational buoys, as well as the spatial domain
over which the chlorophyll-a data were averaged.

4.2.2 Datasets

4.2.2.1 Hg measurements at Mace Head

Mace Head (53°20" N, 9°54" W) is located in County Galway on the west coast of Ireland
(Figure 8). The site is exposed to the North Atlantic Ocean with a wide clean sector between
180° and 300° (Ebinghaus et al., 2011), making it ideal to study atmospheric composition under
northern hemispheric background conditions but also under regionally polluted European
continental conditions when air masses originate from the east (Ebinghaus et al., 2011). On
average, over half of the air masses sampled at Mace Head originate within the clean sector,
having recently travelled thousands of kilometres across the North Atlantic Ocean (Ebinghaus
et al.,, 2011; Molepo et al., accepted). The site experiences a mild, moist climate, with an
average air temperature of about 10 °C, generally high relative humidity (80—85 %) and annual
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rainfall of about 1200 mm (www.macehead.org, last access: June 2022). Air is sampled from
a 10 m a.gl. tower situated 100 m from the shoreline and 50 m from the high-water mark. The
nearest major urban area, Galway city, is located approximately 90 km to the east of Mace
Head, and there are no nearby industrial activities influencing measurements at the site
(Ebinghaus et al., 2011). Mace Head is operated by the Atmospheric Science Research Group
at the National University of Ireland (Kock et al., 2005), and is part of several international
research networks including the Global Mercury Observation System (GMOS) and the World
Meteorological Organisation’s (WMO) Global Atmosphere Watch Programme (GAW).

Since September 1995, atmospheric Hg measurements have been carried out at Mace Head
using a Tekran Model 2537 A/B analyser (Tekran Inc., Toronto, Canada). As described in
detail in Molepo et al. (accepted), the analyser operates via Hg enrichment on a gold cartridge,
followed by thermal desorption and detection by cold vapour atomic fluorescence spectroscopy
(CVAFS) at 253.7 nm (Fitzgerald and Gill, 1979; Bloom and Fitzgerald, 1988). The instrument
features two gold cartridges, switching between them to allow for alternating sampling and
desorption, resulting in continuous sampling of the incoming air. The instrument is operated
with a 15 min temporal resolution, reporting concentrations in nanograms per cubic metre at
standard temperature and pressure (STP) conditions (273.15 K and 1013.25 hPa), and has a
detection limit of around 0.1 ng m™. In this study, we used the Hg measurements aggregated
into hourly averages. Automated calibration of the analyser occurs every 25 hours using an
internal permeation source. The internal permeation source is in turn validated ~ every 6
months using manual injection of saturated Hg vapour from a temperature-controlled vessel
adapted following the Dumarey et al. (1985) procedures. Further information on the sampling
procedure, including quality assurance and quality control measures in operation at Mace Head,
are detailed in other studies (e.g., Ebinghaus et al., 2011; Weigelt et al., 2015).

Some studies refer to the Tekran 2537A/B measurements at Mace Head as total gaseous
mercury (TGM; TGM = Hg%%i + gaseous oxidised mercury, Hg'%:) (e.g., Andersson et al.,
2011; Ebinghaus et al., 2011; Custédio et al., 2020, 2022). However, the measurements are
most likely of Hg%; rather than TGM, as Hg'%i: is easily lost to sea-salt deposits in the inlet
tubing and filters of the instrument (Weigelt et al., 2015). Moreover, TGM typically comprises
mostly (> 98 %) Hg%i (e.g., Soerensen et al., 2010a; Yin et al., 2018; Wang et al., 2019).
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Therefore, we refer to the Tekran 2537A/B measurements at Mace Head as Hg'r and do not
distinguish between TGM and Hg'%, including when citing other studies.
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Figure 8: Visualisation of the study area. (a) The red box shows the spatial domain (North Atlantic Ocean;
99° W-10° W, 17° N-67 °N) over which the surface ocean chlorophyll-a concentrations were averaged to
generate a monthly mean time series. The blue box encompasses the domain shown in panel (b). (b)
Locations of Mace Head (blue circle) and the IMDBON buoys (triangles). The study primarily uses SST's
measured at buoys M6, M4 and M3 (triangles in red).
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4.2.2.2 SST observations

SST data were obtained from the Irish Marine Data Buoy Observation Network (IMDBON;
www.marine.ie, last access: February 2025), which consists of five offshore observation buoys
deployed around the Irish coast (Figure 8). Operating since 2001, the network provides hourly
mean values of several meteorological and oceanographic variables including air temperature,
relative humidity, wind speed, wind direction, SST and wave height (www.marine.ie). The
network is managed by the Irish Marine Institute in collaboration with Met Eireann and the UK
Met Office, and is part of WMO’s Global Telecommunications System (wWww.marine.ie).

In this study, we primarily use SST data from buoys M6, M4 and M3, located west, northeast
and southwest of Mace Head, respectively (Figure 8(b)). Where SST data from the other two
buoys (M2 and M5) are used, this is explicitly stated.

4.2.2.3 Sea surface chlorophyll-a concentrations

To assess the potential influence of surface ocean primary productivity on Hg’i concentrations
at Mace Head, we used surface ocean chlorophyll-a concentration data from the Moderate
Resolution Imaging Spectroradiometer (MODIS) aboard NASA’s Aqua satellite (NASA,
2022). Chlorophyll-a concentration is widely used as a proxy for ocean primary productivity
(e.g., Wernand et al., 2013; Ye et al., 2015; Gregg and Rousseaux, 2019). The data were
originally obtained from NASA’s Ocean Biology Processing Group (OBPG;
https://oceandata.sci.gsfc.nasa.gov) and further processed and distributed by the Integrated
Climate Data Center (ICDC), Centre for Earth System Research and Sustainability (CEN),
Universitit Hamburg, Germany (https://www.cen.uni-hamburg.de/icdc; last access: April
2025).

The ICDC-processed dataset, spanning the period September 2002—July 2024, were provided
in daily NetCDF files with a global coverage at spatial resolution of ~ 4.63 km x 4.63 km
(https://www.cen.uni-hamburg.de/icdc). From this dataset, we generated a daily mean surface
ocean chlorophyll-a concentration time series by spatially averaging the data over the North
Atlantic Ocean (99° W—10° W, 17° N-67 °N; see Figure 8(a)).

57


http://www.marine.ie/
http://www.marine.ie/
http://www.marine.ie/
https://oceandata.sci.gsfc.nasa.gov/
https://www.cen.uni-hamburg.de/icdc
https://www.cen.uni-hamburg.de/icdc

4.2.2.4 NDVI

While this study focuses on sea surface parameters, it is important to consider terrestrial
vegetation photosynthetic activity when examining temporal Hg'; variability at northern
hemispheric midlatitudes, due to its proposed strong influence via vegetation Hg’ir uptake
(e.g., Jiskra et al., 2018; Feinberg et al., 2022). To represent terrestrial vegetation activity, we
used normalised difference vegetation index (NDVI; e.g., Jiskra et al., 2018; Fu et al., 2019;
Ballabio et al., 2021) data derived from the MODIS instrument aboard NASA’s Terra satellite
(Didan, 2021). The data, originally from the Land Processes Distributed Active Archive Center
(LP DAAC), was also processed and distributed by the ICDC (https://www.cen.uni-
hamburg.de/en/icdc/data/land/modis-vegetationindex.html; last access: June 2025).

The ICDC data, which were provided as global monthly means in NetCDF format, have a
spatial resolution of 0.05° x 0.05° and span the period from 2000 to 2024. For this study, we
averaged the NDVI values over the entire northern hemisphere (~180° W—180° E, 0°-90 °N)
to generate a monthly mean time series.

4.2.3 Air mass back trajectories

To estimate the origin of air masses arriving at Mace Head, we use the same HYSPLIT (Hybrid
Single-Particle Lagrangian Integrated Trajectory; Stein et al., 2015) air mass back trajectories
from Molepo et al. (accepted). Briefly, for each hourly Hg%;: observation, a 144-hour (i.e., 6-
day) air mass back trajectory starting at 50 m above model ground level was computed, using
the National Centers for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis data (Kalnay et al., 1996) for model input. The reanalysis data has
a spatial resolution of 2.5° and a temporal resolution of 6 hours.

4.2.4 Data treatment

4.2.4.1 Hg'ir data filtering

While Mace Head predominantly receives clean marine air masses, the site is also influenced
by anthropogenic pollution from continental Europe (e.g., Ebinghaus et al., 2002, 2011;
Custodio et al., 2022; Molepo et al., accepted). This influence can obscure natural signals in
the Hg'ir record, such as those associated with oceanic Hg® evasion (e.g., Molepo et al.,
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accepted). To assess the influence of anthropogenic emissions, we generated a clean sector
(filtered) Hg%;: dataset, following an approach similar to Ebinghaus et al. (2002), who defined
the clean sector as the wind sector between 180° and 300°. In the present study, we used the
air mass back trajectories (Section 4.2.3) to identify clean sector observations: an hourly data
point was classified as a clean sector observation if the corresponding back trajectory remained
within the 180°-300° sector over the full 6-day travel time.

Generally, we did not observe substantial differences between the analyses performed with the
filtered vs unfiltered data. Therefore, we present and discuss results based on the unfiltered
Hg%;: data. Where the filtered dataset is used, this is explicitly stated.

4.2.4.2 Hg'%ir and NDVI detrending

We also generated time series of detrended Hg’,ir and NDVI over the study period (2008-2012;
see Section 4.3.4.3 below), both of which exhibit long-term linear trends (downward for Hg%%i
and upward for NDVI; see Figure 9). Detrending was performed by fitting a linear model of
each variable as a function of time (in seconds since the start of the dataset) and then subtracting
the linear trend from the original data.

As well, we present mainly the analyses with the original (non-detrended) datasets and
explicitly state where detrended data are used.

4.2.4.3 Study period selection and calculation of temporal averages

Due to differences in the temporal coverage of the datasets (for example, the Mace Head Hg %
data were available from February 1996 to January 2020, whereas the M6 and M3 SST records
were available from September 2006 and May 2007 onwards, respectively), the study period
was limited to January 2008—December 2019 for consistent data coverage across the variables.
Although data are available from May 2007 for all variables, 2007 data were discarded to
ensure comparable (i.e., calculated with January—December data) annual mean values within
each dataset.

From the datasets, we calculated diurnal, monthly, seasonal and annual averages (diurnal
averages were computed only for Hgi: and SST). Note that here, “monthly” refers to
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individual calendar months within each year (e.g., January 2008, February 2008, etc.), while
“seasonal” refers to multi-year (i.e., long-term) averages for each month (i.e., the average of
all Januaries from 2008 to 2019, etc.).

The original time series over the analysis period, including their summary statistics, are

presented in Figure 9.
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Figure 9: Overview of the main datasets used in the study over the analysis period (January 2008 and
December 2019). (a) Hourly mean Hg%:- concentrations at Mace Head, (b) hourly mean SSTs measured at
buoys M3, M4 and M6, (c) daily mean surface ocean chlorophyll-a concentrations over the North Atlantic
and (d) monthly mean NDVI averaged over the northern hemisphere. (¢) Summary of the datasets, showing
the mean, standard deviation (std. dev.), total number of data points (per temporal resolution) and
percentage data coverage (i.e., proportion of valid or non-missing) over the analysis period.
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4.2.5 Statistical analysis

All analyses were conducted using the R programming language (R Core Team, 2024). Most
of the data processing was performed with packages from tidyverse (Wickham et al., 2019), in
particular dplyr. All figures, including maps, were created with the ggplot2 package (Wickham,
2016). Correlations were computed using the corr.fest function within the psych package
(Revelle, 2025), while cross-correlations were computed with the base R function ccf (R Core
Team, 2024).

4.3 Results and discussion

4.3.1 Overview of Hg’ir concentrations at Mace Head

Between January 2008 and December 2019, hourly mean Hg’%;: concentrations at Mace Head
averaged 1.39 £ 0.21 ng m (mean =+ standard deviation), ranging between 0.55 and 8.19 ng
m™ (Figure 9(a)). The mean seasonal and diurnal Hg’;: variability at the site (Figure B1.1(a)
and Figure B1.1(b), respectively, Appendix B) have been described in previous studies (e.g.,
Ebinghaus et al., 2002; Jiskra et al., 2018; Custddio et al., 2022; Molepo et al., accepted).
Briefly, the concentrations are on average higher in winter (December—April, averaging 1.44
+ 0.22 ng m™ for 2008 to 2019) than in summer and spring (May—November, 1.35 = 0.19 ng
m™), similar to other ground-based and cruise-based measurements in the northern hemisphere
(e.g., Temme et al., 2003; Soerensen et al., 2010a, 2014; Xia et al., 2010; Sprovieri et al., 2016;
Custodio et al., 2022). Proposed explanations for this pattern include increased anthropogenic
emissions from fossil-fuel combustion for heating in winter (Ebinghaus et al., 2002; Lan et al.,
2012), increased vegetation Hg%;: uptake in summer (Jiskra et al., 2018; Feinberg et al., 2022)
as well as higher North Atlantic Ocean Hg” emissions in winter (Soerensen et al., 2010b). The
diurnal variability is rather weak, with the daily mean minimum and maximum values
representing a less than 2 % change from the overall mean, consistent with other studies that
have reported negligible mean Hg’%;: diurnal variability in the MBL in the open ocean (e.g.,
Soerensen et al., 2010a; Wang et al., 2017; Wang et al., 2019; Molepo et al., accepted).

Annual mean concentrations show a decreasing trend (—0.033 ng m™ y™! over our analysis
period; Figure B1.1(c)), in line with observations at other northern hemisphere sites (e.g., Cole
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et al., 2014; Marumoto et al., 2019; Custodio et al., 2022; Feinberg et al., 2024). The downward
trend has been attributed to decreased global anthropogenic emissions (Zhang et al., 2016;
Feinberg et al., 2024), increased terrestrial net primary productivity (Jiskra et al., 2018) and
reduced emissions from the North Atlantic due to declining subsurface Hg concentrations
(Soerensen et al., 2012).

While anthropogenic emissions and terrestrial vegetation activity may contribute to the
temporal Hg’ir variability at Mace Head, other lines of evidence suggest an important role of
Hg’ air-sea exchange with the North Atlantic Ocean (e.g., Soerensen et al., 2010b, 2012).
However, the role of surface ocean parameters such as SST and primary productivity in
modulating this exchange has not been thoroughly explored. In the following sections, we
examine how SST and surface ocean primary productivity in the North Atlantic may contribute
to the temporal variability in Hg%: concentrations at Mace Head, assuming a direct link
between Hg%;ir concentrations and Hg air—sea exchange.

4.3.2 Hg'ir relationships with SST and surface ocean primary productivity

4.3.2.1 Hg'air and SST

Figure 10, Figure 11(a) and Figure 12(a) show the diurnal, seasonal and annual mean Hg'%;
concentrations at Mace Head, respectively, together with SSTs measured at buoys M3, M4 and
M6 along the Irish coast. At both the diurnal- and seasonal-scales (Figure 10 and Figure 11(a),
respectively), the Hg%i concentrations are strongly anticorrelated with SSTs across all buoys
(R =-0.83, —0.92 and —0.86 with M3, M4 and M6 SSTs, respectively, at the diurnal scale; R
=—-0.68, —0.73 and —0.72 with M3, M4 and M6 SSTs, respectively, at the seasonal scale; p <
0.05 1in all cases). This observation is counterintuitive, considering current understanding of
Hg’-SST dynamics in the MBL. Warmer waters generally enhance the microbial reduction of
Hg'" to Hg’ (Soerensen et al., 2013; Lee and Fisher, 2019), which increases surface ocean Hg’
concentrations and induces Hg? evasion. Additionally, higher SSTs increase the diffusivity and
decrease the solubility of Hg’ in seawater, both of which further promote evasion. Indeed,
studies conducted at other locations have reported positive relationships between MBL Hg%
concentrations and SSTs, for example, Bieser et al. (2020) at Cape Point in the Southern Ocean,
Carbone et al. (2016) at Mauna Loa Observatory in the Pacific Ocean and Floreani et al. (2019)
in the northern Adriatic Sea, as previously mentioned.
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Figure 10: Normalised mean diurnal variation in Hg'.ir concentration at Mace Head and SST at buoys M3,
M4 and M6 for the period 2008-2019. The horizontal line represents the normalised mean value (i.e., 1 ng
m for Hg%ir concentration and 1 °C for SST); actual (non-normalised) mean values are provided in the
table in Figure 9. The dashed vertical line is plotted along 12:00 local time. Pearson correlation coefficients
(R) and associated p-values (p) between Hg'%i- and SST at each buoy are shown on the top right, with colours
matching the corresponding SST time series (red for M3, dark green for M4 and light green for M6).

Inspection of diurnal-scale Hg'i—SST cross-correlations considering M2, M4 and M6 SSTs
reveals an east-to-west pattern in correlation strength, with peak anticorrelation occurring at
different time lags depending on buoy position relative to Mace Head (Figure 13). The negative
Hg%i—SST correlation is strongest with M2 (east of Mace Head), M4 (similar longitude) and
M6 (west) SSTs at a lag of —2, 0 and +1 hours, respectively. This pattern, as well as the strong
inverse relationship with the SSTs, indicates that the mean diurnal Hg%; variation is more
strongly influenced by other solar radiation-enhanced processes than by SST-induced evasion.
The strong anticorrelation with SSTs at the seasonal scale also suggests the influence of other
solar radiation-driven processes. Such processes could include Hg’i uptake by terrestrial
vegetation (e.g., Jiskra et al., 2018; Feinberg et al., 2022) and photooxidation. Indeed, we find
a strong negative correlation between the seasonal mean Hg%: concentrations and NDVI
averaged over the northern hemisphere (Figure 11(b); R = —0.72, p < 0.05). Without higher
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resolution NDVI data, it is difficult to determine whether terrestrial vegetation uptake is also a
key driver of the mean diurnal Hg%;: variability.
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Figure 11: Normalised mean seasonal variation in Hg'ir concentration at Mace Head along with (a) SST at
buoys M3, M4 and M6 and (b) surface ocean chlorophyll-a concentration over the North Atlantic Ocean
and (c) NDVI over the northern hemisphere. The horizontal line in each panel represents the normalised
mean value (i.e., 1 ng m> for Hg%i concentration, 1 °C for SST and 1 mg m? for chlorophyll-a
concentration; NDVI is unitless); actual (non-normalised) mean values are shown in the table in Figure 9.
Pearson correlation coefficients (R) and associated p-values (p) between Hg'ir and the variables are shown
on the top right, with colours matching the corresponding time series. The months have been ordered
starting in June, such that the seasonal cycle starts in summer and ends in spring.
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The hypothesis that vegetation uptake is a major driver of diurnal Hg;: variability at northern
hemispheric midlatitudes has been proposed by Jiskra et al. (2018). However, we do not believe
that this is the case at Mace Head for two reasons. (i) In our previous study (Molepo et al.,
accepted), we showed that the amplitude of the mean diurnal cycle at Mace Head is not only
low but also exhibits little seasonal variation (see Figure A1.3 here, Appendix A). If vegetation
uptake were the main driver, strong seasonal differences would be expected due to higher
uptake rates in summer than in winter. (i1) The amplitude of the mean diurnal variation at Mace
Head is similar to that observed at Cape Point and Amsterdam Island in the southern
hemisphere (Molepo et al., accepted; Figure A1.3). Jiskra et al. (2018) argue that vegetation
uptake is much weaker in the southern hemisphere compared to the northern hemisphere, which
they suggest explains the more pronounced seasonal Hg’: variability in the northern
hemisphere vs the southern hemisphere. Based on this, it would be expected that the diurnal
variation magnitude at Mace Head exceeds that in the southern hemisphere, particularly in
summer, when vegetation uptake rates are highest, which is not the case. These observations
make it unlikely that vegetation uptake is the dominant factor controlling the diurnal cycle at
Mace Head.

Regarding redox chemistry, our previous study (Molepo et al., accepted) also derived a mean
net Hg%ir oxidation rate in the MBL, using chemical transport model results from Shah et al.
(2021). Here, applying this rate, 2.5 x 10* h'!, we assessed whether oxidation alone could
account for the observed mean diurnal Hg%; variation at Mace Head, by comparing the
expected decrease in concentration due to oxidation with the observed decrease. We focus on
the 7-hour window from the late morning peak (at 10:00) to the afternoon minimum (17:00),
during which the observed mean Hg%ir concentration declines from 1.395 ng m™ to 1.377 ng
m™, a decrease of 0.018 ng m™ (Figure B1.1(b)). Assuming exponential decay due to oxidation,
the expected concentration decrease is calculated as:

c(t) = co.e7 5, (5.1
where c(t) is the Hg’i concentration after time ¢ cy the initial concentration (the 10:00

maximum, 1.395 ng m™), k the oxidation rate (2.5 x 10* h'") and ¢ the time (7 hours). This
yields a concentration of 1.393 ng m™, a decrease of only 0.0024 ng m™. Compared to the
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observed decrease (0.018 ng m™), the expected decline from oxidation loss is approximately
eight times smaller. Although Eq. (5.1) is an oversimplification and neglects concurrent
processes and replenishment (e.g., oceanic evasion), it nonetheless provides an upper-limit
estimate of oxidation-driven loss. Even under this assumption, the oxidation-driven decline is
insufficient to account for the observed decrease, indicating that additional processes are
involved. Similarly, at the seasonal scale redox chemistry alone has been deemed insufficient
to explain observed Hg',i: variability (e.g., Jiskra et al., 2018; Feinberg et al., 2022).
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Figure 12: Normalised mean annual variation in Hg"ir concentration at Mace Head along with (a) SST at
buoys M3, M4 and M6 and (b) surface ocean chlorophyll-a concentration over the North Atlantic Ocean
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and (c) NDVI over the northern hemisphere. The horizontal line in each panel represents the normalised
mean value (i.e., 1 ng m> for Hg%i concentration, 1 °C for SST and 1 mg m> for chlorophyll-a
concentration; NDVI is unitless); actual (non-normalised) mean values are shown in the table in Figure 9.
Pearson correlation coefficients (R) and associated p-values (p) between Hg%ir and each dataset are shown
on the top right, with colours matching the corresponding time series.

To decouple the strong seasonal influence of vegetation uptake, we also assessed the Hg%i—
SST relationships using deseasonalised monthly mean values, that is, with the long-term
monthly means (i.e., seasonal cycle) subtracted from the original time series. These results
showed no meaningful relationships between monthly mean Hg%;: concentrations and SSTs
(not shown).

For annual means, Hg%i: exhibits weak and statistically insignificant responses to SSTs (Figure
12(a); R = —0.44, 0.09 and —0.29 with M3, M4 and M6, respectively; p > 0.05 in all cases),
indicating no meaningful relationships at zero-lag.

Anthropogenic emissions also influence Hg%;: concentrations at Mace Head (Ebinghaus et al.,
2002, 2011; Custodio et al., 2022; Feinberg et al., 2024; Molepo et al., accepted), potentially
obscuring the link between observed concentrations and SST-enhanced evasion. To assess the
potential influence of anthropogenic pollution on our findings, we repeated all analyses
(including those in Section 4.3.3.2 below) with the clean sector Hg';: dataset (see Sect 4.2.4.1
for the filtering procedure). The results, presented in Figure B1.2-Figure B1.4, Appendix B,
show minimal differences compared to the unfiltered data, suggesting that anthropogenic
emissions have a negligible impact on the Hg’,ir—SST relationships (as well as the results in
Section 4.3.3.2 below) observed in our study.
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Figure 13: Pearson cross-correlations between diurnal mean Hg'%i- concentrations at Mace Head (predicted
variable) and SSTs (predictor variable) measured at buoys (a) M2, (b) M4 and (c) M6.

4.3.2.2 Hg%ir and surface ocean primary productivity

Presented in Figure 11(b) and Figure 12(b) are the mean seasonal and annual Hg%
concentrations along with surface ocean chlorophyll-a concentrations from the North Atlantic
Ocean, respectively. Seasonally, Hg%: levels exhibit a moderate inverse relationship with
chlorophyll-a, although the correlation is not statistically significant (Figure 11(b); R = —0.56,
p > 0.05). Cross-correlation analysis (Figure B2.1(a), Appendix A) reveals a stronger and
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statistically significant inverse relationship with a delay of one month (R = —0.71, p < 0.05).
These results suggest that, at the seasonal scale, processes that may enhance net Hg? evasion,
such as phytoplankton-mediated reduction of Hg" to Hg’, are outweighed by processes that
may reduce net Hg evasion, such as phytoplankton Hg%i: sequestration and/or surfactant-
driven evasion suppression, and that the latter two processes significantly contribute to seasonal
Hg'%: variability at Mace Head.

However, this apparent oceanic influence should be interpreted with terrestrial vegetation
Hg%%;: uptake in mind, since (i) both oceanic and terrestrial primary productivity exhibit similar
seasonal patterns (Figure 11) and (ii) the control of terrestrial vegetation on northern
hemispheric seasonal Hg'i: variability is well established (e.g., Jiskra et al., 2018; Feinberg et
al., 2022). At zero lag, the seasonal Hg';: concentrations show a stronger, statistically
significant anticorrelation with NDVI (R = —0.72, p < 0.05), which is stronger than the
corresponding Hg%;r-chlorophyll-a relationship. While at the one-month lag seasonal Hg':
shows a significantly strong anticorrelation with chlorophyll-a, a similarly strong
anticorrelation is observed with NDVI with the same lag (Figure B2.1(b); R =-0.73, p <0.05).
This suggests that aquatic primary productivity may also contribute to seasonal modulation of
Hg'% at the site, possibly with a delayed effect, alongside terrestrial vegetation uptake.
However, it is difficult to attribute the seasonal aquatic primary productivity contribution in
the presence of terrestrial vegetation activity.

At the interannual scale, the influence of oceanic primary productivity becomes clearer. As
previously mentioned, increased net terrestrial vegetation activity has been proposed as one of
the factors driving the observed long-term downward trend in northern hemispheric Hg':
concentrations (Jiskra et al., 2018). Consistent with this, we observe a significantly strong
inverse relationship between mean annual Hg’,i: concentrations and NDVI (Figure 12(c); R =
—0.62, p <0.05), whereas the correlation with chlorophyll-a is weak and insignificant (Figure
12(b); R=-0.31 p > 0.05). However, despite the arithmetically weak correlation of Hg%;: and
chlorophyll-a, Figure 12(b) shows an inverse relationship between Hg'%;: and chlorophyll-a,
which is slightly masked by the downward Hg’; trend. Indeed, detrending the Hg’i data
completely decouples the Hglu: relationship with NDVI (R = 0.19, p > 0.05) while
strengthening that with chlorophyll-a (R = —0.68, p < 0.05), as observed in Figure 14. Even
after detrending NDVI, the relationship between detrended mean annual Hg%;: and NDVI is

69



weak and insignificant (R = 0.32, p = 0.305; not shown). These results suggest that, while
terrestrial vegetation uptake contributes to the long-term Hg’% downward trend, interannual
variability is related to surface ocean primary productivity.
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Figure 14: Similar to Figure 12(b) and Figure 12(c), but with the Hg'ir data detrended to remove the long-
term trend.

To further investigate, we extended the Hg’i—chlorophyll-a analysis to the southern
hemisphere. At Cape Point, on the southwestern tip of South Africa, the surrounding South
Atlantic and Southern oceans are a known net source of Hg%ir (e.g., Bieser et al., 2020; Slemr
et al., 2020; Molepo et al., accepted). Combining Cape Point Hg%;i: measurements with surface
ocean chlorophyll-a concentrations from these oceans (see Section B4, Appendix B for details
on the southern hemispheric datasets), we examined relationships between the two variables at
seasonal and annual scales. Seasonally, no correlation was found between Hg%; and
chlorophyll-a concentrations (Figure B1.5), despite having similar productivity (mean 0.40 +
0.14 std. dev.: 0.43 + 0.14 mg m™ for 2008-2019 for the North Atlantic; 0.40 + 0.14 mg m>
between 20082017 for the South Atlantic and Southern Ocean). At the interannual scale
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(Figure 15(a)), however, as with Mace Head, Hg'ir concentrations show an inverse relationship
with chlorophyll-a. Although the correlation is moderate and not statistically significant (R =
—0.45, p > 0.05), which may be due to the small data set, this inverse relationship supports the
strong link between surface ocean primary productivity and Hg’i concentrations on
interannual scales. However, the lack of a seasonal Hg’,ir—chlorophyll-a relationship at Cape
Point, where the influence of terrestrial vegetation uptake is much less dominant (Jiskra et al.,
2018), raises questions whether the Hg%i-chlorophyll-a relationship at Mace Head is merely
an artefact of the terrestrial vegetation-driven Hg%;: seasonality at the northern hemispheric
site.
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Figure 15: Normalised mean annual variation in Hg%i- concentration at Cape Point and surface ocean
chlorophyll-a concentration over the South Atlantic and Southern oceans between 2008 and 2017. The
horizontal line represents the normalised mean value (i.e., 1 ng m= for Hg';ir concentration and 1 mg m-
for chlorophyll-a concentration); actual (non-normalised) mean values are shown in the table in Figure
B3.1. The pearson correlation coefficients (R) and associated p-values (p) between the two time series is
shown on the top right.

4.3.3 Drivers of interannual chlorophyll-a variability

As discussed in the previous section, both hemispheres show an inverse relationship between
interannual Hg’%;: concentrations and surface ocean primary productivity. This raises the
question of the underlying drivers of interannual variability in primary productivity. A
plausible factor is biomass burning, which can deposit anomalously high levels of nutrients
(such as iron) to the surface ocean, stimulating phytoplankton growth (e.g., Wang et al., 2022;
Weiss et al., 2022; Liu and Wang, 2025). However, biomass burning would also increase Hg%:
concentrations, leading to a positive correlation between Hg’;: and surface ocean chlorophyll-
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a concentrations, opposite to our observations. Furthermore, Slemr et al. (2020), who also
analysed the mean interannual Hg%; variability at Cape Point, concluded based on concurrent
patterns in other gases (e.g., CO and radon), that the variability is likely linked to oceanic rather
than terrestrial processes.

4.4 Summary and conclusions

This study aimed to improve understanding of Hg air-sea exchange by investigating the
potential influence of SST and surface ocean primary productivity on this process. We analysed
12 years (2008-2019) of Hg’ir measurements from Mace Head, Ireland, alongside SST
observations from offshore buoys and satellite-derived surface chlorophyll-a concentrations in
the North Atlantic Ocean, the latter representing surface ocean primary productivity. Assuming
that Hg%ir concentrations at Mace Head are directly influenced by Hg® air-sea exchange, we
investigated their relationship with SST and chlorophyll-a. To account for the known influence
of terrestrial vegetation on Hg’ cycling in the northern hemisphere, we also analysed NDVI
data. Relationships between Hg’,ir and these variables were examined across diurnal, seasonal
and interannual scales.

At the diurnal and seasonal scales, Hg'ir concentrations were inversely related to SSTs,
contrary to expectations of enhanced Hg” emissions with warmer waters due to increased
microbial production, decreased solubility and increased diffusivity of Hg® in seawater. This
suggests that, in the North Atlantic, SST-driven increases in Hg’ emissions may be minor
and/or masked by concurrent opposing processes, such as terrestrial vegetation uptake,
phytoplankton uptake or increased boundary layer height, which also generally respond
positively to solar radiation. Future studies should quantitatively assess SST-driven evasion by
isolating it from the effects of these competing processes. At the interannual scale we observed
no significant Hg%: correlations with SSTs.

Regarding surface ocean primary productivity, we found strong negative correlations between
Hg%ir and chlorophyll-a concentrations at the seasonal and annual scales. This suggests that
processes such as Hg%ir sequestration by phytoplankton or surfactant-driven suppression of
Hg® evasion outweigh phytoplankton-mediated Hg" (to Hg’) reduction and substantially
contribute to the Hg',ir variability at Mace Head. However, seasonal Hg';: also showed a strong
negative relationship with NDVI, making it difficult to ascertain seasonal oceanic primary
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productivity influence from terrestrial vegetation uptake. Moreover, at Cape Point in the
southern hemisphere, where terrestrial vegetation uptake is negligible, no seasonal Hg%i—
chlorophyll-a correlation was found, bringing into question whether the seasonal Hg’yi-
chlorophyll-a relationship observed at Mace Head is an artefact of the terrestrial vegetation-
driven Hg’;r seasonality. Further studies are needed to confirm whether oceanic productivity
plays a meaningful seasonal role at Mace Head.

On the other hand, a similar interannual Hg%i—chlorophyll-a signal was found at Cape Point,
confirming the interannual link between Hg%;: and aquatic primary productivity on a global
scale. Moreover, at Mace Head, we also found that, while the long-term decrease in Hg’,r
levels may be related to terrestrial vegetation activity, interannual variability may be strongly
tied to oceanic primary productivity. These findings show that surface ocean primary
productivity, a driving mechanism which has largely been overlooked, may play a significant
role in modulating Hg? air-sea exchange and resultant Hg%;: concentrations in the Marine
Boundary Layer (MBL).
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Chapter 5 — Overall conclusions and outlook

In this dissertation, elemental mercury (Hg’) air—sea exchange has been extensively examined
using long-term atmospheric Hg’ (Hg'%ir) concentration measurements from four ground-based
coastal monitoring sites: Mace Head (Ireland) and Cape Point (South Africa), the longest
continuous Hg% records in the northern and southern hemisphere, respectively, Cabo Verde
Observatory (sub-tropical North Atlantic) as well as Amsterdam Island (remote Indian Ocean).
These datasets, combined with air mass back trajectory analyses and ancillary environmental
data, provided new insights into Hg” air-sea exchange processes not previously accessible with
short-term in situ measurements from shipboard sampling campaigns.

The work addressed three key objectives:

1) Assessing the influence of Hg" air-sea exchange on observed Hg’,ir concentrations.
2) Constraining the net global Hg? air-sea exchange flux.
3) Understanding the influence of different environmental drivers on Hg? air—sea exchange.

The first study (Chapter 3) showed that Hg%ir concentrations at all the monitoring sites
gradually increase with air mass recent residence time in the Marine Boundary Layer (MBL),
consistent with the thin film gas exchange model. This relationship enabled estimation of a net
global ocean Hg’ evasion flux; the first time the flux is estimated from Hg%;: concentration
change with airmass MBL exposure time. The derived flux, ~ 2270 t y™' (95 % confidence
interval: 1600-2900 t y!), is lower than current chemical transport model (CTM) estimates,
which range between 2800 and 4000 t y'! (e.g., Horowitz et al., 2017; AMAP/UNEP, 2018;
Outridge et al., 2018; Shah et al., 2021; Zhang et al., 2023). While the estimate from the present
work is not without uncertainty, it suggests that CTMs overestimate the net flux. Interestingly,
a recent study, Tang et al. (2025), which also used long-term ground-based measurements of
Hg i concentrations, along with isotopic compositions, similarly derived a global evasion flux
lower than CTM estimates, concluding that gross oceanic Hg® emissions should be below 2250
ty!+891ty! (1 stand. dev.). A major source of uncertainty in CTM-based estimates is the
air-sea gas transfer velocity, which, for Hg’ there is currently a critical lack of in situ
measurements. Current CTM estimates are based on gas transfer velocities derived for other
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trace gases, such as CO», together with surface wind speed (e.g., Wanninkhof, 1992; McGillis
et al., 2001; Nightingale et al., 2000). This approach is problematic as gases with different
solubilities do not respond uniformly to the physical processes driving air—sea exchange,
meaning that wind speed-based parameterisations developed for one gas may not be directly
applicable for others (Osterwalder et al., 2021). In this dissertation, these gas transfer velocity
parameterisations could be circumvented, with fluxes estimated using observed concentration
changes with air mass recent residence time in the MBL. This work underscores the
applicability of indirect observations in constraining Hg’ air-sea exchange, considering the
limited availability of in situ flux measurements.

Despite evidence that oceanic emissions significantly influence observed Hg%;: concentrations,
all sites showed weak mean seasonal and especially diurnal Hg’,i variability, a puzzling feature
also reported at other locations in the MBL (e.g., Soerensen et al., 2010a, 2013; Wang et al.,
2017; Wang et al., 2019). This observation contrasts with expectations of strong variability in
oceanic emissions in response to strongly varying environmental parameters such as sea
surface temperature (SST), solar radiation and wind speed, which have been suggested to
substantially influence Hg’ air-sea exchange. The weak variability may point to the following:
(i) that ocean Hg” emissions themselves exhibit limited mean seasonal and diurnal variability,
and/or (i1) that other processes are masking the variability. One potential major contributor to
(i) could be dark reduction and its role in sustaining surface ocean dissolved Hg" (Hg%q)
concentrations. As proposed by Lamborg et al. (2021), dark reduction, rather than
photoreduction, as had been previously believed, may be the dominant source of Hg’,q in the
surface ocean. Being largely independent of climatic conditions, dark reduction may be
maintaining relatively stable (that is, exhibiting weak seasonal and diurnal variability) surface
ocean Hg’,q levels, leading to relatively stable emissions and consequently weak seasonal and
diurnal variability in Hg” air concentrations in the MBL. Nonetheless, even with steady Hg’q
concentrations, variability in physical exchange processes, such as wind-driven turbulence and
SST-driven enhancement of evasion, could still modulate exchange fluxes. To disentangle the
relative contributions of supply-side controls (i.e., Hg%q concentrations) and physical exchange
mechanisms to the observed weak variability in Hg%ir concentrations in the MBL, extensive,
simultaneous measurements of Hg’ir and Hg’,q together with relevant environmental
parameters are needed.
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Regarding (ii), the second study (Chapter 4), using Hg’r concentrations at Mace Head,
examined the potential role of SST in modulating Hg® air—sea exchange, assuming a direct link
between the concentrations and air-sea exchange. Contrary to expectations of enhanced
evasion with warmer waters, due to increased microbial reduction of Hg' as well as increased
diffusivity and decreased solubility of Hg" in seawater, concentrations exhibited strong
negative correlations with SSTs at both diurnal and seasonal scales. This finding also
contradicts with previous studies reporting positive Hg’~SST relationships at other locations,
such as the north Adratic Sea (Floreani et al., 2019), Mauna Loa in the Pacific Ocean (Carbone
et al., 2016) and Cape Point (Bieser et al., 2020). However, the Mauna Loa (Carbone et al.,
2016) and Cape Point (Bieser et al., 2020) studies, for instance, did not explicitly, extensively
assess SST influences on seasonal and diurnal scales. The most direct comparison is the study
by Floreani et al. (2019), who analysed seasonal-diurnal variations in Hg® evasion fluxes, and
reported significantly higher fluxes in summer compared to autumn and winter, coinciding with
increased SST (and incident solar radiation). It should be noted, however, that the
measurements from Floreani et al. (2019), based on the flux chamber technique (discussed in
Chapter 2.3.1), only reflect micro-environmental conditions. Similarly, laboratory experiments
demonstrate a positive SST effect on microbial Hg" reduction (e.g., Lee and Fisher, 2019), but
the large-scale impact is unclear. While such studies are crucial for isolating and understanding
individual mechanisms, they do not account for interacting variables in natural systems.

As demonstrated in this dissertation, on a large scale, or at least in the open North Atlantic
(where the air masses sampled at Mace Head originate), SST increases do not correspond to
observable increases in Hg%;: concentrations. Instead, concentrations are negatively correlated
with SST, likely reflecting the influence of opposing processes, such as phytoplankton uptake
(Santos et al., 2024), foliar uptake (e.g., Jiskra et al., 2018) and increased boundary layer height,
which also respond positively to solar radiation. In summary, while SST likely enhances
seawater Hg" production and evasion under controlled environments, on a large scale (both
spatially and temporally) its impact may be outweighed by concurrent processes that suppress
Hg%ir concentrations. Findings from this dissertation show the value of long-term, ground-
based observations in complementing in situ and laboratory approaches for a more
comprehensive understanding of environmental controls on Hg? air—sea exchange.
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Also examined in Chapter 4 was the potential net influence of surface ocean primary
productivity, which may influence air-sea Hg® dynamics through various, contrasting
mechanisms: mediating aqueous Hg" reduction (Grégoire and Poulain, 2014; Kim et al., 2016;
Lee and Fisher 2018; Liang et al., 2022), sequestering Hg% (Santos et al., 2024) as well as
forming biological surfactants that suppress air—sea gas exchange (Tsa and Liu, 2003; Pereira
et al., 2018; Li et al., 2024). Negative correlations were found between Hg%;i: concentrations
and surface ocean chlorophyll-a concentrations in the North Atlantic (used to represent primary
productivity) at seasonal and interannual scales, suggesting that phytoplankton uptake and/or
surfactant-driven evasion suppression outweigh phytoplankton-mediated Hg® production, and
that the former mechanisms significantly contribute to Hg%;: variability in the North Atlantic
region. However, seasonal mean Hg’i: concentrations also showed a strong negative
relationship with NDVI, consistent with the well-established impact of foliar uptake (e.g.,
Jiskra et al., 2018; Feinberg et al., 2022). At Cape Point, where foliar uptake is minimal, no
seasonal Hg’s—surface ocean primary productivity relationship was found, raising the
possibility that the observed Mace Head Hg’i—surface ocean primary productivity signal is
simply an artefact of the foliar-uptake-driven Hg’: seasonality, since both aquatic and
terrestrial primary productivity exhibit the same seasonality.

On the other hand, a similar interannual Hg’i—chlorophyll-a signal was found at Cape Point,
confirming the interannual link between Hg%;: concentrations and aquatic primary productivity
on a global scale. Moreover, from the Mace Head analysis, the present work also showed that,
while the long-term decrease in Hg%i levels in the northern hemisphere is more likely related
to terrestrial vegetation activity, interannual variability may be more strongly tied to oceanic
primary productivity.

Together, these findings suggest that, on a global scale, surface ocean primary productivity has
a substantial influence on Hg’ air-sea exchange and resultant concentrations in the MBL.
However, at the season scale in the northern hemisphere, concentrations may be more strongly
influenced by terrestrial vegetation uptake. Further analysis, performed at more sites in both
hemispheres, is needed to evaluate whether oceanic productivity plays a meaningful seasonal
role in Hg air cycling in the MBL. In addition, further studies are needed to isolate and quantify
the roles of phytoplankton uptake vs surfactant presence.
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In conclusion, this dissertation provides new constraints on Hg® air—sea exchange and cycling
in the MBL. It underlines the roles of atmospheric transport and oceanic variables, and in
particular, surface ocean primary productivity, a factor that has been largely overlooked, in
shaping Hg%ir concentrations in the MBL. Moreover, the dissertation demonstrates the value
and applicability of indirect observations, that is, ground-based Hg%ir measurements, in
constraining Hg” air-sea exchange and building a more comprehensive understanding of this
crucial component of the global Hg cycle. These datasets, which are more comprehensive, can
help bridge knowledge gaps stemming from the scarce availability of direct observations.
Notwithstanding, this does not diminish the need for direct observations. Moving forward,
progress will require coordinated, widespread, frequent and high-resolution in situ
measurements of both Hg%i: and Hg%,q, along with relevant meteorological and oceanographic
data. These measurements are essential for deriving Hg’-specific air—sea transfer velocities,
addressing uncertainties arising from the wind-based parameterisations derived from other
gases, and for improving understanding of how different environmental drivers modulate Hg’
air—sea exchange.
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Appendix A — Supplementary information for
Chapter 3

Al. Supplementary figures
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Figure Al.1: Hourly mean Hg'i- concentrations at (a) Mace Head, (b) Cabo Verde Observatory, (c) Cape
Point and (d) Amsterdam Island. The mean + 1 standard deviation as well as the range of the hourly
observations are shown in each panel. Note that the extent of both the x- and y-axis differs across the four
panels.
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Figure A1.2: Illustration of the trajectory-segment categorisation applied in the study. (a) Framework of
the trajectory-segment categorisation applied in the study. Bathymetry denotes the GEBCO-derived
bathymetry at the location of the trajectory, “hw,” the height above ground/sea level of the trajectory
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segment, and “hpsL” the ERA5-obtained PBL height at the instance (i.e., the time and geographical location)
of the trajectory segment. Segments over the ocean at a height equal to or below the PBL height are assigned
MBL, while those over the ocean above the PBL are FT_ocean. Similarly, segments over land at or below
the height of the PBL are assigned CPBL, while those over land above the PBL are FT_terrestrial. (b)
Randomly generated trajectory points to illustrate the categorisation
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Figure A1.3: Normalised mean atmospheric Hg? diurnal variation at the fur study sites in different seasons.
Summer, autumn, winter and spring refer to Jun—Aug, Sep—Nov, Dec—Feb and Mar—May, respectively, for
Mace Head and Cabo Verde Observatory, and to Dec—Feb, Mar—-May, Jun—Aug and Sep—Nov, respectively,
for Cape Point and Amsterdam Island. The mean = the standard deviation of the hourly observations in
each season is shown in the panel. The shaded area shows the mean + 2 times the standard error. The
horizontal line represents the normalised mean value (i.e., 1 ng m~) and the dashed vertical line is plotted
along 12:00 local time.
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Figure A1.5: Similar to Figure 4 in the main text but also including the MBL _i, Terr_i and Mixed Hg'ir
datasets for each site. The mean, standard deviation and proportion of hourly observations assigned to each
category is provided in Table S1 in this Supplement.
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Figure A1.6: Similar to Figure 5 in the main text but also including the MBL_i, Terr_i and Mixed Hg®
datasets for each site. The mean, standard deviation and proportion of hourly observations assigned each
category is provided in Table S1 in this Supplement.
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Table A1.1: Hg'ir mean concentration, standard deviation as well as proportion of the data from the full
the full data (“All data”) classified into the group, for the groups MBL_i, Terr_i and Mixed, at the four

study sites.

Mean Std. dev. Proportion
Group ng m?] [ng m?] of All data
[%0]

Mace Head

All data  1.53 0.26

MBL i 1.53 0.24 28.73

Mixed 1.52 0.27 71.24

Terri i 1.70 0.35 0.03
Cabo Verd Obs.

All data 1.19 0.13

MBL i 1.19 0.11 53.39

Mixed 1.21 0.14 46.61

Terri 1 — — 0
Cape Point

All data 1.01 0.13

MBL i 1.01 0.12 42.95

Mixed 1.00 0.13 56.96

Terri_i 1.07 0.20 0.09
Amsterdam Isl.

Alldata  1.06 0.07

MBL i 1.06 0.07 55.74

Mixed 1.06 0.07 44.26

Terri i1 — — 0
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Figure A1.7: Seasonal variation in the relationship between mean Hg%;r concentration and air mass recent
MBL residence time at Mace Head, Cabo Verde Observatory, Cape Point and Amsterdam Island. Summer,
autumn, winter and spring refer to Jun—-Aug, Sep—Nov, Dec—Feb and Mar—May, respectively, for Mace
Head and Cabo Verde Observatory, and to Dec—Feb, Mar—May, Jun—Aug and Sep—Nov, respectively, for
Cape Point and Amsterdam Island. The bars show 2 times the standard error of the means. The extent of
the y-axis differs across the four sites.
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A2. Hg'ir concentration in relation to air mass recent MBL residence time

We used the HYSPLIT air mass back trajectories to investigate the relationship between
observed Hg%;: 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
Hg%i: observation) spent in the MBL in the past 144 hours 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 categorisation (described in Section 3.2.2, Chapter 3). We then group together the
Hg'%;: observations according to recent air mass MBL residence time, at an hourly temporal
resolution.

Figure A2.1 shows the mean Hg%i 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 (Figure A2.1(g) and Figure A2.1(i), respectively), there is a clear pattern of increasing
mean Hg’ir concentration with recent air mass MBL residence time, albeit with some outliers.
At Mace Head, we observe an increase in mean Hg’i: concentration from 0 to about 14 hours
in the MBL, followed by a decline until about 48 hours, a slight increase, and then steady
concentrations (Figure A2.1(a)). Cabo Verde Observatory shows a similar pattern, with
decreasing concentrations until about 60 hours of MBL duration, followed by an increase until
about 68 hours and then mostly steady Hg",ir concentrations (Figure A2.1(d)).

We expected the pattern observed at Cape Point and Amsterdam Island to be present at Mace
Head and Cabo Verde Observatory as well, so we investigated further. Since anthropogenic 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 Hg%%ir concentrations and
air mass recent residence time in the MBL is obscured by anthropogenic emissions. This would
explain the relatively high mean Hg%ir concentrations at low MBL residence times at the two
NH sites (Figure A2.1(a) and Figure A2.1(d)). To reduce the impact of anthropogenic
emissions, we removed the hourly Hg%;: observations where the air mass recently had contact
with the terrestrial surface, i.e., where the corresponding air mass back trajectory has any
segments classified as CPBL (see Figure A2.2 for an illustration of the of the trajectory
filtering). These results, referred to as No CPBL, are shown in the middle column of Figure
A2.1. We tested various (less strict) versions of this filter, for instance, removing the Hg%;
observations where the back trajectory had a certain percentage of segments in the CPBL only
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in the last 6, 12, or 24 hours before arrival at the site (not shown). These various filters produced
more or less similar results to the No CPBL filter.

As seen in Figure A2.1(b) and Figure A2.1(e), reducing the influence of the terrestrial
environment at Mace Head and Cabo Verde Observatory, 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. Further 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-points (equivalent to half a day’s observations) minimum
filter, removing groups with fewer than 12 observations. This rule was applied to all sites, and
the results (Minimum data points) are presented on the right-hand panels of Figure A2.1.

90



All data No_CPBL Min. data points

‘W’E 1.70-(5') 1704 (b) 1704 (c)
o 160 1604 * b 1,60
—_ L WL
S 1508 W. 1.50 - ‘VW 1,50+ W
c [ ]
S 14048 1404 ‘Saete 1.404 te
c:; 1.30 4 1304 *® 1.30 4
T
1.20 e 1.20 e 1,20 e
0 12 24 35 48 60 72 84 96 108120132144 0 12 24 36 48 60 72 84 961081201321 44 0 1224 35 48 60 72 84 96 108120132144
@ g5,y 1.45 1.45 4
'e (d) (e) ()
o 1354  e® 1354 1.354
E 1251 SO 125+ mn 1.254 n
1T (] r I &
£ 1151 , 145 % 1.154 :
S 054 1.05 4 % 1,054 4
] e
o 0.951 0.95 0.951
T
T N Ry Y30 S N [y, .7 S —
0 12 24 35 48 60 72 84 96 108120132144 0 12 24 36 48 60 72 84 96108120132144 0 1224 35 48 60 72 84 96 108120132144
— 1.10 1.10
i h
E 1.05-(9) 1.05-( )
= - -
= 1.00- LY o 1.00- £ .
(é “. %
g 0.95-“‘.&' . 0.95-:".%’ .
5 pgo*? 0904
Y .
o
e — L —
0 1224 35 48 60 72 B4 961081 20132144 0 1224 35 48 60 72 B4 961081 20132144
— 1.10 1.10
L] . .
= (i) I () i
= SRR YO LY AT,
2 105 % # - 105 o *J
g ey £
o [ ]
O 1.004 »n 1.00 1 ~»
‘@
OUJ
T o095 0.95

0 12 24 36 48 60 72 84 96108120132144 0 12 24 36 48 60 72 84 96108120132144
Air mass recent MBL residence time Air mass recent MBL residence time
[no. of hours] [no. of hours]

Figure A2.1: Mean Hg'ir 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 data set is used at each site. In the middle panels (“No_CPBL”),
Hg"%ir 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 to the left is used but MBL residence times with less than 12 Hg -
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.
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Figure A2.2: Illustration of the back trajectory-based filtering applied at Mace Head and Cabo Verde
Observatory, with a sample from Jul-Dec 2013. The left-side panels ((a) and (c)) show the trajectories
corresponding to the whole data, and on the right ((b) and (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.

Influence of Agulhas Current region emissions at Amsterdam Island

The Hgir observations at Amsterdam Island show a clear pattern of increasing concentration
with air mass recent MBL residence time (Figure A2.1(i)—(j)). Nevertheless, there are
occurrences 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
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observations has an unusually high value (considering the site’s mean of 1.06 = 0.07 ng m™),
over 1.3 ng m>. Further investigation into these unusually high concentrations showed a close
association with air masses coming from the Agulhas Current region. This finding is analogous
to that of Bieser et al. (2020), who observed that elevated Hg%ir concentrations at Cape Point
were linked to air masses from the warm Agulhas Current region. We therefore remove all
hourly observations at Amsterdam Island where the corresponding trajectory has travelled over
the Agulhas Current region (Figure A2.3). For Cape Point, we did not observe the same impact,
hence the same filtering was not applied.
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Figure A2.3: Illustration of the Agulhas Current filtering applied at Amsterdam Island. (a)—(c) Mean Hg
concentration against air mass recent MBL residence time, and ((b)—(d)) the corresponding air mass back
trajectories (a sample, Jan—Jun 2013). (a) Is the same as Figure A2.1(j), while in (c) Hg%ir observations
where the back trajectory has travelled over the Agulhas Current (defined as latitude between 40° S and
27° S and longitude between 20° E and 50° E) have been removed (as shown in (d)). In panels (a) and (c)
the bars show 2 times the standard error of the means. On the maps the location of the station is shown by
the yellow triangle and the dotted horizontal line shows 0° latitude.
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A3. Constraining ocean net Hg® evasion fluxes from the observed relationship between
mean Hg%ir concentration and air mass recent MBL residence time

We use the observed relationship between mean Hg%;: concentration 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 trajectory (Brasseur and Jacob, 2017):

% - i(h:BL B L)’ (A

where u = c¢/p, is the mass mixing ratio of Hg" in air, c is the Hg? air concentration and p,
the air density, /pg;. is the planetary boundary layer height, F is the air-sea Hg® exchange flux
and L is the net chemical loss of Hg®. The flux F and net loss L terms are expressed according
to:

F = ky(cw— ). (A2)
L = cRgy, (A3)

where k, is the gas transfer velocity, ¢, is the seawater dissolved Hg® concentration and H' =
c/c,, is the dimensionless Henry's law constant, and R is the net chemical loss rate of Hg® in
the MBL.

Substituting Egs. (A2) and B(3) into Eq. (A1) and multiplying the resulting equation by air
density ps = 1.275 kg m™ at standard temperature and pressure (Ty = 273.15 K, ps = 10° Pa,
IUPAC), we obtain the equation for Hg® air concentration at standard temperature and pressure
(as measured by Tekran):

dc
d _ B _ Ac (A4)
dt
k kwc
where A = —Y— 4+ cR., and B = ZstZwiw
H'hppy, Pa hpBL

Assuming A4 and B are constants in the first approximation, Eq. (A4) has a solution:
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c(t) = % — (% — co) e~ At (A5)
where ¢y 1s the initial concentration at ¢ = 0.

Equation (AS) can be transformed to

c(t) = coq — De™™, (A6)
where ¢, = B/A is the equilibrium concentration (t — o), and D = c.q — Co.

Equation (A6) describes the temporal change in the Hg® concentration (at standard temperature
and pressure) in an air parcel moving along a trajectory.

We obtain c., by averaging the Hg'ir concentrations at the steady state. Shown in the left-most
panels of Figure A3.1 are the c.4 values (which are also described in Section 3.3.3 of Chapter
3). Next, taking the natural logarithm of ce,—c, we obtain from Eq. (A5):

ln(ceq - c) = InD — At. (A7)
Plotting /n(ce.q—c) against air mass MBL residence time and applying a linear approximation,
we obtain 4 and /nD, as well as the standard error (SE) of 4 (see middle panels of Figure A3.1).

Using the 4 and /nD, we obtain the final approximation of ¢(?), as shown in the left-most panels
of Figure A3.1.
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Figure A3.1: Sequential process of estimating mean ocean net Hg® evasion fluxes from the relationship
between mean Hg%i- concentration and air mass recent MBL residence time at the monitoring sites. Left-
most panels: Mean Hg'ir concentration against air mass recent MBL residence time (black dots), with the
mean steady state Hg'ir concentration (ce;) and the approximation for ¢(?) (curve and equation) also shown.
The shading gives the approximate 95 % confidence interval of c(?) (derived using 4 + 2 times SE of A).
Middle panels: In(ce,—c) against air mass recent MBL residence time. Also illustrated is the linear
approximation of /n(c.;—c) (curve and the equation) as well as the resultant 4 (including the SE of A4, in
brackets) and /nD estimates. Right-most panels: Ocean net Hg? 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 4 + 2 times SE of 4). The mean values of the
curves, ur, are shown on the top right.
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Flux estimations using the relationship between mean Hg'u» concentrations and air mass
recent MBL duration

Substituting expressions for 4 and B from Eqgs. (A4) into Eq. (A2) and taking into account that
Cey = B/ A, we derive:

a A-R¢
F = hppA (% Coq =5 c) . (A8)
Assuming p, = py we finally obtain:
A-R,
F = hppid (ceq = “52¢) (A9)

where /ppz is the mean (ERAS5-derived) planetary boundary layer height corresponding to the
trajectories associated with the Hg%;: observations, considering only the trajectory segments
assigned as MBL. The net chemical loss rate R, is determined by complex oxidation and
reduction reactions of Hg® in the MBL and is difficult to evaluate directly. However, its order
of magnitude can be roughly estimated using published results from chemical transport
modelling. For instance, the average net chemical loss L of Hg® in the MBL can be
approximately derived from Shah et al. (2021) as 1 ppq d™!, which corresponds to 3.7 x 10
ng m> h™! under standard temperature and pressure conditions. Dividing this by the average
Hg® concentration of 1.5 ng m™3, we obtain an average net loss rate of Rep, =2.5 x 10* h™'. It
should be noted that this value is two orders of magnitude lower than the estimated above
values of the concentration change rate 4 (4-8 x 1072 h™!), meaning that net chemical loss does
not have significant effect on the variation of Hg® in the MBL over short time scales.

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. Indeed,
from Eq. (B1) at steady state, we obtain:

F

—L=0. (A10)

hppL
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Substituting Egs. (A2) and (B3) into Eq. (A10), expressing ¢, and substituting the expression
for A from Eq. (A4), we derive:

cw==(1+ A’f—R’lh) (A11)

which simplifies to ¢, = % by applying the earlier estimate R, << A. Under these conditions,

the air—sea flux transforms to
F=ky(cw—5)~0. (A12)

!

The final approximation of F is shown in right-most panels of Figure A3.1. We assume that
the coloured curves in Figure A3.1 (left column) show the change of Hg’ concentrations during
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 in the top right of the
right-most panels), we integrated the instantaneous fluxes over the period from the shortest
MBL residence time with a value to the mean MBL residence time. The integral was then
normalised by the mean MBL residence time.
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Appendix B — Supplementary information for
Chapter 4
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B1. Supplementary figures
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Figure B1.1: (a) Seasonal, (b) diurnal and (c) annual mean Hg%%i- concentrations at Mace Head between
2008 and 2019. In panels (a) and (c) the bars show one standard deviation of the monthly and annual means,
respectively, while in panel (b) the shaded area shows the mean + 2 times the standard error. The dotted
vertical line in panel (b) shows 12:00 local time.
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Figure B1.2: Similar to Figure 10 but with the filtered (clean sector) Hg%ir data.
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Figure B1.3: Similar to Figure 11 but with the filtered (clean sector) Hg%;r data.
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Figure B1.4: Similar to Figure 12 but with the filtered (clean sector) Hg%;r data.
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Figure B1.5: Normalised mean seasonal variation in Hg'%i- concentration at Cape Point and surface ocean
chlorophyll-a concentration over the South Atlantic and Southern oceans between 2008 and 2017. The
horizontal line represents the normalised mean value (i.e., 1 ng m for Hg'%;ir concentration and 1 mg m*
for chlorophyll-a concentration); actual (non-normalised) mean values are shown in the table in Figure
B3.1. The pearson correlation coefficients (R) and associated p-values (p) between the two time series is
shown on the top right.

B2. Cross-correlation analysis

1.0 1.0

0.8-(a) chl-a 0.8 4(b) NDVI

0.6 . 0.6 00

0.4 4 ° g1 0.4 1 00 ol lo

0.2 o0 ° 0.2 4 olloe

0.0 To 5 0.0 1o 1 $ O

: [¢] [¢] : 0

a [o} 0 i o [o] 0o

-0.2 04 50 -0.2 !

0.4 4 0.4 1 s

0.6 1 -0.6 1 o1

-0.8 1 -0.8 1

—10 T T T T T T T T T T —10 T T T T T T T T T T T
-12-10-8 6 4 -2 0 2 4 6 8 1012 -12-10-8 6 4 -2 0 2 4 6 8 1012

Lag [no. of months] Lag [no. of months]

Figure B2.1: Cross-correlations between seasonal mean Hg'.ir concentrations at Mace Head (response
variable) and (a) surface chlorophyll-a over the North Atlantic and (b) NDVI over the northern hemisphere.
An asterisk (*) indicates that the correlation is statistically significant (p < 0.05) while a circle (o) indicates
that it is not (p > 0.05).
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B3. Southern hemisphere data analysis

B3.1 Description of the Cape Point atmospheric monitoring station

The Cape Point atmospheric monitoring station (Figure B3.1(a)) is located at the southern tip
of the Cape Peninsula, approximately 60 km south of Cape Town, South Africa (34°21" S,
18°29" E; Martin et al., 2017). It is situated within the Cape Point National Park on a coastal
cliff about 230 m above sea level (Brunke et al., 2004; Martin et al., 2017). The site experiences
a Mediterranean-type climate with moderate temperatures, dry summers and increased
precipitation in winter (Brunke et al., 2004). Prevailing winds are from the southeast to
southwest, advecting clean marine air from the Southern Ocean (Brunke et al., 2004). However,
the site is occasionally affected by anthropogenically polluted air masses from the north to
northeast, mainly in winter (Brunke et al., 2010). Cape Point is operated by the South African
Weather Service (SAWS) and, as with Mace Head, is part of multiple research networks
including GMOS and GAW (Martin et al., 2017; Slemr et al., 2020).

B3.2 Hg measurements at Cape Point

Hg%%ir concentrations have been monitored at Cape Point with a Tekran Model 2537 A/B
analyser since March 2007. Apart from the frequency at which the internal permeation source
is checked, which is performed annually at Cape Point, the same sampling procedure at Mace
Head (described in detail in the Section 5.2.2.1) is in operation at Cape Point. Moreover, to
ensure comparability, the Tekran analysers at both Mace Head and Cape Point (as well as other
GMOS sites) are operated and calibrated according to GMOS standard operating procedures
(Sprovieri et al., 2016; Martin et al., 2017; Slemr et al., 2020).

We used hourly mean Hg’%;: measurements from Cape Point from January 2008 to December
2017. From the hourly means, we generated seasonal and annual mean time series.

B3.3 Chlorophyll-a concentrations over the South Atlantic and Southern oceans

Using the same daily global dataset from ICDC (detailed in Section 4.2.2.3), we generated a
daily mean chlorophyll-a concentration time series for the same period as the Hg',i: data, by
averaging the concentrations over a spatial domain encompassing the South Atlantic and
Southern oceans. From the daily data we also generated seasonal and annual mean time series.
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Presented in Figure B3.1 is an overview of the dataset used for the southern hemisphere
analysis, showing the spatial domain of the chlorophyll-a data averaging, the location of Cape
Point, the daily mean chlorophyll-a concentrations and hourly mean Hg%%;: concentrations.
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Figure B3.1: Overview of the data analysis for the southern hemisphere. (a) Map showing the location of
Cape Point (blue dot) as well as the spatial domain over which the chlorophyll-a data was averaged (red
box; South Atlantic and Southern oceans; 60° W—10° E, 17° S—10 °S), (b) the hourly mean Hg’- time series
from Cape Point and (¢) daily mean surface ocean chlorophyll-a concentrations over the over the South
Atlantic and Southern oceans. (d) Summary of the datasets, showing the mean, standard deviation (std.
dev.), total number of data points (per temporal resolution) and percentage data coverage (i.e., proportion
of valid or non-missing) over the analysis period.
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