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Abstract: Mercury is a toxic pollutant that can negatively impact the population’s health and the
environment. The research on atmospheric mercury is of critical concern because of the diverse
process that this pollutant suffers in the atmosphere as well as its deposition capacity, which can
provoke diverse health issues. The Minamata Convention encourages the protection of the adverse
effects of mercury, where research is a part of the strategies and atmospheric modelling plays a critical
role in achieving the proposed aim. This paper reviews the study of modelling atmospheric mercury
based on the southern hemisphere (SH). The article discusses diverse aspects focused on the SH
such as the spatial distribution of mercury, its emissions projections, interhemispheric transport, and
deposition. There has been a discrepancy between the observed and the simulated values, especially
concerning the seasonality of gaseous elemental mercury and total gaseous mercury. Further, there is
a lack of research about the emissions projections in the SH and mercury deposition, which generates
uncertainty regarding future global scenarios. More studies on atmospheric mercury behaviour are
imperative to better understand the SH’s mercury cycle.

Keywords: atmospheric mercury; Minamata Convention; southern hemisphere; air pollution; mer-
cury air modelling

1. Introduction

The increments in the concentration of atmospheric pollutants have generated prob-
lems for people’s health and the environment [1]. One toxic pollutant that can harm the
humans is mercury. In addition, low concentrations of this metal can severely damage
people’s health and lead to conditions such as cardiovascular or reproductive illnesses.
However, the adverse effects of this metal depend on diverse factors such as exposure or
chemical composition; therefore, to investigate the mercury cycle, current and future levels
are relevant [2]. Although mercury in the atmosphere comes from natural processes such
as volcanic activity, anthropogenic activities, such as stationary coal combustion or the gold
mining industry, are the main sources of mercury release into the environment and disrupt
the natural cycle of mercury [2]. Although mercury can be present in the air, water, and on
the ground, a large amount of anthropogenic mercury pollution reaches the atmosphere
and enters ecosystems through dry and wet deposition. The study of mercury has become
relevant in the last 30 years and there have been diverse scientific events related to mercury
since 1990 [3]. However, one of the main initiatives that encourages the protection of
the environment and the population’s health is the Minamata Convention on Mercury.
This convention started in 2017 and was implemented based on scientific reports from
the International Conference on Mercury as a Global Pollutant (ICMGP) [3]. Between the
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35 articles of the convention, the scientific contribution is crucial for the success of their
goals. To illustrate, the articles of the Minamata Convention include mercury emissions in
air (article 7), reinforcing mercury monitoring systems (article 15), providing mercury data
baselines (article 19), and enhancing modelling techniques (article 20), among others [3,4].

One of the main adverse issues of mercury is the bioaccumulation that it can have.
Although atmospheric mercury can deposit on land and water, the surfaces remit part
of it into the atmosphere [4]. However, another percentage is methylated and deposited
into the ecosystem. Indeed, inorganic mercury can be methylated and bioaccumulated
in aquatic environments and biomagnified in the aquatic food chain [5,6]. In this context,
although found in several types of foods, researchers measured the levels of mercury; fish
revealed higher levels of this mental. Fish are one of the most crucial exposure routes
for humans [2,5]. Fish bioaccumulate methylmercury in their muscle tissues; however,
higher levels of mercury were found in some fish species such as swordfish, tilefish, and
sharks. Therefore, people with a diet based on fish and marine mammals could have greater
exposure to mercury [2].

Mercury in the atmosphere can be in diverse phases, such as gas and solid particles
(clouds and aerosols). In the atmosphere, this element can be found as gaseous oxidized
mercury (GOM), Hg?, particulate-bound mercury (PBM), and gaseous elemental mercury
(GEM), Hg [6-9]. GEM is the more abundant form in the atmosphere, which is relatively
inert. Indeed, it can travel long distances before it is modified with oxidation chemical
reactions in the atmosphere or removed by some receptors such as those in plants [5]. In
contrast, the fastest deposition occurs for oxidized mercury compounds because of their
greater solubility in water. For this reason, GOM and GEM can negatively affect local
ecosystems unlike elemental mercury, which is less reactive and has a long lifetime [10].
Although the pollutant can be found in three forms, there are several transformation
phenomena in which mercury suffers as well as in transport. Besides oxidation and
reduction reactions, complex formations occur and phases change, especially when there is
an interaction between the atmosphere and the ocean, bioaccumulation, and between other
phenomena [11].

Atmospheric modelling plays a crucial role in reaching the Minamata Convention
aims. In this respect, meteorological and air quality modelling help to predict and forecast
using current data, meteorological phenomena, and the behaviour of the concentration
of various pollutants [12,13]. In particular, there is a lack of real-time studies of certain
compounds, such as mercury, and models for predicting air quality and for simulating and
studying diverse scenarios [12]. The equations that govern atmospheric modelling consider
several parameters such as pressure, temperature, speed, and concentration, among others.
Hence, developing a model requires supercomputers to perform the simulations for a
precise and detailed prediction because of the spatial variations in the parameters [12,13].
Various meteorological and air quality models have been used to study different pollutants
including mercury. However, for atmospheric mercury, most of the investigations are on a
global scale or in the Northern Hemisphere (NH) [5,8,14-17]. The main reason for this is the
information available. There are several places measuring mercury in the NH in contrast to
the Southern Hemisphere (SH) where there is a deficient number [8,14,18]. In fact, in the SH,
there are six monitoring sites, of which only one in Australia measures the wet deposition
of mercury. In contrast, in the NH, 123 sites measure wet deposition [14]. This situation
increases the complexity of comparing the results of simulations with observed data.

Chemical transport models (CTM) can study how the atmosphere is affected by the
pollutants emitted, mathematically exposing diverse phenomena such as transport caused
by wind and dispersion caused by turbulent movements, among others [19]. For mercury,
CTM are highly relevant because of the lack of real-time measurements of this compound
and the problems it can cause for people’s health [5]. In recent decades, atmospheric
models have been developed analysing mercury, considering O3, OH radicals, and halogen
species as the primary oxidants of Hg". However, there is still a discrepancy about which
oxidant is dominant [20]. The main pathway oxidations used for Hg" are OH/O3 and Br
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where adequate results have been obtained. However, mercury chemistry, for which there
are multiple Hg oxidants, is more complex [20]. Using CTMs in mercury atmospheric
predictions has some advantages. For instance, it is possible to evaluate potential policy
outcomes to estimate and analyse the changes in relevant factors such as mercury depo-
sition. These models also allow the evaluation of proposed measures to determine their
potential efficacy in mercury abatement or worldwide reduction [21]. Further, CTMs can
give wide regional and seasonal variations in Hg® concentrations to compensate for the
absence of real-time observed data. Accurate global estimates of mercury dispersion can be
obtained by reproducing the time and spatial patterns of mercury measurements [21,22].
However, CTMs also have some disadvantages. Indeed, when different atmospheric redox
mechanisms are included in the models, recent investigations have shown that it is still
difficult to reproduce the patterns of the observed concentrations [21]. One area where
uncertainty persists is the potential importance of heterogeneous chemistry, an aspect that
models have been unsuccessful at incorporating. The uncertainty of emissions inventories
is another problem with CTMs. The dependence on inventory data, particularly the amount
of mercury released from natural sources, has become a significant obstacle in studies of
atmospheric models [21-23].

1.1. Emissions of Mercury

Estimates of anthropogenic mercury emissions have a particular uncertainty. The prin-
cipal reasons are the lack of precision in the estimation methods, the low participation of
some countries in the estimation of emissions, and the lack of consideration of specific activ-
ities in the estimation of mercury’s emissions inventory [9]. However, some studies suggest
a consensus regarding the main sources of anthropogenic mercury emissions. In 2015, the
highest emissions were from small-scale gold mining, followed by the combustion of fuels
for different uses, and industry sectors. Further, compared to the global mercury emissions
of anthropogenic sources from 2010 to 2015, they increased by 410 Mg/year [21,24]. China
is the country with the highest level of mercury emissions [24]. Figure 1 presents the trends
in global mercury emissions with anthropogenic origins from 1990 to 2015. During 2010
and 2015, there were no significant changes in the emissions patterns. The most significant
emissions come from Asia for both years, representing around 48.8%, followed by South
America with 18.4% and 16.2% from sub-Saharan Africa. The region with the most sig-
nificant anthropogenic mercury emissions is East and Southeast Asia with 859 Mg/ year,
representing 38.6% of the total. In addition, regarding fixed emissions sources, fossil fuel
combustion and biomass burning represent around 24% of global mercury emissions [21].

The global emissions inventory of mercury into the atmosphere from anthropogenic
sources is estimated to be close to 2220 Mg/year [21]. Gold mining, including artisanal and
small-scale, is responsible for around 838 Mg/ year, followed by diverse industrial sectors
with 613.6 Mg/year, and the combustion of fuels to produce energy for different uses is re-
sponsible for 481 Mg/year [21]. Table 1 shows the details of the three sectors and the various
subdivisions and sources of each sector. This table illustrates that 99.53% (2189.7 Mg/ year)
of the total mercury emissions come from anthropogenic sources (1932.6 Mg/year). In
the SH, around 68% of the anthropogenic mercury emissions come from artisanal and
small-scale gold mining (ASGM). Also, most of the emissions come from the latitudes +30°
to —30° [25]. Most of the emissions for ASGM are from South America, with 340 Mg/ year,
representing 40.6% of the total for this sector group, where Peru has the highest emissions
with 110.4 Mg/year [21]. In addition, African countries are responsible for about 30.1%
of the ASGM mercury emissions (252 Mg/ year); however, the countries in the SH of the
continent represent around 22% of the African contribution. Regarding Oceania, this conti-
nent does not register emissions for the ASGM sector. Further, some countries partly in
the SH have high mercury emissions levels in the ASGM sector, such as Indonesia, with
124.5 Mg/ year [21,26].
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Figure 1. The trend in the global emissions of mercury to air from anthropogenic sources [21,27].

The percentage contribution between anthropogenic and natural emissions depends
on the model used to estimate the emissions. Indeed, the anthropogenic/natural ratio can
be different for diverse models. For instance, using the GEOS-chem model, the ratio could
be 0.583 and using the GRAHM model it could be 0.629 [9]. However, considering a natural
emissions estimation for 2008, the emissions are about 5207 Mg/year [9,28,29]. Using the
most recent estimation for anthropogenic emissions, which was 2200 Mg/year [21], the
total mercury emissions could be around 7407 Mg/ year, of which the natural contribution
is around 70.30% providing an anthropogenic/natural emissions ratio of 0.423. However,
there is uncertainty associated with the estimation of both anthropogenic and biogenic
emissions. This is because of differences in emissions factors, uncertainties in emissions
reports from some countries, and comparisons of emissions with field measurements [29].
With biogenic sources, it is necessary to consider two aspects. The mercury emissions
emitted directly from natural processes are the primary sources such as volcanic emissions.
Further, the secondary sources are the re-emissions of this metal because of a previously ac-
cumulated deposition on both marine and terrestrial surfaces such as biomass burning [28].
For the natural sources of mercury, Table 1 shows the details of the estimations for global
emissions by 2008. In that case, the most significant contribution was made by remissions
from the oceans with 2682 Mg/ year, followed by biomass burning with 675 Mg/year, and
deserts and metalliferous and non-vegetated zones with 546 Mg/year. Indeed, most of the
natural emissions come from the remission process, representing a considerable proportion
of the total mercury emissions. For instance, oceans and biomass burning from natural
sources represent around 45.32% of the total mercury emissions inventory [28,29].
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Table 1. Main sectors of anthropogenic mercury emissions (A) and natural emissions (N). The
anthropogenic emissions to the atmosphere are for 2015 and based on 2200 Mg/year and the table
shows 99.53% of the total anthropogenic emissions [21]. The natural emissions are for 2008 and based
on 5207 Mg/year; adapted from Pirrone et al. (2010) [9,28,29].

Source Type Sector ]il;[lglfile(::s Contribution %
Artisanal ‘gold A Artisanal and small-scale gold mining 838 11.31%
production
Stationary combustion of coal for o
transportation, domestic, and residential. 58 0.75%
Stationary combustion of gas for 0.165 0.00%
Combustion of fuels transportation, domestic, and residential. ’ ’
(energy, industry, and A Stationary combustion of oil for 07 0.04%
domestic/residential transportation, domestic, and residential. ’ '
uses) Industrial stationary combustion of coal. 126 1.70%
Industrial stationary combustion of gas. 0.123 0.002%
Industrial stationary combustion of oil. 14 0.02%
Power plants’ stationary combustion of coal 292 3.94%
Power plants’ stationary combustion of gas 0.349 0.002%
Power plants’ stationary combustion of oil 2.45 0.03%
Raw materl.als and fue.I for cement 233 315%
production (excluding coal)
Production of non-ferrous metals, including 298 3.08%
Diverse industrial A Al, Cu, Pb and Zn )
sectors Gold production on a large scale 84.5 1.14%
Production of mercury 13.8 0.19%
Refining of oil 144 0.19%
Production of steel and pig iron (primary) 29.8 0.40%
Secondary production of steel 10.1 0.14%
Biomass burning A Biomass burning from domestic, industrial, 51.9 0.70%
and power plants
Waste A Other waste 147 1.98%

Vinyl-chloride

Vinyl-chloride monomer production
A (mercury catalyst) and vinyl-chloride 58.2 0.79%

monomer .
monomer recycling
Oceans Re-emissions from the ocean 2682 36.21%
Biomass Bumning N Emissions from ac.:cumulated mercury in 675 9.11%
biomass
Arid areas N Deserts and metalliferous and 546 7379
non—vegetated zones
Tundra/Grassland /Savannah N Tundra/Grassland /Savannah 448 6.05%
Forests N Forests 342 4.62%
Evasion a}fter mereury N Evasion after mercury depletion events 200 2.70%
depletion events
Agricultural areas N Areas with agricultural processes 128 1.73%
Lakes N Lakes 96 1.30%
Geothermal activities N Volcanoes and geothermal activities 90 1.22%

Regarding biomass burning mercury emissions (BBME) from natural sources, Africa
is the most significant contributor, followed by Asia, and then the Americas with 41%, 31%,
and 28%, respectively [30]. Indeed, there is also an essential contribution from the SH.
Considering the annual emissions of 675 Mg of mercury, equatorial Asia has around 28.44%,
followed by boreal Asia with 14.67%, and the southern part of South America with 14.07%.
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To summarise, about 53% of the BBME comes from the SH [31]. The vegetation plays a
crucial role in the BBME because of forest fires. Shi et al. (2019) related the most significant
amount of mercury emissions to forest fires from tropical forests [30]. Tropical forests are
found to a greater extent in SH areas such as Bolivia, Central Africa, and the central region
of Brazil, in addition to NH areas such as Laos, Cambodia, and Myanmar [30]. The second
type of vegetation with a high level of BBME is woody savanna/shrubland. It is mainly
found in Africa, concentrated in Central Africa and East Africa, in addition to Cambodia
and Myanmar [30].

1.2. Mercury and Health Effects

Although the atmosphere is the most relevant transport route for mercury, the pro-
cesses and phenomena that occur on land and in the oceans play a relevant role in its
redistribution. Methylmercury (CH3Hg) becomes relevant as the principal route of hu-
man exposure is through the consumption of fish [32]. This neurotoxic contaminant can
provoke specific adverse health effects such as cardiovascular or neurocognitive illnesses.
For instance, through food consumption, which is the primary exposure route, a study in
China attributed around 10,000 deaths per year because of heart attacks provoked by this
metal [33]. The negative impact of mercury on humans depends on diverse factors such
as chemical composition, exposure time, and concentration. Among the health issues are
impaired neurological development, arrhythmias, cardiomyopathy, and kidney damage.
In addition, high doses of mercury vapour inhalation can cause respiratory failure [2].

There are four broad categories into which it is possible to divide the health effects
that mercury exposure can produce. These are neurological, renal, cardiovascular, and
reproductive problems. Regarding the neurological effects, some studies have shown that
prolonged exposure to mercury in low doses can cause sleep disorders, mood changes, and
various neurological diseases [2,34]. For example, adverse effects have been found with
levels of inorganic mercury in urine close to <4 ug/L [2]. Another neurological problem is
memory loss because of the deactivation of enzymes required to produce energy in brain
cells. In addition, studies have shown that mercury is neurotoxic, which is why it can cause
significant damage to the brain and nerve cells [2,35].

Regarding the negative effects at the kidney level, mercury affects not only human
beings but also other mammals because the kidneys accumulate mercury ions. Unlike
organic mercury compounds, oral exposure to inorganic mercury salts at low and pro-
longed doses can generate a significant accumulation of this metal resulting in kidney
failure [36]. Regarding the cardiovascular effects, exposure to toxic levels of mercury can
cause various illnesses such as an increased heartbeat, irregular pulsations, and even high
blood pressure [2]. Some studies have shown a correlation between the intake of mercury
through the frequent consumption of fish and the increase in the blood pressure of specific
patients. In addition, a specific correlation between mercury exposure and an increased
risk of hypertension and myocardial infarction has been detected [37]. The last aspect is the
reproductive problems that mercury exposure can cause. Some authors have shown that
this metal can negatively affect the reproductive functions of men and women. Other stud-
ies suggest that long mercury exposure can lead to a generation of congenital disabilities
because of its toxicity [2].

Some investigations have demonstrated mercury’s negative effects based on previous
health issues. In the SH, some relevant health issues are related to the main anthropogenic
atmospheric mercury sources. In Palu city in Indonesia, a country partially in the SH,
research has detected a high GEM level in that city close to ASGM activities, reaching
between 2.06 and 375 ng/m?3. It was determined that the high exposure to GEM was an
elevated human health risk for residents [38]. In Bolivia, because of ASGM processes,
there are high risks to the population’s health in the mountain zones close to the mining
operations. The two mining sites studied had levels of mercury vapour that exceeded
the EPA’s recommended concentration [39]. In addition, settlements close to the mining
operations have detected levels of Hg and some families burn Hg amalgam in their homes
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without respiratory protection. In that research, the authors concluded that there was a
high risk of cancerous and non-cancerous health problems for the population in the studied
area [39].

A study in Tanzania showed the high risk faced by gold mine workers and local
communities because of Hg exposure [40]. Research participants who were highly exposed
to Hg reported medical symptoms, such as tremors in diverse body parts, sensory distur-
bances, and coordination problems. Long-term mercury exposure causes symptoms related
to central and peripheral nervous system damage [40]. Another case is Chile, where a study
of children in rural schools showed that long-term mercury exposure can impact children’s
motor skills [41]. The rural areas studied were near ASGM activities, where the population
has been constantly exposed to atmospheric mercury even though mining companies
have implemented diverse environmental management strategies to reduce pollution [42].
The authors argued that children exposed to Hg burning could have pathological pure
motor skills because of an alteration in the central nervous system [41]. Another case is
Ecuador, where a study on children in a mining area detected high mercury concentrations.
The mean mercury concentration in the blood was close to 3.23 ug/L [43]. The authors
identified these elevated mercury levels in children in urban and rural areas near gold
mining activities [44]. In another place in Ecuador, Portovelo, an investigation detected a
high mercury concentration level in the air. Researchers identified that in urban areas near
the mining operations, atmospheric mercury levels were beyond the defined dangerous
concentration level (around 200 ng/ m3) [45]. In the places described in this section, the
health of the populations are at risk. The levels of mercury detected in areas close to
ASGM activities, in most cases, exceeded current regulations. In this sense, educating the
population about the negative effects of mercury exposure is essential. Further, there is a
need to prevent the adverse effects on communities, especially the neurotoxicity effect it
can have on children [44,45].

2. Modelling Atmospheric Mercury

Several meteorological and air quality models have been used to study atmospheric
mercury. However, most of the investigations have been developed at a global level or
the NH level. This problem begins with the information since, although several places
measure atmospheric mercury globally, the number of monitoring stations is lower (6).
Indeed, only one station in Australia measures wet mercury deposition. In contrast, in the
NH, 123 sites measure wet mercury deposition. This situation increases the complexity of
comparing the results of simulations with the observed data. Despite this, researchers have
developed several studies based on global simulations to study the behaviour of mercury
in both the NH and SH [14]. In this sense, they seek to improve the information available
in both hemispheres, promoted mainly by the Minamata Convention. Since the convention,
various researchers have worked to increase the knowledge about this contaminant to
better understand the mercury cycle and how it is affected by anthropogenic emissions.
The Minamata Convention seeks to promote research to support decision making and
adequate management to reduce pollution associated with mercury. Mathematical models
are relevant among the subjects of the convention to evaluate the effects that could provoke
mercury emissions variations. Therefore, mercury atmospheric modelling is of enormous
relevance to the aims of the Minamata Convention [3,4].

2.1. General Aspects

At a global level, one of the most frequently used CTM has been GEOS-CHEM to
explore the behaviour of mercury in both the NH and SH [14,15,46-59]. However, other
CTM have been used to explore atmospheric mercury such as WRF-CHEM [60,61] and
ECHMERIT [14,26,62-64]. Through those CTM, researchers have examined diverse aspects
such as wet and dry deposition or mercury concentration in its different states in the
atmosphere. Most of the CTM investigations are at the global level or at specific sites in the
NH. However, some of the studied places have been in the SH, such as Australia, or sites
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with mercury measurement stations such as Cape Point (CPT) or Amsterdam Island (AMS).
Therefore, this section explores and analyses those investigations as they provided some
relevant aspects of the atmospheric modelling of mercury in the SH.

One aspect reviewed in the research was the oxidation mechanisms of GEM. Regarding
GEM oxidation, most chemical transport models assume that the predominant oxidants
are OH and O3;. The OH radical plays a fundamental role in the oxidation of organic
and inorganic components in the atmosphere. However, OH only represents 1% of the
global oxidation of Hg0 in contrast to Br, which is associated with 97% of the oxidation of
elemental mercury [47,48]. In addition, an aspect to consider is the lower concentration
of Oz in the SH compared to the NH. Therefore, this compound has more significant
participation in the oxidation of GEM in the NH than it does SH. Indeed, the chemical
mechanisms used can highly influence the CTM. For example, for reactive mercury (RM),
models that used OH and Oj as the main oxidants predict higher RM concentrations than
others for low latitudes.

On the contrary, models that used Br in their chemical mechanisms generated patterns
of higher concentrations for RM in the SH [14,47,48]. Regarding the results in the SH for the
investigation, which used OH and Os as the main oxidants of Hg' in the gas phase [62,65],
Pacyna et al. (2016) identified two zones in the SH with high values of GEM. The first is
the central part of South America, with values between 1.6 and 2.4 ng/m?. This region
is between latitudes —20° and 0°, specifically Bolivia and part of the Amazon. The other
area is in southern Africa (between latitudes —40° and 0°), which has similar values to the
previous region. However, they identified a maximum peak in South Africa with values
between 2.4 and 2.8 ng/ m3 [62].

In contrast, a model presented by Travnikov et al. (2017), which used Br as the main
oxidant, showed slightly different GEM values. In latitudes —40° and 0°, the southern part
of Africa presented values between 1.3 and 1.6 ng/m3. The values for the central part of
South America (latitudes —20° and 0°) were between 1.3 and 2.4 ng/m?. Similarly, this
study recognized a maximum peak in South Africa; however, this was lower since the
GEM values were close to 2.4 ng/ m3 [14,62,65]. When compared to the previous research,
although the GEM levels had the same order of magnitude for the same SH regions, it
was possible to identify some differences. The main reason was the effect generated by
the diverse oxidation mechanisms in the CTM. Therefore, there was an evident influence
on the results of the atmospheric reduction pathways used. Shah et al., 2021 presented
modelling that considered the oxidation mechanisms of Br and OH. This study included
intermediate processes (second stage) of oxidation of Hg (I) by O3 and radicals to form Hg
(II) [54]. The maximum peak found in South Africa was among their results, which was
consistent with previous studies. In addition, they observed high concentrations of GEM in
the northern part of South America, results not presented in the previous modelling, which
demonstrated the influence of the chemical mechanisms used [54].

2.2. Spatial Distribution of Mercury

Researchers have studied the spatial distribution of atmospheric mercury several
times. They agree with the seasonality in the mercury distribution in its various forms,
especially in the NH. However, there are still differences regarding the values obtained
on the spatial distribution of atmospheric mercury in the SH [59]. Currently, there is no
clarity regarding the seasonal variation in the SH. Some authors have shown that there
is a low seasonal variation, whereas others argue that it does not exist. For instance,
for total gaseous mercury (TGM), which includes Hg? and the gaseous part of Hg (II),
Horowitz et al., 2017, analysed a model comparing the values observed in CPT and AMS,
finding a non-significant seasonal variation [59]. In Bolivia, a measurement campaign
during 2014-2015 found lower TGM values of between 10% and 15% compared to AMS (at
similar latitudes). In addition, they detected a seasonality in the studied area, obtaining
the lowest TGM values during the driest season (austral winter) and higher values during
the wetter seasons (austral summer). This seasonality identified in Bolivia, the central
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part of South America, disagrees with the results obtained from other subtropical and
mid-latitude sites in the southern hemisphere, such as AMS and CPT [66]. Another study
was the global simulation by Huanxin Zhang et al. (2021). In this study, the observed TGM
values were compared with the simulated ones, producing errors of approximately 13% for
the TGM values in the SH. However, only the seasonal variation pattern of the NH agreed
with previous studies. The highest values for the TGM were during the winter of the NH
(December to March) and the lowest values were during summer in this hemisphere (June
to September) [55]. In the investigation, they studied the Neumayer station (Antarctic) in
the SH. When comparing the data observed for the year 2000 with the model carried out,
they observed an opposite seasonality between them. The highest peak in the observed data
was during the austral summer and the model was made during the austral winter [55].

Another study [67] detected no seasonality of the GEM in the SH. In this investiga-
tion, they found higher seasonal amplitudes in terrestrial sites, which were related to the
vegetation relevance to the absorption of Hg’. Indeed, vegetation serves as a sink during
the summer and is a source of emissions in winter. Despite the above, in the observed
data, they detected a low seasonal variability in the station in Bariloche (BAR), Patagonia,
Argentina, where there was a low oscillation of Hg during summer and autumn [67]. For
the GEM, some measurements in the SH sometimes showed a specific seasonal variability
such as in the Antarctic, with higher values during winter and spring [68]. This is complex
to reproduce in the CTM because of the lack of data on the seasonal variations in anthro-
pogenic emissions in the SH [14]. However, some authors have found a clear seasonality
in SH. For example, Song et al. (2015) for the GEM in the simulation showed that the
concentrations varied according to the season analysed. They found high values for the
southern winter of around 1.3 ng/m?> and low concentrations for the southern summer,
close to 0.9 ng/m? [69]. Thus, the global models have shown a low capacity in the SH to
accurately represent the concentrations observed in the different measurement sites and
the seasonality [70]. Despite this, Zhou et al. (2021) in their research through modelling
presented for 2015 (GEM-MACH-Hg), considered the vegetation uptake a significant mer-
cury removal pathway. They developed two models with and without vegetation cover,
obtaining similar results to the observed data in the four stations in the SH. Although the
observed data largely agree with the models in this modelling, there are specific differences.
For example, the model could not show the seasonality present at Gunn Point, Australia.
During the summer, there are differences of close to 30% between the modelled values and
the observed values. In this case, it does not illustrate the wide variations that exist in the
period between June and September [18].

Table 2 shows the details of the TGM and GEM data obtained with the simulation
models for different places in the SH. Table 3 shows the details of the TGM and GEM
data obtained using the measurement methods. In both tables, is it possible to see some
discrepancies between the modelling and measurement values.

Table 2. Different values for TGM and GEM were obtained by simulation models for the SH. To
achieve values for each season, the data for * studies are interpreted from graphs and tables. The
seasons are summer between January and March, Autumn between April and June, Winter between
July and September, and Spring between October and December.

Location Lat (°) Long (°) Period Ignh:[g GEM ng/m3 Studied Years Used Model Reference
Summer 0.93
Autumn o 2009-2011 GEOS-Chem [69] *
A“I‘:g;iam —37.80 77.55 Spring 099
O AT
Winter 105 11-1.05 2015 Uptake of Hg by vegetation [18]*

Spring 0.93 is considered.
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Table 2. Cont.

TGM,

Location Lat (°) Long (°) Period ng/m® GEM ng/m3 Studied Years Used Model Reference
Summer 0.95
Awufr‘:gr“ 11"135 2009-2011 GEOS-Chem [69] %
Spring 0.98
Summer 1.08
Awultr‘:tré‘r“ %:8? 20072008 GEOS-Chem (Hg + Br) [55] *
Cape Point —34.35 18.49 Spring 1.03
Summer 1.33
Autumn 123 GEOS-Chem (Hg + OH/O *
Winter 117 2007-2008 —Chem (Hg + OH/O3) [55]
Spring 127
Summer 1 0.95-1.05
Autumn 1.08 1.05-1.1 GEM-MACH-Hg model
Winter 105 11-1.05 2015 Uptake of Hg by vegetation [18]*
Spring 096 o is considered.
Summer 0.67
%f;‘g‘f O'f 2 2009-2011 GEOS-Chem-MITgem [59] *
Amsterdam .
Island and Cape Spring 088
Point Surmer o GEM-MACH-Hg model
Winter 104 2015 Uptake of Hg by vegetation [18]*
Spring 0294 is considered.
Summer 0.82
Awufr‘:t’é‘r“ igg 2009-2011 GEOS-Chem [69]
Troll Research Spring 0.86
Station, —72 3 P .
Antarctica iummer 0.84 0.8-0.9 GEM-MACH-Hg model
utumn 0.96 0.9-1.0 ) "
Winter 096 1.0-0.95 2015 Uptake of Hg by vegetation [18]
Spring 0.83 0.95-0.8 is considered.
Amsterdam Summer 0.93
Island, Cape Autumn 1.13
Point and Troll Winter 128 2009-2011 GEOS-Chem [69]*
Research Station Spring 0.99
Summer 1.15
Awult;lltrg r“ 8:3? 2007-2008 GEOS-Chem (Hg + Br) [55] *
iettxmatyer, _70.68 _go7 Spring 0.99
ntarctica Summer 1.36
Awuf;‘gr“ ﬂg 20072008 GEOS-Chem (Hg + OH/O3) [55]*
Spring 1.26
Wet season
(Dﬁ:fcffr" 090+ 0.10 2013-2014 GEOS-Chem y HYSPLIT [46]
Dry Season
(Jun— 0.97 £0.13
ATARS, Gunn September)
Point, Australia 1225 131 Summer 1 0.90-0.95
Autumn 091 0.95-0.95 GEM-MACH-g model .
Winter 0.99 0.95-1.0 2015 Uptake of Hg by vegetation [18]
Spring 0.99 is considered.
A 1 Hybrid Single-Particle
Antarctica - A‘fgrl;lae 1.03 2015 Lagrangian Trajectory model [71]
8 (HYSPLIT)
Spatial con-
Southern Ocean - C;r:trtaetr‘ﬁ“ 10022 2014-2015 GEOS-Chem-MITgem [49]
Spatial con- GEOS-Chem-MITgem-—
centration 0.9 £+ 0.38 model with improved CMF
pattern (cloud mass flux)
Annual Hybrid Single-Particle
South America - aver;ze 1024 2015 Lagrangian Trajectory model [71]

(HYSPLIT)
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: o o . TGM, .
Location Lat (°) Long (°) Period ng/m® GEM ng/m3 Studied Years Used Model Reference
Spatial con-
centration 1.27 £0.21 2007-2008 GEOS-Chem [55]
pattern
Spatial con-
centration 1.1-1.3 2008-2009 ECHMERIT [65]
pattern
The Southern - A | Hybrid Single-Particle
Hemisphere nnua 0.986 2015 Lagrangian Trajectory model [71]
average (HYSPLIT)
Spatial con-
centration 1.16 £+ 0.03 2000 GEOS-Chem [55]
pattern
Spatial con- GLEMOS GEOS-Chem
centration 09-1.1 2013 GEM-MACH-Hg [14]
pattern ECHMERIT
Table 3. Different observed values for TGM and GEM in the SH. To achieve values for each season,
the data for * studies are interpreted from graphs and tables. The seasons are summer between
January and March, Autumn between April and June, Winter between July and September, and
Spring between October and December. The instrument used to measure atmospheric mercury in the
monitoring stations was the Tekran continuous mercury vapour analyser, model 2537A /B.
Location Lat (°) Long (°) Period TGM, ng/m3 GEM ng/m?® Years Studied  Reference
Summer - 1.00
Autumn - 0.98
Winter - 1.10 CUS [68]
Spring - 1.03
Summer 1.02
Aut 1.05
Wintor, Lo 2012-2017 [7]*
Amsterdam Island —37.8 77.55 Spring 1.01
1.025 £ 0.065 2012
Annual Average 1.028 + 0.096 2013 [72]
Summer 1.02
Autumn 1 %
Winter 1.07 2012-2013 [72]
Spring 0.99
Annual mean 1.03 £ 0.1 2013-2014 [73]
Summer - 0.71
Autumn - 1.01
Winter - 1.00 2013 [68]
Spring - 1.03
Summer 1.04
Autumn 1.02 "
Cape Point —3435 18.49 Winter 1.05 2012-2017 7]
Spring 1.06
1.017 £ 0.095 2012
Annual Average 1.052 % 0.160 2013 [72]
Summer 0.99
Autumn 1.01 .
Winter 0.99 2011-2013 [72]
Spring 0.97
Annual mean 0.95 £ 0.12 2014-2016
Summer 0.82
Point, Augtiaia 12.25 131 Autumn 089 2015 L46]
4 Winter 0.98
Spring 0.99
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Table 3. Cont.

Location Lat (°) Long (°) Period TGM, ng/m? GEM ng/m?® Years Studied  Reference
Annual Average 0.87 £0.23 2012-2015 [74]
Antarctica—
Dumont —~66.66 140 Summer : 083
d’Urvill Autumn i 089 2013 [68]
rvite Winter - 0.74
Spring - 0.33
0.76 + 0.24 2012 )
. Annual Average 0.81 +0.28 2013 [74]
Antarctica—
Concordia —75.1 123.34 Summer - 0.84
Station Autumn - 1.03
Winter - 0.83 2013 [68]
Spring - 0.75
1.052 + 0.160 2012
Annual Average 0.970 + 0.162 2013 [74]
Tr.oll Research —72 3 Summer 1.07
Station, Antarctica Autumn 1.03
Winter 1.03 2011-2013 [72]
Spring 0.92
0.872 £ 0.130 2012
Annual Average 0.848 + 0.112 2013 [72]
Summer 0.89
. Atumn oo 20112013 [72]*
Cape Grim —40.68 144.69 Spring 0.85
Annual Average 0.9 + 0.35 2015-2017
Overall [75]
Mean-November 3 1.03 (£0.16) 2006
to November 6
Summer - 0.88
Autumn - 0.89
Winter - 0.93 2013 [68]
Bariloche —41.13 —71.42 Spring . 086
Annual mean 09 +0.14 2014-2015 [73]
Annual Average 0.86 £0.16 2012-2017 [6]
Latrobe Valley, Overnight-6 PM-6 1.6-1.8
’ . . 60
Australia 38.18 14625 AM (May to July) 1.2-13 2013 [60]
The Macquarie
University Weather —33.765 151.117 Annual Average 0.65 £+ 0.24 2016-2017 [75]
Station, Australia
Overall
Mean-normal 0.89 £+ 0.01 July 2014-May
L 2015
condition
Chacal Stati Overall
acal;al}'/a. tation, 16.35 68.13 Mean-unusual Jun 2015- [66]
oltvia condition because 1.34 4+ 0.01 February
of the Nifio 2016
phenomena
Amsterdam Island, Annual mean - 0.93 2013
Cape Point, Summer - 0.91
Bariloche, Dumont Autumn - 0.96 2013 [68]
d’Urville, and Winter - 0.92
Concordia Stations Spring - 0.92
Amsterdam Island, Annual mean - 0.97 2014
Cape Point, Summer - 0.92
Bariloche, and Autumn - 0.96 2014 [68]
Dumont d'Urville Winter - 1.03
Stations Spring - 1.01
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2.3. Projections of Mercury Emissions

Most of the anthropogenic mercury emissions come from the NH. Although there
are fewer anthropogenic mercury emissions, the southern part of Africa and central South
America significantly contribute to the SH’s emissions. Moreover, there is an important
contribution from Indonesia, which is principally in the SH. In addition, 29.7% of the
mercury emissions are anthropogenic and the remainder is from natural sources [62]. This
is because of the amount of recycled mercury already deposited in the soil, vegetation, and
oceans called legacy emissions. Thus, if there are no significant changes in atmospheric
emissions, mercury deposition could increase because of these legacy emissions. Based
on this, it is vital to consider these inherited emissions when carrying out an adequate
projection of emissions [15]. However, most models have worked with the assumption that
these emissions are constant and the changes depend only on anthropogenic emissions.
According to Angot et al. (2018), there may be variations of around 14% in the analysis of
global emissions reductions [15].

Research based on the Panel on Climate Change scenarios (IPCC) studied the climate
change effect on mercury emissions. Although the focus was on the NH, they developed
some analysis of the SH [76]. They used a CAM-Chem CTM, projecting emissions by
2050 for three scenarios, A1FI (upper bounds), A1B (middle bounds), and Bl (lower
bounds) [21,76]. They suggested that the mercury anthropogenic emissions would rise.
Based on data from the year 2020, the authors estimated an increase of 9% to 173% by
the year 2050, with the use of fossil fuels being the main cause of this [76]. Projections
showed an increase in TGM concentrations globally by the year 2050. In the SH, the authors
identified considerable alterations for the A1B and A1FI scenarios in southern Africa and
Central America. Based on the results, the research concluded that the interhemispheric
differences could be much greater. Indeed, for both the NH and SH, it could magnify the
mean concentrations at mid-latitudes. For the SH, the authors attributed these results to
the emissions by the mining industry in Southern Africa. The increase in the mean zonal
concentrations of TGM for the SH would be between 0.5 and 1.2 ng/m?>. For the case of
latitudes above 60°, the authors suggested that the concentration changes in the TGM are
less than half the average in the SH [76].

Pacyna et al. (2016) in their research using two CTM (ECHMERIT and GLEMOS),
proposed three scenarios for the projection of mercury emissions by 2035. The first refers
to the Current Policy (CP), which considers a slight increase in annual mercury emissions
(around +3.02 Mg/ year). The second scenario, a New Policy (NP), considers a reduction in
emissions by 2035 (around —32.7 Mg/year). According to the Minamata agreement, NP
assumes a mercury use reduction in products of 70%. The last scenario is the Maximum
Feasible Reduction (MFR). This scenario assumes a significant reduction in anthropogenic
emissions (around —59.9 Mg/ year). This is because countries could implement all the rele-
vant reduction policies, achieving the most significant possible reduction in each emissions
sector [15,62,64]. Within the projected results, by 2035 for the CP scenario, the mercury de-
position could decrease by 20 to 30% in Europe and North America. For SH, the deposition
would decrease between 5 to 15%. However, in Asia, there would be an increase of up to
50% [62]. In addition, the authors suggested a diminishing of mercury deposition at the
global level, including in the SH, by around 20% to 30% for the NP scenario. Despite this,
Asia’s southern part would increase by between 10% and 15%. However, in the best MFR
scenario, the SH would reduce emissions by up to 35% [62].

In contrast, Angot et al. (2018) found more significant mercury reductions in the
SH areas. Under similar study conditions, considering that the reduction policies from
the year 2020 with the NP scenario would be implemented, they estimated a reduction
of 38.3%. In their study, this more significant reduction of mercury emissions occurred
because Angot et al. considered a spatial variation of inherited emissions, assuming they
were not constant [15].
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2.4. Interhemispheric Transport

The NH’s most significant anthropogenic emissions are due to the higher industrial
development compared to the SH [14,46,59,71]. The most abundant form of atmospheric
mercury is GEM, which has low reactivity and solubility. Atmospheric transport is the
most significant way this metal is distributed in the environment. Therefore, distribution
over long distances depends on its lifetime in the GEM's atmosphere, which is estimated at
between 0.5 to 1 year [46]. From this, the interhemispheric transport between the NH and
SH may be a relevant aspect when studying atmospheric mercury behaviour, especially in
the SH. However, studies have shown that on average, the lifespan of the GEM is around
nine months. Therefore, it is shorter than the time determined for an interhemispheric
exchange to exist, which is 12 months [77]. Corbitt et al. (2011) presented modelling using
GEOS-Chem and a source-receptor influence equation (I = D;;/E;), which related the
net deposition flux (D) to region j of the emissions of region i, to that of anthropogenic
emissions(E) of region i. With this source-receptor influence function, they evaluated
the causation of emissions from one region regarding the deposition in another region;
therefore, determining the influence of interhemispheric transport on deposition [77]. This
study showed a low effect of anthropogenic emissions generated in the NH towards the
SH, only influencing the middle tropical zone. In addition, they showed that SH emissions
only had a significant influence in this hemisphere, so would not affect the NH to a great
extent [77]. Howard et al. (2017) studied interhemispheric transport using the same CTM
and two-year GEM measurements from the Australian Tropical Atmospheric Research
Station (ATARS). In this study, they determined that the influence of the NH emissions was
low and relatively constant, especially in the driest season (April-December). However,
13 days were affected by the transport of emissions from the NH, relating them to a
particular increase in the GEM [46]. Despite this, and considering the location of the
studied station, that is, the northern part of the SH, there was no significant influence of the
emissions from the NH on the SH. This is mainly because this station is at latitudes in the
Intertropical Convergence Zone (ITCZ) for which the GEM emissions measured are related
more to the emissions from the SH than to those of the NH [46].

Interhemispheric transport of mercury emissions does not significantly affect atmo-
spheric mercury reservoirs. Studies have suggested that it is possible to examine both
hemispheres independently [77,78]. Indeed, two factors limit the atmospheric transport
of mercury through the equatorial zone. The first is the Hadley circulation, which helps
reduce the exchange of air masses at the tropospheric level. The second is because of the
existence of the ITCZ [46,78]. The ITCZ is formed in a region where the trade winds of both
hemispheres meet and generate a low-pressure zone. This phenomenon generates heavy
rains in this zone and rapid vertical movements of air masses, acting as a meteorological
barrier for interhemispheric mercury transport. However, in Australia, there are some
differences from the other parts of the SH. The upper part of the country is within the
limits of the ITCZ, which is associated with the fact that it is in the northern atmospheric
hemisphere [46,78].

2.5. Mercury Deposition in the Southern Hemisphere

One of the key processes of the mercury cycle is its atmospheric deposition, which
can be of the wet or dry type. Wet deposition comes from precipitation such as rain
or snow. Likewise, wet deposition could result from contributions by clouds, dew, and
fog [17]. In contrast, dry deposition refers to the mechanism where particles fall to the
earth’s surface without the intervention of precipitation or some other contributor to wet
deposition. With mercury, dry deposition occurs on vegetation, treetops, etc. However, the
most important sinks for dry deposition are forest canopies and leaf litter [8,17]. Several
authors have studied this type of mercury deposition [17,54,55,59,67,71,79-81]. Despite
this, there are still several gaps regarding the measurement methods. Likewise, there is
no certainty of the results of the CTM, especially in the SH, because of the few existing
data to compare [17]. According to Zhou et al. (2021), global mercury deposition could



Atmosphere 2022, 13, 1226

15 of 22

be separated into 26-38% for wet deposition and 62-74% for dry deposition. In addition,
they identified that vegetation greatly contributes to dry deposition, representing about
76% of the total [18]. Another source is the ocean, one of the main natural mercury sources.
The gaseous exchanges between the atmosphere and the ocean generate re-emissions of
mercury. Indeed, researchers have argued that these ocean re-emissions have a significant
GEM contribution since the ocean covers a great part of the SH. It is estimated that these
re-emissions contribute more than half of the atmospheric surface concentration [71].

The mechanism by which mercury can incorporate into biota is principally its de-
position as methylmercury. For top predators, it is the main source of mercury due to
biomagnification along the food chain [82]. Despite the relevance of measuring and con-
trolling mercury deposition, uncertainty exists in the estimation methods. However, some
changes can reduce the uncertainty such as the use of dynamic flux chambers to obtain
GEM measurements [17]. This alternative could be used to measure dry deposition in
a global network. Also, to improve GOM dry deposition flow modelling it is necessary
to enhance the quantification methods of its diverse species [17]. One option for reduc-
ing uncertainty in wet deposition flux in CTMs, which is impacted by meteorology, is
to conduct an ensemble model study using several meteorological datasets or emissions
scenarios [55]. Applying multi-model research with different mercury models using distinct
parameterizations is another option for determining the uncertainty in the atmospheric
mercury deposition source-receptor relationship [55].

2.5.1. Mercury Wet Deposition

The wet deposition flux ranges between 0.2 and 10 pg/m? per year (annual average
of 2.9 ug/m?) for the NH and between 1 and 5 pg/m? (annual average of 1.9 ug/m?) for
the SH. These values vary with diverse factors such as atmospheric mercury concentration,
geographic location, weather, precipitation, and atmospheric chemistry [16,55]. In their
review, Obrist et al. (2018) stated that there was a significant temporal and spatial variability
in Hg's wet deposition (II). Further, they commented that wet deposition followed a similar
pattern to the anthropogenic mercury emissions, which would explain these flux differences
between the NH and SH [16]. With information from the Global Mercury Observation
System (GMOS), Sprovieri et al. (2017) studied five years (2011-2015) of mercury wet
deposition data. Their research analysed 17 monitoring stations in the northern and
southern hemispheres and was considered the first study of wet deposition that considered
the SH. Within the four measurement sites in the SH (AMS, CPT, Cape Grim (CGR), and
BAR), the wet deposition flux was lower in comparison with the NH latitudes. However,
the flux at CGR was 5 to 10 times higher than at the other SH sites [55,70]. For the NH, they
determined a clear relationship between wet deposition and the amount of precipitation.
For example, in the year 2014, ISK (Iskrba, Slovenia), with 1631 mm of precipitation, had
a wet deposition flux of 10 pug/m? per year, unlike MCH (Mt. Changbai, China) with
177.0 mm, which had an annual deposition of 1.0 ug/ m? [55].

In contrast, for the same year in the SH, this relationship was not clear. For example,
AMS with 864.1 mm had a deposition of 1.55 ug/m? per year and CGR with 562.3 mm
had a deposition of 3.8 ug/m? per year. Therefore, for the SH and low latitudes of the NH
(tropical zones), there was no clear relationship between wet deposition and the amount
of precipitation compared to the medium and high latitudes of the NH [71]. Regarding
wet deposition flux seasonality, there was no apparent relationship between the seasonal
variation in rainfall with the total values of the mercury wet deposition flux. Despite this,
the authors identified a certain seasonal variability in the SH for the mercury wet deposition
flux. This is because most stations obtained low values during the colder seasons and
higher values in spring. However, it was not a clear pattern since in BAR, they observed
the lowest values in summer [71].

Researchers found some agreements when comparing the measurement results with
the models using the CTM. In their presented modelling, Horowitz et al. (2017) verified
the existence of the seasonal variability of the wet deposition flux in the NH driven by
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the amount of precipitation. Likewise, they showed that including NO, and HO, as
second-stage oxidants improved Hg (II) predictions at lower latitudes, although it still
underestimated the magnitude [59]. The results determined that 80% of the global depo-
sition of Hg (II) was in the oceans and 60% of this was wet deposition. Meanwhile, 49%
of the total global deposition of Hg (II) was in the tropical oceans, which corresponded to
mid-latitudes between 30° and —30°. In fact, Horowitz et al. (2017) concluded that wet,
dry, and total deposition fluxes had higher values in the SH compared to the results by
Sprovieri et al. (2017), reaching values close to 15 ug m—2 year’1 [59,71]. In this sense,
Travnikov et al. (2017), using GEOS-Chem, found high deposition values at high latitudes
in the SH. They associated these with the intensive oxidation of atmospheric elemental
mercury because of the high concentrations of Br. Despite this, they identified Antarctica’s
lowest mercury wet deposition flux values [14].

Yanxu Zhang et al. (2019) proposed a simulation model coupled with GEOS-Chem
to improve wet deposition estimations. This coupled model, MITgcm, uses the chemistry
and transport of mercury in the ocean [49]. In their research, they studied the Southern
Ocean between 2014 and 2015. They found that the experimental measurements had
low zonal variability in elemental mercury concentrations in seawater (ocean) and the
atmosphere with values of 0.12 + 0.067 ng/m? and 0.94 + 0.12 ng/m?, respectively. In
brief, the models implemented in this research largely agreed with the observed values
because they had no significant differences [49]. However, when studying the deposition
in the SH, the results were higher than those observed. This problem occurred earlier in
the simulation performed by Horowitz et al. (2017), reaching values close to 20 ug/m? per
year in the southern part of Africa and Australia [49,59]. Another problem detected was
the discrepancy between the values of elemental mercury concentrations in seawater at the
height of the western tropical Pacific Ocean. The maximum values were 50% smaller than
the observed data. The main reason for this was that the addition of the cloud mass flux
(CMF) was not precise enough. Therefore, the authors suggested using models that could
better represent the convective mass flow than the WRF [49].

Although there is concordance between the model estimations and the measurement
data regarding the order of magnitude, the models overestimated the wet deposition of
mercury in the SH values. Likewise, in the observed data studies, there is some represen-
tativeness in the distribution of the measurement sites but there is no specific analysis of
other sites that are further away in the SH, such as Antarctica, the middle part of Africa, or
the central part of South America. Indeed, in the south-central part of South America, Koen-
ing et al. (2021) identified atmospheric mercury levels over the hemispheric average [66].
In a similar vein, Travnikov et al. (2017) revealed an overestimation of the values in the CPT
and AMS stations [14]. Finally, Sprovieri et al. (2017), in their research, showed that the data
used for the SH was less complete than the HN mercury measurement sites. For instance,
few samples were recorded in autumn and summer at the BAR station. This generated
more significant uncertainty when comparing the observed and modelled data, which
illustrates the importance of further studies on atmospheric mercury in the SH. Despite
this, this analysis agrees with that reported by Travnikov et al. (2017). This is because their
study concluded that the lowest flows of wet deposition occur in the driest regions, such as
Antarctica. Despite this, there is no certainty of the values of dry deposition in the SH for
which it is complex to validate the estimates of the models presented [14].

2.5.2. Mercury Dry Deposition

Considering the three forms of mercury in the atmosphere (GEM, GOM, and PBM),
it is crucial to clarify the following. For GOM and PBM, both can be subject to wet
deposition. However, for dry deposition, these three mercury forms can undertake this
process [83]. First, measuring the dry deposition of mercury directly is complex, but some
techniques exist to achieve some approximations. Within the measurement techniques,
there are substitute surface or leaf litter measurements. Otherwise, CTM to estimate the
dry deposition of mercury performs the calculation through the interferential method. This
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method is the product of the dry deposition rate and the concentration of atmospheric
Hg [8,83]. The CTM has been used mainly to estimate dry deposition in the NH (North
America, Asia, and Europe) [8,17,65,69]. Therefore, although the information available on
the SH is still scarce, it is related to measurements made or specific mathematical models,
especially in Australia.

In the SH, the atmospheric model’s results regarding dry mercury deposition have
high uncertainty. For instance, some simulations reached values that were between 100 and
400% different to the observed values of dry deposition for GEM [17]. In Australia, the
estimation of the dry deposition flux suggests that it is more significant than wet deposition
for mercury, with a mean value of 10 £ 5 pg/m? per year [70]. However, the mean values
were smaller in the simulation at the continental level for the dry deposition flux. The
model approximated the dry deposition flux at between 0.5 and 5 pg/m? per year. This
value has differences of up to 97% between the maximum and minimum values in each
case [70]. Some measurements in Southwest Australia (2017-2018), and Oakdale, New
South Wales, have reported seasonal variations in the net deposition flux. This research
determined the prevalence of dry deposition during the austral winter. The dry deposition
flux reached a maximum value of 0.95 ng/ m? in one hour in the winter of 2018 [84].
However, this research only presents an analysis of low vegetation (grassland under 2 cm)
for which it does not explore other relevant aspects, such as the forest canopy, which is
a significant sink for mercury dry deposition [84]. Another area of the SH where there
have been deposition studies conducted is South America. In the BAR station in a study
carried out by Diéguez et al., the measurements detected GEM levels higher in the austral
spring at 0.95 + 0.13 ng/m? and lower in autumn at 0.8 4- 0.15 ng/m?>. The average was
0.96 £ 0.16 ng/m3, coinciding with the trends presented by Horowitz et al. (2017), where
atmospheric mercury levels were higher in the spring [6,59]. Regarding the dry deposition,
in that research, the authors showed that the dry deposition of mercury increased during
the night, associated with higher humidity values. It correlated with the low levels of GOM.
However, it could also be associated with wet deposition, an aspect not mentioned in the
study, which is why it was not such an obvious pattern [6].

Another study in Antarctica evaluated the distribution of PBM, seeking to explore the
influence of meteorological parameters, seasonal variations, and the flux of dry deposi-
tion [85]. In this investigation, it was determined that for the austral summer (2017-2018),
the average concentration of PBM in PMy was 51 4 27 pg/m?>. Likewise, they found a
considerable seasonal variability for the PBM since in November the concentrations were
87 + 8 pg/m3, decreasing around 40% during December and January. When comparing
these values with urban areas such as Germany or Spain, the concentration of PBM in
Antarctica is at least 20% higher, a significant aspect considering that Antarctica acts as a
sink for emissions from the SH [85]. Regarding the dry deposition flux, the authors showed
that particles between 2.5 and 10.0 pm generate over 60% of the total dry deposition of PBM.
Thus, they suggested that a significant interdependence exists between the dry deposition
rate and particle size. They estimated the average PBM flux for the austral summer at
85 ng/m? per day for particles between 2.5 and 10.0 um [85]. There were no other values
in the literature on the average flux of PBM, so it was not easy to compare these results.
However, considering the previous value as an annual proportion and the summer deposi-
tion being a high proportion of the annual flux in coastal areas, we estimated the average
PBM flux to be close to 3.1 pg/m? per year. Both values would agree when comparing this
flux with another study on the Antarctic with a total average deposition flux of 3.5 j1g/m?
per year [72]. However, it is difficult to conclude whether the approximation is accurate
and conclusive because part of the PBM underwent wet deposition processes, an aspect
not measured by Illuminati et al. [74,85].

3. Conclusions and Recommendations

Mercury is a harmful element which garners significant attention because of the diverse
health issues it can generate. The Minamata Convention on Mercury is the most relevant
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initiative on this matter. To achieve the objectives of the convention, the chemical transport
models play a crucial role because they allow studying atmospheric mercury on a diverse
scale. In this sense, several researchers have investigated atmospheric mercury by exploring
key aspects such as the spatial distribution of mercury, mercury emissions projections,
interhemispheric transport, and mercury deposition in the southern hemisphere.

Regarding the spatial distribution of mercury, it is possible to see a particular dis-
crepancy between the observed (measured) and simulated values in the SH. In addition,
uncertainty exists regarding the seasonality of gaseous elemental mercury (GEM) and total
gaseous mercury (TGM). This issue is due to three key reasons. The first is the scarcity of
mercury measurement stations in the SH; in addition to this, they are located far away from
each other, so it is complex to analyze the seasonal variations. Another reason is the low
amount of research that exists regarding the modelling of mercury in the SH. Atmospheric
mercury studies have had a global approach or have been focused on the NH. Therefore,
there is a lack of research about the SH in this area. The final reason is the scarcity of data
on mercury inventories in the SH. Seasonality does not exist. Therefore, it is more difficult
to predict possible seasonal variations in the behaviour of atmospheric mercury using
chemical transport models.

Regarding mercury emissions projections, this study reviewed two proposal models.
The first, based on the scenarios suggested by the IPCC, showed that there will be an
increase in TGM concentrations globally. In addition, it estimated significant changes in
the central parts of both hemispheres. In contrast, the estimates made based on reductions
according to the Minamata Convention proposals decreased mercury emissions. However,
future projections of anthropogenic mercury emissions depend directly on the economic
development of each country, especially on the items that are more relevant regarding the
emissions of this metal such as the use of fuels for energy. In addition, the low amount of
research related to projections of future mercury emissions generates uncertainty regarding
the possible global scenarios that could occur. Few papers have been published on the SH
regarding mercury emissions projections, especially regarding South America and Africa.
This further hinders an accurate understanding of the mercury cycle in this hemisphere.
Therefore, this increases uncertainty regarding the real measures that must be implemented
to reduce the global balance of mercury.

The transport of interhemispheric anthropogenic emissions of mercury from the NH
to the SH does not have a significant impact. The main reason is the existence of the ITCZ,
which acts as a meteorological barrier to this transport.

Regarding the deposition, researchers identified high values in the SH and studies
suggested the dry deposition is significant. Therefore, this phenomenon is crucial for
mercury cycling in the SH, where South America plays a critical role because of the large
amount of vegetation. The ocean is another relevant aspect since it is one of the primary
sources of natural mercury emissions in the SH because of gaseous exchanges between the
atmosphere and the ocean, generating a re-emission of this pollutant.

Wet deposition flux values are lower in the SH than in NH, influenced by anthro-
pogenic emissions. Although in the NH, there is a relationship between wet deposition
and the amount of precipitation; the more rain, the greater the wet deposition; however,
this relationship in the SH is unclear. Regarding the seasonality of wet deposition, some
investigations identified the highest values in the SH during wetter seasons. However,
these changes were at different points so a more significant analysis of the behaviour of
different areas in the hemisphere is lacking. Finally, the observed data had some agreement
with the studied models. Despite this, the maximum values disagreed with this since the
wet deposition values estimated using the CTM were much higher than the observed data.

Dry deposition was one of the weakest aspects of the reviewed research on the SH.
Comparing the observed data with the results of the CTM studies, there were differences
of between 100% and 400%. Thus, research on the dry deposition of mercury in the SH
is scarce, for which the results are inconclusive, generating uncertainty regarding the
real values.
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Although there have been investigations using CTM that have studied the southern
hemisphere, there are no studies that focus on this hemisphere. This is because most of the
research has focused on the planet’s northern hemisphere. In fact, within the studies and
reviews, differences were found in both hemispheres regarding both the emissions sources
and the sinks. Therefore, it is urgent to enhance the knowledge about the mercury cycle
in the SH, since otherwise, there will be low certainty about the variability of the mercury
concentration in the atmosphere. This lack of knowledge causes uncertainty regarding the
projection of its effects on the population’s health and the environment. Finally, among the
initiatives promoted by the Minamata Convention is the atmospheric modelling of mercury,
a tool that could help improve the knowledge of the mercury cycle in the SH. Therefore,
it is crucial to promote research that can study atmospheric mercury and the differences
between hemispheres and cover the current research gaps.
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