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Abstract: One of the major problems of the present era is air pollution, not only for its impact on
climate change but also for the diseases provoked by this scourge. Among the most concerning air
pollutants is particulate matter, since it can travel long distances and affect the entire globe. Antarc-
tica is extremely sensitive to climate change and essential for regulating temperature and permitting
life on Earth. Therefore, air quality studies in this region are extremely important. The aim of this
review is to present the work conducted on the identification and detection of aerosols and partic-
ulate matter in the Antarctic region in the last 20 years. These studies revealed a large number of
organic and inorganic species. Organochlorine pesticides or polychlorinated biphenyls represent
almost 50% of the organic fraction detected in Antarctica. Furthermore, heavy metals such as Hg
and Pb were also found in the region related to anthropogenic activities. To summarize, this work
detailed different analytical techniques and data processing to help characterize Antarctic aerosols
and their potential sources.

Keywords: particulate matter; POPs; long-range transport; air pollution; chemometrics; air mass
back trajectories; Antarctica

1. Introduction

In last 50 years, atmospheric pollution established itself as a global issue and the ma-
jor environmental threat to human health on Earth [1]. Although some natural phenom-
ena such as sandstorms, volcanic activity, soil erosion, and the weathering of rocks are
considered responsible for particulate matter (PM) in air, during the past few decades,
human activities such as industry, burning of fossil fuels, vehicle exhaust, and smelting
have been major factors that enhanced the level of carbon-based pollutants in air [2,3].
Volatile organic compounds (VOCs) are considered the most common form of air pollu-
tants. Although they are generally produced by human activities such as air, road, and
sea traffic, industry, and waste burning, vegetation also contributes as another source of
hydrocarbon emissions [4]. For example, broad leaf trees and conifer plants are highly
responsible for the release of terpene, semiterpene, and diterpene emissions [5]. Therefore,
the combination of vegetation and the emissions from anthropogenic sources makes
VOCs an outstanding problem for the environment. The problem becomes more difficult
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to understand when primary VOCs react with hydroxyl radicals (*OH), ozone (Os), and
nitrate (NOs") and produce secondary organic aerosols (SOA) or particulate-phase species
in the atmosphere [6,7]. The chemistry of such reactions is understandable to some extent
in the troposphere. Still, the oxidation reactions become more complicated to recognize in
the stratosphere, where other components such as ethane and acetylene become part of
the game. This is a critical fact, since the secondary organic aerosols (SOAs) formed are
also present in the troposphere. Therefore, they can be easily distributed around the globe
[8].

One type of the most concerning organic pollutants is persistent organic compounds
(POPs), which last a longer time in the atmosphere and have a significant resistivity to
breaking down into other substances. For these reasons, they are considered more crucial
for damaging human health [9]. In fact, the Stockholm Convention was held to make a
global treat to protect human health and the environment from POPs because of their
mentioned high persistency, toxicity, potential to bioaccumulate, and ability to undergo
long-range transport [10].

Another class of important players of atmospheric chemistry is halogens. Tropo-
spheric halogens are emitted from oceanic, terrestrial, and anthropogenic sources [11]. The
oceanic source is very important, especially for bromine and chlorine. They are released
as sea salt aerosols to become a part of the atmosphere [12]. Gaseous halogens are pho-
tolabile and, in daylight, form radicals that react rapidly with VOCs to synthesize haloal-
kanes. These compounds have a significant role in atmospheric chemistry, since they have
a longer lifetime than that of VOCs [6,13].

A number of sulfur species are present both in the troposphere as well as the strato-
sphere. Among them, H:S is the most abundant, followed by other organic sulfur gases
such as dimethyl sulfide (DMS), carbonyl sulfide (COS), and carbon disulfide (CSz), which
are emitted from oceanic and volcanic sources [14]. Anthropogenic sulfur is mainly emit-
ted as SO:2 from the combustion of coal and oil and used in industrial processes and bio-
mass burning, and it is found higher than the natural emitted sulfur [15]. In the strato-
sphere, SO2 has a longer lifetime (2 weeks) than in the troposphere (few days) [16], some-
thing related to their role in the atmospheric acid-base chemistry. SOz is an important pre-
cursor of many modified aerosols in the atmosphere. It is a well-known fact that SOz is the
major contributor to acid rain, which is due to the formation of sulfuric acid by its reaction
with water vapors or oxygen [15]. Due to its negative effect on human health, vegetation,
aquatic life, and infrastructure, severe legislation has been imposed on sulfur emissions
by international agencies. As a result, since 1990, European and North American SOz emis-
sions have been reduced by 70-80% [17]. These attempts had no significant impact on
global sulfur fluxes because of China’s emissions, which are about 25% of the global SO:
emissions. SOz can be transported large distances from China to other places, such as the
Korean Peninsula, Japan, and the northwest Pacific Ocean [18].

As far as inorganic pollutants are concerned, heavy metals are very prominent in this
class. Particulate matter generally contains nickel, chromium, lead, zinc, copper, mercury,
arsenic, etc., which may have severe effects on human health [19]. For example, some met-
als such as iron, nickel, vanadium, chromium and copper can produce reactive oxygen
species (ROS) in biological systems [20]. The special problem of metals is their non-degra-
dability. They remain in the environment for a very long time [21]. Hg, As, and Pb mainly
originate from anthropogenic sources such as mining operation and metallurgical pro-
cesses employed for extraction of metals such as Cu, Ag, Zn, and Cr. Other potentially
toxic anthropogenic elements (Ag, Ba, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, Sr, Ti, V, and
Zn) are typically present in gasoline and diesel fuels and gasoline and diesel engine ex-
hausts [22]. Some of them were detected by our research group (Hf, Zr, As, Cu, Sn, Zn,
and Pb). The presence of these elements was attributed to remote maritime traffic, local
petrol combustion (generators or tourist cruises), and remote or local crust [23]. As has
been observed in Antarctica, in other regions, and especially in industrialized areas [24],
many possible sources of particulate matter can occur, including not only local sources
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but also remote ones. Due to the low size and weight of particulate matter, it can easily be
transported across the entire planet by wind currents. This long-range transportation of
pollutants around the globe is influenced by a number of favorable meteorological condi-
tions, such as temperature, the movement and direction of surface waters, air mass circu-
lation, and wind speed [21]. There is solid evidence that pollutants, particularly POPs, can
travel very far from their sources of emission [25]. The long-distance distribution of these
anthropogenic contaminants has been revealed in different reports regarding air quality
analysis conducted in Antarctica and the Arctic region. In the past, both regions were con-
sidered virgin zones since there was a certain isolation of its atmosphere with respect to
the general planetary atmospheric circulation. In both places, aerosols mostly consist of
harmless species such as Na*, Mg?, and SO+ ions [26,27] but are gradually getting pol-
luted by dust- or smoke-related aerosols containing and VOCs [28,29].

The presence of air pollutants such as VOCs, sulfur species, and halogen-containing
compounds (as well as their resulting radicals) emitted in urban areas due to man-made
activities and mostly transported to the polar regions by wind is more crucial in the Ant-
arctic atmosphere, since the ozone hole develops every year over Antarctica [30,31].
Ozone depletion due to halogen and related species is also observed in Europe, since pre-
vious studies on European air quality discovered that an almost 25% reduction in ozone
concentration over Europe was due to halogen-related species [32].

The depletion of Antarctic ozone is mainly attributed to halogen-mediated reactions
within polar stratospheric clouds under frigid temperatures and encircled by a polar vor-
tex [33]. Moreover, although the Arctic and Antarctic climates are believed to be similar,
temperatures colder than —80 °C at 70 mbar registered in Antarctica are probably respon-
sible for the greatest differences found in ozone destruction between the hemispheres [34].
In addition to the Antarctic ozone hole, climate change is also dependent on aerosol inter-
actions, since radiative forcing caused by aerosol-cloud interactions is about twice as large
as that for CO2 [35].

Studies in the Antarctic region are extremely necessary due to its unique temperature
patterns and physical conditions. The extremely low temperatures of Antarctica facilitate
the generation of a particular type of very cold, strong, and dry wind motion, known as
katabatic winds [36]. The Polar Plateau always cools the air above it, and as a result, a
collision between the different air masses generates a low-pressure belt that surrounds
Antarctica with upward movements of air [37]. These air masses descend on Antarctica,
feeding back on the katabatic system of wind described earlier. Consequently, a system is
generated that is relatively isolated from the rest of the general planetary atmospheric
circulation.

Interesting environmental investigations could be conducted in remote zones to ac-
cess the anthropogenic pollution level. Here, an attempt is made to give a comprehensive
view on the current state of knowledge and understanding concerning the level of organic
and inorganic air pollutants and their effect on the climate of the Antarctic region. This
review also reveals the attempts made in the recent past and reports the pollution level in
the region. The special focus of this work is Antarctica because, as it is considered one of
the least polluted places on Earth, it is ideal for measuring the spread of global pollutants.
In addition, its special climate and prevailing winds make this region one of the final sinks
for many pollutants, especially POPs [38-40] and heavy metals [41-43].

2. Different Types of Aerosols Detected in Antarctica

Antarctica is still a geographically isolated area, but its weather and climate are
deeply linked with the climatic parameters of rest of the globe in terms of air mass, pre-
cipitation, etc. Several investigations have been conducted to measure and detect pollu-
tants in the air from the Antarctic region. The transportation of particulate material over
long distances to finally reach the Antarctic Peninsula has already been documented
[44,45]. In the following section, for the reader’s benefit and better understanding of the
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subject, the concerned pollutants have been divided according to their chemical nature
into organic and inorganic compounds.

2.1. Organic Compounds

Table 1 reveals a summary concerning the research work carried out to access the
presence and level of organic pollutants in the Antarctic region. Similarly, Figure 1 pro-
vides insight into the relative weight of each pollutant family investigated in air quality
studies conducted in the Antarctic region.

NBFRs Aldehydes
CPs  59% 2.9%

2.9%
VCHCs

Figure 1. Relative abundance of each organic pollutant reported in Antarctic region from 2000 to
2021.

The large quantity of data collected by the scientists” work in various localities of the
Antarctic region, given in above table and figure, reveals profound information and un-
derstanding regarding the major families of organic pollutants. What is still needed is a
comparison of this data with those of urban areas in the civilized world and identification
of their sources and mechanisms of transportation.
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Table 1. Compilation of investigation studies on organic compounds carried out in the Antarctic atmosphere.

ling Locati ithi T Analysi
Sampling oc;jttmn (,WIt m Study Period Collected Phase Sampling System arget Compound na -ysm Reference
the Antarctic Region) Groups Techniques
Particles: high-volume sampler
Signy Island, Antarctica (re- . . (glass fiber filter of 142 mm)
search station of the British From 5 December 1994 to2 April - Particulate matter Gas: PUF 1 (diameter: 100 mm, OCPs2and PCBs? LRMS or HRMS # [46]
. 1995 (17 weeks) Gaseous .
Antarctic Survey) thickness: 50 mm, and 25 kg/m3
density)
F 18D 2004 De- XAD resin- ive ai
King George Island rom 18 December 2004 to 5 De Gaseous resin-based passive air  pop 04 OCps GC/MS [47]
cember 2005 samplers
Particles: high-volume active air
Northern Victoria Land (Terra From 4 November 2003 to 30 Janu- Particulate matter sampler (quartz ﬁ.ber filter) OCPs GC/ECD 5 (48]
Nova Bay) ary 2004 Gaseous Gas: PUF (65-mm diameter and
75-mm height)
Ross Sea. Reglon (Northern  Not defme.d (severa‘l .Itahan Ant- Gaseous Modified dlaphrag@ pump sys- VCHCs 6 CTLGC-MS 7 [49]
Victoria Land) arctic Expeditions) tem and canisters
Three sites on the Barton Pen- August 2005-August 2006 (site 1), XAD-2 resin-based passive air
insula, King Sejong Station =~ August 2006—August 2007 (site 2), Gaseous sam lersp PCBs and OCPs GC/HRMS [50]
(King George Island) and June 2008-June 2009 (site3) P
PUF-based passive air samplers.
Parameters: diameter of 14 cm
F D 2 7F - ’
King George Island rom 8 December 2009 to 7 Febru Gaseous thickness of 1.35 cm, surface  PCBs and PBDEs 8 HRMS [51]
ary 2010 (Austral summer)
area of 365 cm?, volume of 207
cm
Particles: high-volume sampler
. (quartz fiber filter of 102 mm, PCDD/Fs %, PCBs, )
P 1 12 1
Terra Nova Bay Austral summer 2009-2010 art12;:;§;rs1atter porosity of 1 um) PCNs 19, PBDEs, Gcﬁ\:jru (2112 ‘c); € [52]
Gas: PUF (65-mm diameter, 75- and PAHs 1 d P
mm height)
King George Island, Fildes From 16 January to 8 February =~ Particulate matter  Particles: high-volume sampler CPs 13 GC-MS/MS (triple (53]
Peninsula of Antarctica 2013 Gaseous (glass fiber filter) quadrupole)
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Gas: PUF

Palmer Peninsula (Palmer Sta- From 19 October to 11 November Particulate matter

Particles: high-volume air sam-
pler (glass fiber filter, 8 in x 10

PCBs, OCPs and GC-MS/MS (triple

. in) [54]
201 PBDE 1
tion) 010 Gaseous Gas: PUF (7.8-cm diameter x 7.5 S quadrupole)
cm thick)
PUF disk (14-cm diameter, 1.35
i - D 201 hick, surf £
Terra Nova ].3ay (Marlo Zuc- From December 2010 to January Gaseous cm thick, surface area of 365 PCBs and OCPs GC/MS [55]
chelli Station) 2011 cm?, mass of 4.40 g, volume of
207 cm?, density of 21.3 mg/cm?)
. . . Particles: high-volume air sam-
King George Island (Chinese ¢ 1. vary 2011 to January 2014 FPrficHlate matter pler (glass fiber filter) PCBs and PBDEs HRGC/HRMS ™ [56]
Great Wall Station) Gaseous
Gas: PUF
Particles: high-volume air sam-
Particulate matter pler (glass fiber filter, rectangu-
Bransfield Strait Austral summer of 2014 Gaseous lar, 250 x 200 mm) PAHs GC/MS [57]
aseot Gas: PUF (95-mm diameter and
50-mm height)
Livingston Islamfl (South Shet- From 1 December 2014 to March 1 Gaseous PUF (10 x 2 cm), PAHSs GC/MS (58]
lands Archipelago) 2015
Brazilian Comandante Ferraz Radiello passive samplers (im-
aztilan ‘-omancante terra Antarctic summer in 2012 Gaseous pregnated with 2,4-dinitro- Aldehydes HPLC/UV 15 [59]
Antarctic Station
phenyhydrazones)
King George Island (Chinese Particulate matter Particles: high-volume air sam-
g Locotge 18 and (- NeSE g om January 2011 to January 2014 pler (glass fiber filter) OCPs HRMS [60]
Great Wall Station) Gaseous
Gas: PUF
Fildes Peninsula (King George From December 2010 to January Caseous XAD-2 resin passive air sam- PCBs, PBDEs and HRGC-HRMS [61]
Island) 2018 plers OCPs
. Particles: active high-volume
i i i P lat
Fildes Peninsula (King George Summers of 2013-2019 articulate matter sampler (glass fiber filter, rec- PAHs GC/MS [62]

Island) Gaseous

tangular, 250 x 200 mm)
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Gas: PUF (95-mm diameter and
50-mm height)
. . . Particles: high-volume active air
King George Island (Chinese From 2011 to 2018 Particulate matter =, 1 ler (glass fiber filter) NBFRs 1 GC/MS [63]
Great Wall Station) Gaseous
Gas: PUF
Gas: High flow-through passive
Wllkes. Land (Casey Station) From 2010 to 2015 Gas.eous (Casey) anj sampl‘er (PUF, Casey?
Dronning Maud Land (Troll Particulate matter ~ Particles: high-volume active PBDEs HRMS [64]
] Throughout 2013 . . .
Station) and gaseous (Troll)  sampling (glass fiber filters)
Gas: PUF (Troll)
e coss
King C(;Sreo?i; Iiasr;dﬁ(cr}l;mese From 2014 to 2018 Partléulate matter eter: 102 mm) CPs (Q"IFOtI:r,nquafdfll‘u— [65]
cat Wl Statio aseous Gas: PUF (diameter: 2.5 in; 3 in pote in;o y

high)

Key: ! PUF = polyurethane foam. 2 Organochlorine pesticides. 3 Polychlorinated biphenyls. ¢ Low- or high-resolution mass spectrometry. 5 Gas chromatography
equipped with electron capture detector. ¢ Volatile chlorinated hydrocarbons. 7 Cryofocusing trap injector coupled to a gas chromatograph with mass spectrometric
detection. ® Polybrominated diphenyl ethers. ° Polychlorinated dibenzodioxins and furans. '° Polychlorinated naphthalene. ! Polycyclic aromatic hydrocarbons. '2
Gas chromatography/mass spectrometry. ¥ Chlorinated paraffins. ' High-resolution gas chromatography coupled with high-resolution mass spectrometer. 15
High-performance pressure liquid chromatography with a UV detector. '® Novel brominated flame retardants.
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2.1.1. Organochlorine Pesticides (OCPs)

This class of compounds mainly consists of the highest concentrations of a, 3, and y
isomers of hexachlorocyclohexane (HCH), chlordanes, and dichlorodiphenyltrichloro-
ethane (DDT) compounds. Among these, HCH reached the highest levels in Antarctica,
especially y-HCH (22 pg/m3, particulate + gaseous), followed by a-HCH and 3-HCH (2.8
and 2.4 pg/m?, respectively), whereas the chlordanes and DDT families were in the range
of 0.04-0.90 pg/m? [46]. A serious study on pollution due to OCPs from 2011 to 2014 at
King George Island was conducted [60], and a large amount of reliable data revealed a
temporal profile of the area in those years (Figure 2). These data show that different iso-
mers are present up to different levels of concentration. The concentrations of two iso-
mers, a-HCH and $-HCH, were found to be higher than the total OCPs (90%) for each
investigated year.

As is clear from Figure 2, the rest of the species observed could not present such a
sustainable temporal pattern. It is also evident that the concentration levels of compounds
such as tetrachlorodiphenylethane (p,p’-DDD), a and (3-HCH isomers, and dichlorodi-
phenyldichloroethylene (o,p’-DDE), reduced significantly in the prescribed period of re-
search. However, o,p’-DDT, p,p’-DDT, and dieldrin exhibited an abrupt decline from the
first to the second years (for the first compounds) and from the second to the third years
for the last compound until 2014, whereas in the same period of time, o,p-DDD and aldrin
showed a significant rise in concentration. It is also clear from the profile that almost 50%
of the OCPs (y-HCH, p,p'-DDE, endrin, trans-chlordane, cis-chlordane, trans-nonachlor,
cis-nonachlor, and oxychlordane) maintained their levels during the assessed period. Alt-
hough a considerable temporal variation was observed in the concentrations of the OCP
compounds, it can safely be concluded from the data that a global decline was substanti-
ated between 2011 and January 2012. The overall concentration of total organochlorine
pesticides (18 in number) progressively decreased over the period of three years (i.e., from
2012 to 2014).

& 0.35 20
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= 0.30 10

—

z0.25 0

80_20 a-HCH B-HCH
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5 o0.10

o
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Figure 2. Pollution profile of OCP congeners between 2011 and 2014 in the air of the Antarctic region
(Wang et al. 2018) [60].

It is astonishing that the concentration levels of endosulfan isomers were not frequently
reported until 2010. However, studies conducted in 2016 determined the a-endosulfan lev-
els at Palmer Station, which were found to be in the range of 1.1-3.4 pg/m? [54]. The values
reported by this study reasonably agreed with the findings published for King George Is-
land [50].

2.1.2. Polychlorinated Biphenyls (PCBs)

Numerous compounds included in the PCB family have been frequently estimated
in the Antarctic atmosphere. It can be concluded from the data obtained that relatively
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lighter compounds were found in higher concentrations than those gaseous compounds
with high molecular weights. A 1998 study revealed that the concentrations of the highest-
estimated species pointed to PCBs 18, 28, 31, 47, 52, 66, 74, and 101, with mean minimum
and maximum values of 1.5 and 17 pg/m3, respectively, while the lowest ones were for
PCBs 114, 128, 156, 167, 180, and 189, ranging between 0.02 and 0.34 pg/m? [46]. The total
sum of the PCB concentrations (for 22 congeners in both particulate and gaseous phases)
was calculated to be 57.05 pg/m3. Assuming this level as an initial reference value, pro-
gressive diminishing PCB levels were observed in the following years.

Whereas the sum of the PCB concentrations (31 congeners in the gaseous phase) cal-
culated in 2008 ranged between 2.10 and 8.07 pg/m? [47], reaching an abatement higher
than 85% with regard to 1998, an interval from 1.66 to 6.50 pg/m? for the sum of the PCB
levels (7 congeners in the gaseous phase) in 2009-2010 was found at King George Island.
PCB sampling carried out at Terra Nova Bay over the same sampling period (2009-2010)
showed a sum of the PCB levels (22 congeners) between 0.14 and 1.98 pg/m? in the gaseous
phase and 0.16 and 2.06 pg/m? in the dual-phase state (particulate + gaseous) [52]. In order
to evaluate the PCB level trends determined at the same point, the work conducted by
Wang revealed PCB data from 2011 to 2014 [56]. They observed a decrease in PCB concen-
trations (particle + gas) over the period of 3 years, with levels being an order of magnitude
lower in 2012 and 2013 than in 2011.

2.1.3. Polycyclic Aromatic Hydrocarbons (PAHs)

Another interesting finding observed in the Antarctic atmosphere was that PAH con-
centrations in the gaseous phase were higher than those determined in the particulate
phase. In this sense, the phenanthrene (three-ring PAH compound) was identified as the
predominant PAH congener, which was found in the gaseous phase [58] and reached lev-
els ranging between 7 and 45,318 pg/m? [52,62]. This fact was endorsed by Cao, who re-
ported the prevailing phenanthrene concentration in both the gaseous phase as well as in
particulate matter, reaching contributions of 40% and 54%, respectively, as the sum of the
total PAHs [57]. This fact was also supported by another research group which collected
gaseous and particulate PAHs simultaneously in Agra at a rural and a traffic-dominated
site during the post-monsoon and winter seasons [66]. They revealed that 2-3-ring PAHs
were dominant in the gaseous phase, while 4-, 5-, and 6-ring PAHs were dominant in the
particle phase. In this regard, Figure 3 depicts the temporal PAH trend (dual phase: gas +
particle) between the years 2013 and 2019.

30,000 w3 rings PAHs 4000
’E w4 rings PAHs mo%
5, 1000 5 6 rings PAHs i
& 3000 §
g 20,000 E
= 2500
g E
E 15,000 ﬁ
E 15, 2000 o
g 2
= 1500
$ 10,000 ©
(5]

1000
5000
500
0 — 0
January-February January-March December 2014- January-February January 2017 February 2018  December 2018-

2013 2014 February 2015 2016 January 2019

Figure 3. Temporal profile of sum of gaseous and particulate PAHs from 2013 to 2019 in Antarctica
(4-, 5-, and 6-ring PAHs are represented on the right axis). Own elaboration using pollution PAHs
data from Na et al. (2020) [62].

A clear downward trend in pollution levels due to PAHs is clear from Figure 3. A
decline higher than 95% was observed for each category of PAH from 2013 to 2019, with
the 3-ring PAH species found to have the maximum drop. According to the current
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European legislation on air quality standards for PAHSs, benzo[a]pyrene (BaP), associated
with particulate matter, is the one PAH congener with an annual average target value of
1 ng/m? (Directive 2004/107/EC). According to this, the measured BaP levels in the Ant-
arctic region are below the annual average target value.

2.1.4. Polybrominated Diphenyl Ethers (PBDEs)

The first research work assessing the occurrence of PBDEs in the Antarctic atmos-
phere was brought to light by Li et al. They quantified 14 PBDE compounds, although
several of them were not detected in any air samples (PBDE-85, PBDE-100, PBDE-138,
PBDE-190, and PBDE-209) [51]. Nevertheless, PBDE-17, PBDE-28, and PBDE-183 were the
predominant congeners, contributing on average 27%, 31%, and 19% of the total PBDE
concentration, which varied between 0.67 and 2.98 pg/m3. In contrast to the previous stud-
ies, the atmospheric PBDE-47, PBDE-85, PBDE-99, and PBDE-100 levels in the particulate
phase, together with PBDE-183, were evaluated at Terra Nova Bay and found to be the
dominant congeners [52]. In the gaseous phase, PBDE concentrations ranged between 1.4
and 7.6 pg/m?3 [54], whereas concentration levels from 0.3 to 1.3 pg/m? for PBDEs were
found in particulate matter.

Overall, a declining trend can be seen in the temporal profile of BPDE concentrations
in the Antarctic atmosphere, although it quantitatively differed as a function of individual
compounds (Figure 4). A decrease in concentration ranging between 0.006 (PBDE-138)
and 0.29 pg/m? (PBDE-153) was observed from the previously reported pollution data
[61]. Contrary to this, PBDE-28 showed a rising trend, with a notable increase of 0.24 pg/m3
between late 2010 and early 2018. Similarly, a slight increase (0.01 pg/m?) was observed in
the concentration of PBDE-85.

0.35 1.80 IPBDEs
_ 030 1.20
s
E 0.60
B 025
2 o.
- 0.00
S o0 8% 897 25
= eE £ ¢2
§ 28 28 8R
= 015
z
3]
Z 0.10
o
]
0.05
000 sl

PBDE17 PBDE28 PBDE47 PBDEG6 PBDE71 PBDESS PBDES9 PBDE 100 PBDE 138 PBDE 153 PBDE 154 PBDE 183

=D ber 2010-D ber 2011 u D ber 2011-D 2012mD: ber 2012-D ber 2013
= D ber 2013-D: ber 2014 = D 2014-Dy 2015 = Dy 2015-February 2017
February 2017-January 2018

Figure 4. Temporal profile of PBDE congeners between December 2010 and January 2018. Own
elaboration using pollution PBDE data from Hao et al., 2019 (study conducted at King George Is-
land).

The concentration levels of various halogenated ethers also depend upon the sam-
pling location. For example, the PBDE-47 levels found in the vicinity of the Casey and
Troll stations were markedly different from each other. However, the mean average con-
centrations were found to be 4.9 and 760 fg/m? at the Casey and Troll stations, respectively
[64].

Although enough work has been conducted in the Antarctic region to access the pol-
lutants, relatively fewer studies have been performed to evaluate volatile chlorinated hy-
drocarbons (VCHCs), polychlorinated dibenzodioxins and furans (PCDD and Fs), poly-
chlorinated naphthalenes (PCNs), chlorinated paraffins (PCs), novel brominated flame re-
tardants (NBFRs), and aldehydes.
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The levels of the VCHCs were measured for chloroform (CHCls), 1,1,1-trichloroethane
(C2HsCls), tetrachloromethane (CCls), 1,1,2-trichloroethylene (C:HCls), and tetrachloroeth-
ylene (C2Cls) at several different points in the Ross Sea region (Zoccolillo et al., 2009). The
concentrations of the pollutants reported for CHCls were in the range from 73 to 337 ng/m3,
in the range from 191 to 224 ng/m? for C2HsCls, in the range from 648 to 843 ng/m? for CCls,
in the range from 16 to 24 ng/m3 for C2HCl;, and in the range from 32 to 75 ng/m? for C2Cla.

As far as PCDD and furans were concerned, only a few compounds out of the 17 with
the most potential could be detected and evaluated by Piazza et al. in 2013. They reported
the presence of 1,2,3,4,6,7,8-HpCDD (in the dual-phase state), OCDD (in the gaseous
phase), and 2,3,4,7,8-PeCDF (in the gaseous phase). The concentrations were found in the
order of fg/m3. The compound found at the highest level was 1,2,3,4,6,7,8-HpCDD. In this
work, PCNs were also studied in the Antarctic atmosphere. For a total of 5 congeners
checked, only PCN-52 and -67 were detected in some samples at levels of 1-9 fg/m? and 3
fg/m?3, respectively.

In 2013, research performed between 16 January and 8 February at King George Is-
land reported higher PC levels in the gaseous than particulate phases, reaching means of
17.3 and 2.5 pg/m3, respectively. In particular, the short-chain chlorinated paraffin (SCPC)
concentrations were found to be 3.5 and 2.4 times higher (gas and particle phases, respec-
tively) than those of the medium-chain chlorinated paraffins (MCCPs). Average concen-
trations of 13.5 and 3.8 pg/m? (gas phase) and 1.7 and 0.7 pg/m? (particle phase) were
found for the SCPCs and MCCPs, respectively [53]. Another study conducted from 2014
to 2018 at King George Island revealed the presence of PCs in the ambient air of Antarctica
in the range of 71.4-4230 pg/m?, with a rising trend during the investigated period [65].

The first research work regarding the assessment of NBFRs was reported in 2020,
when Zhao et al. quantified the NBFRs (12 congeners) in both the particulate and gaseous
phases at King George Island from 2011 to 2018 [63]. A total concentration ranging from
0.27 to 3.0 pg/m?3 was reported in this study, detecting decabromodiphenyl ethane as the
prevailing compound. Within the respected temporal frame, an increasing trend was re-
ported with a mean sum of PBDE concentrations within an interval of 1-15 pg/m3, except
for the years 2012 and 2013 (lower than 1 pg/m?).

As the researchers and associated staff mostly worked indoors except for collecting
samples from various sites in the Antarctic region, a study related to evaluating indoor
aldehyde levels using radiello samplers at the Brazilian Comandante Ferraz Antarctic Sta-
tion was also conducted [59]. They reported an average sum of aldehyde concentrations
of 177 ug/m?, dominated by acrolein, acetaldehyde, formaldehyde, and hexanaldehyde.
Those compounds were found to constitute almost 80% of the total aldehydes.

Although enough research has been conducted on various pollutants in the Antarctic
region by different groups, a large number of organic aerosols have still not been touched.
There is a need to explore compounds in the atmosphere further at different locations in
Antarctica. In addition, the sources of these pollutants must be located as well as the mech-
anism through which they are transported over long distances. A system of constant mon-
itoring of pollutants should be installed to obtain annual data without any breaks. Such
information shall be of great help for the future prediction of global climate change as well
as to save the aquatic life in that part of the globe.

2.2. Bioaerosols

Bioaerosols represent an important fraction of organic aerosols, which are generally
produced by plants and animals as well as by biological activities. These aerosols consist
of living and dead microorganisms (bacteria, fungi, viruses, etc.), dispersal units (fungal
spores or plant pollen), or byproducts of biological activities [67]. The biosphere releases
these particles into the atmosphere where they can be easily shifted from one layer to
another, particularly due to their light weight and small size (between 0.001 and 100 pum).
Although this natural transport is essential for the reproduction and spread of some or-
ganisms, they also play an important role during their transport in atmospheric chemistry.
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Therefore, they are capable of affecting the climate, biosphere, and human health signifi-
cantly in a certain region.

In the atmosphere, biological airborne particles constantly undergo chemical and
physical modifications, consequently modifying the chemistry and composition of the at-
mosphere. For example, they can act as cloud condensation nuclei, serve as ice-nucleating
particles, or absorb or reflect incoming sunlight [68]. Similarly, airborne microorganisms
can interact with other pollutants, such as by altering OH radical production via H20:
degradation [69].

Another possibility of transfer is that the microorganisms are deposited on the
Earth’s surface by dry and wet deposition processes [70], but due to atmospheric
transport, they can reach any place on the globe, even on the Antarctic continent [71]. That
aside, the air is not the only way for microorganisms to be present in the atmosphere of
Antarctica, as the oceans are also an important source of microorganisms where, by the
rupturing of bubbles, they can become airborne [72,73].

There are a few studies indicating the presence of pollen species from South America
which were transported to the Antarctic region. According to a research report, about 90%
of the atmospheric aerosols of Antarctica are expected to be of a local origin [74], which
suggests a limited exchange of airborne microbes in that region. An important local source
of bioaerosols in the Antarctic region is penguin colonies. In fact, the global warming pro-
cess has modified the disposition of ice, consequently affecting the movement and forag-
ing activity of such colonies. In contrast, other studies have pointed out that additional
sources are required to fully understand the transportation of detected microorganisms
[75,76].

There are several methods for identifying and estimating bioaerosols, such as culti-
vation, spectroscopy, microscopy, DNA and RNA analysis, X-ray microscopy and spec-
troscopy, chemical tracers, optical and mass spectrometry, and fluorescence detection
[77]. Nowadays, DNA sequencing is the most widely used method, especially through the
use of quantitative polymerase chain reactions. This powerful technique provides highly
accurate and absolute concentrations of microorganisms and permits quantifying the in-
dividual species, genera, or groups of fungi, bacteria, or archaea [78,79]. Alternatively,
many biological compounds with intrinsic fluorescence (or many existing fluorescent
stains) are well-established for their specific binding to various biological molecules.
These two aspects make fluorescence microscopy an easy and robust technique for locat-
ing intracellular components [80]. Aside from that, fluorescence microscopy enables us to
create a unique sample-specific fingerprint.

2.3. Inorganic Compounds

Metals are natural components of all ecosystems. Most of them are found in the
Earth's crust, but they are continually moving. Like water, metals participate in different
geochemical cycles that make the concentrations of metals stable. Some natural phenom-
ena also contribute to certain metal concentrations in the atmosphere, such as at Deception
Island, where volcanic eruptions are an important source of mercury [81]. Aside from the
inherent danger of gaseous Hg, Antarctica’s climate conditions seem to favor methyl-Hg
formation, and as a consequence, Antarctic waters present the highest Me-Hg concentra-
tions observed in open waters [82].

However, the major sources are human activities which have provoked a deep altera-
tion in atmosphere composition because of fuel burning and mineral consumption. During
some industrial processes, fuel combustion, mining operations, or other activities, some
trace metals can be evaporated and become a part of the atmosphere. Consequently, they
are transported through air masses within different ecosystems, generating a great impact
on several geochemical cycles not only at local scale but also on the global scale [83].

The chemistry of metals, especially heavy metals, is quite different from other com-
ponents of airborne PM since they are not easily degraded, and for this reason, they can
become persistent contaminants that accumulate in soil and sediments. Although there
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are a few heavy metals, such as cobalt (Co), copper (Cu), chromium (Cr), iron (Fe), mag-
nesium (Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), selenium (Se), and zinc
(Zn), that are considered essential micronutrients for the human body, their excess can be
a health risk and cause certain problems and diseases in the body [84]. Consequently,
there has been increasing concern about the effect of these metals on ecology and global
human health.

Antarctica is still considered a neat and clean environment. However, the effects of
human activities are now visible in the atmosphere of Antarctica. The initial hunting, fish-
ing, and exploration activities which took place in last three centuries have been replaced
by research and tourism, generating an important impact on the local terrestrial and ma-
rine ecosystems and the composition of its air [85]. In principle, non-crustal metals should
be found in the atmosphere of Antarctica. Nevertheless, several studies (summarized in
Table 2) have reported not only that there are metals present in the atmosphere, but their
concentration levels are also increasing in Antarctica. These metals could only be gener-
ated by anthropogenic sources.

Table 2. Compilation of investigation studies (from 2001) on metal traces carried out in the air of
Antarctica.

Sampling Location

T Analysi
(within the Antarctic Study Period Collected Phase Sampling System arget Compound na .yms Ref.
. Groups Techniques
Region)
Terra Nova Bay 200072001 - Particulate Matter o co filters ~~ Cd,Pb,andCu  SWASV!  [86]
austral summer PM10
. 1995-1996 and 1996— Particulate Matter Quartz fiber filter )
McMurdo Station 1997 austral summers PM10 and Teflon filters Pband Zn XRE [87]
. From January 2000 to Particulate Matter . Bi, Cd, Co, Cr, Cu, N;j, N
King George Island December 2001 PM10 TFE Teflon filter V, and Zn ICP-MS [44]
From November 2000 Li, Pb, Cd, U, Ba, Bi,
to February 2001 and Particulate Matter . Cs, Rb, Tl, Sr, Al, V, Fe, .
Terra Nova Bay from November 2001 to PM10 Cellulose filters Cu, Mn, Zn, Co, and ICP-SEMS 4 [88]
February 2002 Ag
From mid-November Particulate Matter
Terra Nova Bay 2000 to mid-February PMI0 Cellulose filters Cd, Pb, and Cu SWASV  [89]
2001
Chinese Zhongshan From February 2005 to Particulate Matter . Al V, Cr, Fe, Cu, Zn,
Station November 2008 PM10 Paper filters and Pb ICP-MS [90]
. From December 2016 to Particulate Matter Quartz microfiber Hf, Zr, V, As, Ti, Mn,
Deception Island February 2017 PM10 filter papers Cu, Sn, Zn, and Pb ICP-MS [43]
Glass microfiber fil- Na, K, Ca, Mg, Fe, Al,
Larsemann Hills From December 2009 to PM10 and PM2.5 ter and Teflon mi- Sr, Sb, Zn, Mn, Cu, and  AASS> [91]
February 2010 . .
crofiber filters Pb
Direct Mer-
From November 2017 Particulate Matter .
Terra Nova Bay to January 2018 PM10 Cellulose filters Hg cury A1®1a— [92]
lyzer
Dome C (Concordia From December 2005 to Particulate Matter Voltammet-
Station) 14 January 2006 PMI0 Cellulose filters Cd, Pb, and Cu ric de.terml- [41]
nations
From 29 November Particulate Matter ICP-AES©
T B llulose fil P
erra Nova Bay 2010 to 23 January 2011 PM10 Cellulose filters Cr, Cu, Mo, and Pb ICP-MS [93]
Al, Ca, Fe, K, Mg, Na,
D tion Tsland From December 2016 to Particulate Matter Quartz microfiber P, S, Cu, Pb, Sr, Ti, Zn, ICP-AES 23
eception isia February 2017 PM10 filters HE, Zr, V, As, Ti, Mn,  ICP-MS  L20)

Sn, and Cr
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D tion Island From December 2016 to Particulate Matter Quartz microfiber PA I'SCS' F;'bK'SiVI% NZ: ICP-AES 94
eception isia February 2017 PM10 filters /S Cu b SE T Zn oy g 94
and Cr
. From March 1999 to . Li, Na, K, Mg, Ca, Sr, ,
Neumayer station December 2003 Aerosol Cellulose filters Al La, Ce, Nd, and Se ICP-QMS7  [95]

! Ultrasensitive square wave anodic stripping voltammetric. 2 X-ray fluorescence. 3 Inductively cou-
pled plasma mass spectrometry. 4 Inductively coupled plasma sector field mass spectrometry. 5
Atomic absorption spectrometry. ¢ Inductively coupled plasma atomic emission spectrometry. 7 In-
ductively coupled plasma quadrupole mass spectrometry.

Some of these elements detected in the Antarctica atmosphere were expected, as they
form part of the Earth’s crust. Therefore, in order to know the contribution of the human
factor and to understand the ratio of natural and anthropogenic origins of the pollutants,
enrichment factor analysis (EF) was carried out. These studies permitted us to establish a
potential human contribution, since it is the observed metal/normalizer ratio in the sample
divided by the metal/normalizer ratio reported for a reference material. As the reference
materials, aluminum, titanium, and iron were used. According to previously reported
studies [93], calculated EF values below 5 have a crustal origin, whereas values higher
than 10 correspond to supplementary sources, such as a human origin.

Based on the EF results performed during several Antarctic campaigns at different
locations, the rise in concentration of some metals can be safely attributed to anthropo-
genic sources. Marina-Montes et al. established severe enrichment in the concentration of
Pb but also a significant rise in the Hf, Sn, Zr, As, Zn, Cu, and V levels on Deception Island
[23]. These results agreed well with those obtained in previous investigations on trace
metals in Antarctic aerosols conducted in Terra Nova Bay [88], where the human contri-
butions for the metals Cu, Zn, Cr, Pb, and Bi were of high levels.

This field of research still needs some work to be carried out to discover the origins
of these aerosols. For example, by calculating the Pearson coefficient between metals, a
relationship can be derived, and consequently, the source can be established. In this re-
gard, the studies of Marina-Montes et al. suggest potential sources for V and As, Zr and
Hf, and a few other metals [43]. That aside, by this analysis, one can confirm the crustal
origin of inorganic pollutants. The correlation between two or more metals can also point
out the specific human activity responsible for this pollution, such as metallurgical oper-
ations, industry, or even smoke from biomass burning in South America. A number of
studies using various techniques have been conducted to trace the possible origins of the
pollutants. Among them, air mass backward trajectories can be calculated through iso-
topic analysis.

Isotopic analyses are based on the fact that the different components of air, water, or
land present a unique chemical profile that allows one to identify and trace them all
around the globe. The stable isotopes can be taken as a distinctive chemical signature of
the concerned element within the polluting material. Carbon isotopes have been used in
studies on air pollution since the 1980s to fully characterize the biomass burning and fuel-
related emissions [96]. The two most known and stable isotopes of carbon are 2C, with a
natural abundance of 98.89%, and 3C (abundance: 1.11%). Such a ratio, which also occurs
in other elements, is sensitive to the chemical structure and the environment [97]. These
slight alterations are termed “fractionation”, and this factor permits tracking of the pollu-
tants. The known isotopes of some elements are given in Table 3.

This useful tool for identifying pollutants can be applied to inorganic samples by
using the nonconventional stable isotope signatures of metals (Schleicher et al., 2020). In
fact, the determination of metals associated with particulate matter, such as Al (crustal
marker), Na (marine marker), or Pb, may provide useful information about the possible
sources and the possible enrichment of elements compared with their natural levels. In
Antarctica, a number of efforts have been made to estimate the anthropogenic contribu-
tions to the concentrations of some elements by isotopic analysis, such as lead (Bertinetti
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et al., 2020; McConnell et al., 2014) and sulfur (Pruett et al., 2004), and a few researchers
also employed some traditional isotopes for this work on oxygen, carbon, and hydrogen
(Brook and Buizert, 2018).

Table 3. Average terrestrial abundances (%) of the stable isotopes of major elements of interest in
ecological studies [98].

H C N (0) Mg S Cl K Ca Fe Cu Zn
lH 12C 14N 160 24Mg 325 35C1 39K 40Ca 54Fe 63Cu 64Zn
(99.985) (98.89) (99.63) 99.759) (78.70) (95.02) (75.53) (93.10) (96.97) (5.82) (69.09) (48.89)
. . 13C 15N 170 “Mg 35 37C1 WK 2Ca 56Fe 65Cu 671
2

(0.015) (1.11)  (0.37) (0.037) (1.13) (0.75) (24.47) (0.0118) (0.64) (91.66) (30.91) (27.81)
26Mg 345 41K 43Ca 57Fe 67Zn
(11.17)  (4.21) (6.88) (0.145) (2.19) (4.11)
36S 44Ca 58Fe 68/
(0.02) (2.06)  (0.33) (18.57)
46Ca 7OZn
(0.033) (0.62)

48Ca

(0.18)

3. Analytical Techniques to Identify and Quantify Atmospheric Aerosols

Since the impacts of all these species on the environment and climate are not yet fully
understood [99], a complete investigation of the aerosol chemical complexity is needed to
help better understand the reactions and the mixing states of these particles in the atmos-
phere [100]. These investigations are particularly relevant in Antarctica, which acts as a
global thermostat driving the Earth’s climate.

3.1. Analytical Techniques for Organic Aerosols (OAs)

As was explained previously, particulate matter mostly consists of organic com-
pounds. Polycyclic aromatic hydrocarbons (PAHs) and nitro-PAHs released from incom-
plete combustion and vehicular exhaust are found in high quantities in PM. Organic aer-
osols also contain a wide spectrum of olefins, aldehydes, ketones, nitro-compounds, qui-
nones, etc. [101]. The detection of this incredibly large variety of compounds present in
the samples of particulate matter becomes extremely difficult due to the vast diversity in
their physicochemical properties [102]. For these reasons, analytical methods with high
chemical and time resolutions are required for comprehensive characterization.

The most widely used analytical technique for determining organic aerosols is gas
chromatography (GC). Nevertheless, conventional one-dimensional GC is usually limited
by poor separation in complex OA samples, resulting in co-elution of several compounds
and unresolved complex mixtures [103]. Therefore, two-dimensional gas chromatography
(GC-GC) is preferred with a higher chemical resolution, higher peak capacity, and struc-
tured chromatograms [104].

The combination of different chemical separation methods and various advanced de-
tection techniques opened a new horizon for characterizing the organic fractions of par-
ticulate materials. GC-MS provides full molecular separation and a corresponding mass
spectra of compounds, allowing several data processing methods, including target analy-
sis, group-type analysis, and non-target analysis [105]. For example, a combination of non-
discriminating thermal desorption and pyrolysis with comprehensive GC-GC and time-
of-flight mass spectrometry (TOF-MS) was applied, with a detailed PM organic chemical
composition level obtained [106].

There are multiple options for the separation system based on the chemical proper-
ties of the organic components [107]. If the nature of organic component does not allow
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for detection or being determined by direct GC-MS, the pollutants can be analyzed after
derivatization or also by modifying the column parameters or diferent detectors. As an
alternative to GC-MS, and related to those compounds that are thermally labile and have
low vapor pressure or highly polar functional groups, liquid chromatography-mass spec-
trometry (LC-MS) or LC-MS-MS can be used [108]. The second one is usually employed
for detecting select oxygenated PAHs in PMzs.

Size exclusion chromatography (SEC) and supercritical fluid chromatography (SFC)
can also be used to separate organic components, taking advantage of their hydrophilic
properties and molecular weights. SEC offers the possibility to tune the solvent properties
of supercritical fluids to match with those of the analytes. In fact, multi-technique analysis
can be performed to combine and gain all the advantages of its method. For example, the
separation and characterization of n-alkanes, hopanes, steranes, PAHs, oxy-PAHs, n-al-
kanals, and n-alkan-2-ones (Shimmo et al., 2002) as well as a few more polar compounds
such as n-alkan-2-ones, n-alkanes, oxy-PAHs, and quinines was achieved by coupling SFC
with LC-GC-MS [109].

3.2. Analytical Techniques for Inorganic Aerosols

Along with organic compounds, trace elements are also found in particular matter.
Sometimes these elements are deposited over organic aerosols. The determination of these
compounds requires different techniques, depending upon the sample and nature of the
inorganic compounds present. The chemical compositions of aerosols can be determined
with high accuracy by various analytical techniques, such as aerosol mass spectrometry
(AMS) [110], inductively coupled plasma mass spectrometry (ICP-MS) [43,94], inductively
coupled plasma atomic emission spectrometry (ICP-AES) [23], scanning electron micros-
copy coupled with energy-dispersive X-ray spectroscopy (SEM-EDX) [111], Raman spec-
troscopy (RS) [100,112], and laser-induced breakdown spectroscopy (LIBS) [113]. Accurate
measurements and characterization of aerosols require the collection of representative
samples in the field as well as their subsequent analysis in a laboratory. In the field, in-
cluding Antarctica, aerosols are normally collected on quartz fiber filters through volume
samplers for no less than 24 h of sampling. The filters are then taken to a laboratory, where
they can be analyzed using different analytical techniques. Some of these analytical tech-
niques used for the determination and characterization of metal-containing aerosols are
ICP-MS, Raman spectroscopy, SEM-EDX, and LIBS.

3.2.1. Analysis of Inorganic Compounds Using LIBS

LIBS is based on atomic emission spectroscopy, which aims to provide qualitative as
well as quantitative results of samples without or with minimal sample preparation and
destruction [114]. This technique has been implemented in multiple fields, such as biology
[115], geology [116,117], industry [118,119], archaeology [120,121], and the planetary field
[122]. This popular analytical technique employs an energy laser pulse directed over the
sample surface to produce vaporization of the sample. The produced plasma light on the
surface contains highly relevant information on the elements present in the sample, taken
from a spectrometer. The atomic spectra produced are considered the chemical “finger-
print”, and the spectral intensity of each line is converted to the concentrations of the ele-
ments present [123].

The use of LIBS for the characterization of aerosols has been broadly implemented in
the last few years [124,125]. However, our group working on the analysis of aerosols in
Antarctica modified the classical LIBS analysis and used an innovative method based on
micro-LIBS for the characterization of Antarctic aerosols collected on filters [113]. Our
modified method, equipped with an optical design and multi-elemental scanning imaging
capability, allowed a close look into the elemental aerosol composition deposited on the
filters (Figure 5a). The novel technique provided a high LOD up to the ppm level and a
lateral resolution of approximately 40 pm with the maximum operating speed (100 Hz).
By comparison with classical LIBS, our new protocol has distinctive advantages over the
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traditional technique. By using the modified method, more elemental signals were ob-
tained (Figure 5b,c) when the operating resolution was optimized (40 pum). Secondly,
when the spatial distribution of the PM collected and characterized through the new pro-
tocol was studied, it was found to be adequately representative. Thirdly, the ICP-LIBS
calibration curves were equally useful for quantitative measurements, and finally, the
new protocol allowed us to obtain the spectra of the same “exotic” elements, such as Ni,
Zn, Cr, Ba, Cu, and P. Based on the results obtained in our studies, we concluded that
micro-LIBS is an interesting and promising technique for analysing the atmospheric aer-
osols on filters.
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Figure 5. (a) Distribution imaging of Si and Ti in an Antarctic PM filter sample following the prep-
aration protocol and no preparation. The control sample was prepared following the preparation
protocol. (b) Average LIBS signal associated with some elements for the three different scenarios
(preparation, control, and no preparation). (c) Average LIBS spectrum of the three scenarios in two
spectral ranges (180-253 nm and 290-379 nm) [113].

3.2.2. Analysis of Inorganic Compounds Using ICP-MS and ICP-AES

As far as plasma-conjugative techniques are concerned, although ICP-MS and ICP-
AES are both destructive, they are considered the most common analytical methods used
for characterizing atmospheric aerosols in filters. The sample preparation in both tech-
niques is similar and consists of liquid extraction in water or an acid solution [126]. Sample
treatment is cumbersome and laborious in both techniques, and the detection limits are
relatively low compared with other techniques. The main difference between the two
emission-based techniques is that ICP-AES is less sensitive and detects fewer elements
than ICP-MS [127]. Therefore, ICP-MS is usually employed for the trace elemental analysis
of atmospheric aerosols, while ICP-AES is used for major elements. The sample prepara-
tion for both ICP-MS and ICP-AES consists of acid digestion of a portion of the filter [128].
After obtaining the clear solution of the sample, it is aspirated to the argon plasma in the
form of very fine droplets. In the case of ICP-MS, the ions of the elements present in the
sample solution are taken to a mass spectrometer for further analysis [126]. Contrarily, in
ICP-AES, the elements in the aerosol droplets are vaporized, atomized, and ionized. Then,
by using optical spectrometry, the photons emitted by the atoms are analyzed. Since ICP-
MS and ICP-AES are classical techniques for aerosol characterization, and several studies
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are available in the literature about the subject, in the following, we shall focus first on
Antarctic aerosol studies during the period from 2011 to 2021 and second on the work by
our team conducted in the Antarctic atmosphere.

For more than 4 years, (February 2005-November 2008), the aerosol composition was
studied after collection through filters and analyzed by ICP-MS in the surroundings of the
Chinese Antarctic station “Zhongshan” [90]. This investigation revealed crustal and an-
thropogenic pollution sources, as well as marine sources in the coastal regions of East
Antarctica. Nearly similar results were found in the same area and over the Southern
Ocean in a study performed during the austral summer of 2010-2011. A few more studies
in which shipboard sampling of aerosols was performed also found analogous results
[129]. Over the western Antarctic Peninsula on Anvers Island (Palmer Station) during the
austral summer of 2016-2017, Fan et al. characterized the trace elements in aerosols
through sector field ICP-MS [130]. They concluded that elements such as Al, P, Ti, V, Mn,
and Ce were derived from crustal sources (mineral dust), while Ni, Cu, Zn, and Pb came
from anthropogenic sources and Na, K, and Ca came from some marine sources.

Our team performed several studies to analyze Antarctic aerosols collected on filters
and used ICP-MS and ICP-AES for characterization of the metal components at Spanish
Antarctic research stations “Gabriel de Castilla” (Deception Island) and “Juan Carlos 1”
(Livingston Island) in the South Shetland Islands [23,43,94,113]. These investigations con-
firmed the presence of anthropogenic pollutants in the air of the islands, as reported by
previous investigations. When the results obtained using the ICP-MS and ICP-AES tech-
niques were subjected to statistical methods, and the polar contour maps and air mass
backward trajectories were also considered, it became possible to locate the local and dis-
tant origins of particulate matter.

3.2.3. Analysis of Inorganic Compounds Using Raman Spectroscopy and SEM-EDX

Raman spectroscopy (RS) is a rapid and non-destructive analytical technique gener-
ally employed in PM characterization [131-134]. This method is ideal for characterizing
individual particles and identifying their sources [100]. The technique is based on the vi-
brational and rotational transitions through which molecules inelastically scatter or ab-
sorb light, offering picogram sensitivity at a >1-um diameter scale for single particles
[135]. RS provides the chemical, physical, and structural information of a single aerosol
particle.

SEM combined with X-ray emission is a non-destructive technique for elemental
characterization which allows analyzing and characterizing even a single aerosol particle.
The technique is based on the detection and spectroscopic analysis of secondary radiation
(X-rays) emitted when a high-intensity incident electron beam interacts with the sample.
By using SEM and X-ray emission spectroscopy, it is possible to obtain information about
the multiple properties of individual particles, such as the morphology, size, and ele-
mental composition.

However, the use of a unique individual technique cannot encompass all of the in-
formation. As Raman scattering does not give information about surface morphology, and
SEM-EDX fails to provide knowledge about elemental composition [136], both comple-
mentary techniques are generally employed simultaneously to find the complete picture
and specifically characterize size-segregated atmospheric particles [137,138]. Such a com-
bination allows for obtaining a complete elemental, morphological, and physical analysis
of individual particles [136].

Our scientific team combined RS with SEM-EDX to study single aerosol particles col-
lected on filters from Antarctica [112]. From these studies, it was concluded that black
carbon (BC) particles were formed by amorphous carbon, which is a combination of crys-
talline graphite and a non-graphite element. The In/Ic ratio peaks provided the relative
amount of the edge relative to the volume of the crystals; therefore, the In/Ic ratio was an
indicator of the degree of BC disorder. The D peak was attributed to the graphite breaking
down near the edges of the crystal, while the G peak was due to the E2g mode of bulk
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crystalline graphite. As shown in Figure 6, the results from this study revealed the pres-
ence in the Antarctic air of different black carbon particles with different Io/Ic ratios. Prin-
cipal component analysis (PCA), shown in Figure 6B, confirmed the four different BC par-
ticles and their potential sources. In addition, various organic compounds such as poly-
styrene and bacteria were also found in the Antarctic atmosphere. The analytical results
revealed that a number of exotic minerals (polyhalite, arcanite, nitre, ammonium nitrate,
NPK fertilizer, etc.) and natural PM (sea salts, silicates, iron oxides, etc.) were also present
in the material trapped in the filters.
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Figure 6. Ref. [112]. (A) Two-peak fitting results from Raman spectra of four BC particles (A, D, F,
and ]) from different Antarctic aerosol samples. (B) Scores from statistical analysis from Raman
spectra of BC particles from PCA of two PCs (group 1: A and B; group 2: C, D, and I; group 3: G and
J; group 4: F, H, and E).

4. Modeling of Air Mass Back Trajectories

Once the concentration level of a given pollutant was determined, it was then essen-
tial to establish its geographical origin. As mentioned in the introduction, atmospheric
pollutants can travel long distances far from their sources, as air masses flow under exist-
ing weather conditions. In order to determine the origins of the air masses and the pollu-
tants that are present in them at a given location within a specific period of time, one can
use back trajectory modeling. As stated by Fleming et al. [139], “a modelled trajectory is
an estimate of the transport pathway of an infinitesimally small air parcel and an estimate
of the centre line of an advected air mass subject to vertical and horizontal dispersion”.
Therefore, back trajectories (time-reversed) can be used to track the pathways and
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histories of particles arriving at a location of interest. Consequently, they provide useful
information about the origins of pollution emissions, as well as the chronology of both
local and long-distance transport and the effect of the latter in the air mass composition,
which may be modified by physical and chemical processes occurring within the atmos-
pheric flow. The analysis of back trajectories also allows the study of seasonal and long-
distance trends for contaminants.

The very notion of air mass back trajectory is linked with the Lagrangian specification
of the flow field (that is, the one that uses a moving frame of reference that follows the
average atmospheric motion). The most popular models used in this field, such as
FLEXPART [140], HYSPLIT [141], LAGRANTO [142], and NAME [143], compute trajec-
tories by following a “kinematic Lagrangian” scheme [144]. In this approach, the position
of a hypothetical massless air particle as a function of time is governed by a Eulerian ve-
locity field. This implies that a discrete velocity field has to be interpolated for every time
step and position by solving the advection-diffusion equation over a fixed three-dimen-
sional grid [145]. Such a solution needs the input of the previously recorded meteorolog-
ical data, which are usually obtained from direct measurements or numerical simulations.

As mentioned above, back trajectory calculations are commonly used to elucidate the
source—receptor relationships for pollutants. However, steady flow solutions to the equa-
tion of the motion of air parcels cannot take their turbulent mixing into account. Going
beyond this approximation opposes the so-called Lagrangian particle dispersion models,
which statistically incorporate the effects of turbulence on the evolution of computed
magnitudes to provide a more realistic description of the atmospheric flow [146].

It should also be kept in mind that atmospheric chemical species, when transported
long distances, experience specific changes during travel. They can be transformed into
new species, decompose, or be deposited on some available surface. Consequently, these
processes must also be considered for a correct interpretation of atmospheric pollution
measurements [139].

In recent years, back trajectories have been employed to trace the sources of atmos-
pheric aerosols present in many different geographical areas [147-154]. In Table 4, all such
scientific studies have been compiled that were published between 2019 and 2021. As can
be seen in the table, intensive fieldwork at different Antarctic locations has been con-
ducted which covers a wide scope of topics within the area of atmospheric aerosols, in-
cluding the production of marine aerosols and bioaerosols [155-157], the interaction be-
tween aerosols and clouds [35,158,159], and the monitoring of tracing and heavy metals
in the Antarctic atmosphere [92,130,160].

Table 4 provides different examples of models of back trajectories employed in dif-
ferent studies. Under specific conditions, they can precisely locate the distant origin of a
certain pollutant detected in Antarctica [161]. The back trajectory models can only provide
plausible hypotheses regarding the location of the pollutant and its possible route of
transport [23,41,42]. However, a detailed study of air mass history can confirm a local
origin for some anthropogenic aerosols [160]. Finally, some other authors used back tra-
jectories to estimate the average time spent by air masses traveling over different areas,
such as land, ice zones, or open ocean, in order to ensure that their recorded measure-
ments solely originated from natural sources [35,162].

Table 4. Compilation of recent studies on atmospheric aerosols in the Antarctic region that use back
trajectories or dispersion models.

Topic

Trajectory or

Ref.
Dispersion Model ¢

Sampling Site

Carbonaceous, water-soluble species
and trace metals in PMio aerosols

Bharati Station, East Antarctica. HYSPLIT a [160]

Submicron organic aerosols

Ship cruise round the Antarctic Peninsula, South
HYSPLIT a 1
Orkney Islands, and South Georgia Island. 5 [155]
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Pal ion, A Isl A i
Biogenic organic aerosols almer Station, nvers. sland, western Antarctic HYSPLIT = [156]
Peninsula.
Record of -surf d
ecord of near-surface ozone (O3) an Kunlun Station, Dome A, East Antarctica HYSPLIT:  [163]
Os enhancement events
Concentrations, particle size distribu- . .
Pal Stat A Island t Antarct
tions, and dry deposition fluxes of aero- aimer Station, nvers_ sland, western Antarctic HYSPLIT a [130]
Peninsula
sol trace elements
Particle size dlStI‘lbut.IOnS and solubility Palmer Station, Anvers .Island, western Antarctic HYSPLIT « [164]
of aerosol iron (Fe) Peninsula
Photochemical reactions of aerosols Criosfera 1 Research Module, West Antarctica HYSPLIT 2 [157]
Characterization of .stratospherlc smoke Marambio Station, Ma.ramblo Island, Antarctic HYSPLIT « [161]
particles Peninsula
Seasonal features and origins of carbo- . .
Syowa Station, Ongul Island, East Antarctica HYSPLIT 2 [165]
naceous aerosols
Characterization of aerosol number size . .
. Syowa Station, Ongul Island, East Antarctica HYSPLIT a [159]
distributions
Cloud condensation nuclei (CCN) meas- Princess Elisabeth Station, Drf)rming Maud Land, HYSPLIT +, NAME > [166]
urements East Antarctica
Ionic species concentrations in PMio and King Sejong Statlor.\, ng George Island, Antarc- HYSPLIT « [167]
PM:5 aerosols tic Peninsula
Seasonal evqlution of part.iculate mer- Faraglione Camp, Terrz':l Nova Bay, East Antarc- FIYSPLIT » [92]
cury (Hg) in atmospheric aerosols tica
Determination of cadmium (Cd), lead
(Pb), and copper (Cu) in atmospheric Concordia Station, Dome C, East Antarctica HYSPLIT 2 [41]
aerosols
Observation of new particle formation King Sejong Statior.l, King George Island, Antarc- HYSPLIT « [158]
events tic Peninsula
A | variabilitv of Lsi ——
nnual variabi llzt(i’;:mso size diStri- 11 ey Station, Brunt Ice Shelf, East Antarctica ~ HYSPLIT*  [162]
Transport pathway§ of heavy metalsin  Gabriel de Castilla Sfcation,. Deception Island, HYSPLIT « [43]
atmospheric aerosols Antarctic Peninsula
Local and remote sc?urces of airborne Gabriel de Castilla S.tatlon,. Deception Island, FIYSPLIT » 23]
suspended particulate matter Antarctic Peninsula
In situ measur-ements of tropospheric Ship cruise around the Antarctic Peninsula  HYSPLIT 2, NAME® [168]
isoprene
Study of aerosol—cloud interaction Ship cruise all the way around Antarctica LAGRANTO ¢ [35]
Summer aerosol .measureme.nts over the Ship cruise from Australia. to the East Antarctic FIYSPLIT » [169]
East Antarctic seasonal ice zone seasonal sea ice zone
Season?lll evolution of the c.hemical com- Faraglione Camp, Terra' Nova kBay, East Antarc- HYSPLIT « [42]
positions of atmospheric aerosols tica
Characterization of the chemical compo- . .
.. . Zhongshan Station, Prydz Bay, East Antarctica HYSPLIT 2 [90]
sitions of atmospheric aerosols
Distributi f water-soluble i i
1St u tons of water=sotuble lons in Ship cruise from Australia to coastal Antarctica HYSPLIT 2 [170]
size-aggregated aerosols
Characterization of marine aerosols Ship cruise around the Antarctic Peninsula HYSPLIT 2 [171]

aSee [141]. * See [143]. < See [142].

5. Chemometrics and Data Processing Methods

In order to control and monitor the environmental systems and predict a true picture
of the future, a large quantity of very complex types of data regarding aerosols and PM,
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including diverse natural and anthropogenic processes, needed to be properly managed
and processed [172]. One way to extract information from these large sets is using differ-
ent chemometric and statistical techniques. These tools are very suitable as a great help
for obtaining environmental information from the chemical analytical data or relating the
chemical data to the environmental data beyond univariate analysis, allowing one to iden-
tify the interrelationship of environmental drivers, sources of contamination, and their
potential impact on the environment. Generally, chemometrics applied to environmental
analysis cover different stages, including sampling, experimental design, optimization of
experimental conditions, signal processing, and data analysis. Presently, there is a large
variety of chemometric methods that can be applied to environmental analysis, including
atmospheric studies [173-177]. These techniques are mainly focused first on identifying
the sources of pollution and second on the impact of air pollutants on certain rural or
urban areas and on the population, as well as the flora and fauna residing there.

Table 5 summarizes the different chemometric methods that are usually applied to
atmospheric studies and aerosol analysis, and most of them are related to multivariate
analysis (PCA and HCA). The main objective of these methods is the grouping and clas-
sification of variables (in the case of the air quality and assessment of the environmental
pollution, sampling points, days, etc.) as well as the model relationships. This permits one
to establish some correlations between different parameters and, at the same time, find
correlations between the amounts of several pollutants [178]. Principal component analy-
sis (PCA) is one such method that is based on data reduction that considers the correlation
between the data. This is possible because in all datasets, only a few variables can be con-
sidered significant. PCA has been extensively employed in environmental analysis be-
cause this chemometric method is very useful in data interpretation.

Thus, PCA has been used together with other multivariate techniques such as cluster
analysis [179-182]. Cluster analysis (CA) represents a group of methods that is used to
arrange the objects (i.e., samples) according to the similarity of their features. It depends
on the mathematical method or algorithm and is considered one of the most popular
methods of data handling in environmental analysis. The clusters obtained can be ar-
ranged hierarchically or non-hierarchically, and this technique is termed hierarchical clus-
ter analysis (HCA). This is based on building a hierarchy of clusters by aggregating objects
according to the resemblance of their features. As a result, a hierarchical graph called a
“dendrogram” is obtained. This dendrogram permits one to determine the ideal number
of clusters in which the objects can be classified. This technique is quite useful in the chem-
ical and physical characterization of airborne particles collected on a filter. Thus, Morozzi
used HCA for the identification of Sahara dust events in the southern Iberia Peninsula
[183]. The parameters included in the hierarchical classification were the color and semi-
quantitative data of iron oxides. Siepka used HCA and PCA in combination with Raman
micro-spectrometry to determine the quantitative molecular compositions of atmospheric
aerosols and obtained impressive results [179].

Table 5. Chemometric methods recently applied to atmospheric studies and aerosol analysis.

Name Acronym Function or Utility Ref.

[94]

[184]

[185]

Pattern recognition, classification, and exploration [186]

L. . of main pollution sources. Search for similarities  [23]
Principal Component Analysis PCA . . .

between samples, sampling points, sampling [43]

days, etc. and, in general, data interpretation. [181]

[187]

[182]

]

[188
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Cluster Analysis or Hierarchical

Cluster Analysis

Patter recognition and classification of samples, [183
CA or HCA pollutants, sources, etc. Useful in chemical and  [181
physical characterization of airborne particles. ~ [182]

Correlation or Regression Analy-
sis and Canonical Correlation CCA

Analysis

Search of relationships between pollutants and
source exploration.

Partial Least Squares and Un-
folded Partial Least Squares

Prediction and construction of mathematical pre- [186
PLS and U-PLS dictive models. Especially useful when there are  [196
many factors with high collinearity. [189

Factor Analysis and Parallel Fac-

tor Analysis

Receptor modeling, searching of hidden patterns,

FA and PARAFAC _
and source apportionment.

Positive Matrix Factorization PMF Source identification of pollutants.

Another chemometric tool frequently used in environmental analysis is correlation
analysis. This is mainly used to identify the relationship between pollutants and other
variables that affect air quality. This technique is also very useful for understanding the
nature of aerosols, identifying the most influential factors, and predicting the sources of
chemical components [190].

These relationships between variables can be visualized in a multivariate mode by
the graphs obtained through PCA. From these plots, information about the correlation of
the variables can be inferred easily. For example, the smaller the angle between two vec-
tors representing a given pair of variables, the higher the correlation between them will
be (positive correlation). On the other hand, uncorrelated features are usually orthogonal
with each other. Finally, when the vectors represent a pair of variables in opposite direc-
tions, this means that those factors which promote the appearance of one variable will
favor the disappearance of the other and vice versa (negative correlation) [178].

The correlation between a pair of variables can be estimated and quantified in biva-
riate analysis using a linear regression method. In these cases, the strength of the relation-
ship is determined by the correlation coefficient (Pearson, Kendall, or Sperman). They all
assume values in the range from -1 to +1, where values close to +1 indicate the strongest
possible agreement and zero (0) is the strongest possible disagreement. A positive corre-
lation means that an increase in one variable leads to an increase in the other. However, a
negative correlation indicates that when one variable increases, the other decreases and
vice versa. The analysis of correlations in multivariate mode, through loading analysis,
and in bivariate mode was used by Caceres [94] and by Marina-Montes [23,43] when they
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analyzed the atmospheric aerosols in the Antarctic region. Correlation analysis can also
be used to model the correlations between two datasets rather than between a pair of sin-
gle variables. This type of analysis is termed canonical correlation analysis (CCA). This
method of analysis can be used for linear relationships that could exist between two da-
tasets, with each containing multiple variables [201]. One set may contain variables clas-
sified as predictor or independent variables, while the other dataset of variables has the
response or dependent variables. Canonical correlation analysis (CCA), along with prin-
cipal component analysis (PCA), was used to detect the relationships between meteorol-
ogy and air pollutant concentrations by Binaku [190] in a multivariate statistical analysis
of air quality in Chicago, Illinois, USA.

In environmental studies, several independent and dependent variables may be op-
erative. In these cases, controllable variables or easy-to-measure variables (factors) can
predict or explain the behavior of other variables (responses). Generally, observable vari-
ables (factors) and responses are arranged in two different matrices. The relationship be-
tween both matrices can be established by means of regression methods, also known as
multivariate regression methods. The most popular multivariate regression methods in-
clude multiple linear regression (MLR), principal component regression (PCR), and par-
tial least squares (PLS) [176]. Multiple linear regression (MLR) helps to obtain a mathe-
matical model of the linear relationship between the factors and the variables. Basically,
it is a multivariate extension of the classical linear regression of one variable. If the factors
are few in number, and collinearity is not significant, then the relationship between the
factor and responses is well known, and MLR would be adequate. However, if one or
more of these conditions breaks down, then MLR may be inefficient. One alternative is to
use “soft models” based on biased parameter estimations, as in PCR and PLS. The princi-
pal advantage of PLS is its ability to build predictive models when the factors are numer-
ous and highly collinear. There are other statistical methods which can be derived from
PLS, such as genetic algorithms-partial least squares (GA-PLS), moving window-partial
least squares (MW-PLS), uninformative variable elimination-partial least squares (UVE-
PLS), and many more [176,202]. Thus, Elcoroaristizabal et al. proposed a method based
on the combination of excitation-emission fluorescence matrices (EEMs) and second-order
algorithms to identify several PAHs in extracts of aerosol samples. By using unfolded par-
tial least squares coupled with residual bilinearization (U-PLS/RBL), they obtained good
results when the sample matrices were moderately complex [195]. Wyche et al. used pos-
itive least squares discriminant analysis (PLS-DA) in studying organic reactivity and sec-
ondary concomitant organic aerosol formation [189]. Other applications of PLS in atmos-
pheric studies are shown in Table 5.

Factor analysis (FA) can be defined as a statistical method that converts a mass of
data into smaller datasets to look for hidden patterns. In other words, the aim of FA is to
express the features by means of a small number of common factors. For example, it is
possible that variations in six observed variables (six air pollutants of a big city) mainly
reflect the changes in two unobserved (latent) variables (such as traffic and wind direc-
tion). In FA, each factor is associated with a hidden variable which is not directly measur-
able and not included in the measured dataset. Like PCA, factor analysis is particularly
useful for the elimination of variable collinearity. PARAFAC is the acronym of parallel
factor analysis, and it can be considered general terminology of PCA which arranges the
dataset in higher-order arrays of data, usually as thee-way data or data cube structures
[187,198].

Finally, another chemometric tool used in environmental evaluation data is positive
matrix factorization (PMF). This tool was developed by Paatero [203]. Since then, PMF has
been widely used for source identification of anthropogenic pollutants in different media
such as air, water, and soil [204]. Basically, PMF is a multivariate factor analysis technique
used for the chemometric evaluation and modeling of environmental datasets which over-
comes the limitations of PCA by using experimental uncertainties in data matrix analysis
and constraining the solutions to nonnegative values. In PM analysis, PMF has recently
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been used by Masiol et al. [200] to investigate the chemical speciation of particulate matter
with sizes less than 2.5 um (PMzs) collected at three sites in the Venice area of eastern Po
Valley (Italy). A number of other studies also used PMF to investigate the different aspects
related to environmental analysis [199].

6. Conclusions

This review highlights the latest advances in atmospheric research in Antarctica, both
in the detection of organic and inorganic compounds and the principal analytical tech-
niques used. These studies were focused on the importance of the statistical methods em-
ployed in the analysis of atmospheric data and highlighted the significance of contour
maps and back trajectory calculations, which provide a broader view of understanding
how they influence other parameters such as wind speed and direction. Moreover, the
feedback analyses allow clear determination of the anthropogenic effect on PM in Antarc-
tica. In the studies which were conducted in previous years and referenced in this review,
the presence of anthropogenic pollutants is clearly evidenced. These pollutants consist of
a vast range of compounds having different natures and chemistries, such as organic and
inorganic aerosols. Among organic aerosols, the species frequently detected in the Ant-
arctic region are organo-chlorine pesticides (OCPs) and polychlorinated biphenyls
(PCBs). Something quite concerning and interesting is the detection of heavy metals in
Antarctic air samples, since they are persistent contaminants that accumulate in the soil,
sediment, fauna, and organisms as well. There are some very effective techniques for iden-
tifying and quantifying the different pollutants and species, but it is crucial to improve
the detection limits. Although a large number of studies have been conducted to measure
the air quality in Antarctica, the results reported vary significantly. This is probably due
to the fact that studies were conducted at different locations and times of the year. Alt-
hough an adequate quantity of data is available regarding the estimation of various pol-
lutants, there is still a lot of research work required to find out the origins of the pollutants,
their transportation to Antarctica, and the transformations that occur through the journey.
Only then can the effectiveness of emission control strategies worldwide be achieved. In
this respect, the modeling of air mass back trajectories can be used as a powerful tool that
can help to elucidate the source of a given pollutant. By using these trajectories, one can
determine whether pollutants originate from inside or outside of Antarctica and, moreo-
ver, whether they are of natural or anthropogenic origins. Additionally, chemometrics
and other statistical tools are an important aid in environmental analysis, especially in
those cases where it is necessary to process a large amount of environmental data. Among
the techniques used in aerosol analysis, clustering and classification techniques such as
PCA, CA, and HCA are the most useful methods and are employed by many workers.
Since there is still a lot of missing information before full comprehension of the potential
effects of Antarctic aerosols on both the climate and ecosystems, futher research on these
topics is needed.

Author Contributions: Writing—original draft preparation, E.A.,, CM.-M., D.G.-M,, ].d.V,, M.L,,
J.C. and L.-V.P.-A ; writing—review and editing, E.A., CM.-M.,, ].A. and S.C.; supervision, ].A. and
E.A.; project administration, J.A.; funding acquisition, J.A. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors gratefully acknowledge the University of Zaragoza (UZ2021-CIE-01), the De-
partamento de Ciencia, Universidad y Sociedad del Conocimiento del Gobierno de Aragén
(E49_20R), and the Ministry of Science and Innovation of Spain (CTM2017-82929-R). C.M.-M.”s work
was funded by an FPI predoctoral contract (PRE2018-085309) granted by the Spanish government.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Atmosphere 2022, 13, 1621 26 of 35

Acknowledgments: The authors would like to thank Fernando Ldpez-Tejeira for his help and
knowledge during the redaction of the manuscript. Furthermore, the authors would like to
acknowledge the government of Aragon, the University of Zaragoza, and Complutense University
as well as give thanks to the Ministry of Science and Innovation of Spain.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Madruga, D.G.; Ubeda, R.M.; Terroba, ].M.; dos Santos, S.G.; Garcia-Cambero, ].P. Particle-associated polycyclic aromatic hy-
drocarbons in a representative urban location (indoor-outdoor) from South Europe: Assessment of potential sources and cancer
risk to humans. Indoor Air 2019, 29, 817-827. https://doi.org/10.1111/ina.12581.

Xue, Y.-h.; Wu, J.-h,; Feng, Y.-c; Dai, L.; Bi, X.-h.; Li, X.; Zhu, T.; Tang, S.-b.; Chen, M.-f. Source Characterization and Appor-
tionment of PMI10 in Panzhihua, China. Aerosol and Air  Quality = Research 2010, 10, 367-377.
https://doi.org/10.4209/aaqr.2010.01.0002.

Cheung, K.; Daher, N.; Kam, W.; Shafer, M.M.; Ning, Z.; Schauer, ].J.; Sioutas, C. Spatial and temporal variation of chemical
composition and mass closure of ambient coarse particulate matter (PM10-2.5) in the Los Angeles area. Atmospheric Environment
2011, 45, 2651-2662. https://doi.org/10.1016/j.atmosenv.2011.02.066.

Kansal, A. Sources and reactivity of NMHCs and VOCs in the atmosphere: A review. Journal of Hazardous Materials 2009, 166,
17-26. https://doi.org/10.1016/j.jhazmat.2008.11.048.

Kopaczyk, ] M.; Warguta, J.; Jelonek, T. The variability of terpenes in conifers under developmental and environmental stimuli.
Environmental and Experimental Botany 2020, 180, 104197. https://doi.org/10.1016/j.envexpbot.2020.104197.

Atkinson, R. Atmospheric chemistry of VOCs and NOx. Atmospheric Environment 2000, 34, 2063-2101.
https://doi.org/10.1016/51352-2310(99)00460-4.

Hallquist, M.; Wenger, ]J.C.; Baltensperger, U.; Rudich, Y.; Simpson, D.; Claeys, M.; Dommen, ].; Donahue, N.M.; George, C.;
Goldstein, A.H.; et al. The formation, properties and impact of secondary organic aerosol: Current and emerging issues. Atmos.
Chem. Phys. 2009, 9, 5155-5236. https://doi.org/10.5194/acp-9-5155-2009.

Nair, A.T.; Senthilnathan, J.; Nagendra, S.M.S. Emerging perspectives on VOC emissions from landfill sites: Impact on tropo-
spheric chemistry and local air quality. Process Safety and Environmental Protection 2019, 121, 143-154.
https://doi.org/10.1016/j.psep.2018.10.026.

Qing Li, Q.; Loganath, A.; Seng Chong, Y.; Tan, J.; Philip Obbard, ]J. Persistent Organic Pollutants and Adverse Health Effects
in Humans. Journal of Toxicology and Environmental Health, Part A 2006, 69, 1987-2005.
https://doi.org/10.1080/15287390600751447.

Fitzgerald, L.; Wikoff, D.S. Persistent Organic Pollutants. In Encyclopedia of Toxicology (Third Edition), Wexler, P., Ed.; Academic
Press: Oxford, 2014; pp. 820-825.

Simpson, W.R.; Brown, S.S.; Saiz-Lopez, A.; Thornton, J.A.; Glasow, R. Tropospheric halogen chemistry: Sources, cycling, and
impacts. Chem Rev. 2015, 115, 4035-4062. https://doi.org/10.1021/cr5006638.

McFiggans, G.; Cox, R.A.; Mossinger, J.C.; Allan, B.].; Plane, ]. M.C. Active chlorine release from marine aerosols: Roles for re-
active iodine and nitrogen species. Journal of Geophysical Research: Atmospheres 2002, 107, ACH 10-11-ACH 10-13.
https://doi.org/10.1029/2001JD000383.

Papanastasiou, D.K.; Carlon, N.R.; Neuman, J.A.; Fleming, E.L.; Jackman, C.H.; Burkholder, ].B. Revised UV absorption spectra,
ozone depletion potentials, and global warming potentials for the ozone-depleting substances CF2Br2, CF2CIBr, and
CF2BrCF2Br. Geophysical Research Letters 2013, 40, 464—469. https://doi.org/10.1002/grl.50121.

Watts, S.F. The mass budgets of carbonyl sulfide, dimethyl sulfide, carbon disulfide and hydrogen sulfide. Atmospheric Environ-
ment 2000, 34, 761-779. https://doi.org/10.1016/S1352-2310(99)00342-8.

Stern, D.I. Global sulfur emissions from 1850 to 2000. Chemosphere 2005, 58, 163-175. https://doi.org/10.1016/j.chemo-
sphere.2004.08.022.

von Glasow, R.; Bobrowski, N.; Kern, C. The effects of volcanic eruptions on atmospheric chemistry. Chemical Geology 2009, 263,
131-142. https://doi.org/10.1016/j.chemgeo.2008.08.020.

Vestreng, V.; Myhre, G.; Fagerli, H; Reis, S.; Tarrasén, L. Twenty-five years of continuous sulphur dioxide emission reduction
in Europe. Atmos. Chem. Phys. 2007, 7, 3663-3681. https://doi.org/10.5194/acp-7-3663-2007.

Park, J.; Ryu, J.; Kim, D.; Yeo, J.; Lee, H. Long-Range Transport of SO2 from Continental Asia to Northeast Asia and the North-
west Pacific Ocean: Flow Rate Estimation Using OMI Data, Surface in Situ Data, and the HYSPLIT Model. Atmosphere 2016, 7,
53.

Chu, W.-L.; Dang, N.-L.; Kok, Y.-Y,; Ivan Yap, K.-S.; Phang, 5.-M.; Convey, P. Heavy metal pollution in Antarctica and its po-
tential impacts on algae. Polar Science 2019, 20, 75-83. https://doi.org/10.1016/j.polar.2018.10.004.

Englert, N. Fine particles and human health--a review of epidemiological studies. Toxicol Lett 2004, 149, 235-242.
https://doi.org/10.1016/j.toxlet.2003.12.035.



Atmosphere 2022, 13, 1621 27 of 35

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Briffa, J.; Sinagra, E.; Blundell, R. Heavy metal pollution in the environment and their toxicological effects on humans. Heliyon
2020, 6, e04691. https://doi.org/10.1016/j.heliyon.2020.e04691.

Wang, Y.-F.; Huang, K.-L.; Li, C.-T.; Mi, H.-H.; Luo, J.-H.; Tsai, P.-]. Emissions of fuel metals content from a diesel vehicle engine.
Atmospheric Environment 2003, 37, 4637-4643. https://doi.org/10.1016/j.atmosenv.2003.07.007.

Marina-Montes, C.; Pérez-Arribas, L.V.; Anzano, J.; Céceres, ].O. Local and Remote Sources of Airborne Suspended Particulate
Matter in the Antarctic Region. Atmosphere 2020, 11, 373.

Goodsite, M.E.; Hertel, O. Urban Air Qualityurbanair quality: Sourcesurbanair qualitysourcesand Concentrationsurbanair qual-
ityconcentrations. In Encyclopedia of Sustainability Science and Technology, Meyers, R.A., Ed.; Springer New York: New York, NY,
2012; pp. 11291-11311.

Sharma, M.; Kaskaoutis, D.G.; Singh, R.P.; Singh, S. Seasonal Variability of Atmospheric Aerosol Parameters over Greater Noida
Using Ground Sunphotometer Observations.  Aerosol and  Air  Quality  Research 2014, 14, 608-622.
https://doi.org/10.4209/aaqr.2013.06.0219.

Barbaro, E.; Padoan, S.; Kirchgeorg, T.; Zangrando, R.; Toscano, G.; Barbante, C.; Gambaro, A. Particle size distribution of inor-
ganic and organic ions in coastal and inland Antarctic aerosol. Environ. Sci Pollut Res. Int 2017, 24, 2724-2733.
https://doi.org/10.1007/s11356-016-8042-x.

Di Carmine, C.; Campanelli, M.; Nakajima, T.; Tomasi, C.; Vitale, V. Retrievals of Antarctic aerosol characteristics using a Sun-
sky radiometer during the 2001-2002 austral summer campaign. Journal of Geophysical Research: Atmospheres 2005, 110.
https://doi.org/10.1029/2004]D005280.

Yang, Y.; Zhao, C.; Wang, Q.; Cong, Z.; Yang, X.; Fan, H. Aerosol characteristics at the three poles of the Earth as characterized
by Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations. Atmospheric Chemistry and Physics 2021, 21, 4849—4868.
https://doi.org/10.5194/acp-21-4849-2021.

Kallenborn, R.; Hung, H.; Brorstrom-Lundén, E. Chapter 13 - Atmospheric Long-Range Transport of Persistent Organic Pollu-
tants (POPs) into Polar Regions. In Comprehensive Analytical Chemistry, Zeng, E.Y., Ed.; Elsevier (Amsterdam, The Netherlands)
2015; Volume 67, pp. 411-432.

De Kok, L.J.; Durenkamp, M.; Yang, L.; Stulen, I. Atmospheric sulfur. In Sulfur in Plants An Ecological Perspective, Hawkesford,
M.]., De Kok, L.J., Eds.; Springer Netherlands: Dordrecht, 2007; pp. 91-106.

Solomon, S. Stratospheric ozone depletion: A review of concepts and history. Reviews of Geophysics 1999, 37, 275-316.
https://doi.org/10.1029/1999RG900008.

Sherwen, T.; Evans, M.].; Sommariva, R.; Hollis, L.D.].; Ball, S.M.; Monks, P.S.; Reed, C.; Carpenter, L.].; Lee, ].D.; Forster, G.; et
al. Effects of halogens on European air-quality. Faraday Discussions 2017, 200, 75-100. https://doi.org/10.1039/C7FD00026].
Haigh, ].D.; Roscoe, H.K. The Final Warming Date of the Antarctic Polar Vortex and Influences on its Interannual Variability.
Journal of Climate 2009, 22, 5809-5819. https://doi.org/10.1175/2009jcli2865.1.

Solomon, S.; Haskins, J.; Ivy, D.J.; Min, F. Fundamental differences between Arctic and Antarctic ozone depletion. Proceedings
of the National Academy of Sciences 2014, 111, 6220. https://doi.org/10.1073/pnas.1319307111.

Schmale, J.; Baccarini, A.; Thurnherr, I.; Henning, S.; Efraim, A.; Regayre, L.; Bolas, C.; Hartmann, M.; Welti, A.; Lehtipalo, K.;
et al. Overview of the Antarctic Circumnavigation Expedition: Study of Preindustrial-like Aerosols and Their Climate Effects
(ACE-SPACE). Bulletin of the American Meteorological Society 2019, 100, 2260-2283. https://doi.org/10.1175/bams-d-18-0187.1.
Parish, T.R.; Cassano, ].J. The Role of Katabatic Winds on the Antarctic Surface Wind Regime. Monthly Weather Review 2003, 131,
317-333. https://doi.org/10.1175/1520-0493(2003)131<0317:TROKWO>2.0.CO;2.

Uotila, P.; Pezza, A.B.; Cassano, ].].; Keay, K.; Lynch, A.H. A comparison of low pressure system statistics derived from a high-
resolution NWP output and three reanalysis products over the Southern Ocean. Journal of Geophysical Research: Atmospheres 2009,
114. https://doi.org/10.1029/2008]D011583.

Zhang, Q.; Chen, Z.; Li, Y.; Wang, P.; Zhu, C.; Gao, G.; Xiao, K.; Sun, H.; Zheng, S.; Liang, Y.; et al. Occurrence of organochlorine
pesticides in the environmental matrices from King George Island, west Antarctica. Environmental Pollution 2015, 206, 142-149.
https://doi.org/10.1016/j.envpol.2015.06.025.

Corsolini, S.; Baroni, D.; Martellini, T.; Pala, N.; Cincinelli, A. PBDEs and PCBs in terrestrial ecosystems of the Victoria Land,
Antarctica. Chemosphere 2019, 231, 233-239. https://doi.org/10.1016/j.chemosphere.2019.05.126.

Potapowicz, J.; Szuminska, D.; Szopiniska, M.; Polkowska, Z. The influence of global climate change on the environmental fate
of anthropogenic pollution released from the permafrost: Part I. Case study of Antarctica. Science of The Total Environment 2019,
651, 1534-1548. https://doi.org/10.1016/j.scitotenv.2018.09.168.

Iluminati, S.; Annibaldi, A.; Truzzi, C.; Mantini, C.; Conca, E.; Malandrino, M.; Giglione, G.; Fanelli, M.; Scarponi, G. Determi-
nation of Cd, Pb, and Cu in the Atmospheric Aerosol of Central East Antarctica at Dome C (Concordia Station). Molecules 2021,
26, 1997.

Vagnoni, F.; [lluminati, S.; Annibaldi, A.; Memmola, F.; Giglione, G.; Falgiani, A.M.; Girolametti, F.; Fanelli, M.; Scarponi, G.;
Truzzi, C. Seasonal Evolution of the Chemical Composition of Atmospheric Aerosol in Terra Nova Bay (Antarctica). Atmosphere
2021, 12, 1030.



Atmosphere 2022, 13, 1621 28 of 35

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Marina-Montes, C.; Pérez-Arribas, L.V.; Escudero, M.; Anzano, J.; Céceres, ].O. Heavy metal transport and evolution of atmos-
pheric aerosols in the Antarctic region. Science of The Total Environment 2020, 721, 137702. https://doi.org/10.1016/j.sci-
totenv.2020.137702.

Mishra, V.K,; Kim, K.-H.; Hong, S.; Lee, K. Aerosol composition and its sources at the King Sejong Station, Antarctic peninsula.
Atmospheric Environment 2004, 38, 4069-4084. https://doi.org/10.1016/j.atmosenv.2004.03.052.

Barbante, C.; Turetta, C.; Gambaro, A.; Capodaglio, G.; Scarponi, G. Sources and origins of aerosols reaching Antarctica as
revealed by lead concentration profiles in shallow snow. Annals of Glaciology 1998, 27, 674-678.
https://doi.org/10.3189/1998 AoG27-1-674-678.

Kallenborn, R.; Oehme, M.; Wynn-Williams, D.D.; Schlabach, M.; Harris, J. Ambient air levels and atmospheric long-range
transport of persistent organochlorines to Signy Island, Antarctica. Science of The Total Environment 1998, 220, 167-180.
https://doi.org/10.1016/S0048-9697(98)00257-5.

Choi, S.-D.; Baek, S.-Y.; Chang, Y.-S.; Wania, F.; Ikonomou, M.G.; Yoon, Y.-J.; Park, B.-K.; Hong, S. Passive Air Sampling of
Polychlorinated Biphenyls and Organochlorine Pesticides at the Korean Arctic and Antarctic Research Stations: Implications
for Long-Range Transport and Local Pollution. Environmental Science &  Technology 2008, 42, 7125-7131.
https://doi.org/10.1021/es801004p.

Cincinelli, A.; Martellini, T.; Del Bubba, M.; Lepri, L.; Corsolini, S.; Borghesi, N.; King, M.D.; Dickhut, R.M. Organochlorine
pesticide air-water exchange and bioconcentration in krill in the Ross Sea. Environmental Pollution 2009, 157, 2153-2158.
https://doi.org/10.1016/j.envpol.2009.02.010.

Zoccolillo, L.; Amendola, L.; Insogna, S. Comparison of atmosphere/aquatic environment concentration ratio of volatile chlo-
rinated hydrocarbons between temperate regions and Antarctica.  Chemosphere 2009, 76, 1525-1532.
https://doi.org/10.1016/j.chemosphere.2009.05.044.

Baek, S.-Y.; Choi, S.-D.; Chang, Y.-S. Three-Year Atmospheric Monitoring of Organochlorine Pesticides and Polychlorinated
Biphenyls in Polar Regions and the South Pacific. Environmental Science & Technology 2011, 45, 4475-4482.
https://doi.org/10.1021/es1042996.

Li, Y.; Geng, D.; Liu, F.; Wang, T.; Wang, P.; Zhang, Q.; Jiang, G. Study of PCBs and PBDEs in King George Island, Antarctica,
using PUF passive air sampling. Atmospheric Environment 2012, 51, 140-145. https://doi.org/10.1016/j.atmosenv.2012.01.034.
Piazza, R.; Gambaro, A.; Argiriadis, E.; Vecchiato, M.; Zambon, S.; Cescon, P.; Barbante, C. Development of a method for sim-
ultaneous analysis of PCDDs, PCDFs, PCBs, PBDEs, PCNs and PAHs in Antarctic air. Analytical and Bioanalytical Chemistry 2013,
405, 917-932. https://doi.org/10.1007/s00216-012-6464-y.

Ma, X.; Zhang, H.; Zhou, H.; Na, G.; Wang, Z.; Chen, C.; Chen, J.; Chen, J. Occurrence and gas/particle partitioning of short-
and medium-chain chlorinated paraffins in the atmosphere of Fildes Peninsula of Antarctica. Atmospheric Environment 2014, 90,
10-15. https://doi.org/10.1016/j.atmosenv.2014.03.021.

Khairy, M.A.; Luek, J.L.; Dickhut, R.; Lohmann, R. Levels, sources and chemical fate of persistent organic pollutants in the
atmosphere and snow along the western Antarctic Peninsula. Environmental Pollution 2016, 216, 304-313.
https://doi.org/10.1016/j.envpol.2016.05.092.

Pozo, K.; Martellini, T.; Corsolini, S.; Harner, T.; Estellano, V.; Kukucka, P.; Mulder, M.D.; Lammel, G.; Cincinelli, A. Persistent
organic pollutants (POPs) in the atmosphere of coastal areas of the Ross Sea, Antarctica: Indications for long-term downward
trends. Chemosphere 2017, 178, 458-465. https://doi.org/10.1016/j.chemosphere.2017.02.118.

Wang, P.; Li, Y.; Zhang, Q.; Yang, Q.; Zhang, L.; Liu, F.; Fu, J.; Meng, W.; Wang, D.; Sun, H.; et al. Three-year monitoring of
atmospheric PCBs and PBDEs at the Chinese Great Wall Station, West Antarctica: Levels, chiral signature, environmental be-
haviors and source implication. Atmospheric Environment 2017, 150, 407-416. https://doi.org/10.1016/j.atmosenv.2016.11.036.
Cao, S.;Na, G.; Li, R.;; Ge, L.; Gao, H.; Jin, S.; Hou, C.; Gao, Y.; Zhang, Z. Fate and deposition of polycyclic aromatic hydrocarbons
in the Bransfield Strait, Antarctica. Marine Pollution Bulletin 2018, 137, 533-541. https://doi.org/10.1016/j.marpolbul.2018.10.045.
Casal, P.; Cabrerizo, A.; Vila-Costa, M.; Pizarro, M.; Jiménez, B.; Dachs, J. Pivotal Role of Snow Deposition and Melting Driving
Fluxes of Polycyclic Aromatic Hydrocarbons at Coastal Livingston Island (Antarctica). Environmental Science & Technology 2018,
52, 12327-12337. https://doi.org/10.1021/acs.est.8b03640.

Pagel, E.C.; Reis, N.C.; de Alvarez, C.E.; Santos, J.M.; Beghi, S.P.; Boechat, J.L.; Nishikawa, M.M.; Antunes, P.W.P.; Cassini, S.T.
Indoor air quality in an Antarctic Research Station: Fungi, particles and aldehyde concentrations associated with building ma-
terials and architectural design. Indoor and Built Environment 2017, 27, 1322-1340. https://doi.org/10.1177/1420326X17719953.
Wang, P.; Meng, W.; Li, Y.; Zhang, Q.; Zhang, L.; Fu, ].; Yang, R; Jiang, G. Temporal variation (2011-2014) of atmospheric OCPs
at King George Island, west Antarctica. Atmospheric Environment 2018, 191, 432-439. https://doi.org/10.1016/j.at-
mosenv.2018.08.036.

Hao, Y.; Li, Y.; Han, X;; Wang, T; Yang, R.; Wang, P.; Xiao, K.; Li, W.; Lu, H.; Fu, J; et al. Air monitoring of polychlorinated
biphenyls, polybrominated diphenyl ethers and organochlorine pesticides in West Antarctica during 2011-2017: Concentra-
tions, temporal trends and potential sources. Environmental Pollution 2019, 249, 381-389. https://doi.org/10.1016/j.en-
vpol.2019.03.039.



Atmosphere 2022, 13, 1621 29 of 35

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Na, G.; Gao, Y.; Li, R;; Gao, H.; Hou, C.; Ye, J.; Jin, S.; Zhang, Z. Occurrence and sources of polycyclic aromatic hydrocarbons in
atmosphere and soil from 2013 to 2019 in the Fildes Peninsula, Antarctica. Marine Pollution Bulletin 2020, 156, 111173.
https://doi.org/10.1016/j.marpolbul.2020.111173.

Zhao, ].; Wang, P.; Wang, C.; Fu, M,; Li, Y.; Yang, R;; Fu, J.; Hao, Y.; Matsiko, ].; Zhang, Q.; et al. Novel brominated flame
retardants in West Antarctic atmosphere (2011-2018): Temporal trends, sources and chiral signature. Science of The Total Envi-
ronment 2020, 720, 137557. https://doi.org/10.1016/j.scitotenv.2020.137557.

Bengtson Nash, S.M.; Wild, S.; Broomhall, S.; Bohlin-Nizzetto, P. Brominated Flame Retardants in Antarctic Air in the Vicinity
of Two All-Year Research Stations. Atmosphere 2021, 12. https://doi.org/10.3390/atmos12060668.

Jiang, L.; Gao, W.; Ma, X;; Wang, Y.; Wang, C; Li, Y.; Yang, R.; Fu, J; Shi, ].; Zhang, Q.; et al. Long-Term Investigation of the
Temporal Trends and Gas/Particle Partitioning of Short- and Medium-Chain Chlorinated Paraffins in Ambient Air of King
George Island, Antarctica. Environmental Science & Technology 2021, 55, 230-239. https://doi.org/10.1021/acs.est.0c05964.

Verma, P.K; Sah, D.; Kumari, K.M.; Lakhani, A. Atmospheric concentrations and gas—particle partitioning of polycyclic aro-
matic hydrocarbons (PAHs) and nitro-PAHs at Indo-Gangetic sites. Environmental Science: Processes & Impacts 2017, 19, 1051-
1060. https://doi.org/10.1039/C7EMO0168A.

Frohlich-Nowoisky, J.; Kampf, C.J.; Weber, B.; Huffman, J.A.; Pohlker, C.; Andreae, M.O.; Lang-Yona, N.; Burrows, S.M.; Gun-
the, S.S.; Elbert, W.; et al. Bioaerosols in the Earth system: Climate, health, and ecosystem interactions. Atmospheric Research 2016,
182, 346-376. https://doi.org/10.1016/j.atmosres.2016.07.018.

Mohler, O.; DeMott, P.J.; Vali, G.; Levin, Z. Microbiology and atmospheric processes: The role of biological particles in cloud
physics. Biogeosciences 2007, 4, 1059-1071. https://doi.org/10.5194/bg-4-1059-2007.

Vaitilingom, M.; Deguillaume, L.; Vinatier, V.; Sancelme, M.; Amato, P.; Chaumerliac, N.; Delort, A.M. Potential impact of mi-
crobial activity on the oxidant capacity and organic carbon budget in clouds. Proc. Natl Acad Sci U S A 2013, 110, 559-564.
Jones, S.E.; Newton, R.J.; McMahon, K.D. Potential for atmospheric deposition of bacteria to influence bacterioplankton com-
munities. FEMS Microbiology Ecology 2008, 64, 388-394. https://doi.org/10.1111/j.1574-6941.2008.00476.x.

Bottos, E.M.; Woo, A.C.; Zawar-Reza, P.; Pointing, S.B.; Cary, S.C. Airborne bacterial populations above desert soils of the
McMurdo Dry Valleys, Antarctica. Microb Ecol 2014, 67, 120-128. https://doi.org/10.1007/s00248-013-0296-y.

Grammatika, M.; Zimmerman, W.B. Microhydrodynamics of flotation processes in the sea surface layer. Dynamics of Atmos-
pheres and Oceans 2001, 34, 327-348. https://doi.org/10.1016/S0377-0265(01)00073-2.

Aller, ].Y.; Kuznetsova, M.R.; Jahns, C.J.; Kemp, P.F. The sea surface microlayer as a source of viral and bacterial enrichment in
marine aerosols. Journal of Aerosol Science 2005, 36, 801-812. https://doi.org/10.1016/j.jaerosci.2004.10.012.

Burrows, S.M.; Butler, T.; Jockel, P.; Tost, H.; Kerkweg, A.; Péschl, U.; Lawrence, M.G. Bacteria in the global atmosphere — Part
2: Modeling of emissions and transport between different ecosystems. Atmos. Chem. Phys. 2009, 9, 9281-9297.
https://doi.org/10.5194/acp-9-9281-2009.

Archer, S.D.].; Lee, K.C.; Caruso, T.; Maki, T.; Lee, C.K,; Cary, S.C.; Cowan, D.A.; Maestre, F.T.; Pointing, S.B. Airborne microbial
transport limitation to isolated Antarctic soil habitats. Nature Microbiology 2019, 4, 925-932. https://doi.org/10.1038/s41564-019-
0370-4.

Cox, F.; Newsham, K.K.; Bol, R.; Dungait, ].A.].; Robinson, C.H. Not poles apart: Antarctic soil fungal communities show simi-
larities to those of the distant Arctic. Ecology Letters 2016, 19, 528-536. https://doi.org/10.1111/ele.12587.

Després, V.; Huffman, J.A.; Burrows, S.M.; Hoose, C.; Safatov, A.; Buryak, G.; Frohlich-Nowoisky, J.; Elbert, W.; Andreae, M.;
Péschl, U.; et al. Primary biological aerosol particles in the atmosphere: A review. Tellus B: Chemical and Physical Meteorology
2012, 64, 15598. https://doi.org/10.3402/tellusb.v64i0.15598.

Miiller-Germann, I.; Vogel, B.; Vogel, H.; Pauling, A.; Frohlich-Nowoisky, J.; Péschl, U.; Després, V.R. Quantitative DNA Anal-
yses for Airborne Birch Pollen. PLoS ONE 2015, 10, e0140949. https://doi.org/10.1371/journal.pone.0140949.
DeLeon-Rodriguez, N.; Lathem, T.L.; Rodriguez-R, L.M.; Barazesh, ].M.; Anderson, B.E.; Beyersdorf, A.].; Ziemba, L.D.; Bergin,
M.; Nenes, A.; Konstantinidis, K.T. Microbiome of the upper troposphere: Species composition and prevalence, effects of trop-
ical storms, and atmospheric implications. Proceedings of the National Academy of Sciences 2013, 110, 2575.
https://doi.org/10.1073/pnas.1212089110.

Pohlker, C.; Huffman, J.A.; Poschl, U. Autofluorescence of atmospheric bioaerosols — fluorescent biomolecules and potential
interferences. Atmos. Meas. Tech. 2012, 5, 37-71. https://doi.org/10.5194/amt-5-37-2012.

Mao de Ferro, A.; Mota, A.M.; Canario, ]. Pathways and speciation of mercury in the environmental compartments of Deception
Island, Antarctica. Chemosphere 2014, 95, 227-233. https://doi.org/10.1016/j.chemosphere.2013.08.081.

Cossa, D.; Heimbiirger, L.-E.; Lannuzel, D.; Rintoul, S.R.; Butler, E.C.V.; Bowie, A.R.; Averty, B.; Watson, R.J.; Remenyi, T. Mer-
cury in the Southern Ocean. Geochimica et Cosmochimica Acta 2011, 75, 4037-4052. https://doi.org/10.1016/j.gca.2011.05.001.
Pacyna, ].M.; Pacyna, E.G. An assessment of global and regional emissions of trace metals to the atmosphere from anthropogenic
sources worldwide. Environmental Reviews 2001, 9, 269-298. https://doi.org/10.1139/a01-012.

Tchounwou, P.B.; Yedjou, C.G,; Patlolla, A.K.; Sutton, D.J. Heavy metal toxicity and the environment. Experientia supplementum
(2012) 2012, 101, 133-164. https://doi.org/10.1007/978-3-7643-8340-4_6.

Bargagli, R. Environmental contamination in Antarctic ecosystems. Science of The Total Environment 2008, 400, 212-226.
https://doi.org/10.1016/j.scitotenv.2008.06.062.



Atmosphere 2022, 13, 1621 30 of 35

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Annibaldi, A.; Truzzi, C.; lluminati, S.; Bassotti, E.; Scarponi, G. Determination of water-soluble and insoluble (dilute-HCI-
extractable) fractions of Cd, Pb and Cu in Antarctic aerosol by square wave anodic stripping voltammetry: Distribution and
summer seasonal evolution at Terra Nova Bay (Victoria Land). Analytical and Bioanalytical Chemistry 2007, 387, 977-998.
https://doi.org/10.1007/s00216-006-0994-0.

Mazzera, D.M.; Lowenthal, D.H.; Chow, J.C.; Watson, J.G.; Grubisic, V. PM10 measurements at McMurdo Station, Antarctica.
Atmospheric Environment 2001, 35, 1891-1902. https://doi.org/10.1016/51352-2310(00)00409-X.

Toscano, G.; Gambaro, A.; Moret, I.; Capodaglio, G.; Turetta, C.; Cescon, P. Trace metals in aerosol at Terra Nova Bay, An-
tarctica. Journal of Environmental Monitoring 2005, 7, 1275-1280. https://doi.org/10.1039/B507337P.

Iluminati, S.; Annibaldi, A.; Truzzi, C.; Libani, G.; Mantini, C.; Scarponi, G. Determination of water-soluble, acid-extractable
and inert fractions of Cd, Pb and Cu in Antarctic aerosol by square wave anodic stripping voltammetry after sequential extrac-
tion and microwave digestion. Journal of  Electroanalytical Chemistry 2015, 755, 182-196.
https://doi.org/10.1016/j.jelechem.2015.07.023.

Xu, G,; Chen, L.; Zhang, M.; Zhang, Y.; Wang, J.; Lin, Q. Year-round records of bulk aerosol composition over the Zhongshan
Station, Coastal East Antarctica. Air Quality, Atmosphere & Health 2019, 12, 271-288. https://doi.org/10.1007/s11869-018-0642-9.
Budhavant, K; Safai, P.D.; Rao, P.S.P. Sources and elemental composition of summer aerosols in the Larsemann Hills (Antarc-
tica). Environmental Science and Pollution Research 2015, 22, 2041-2050. https://doi.org/10.1007/s11356-014-3452-0.

[Mluminati, S.; Annibaldi, A.; Bau, S.; Scarchilli, C.; Ciardini, V.; Grigioni, P.; Girolametti, F.; Vagnoni, F.; Scarponi, G.; Truzzi, C.
Seasonal Evolution of Size-Segregated Particulate Mercury in the Atmospheric Aerosol over Terra Nova Bay, Antarctica. Mole-
cules 2020, 25. https://doi.org/10.3390/molecules25173971.

Bazzano, A.; Soggia, F.; Grotti, M. Source identification of atmospheric particle-bound metals at Terra Nova Bay, Antarctica.
Environmental Chemistry 2015, 12, 245-252.

Caceres, J.O.; Sanz-Mangas, D.; Manzoor, S.; Pérez-Arribas, L.V.; Anzano, J. Quantification of particulate matter, tracking the
origin and relationship between elements for the environmental monitoring of the Antarctic region. Science of The Total Environ-
ment 2019, 665, 125-132. https://doi.org/10.1016/j.scitotenv.2019.02.116.

Weller, R.; Wéltjen, J.; Piel, C.; Resenberg, R.; Wagenbach, D.; Kénig-Langlo, G.; Kriews, M. Seasonal variability of crustal and
marine trace elements in the aerosol at Neumayer station, Antarctica. Tellus B: Chemical and Physical Meteorology 2008, 60, 742—
752. https://doi.org/10.1111/j.1600-0889.2008.00372.x.

Martin, B.; Bytnerowicz, A.; Thorstenson, Y.R. Effects of Air Pollutants on the Composition of Stable Carbon Isotopes, deltaC,
of Leaves and Wood, and on Leaf Injury. Plant Physiol 1988, 88, 218-223. https://doi.org/10.1104/pp.88.1.218.

Batts, J.E.; Calder, L.J.; Batts, B.D. Utilizing stable isotope abundances of lichens to monitor environmental change. Chemical
Geology 2004, 204, 345 - 368, doi:s://doi.org/10.1016/j.chemgeo.2003.11.007.

Ehleringer, J.R.; Rundel, P.W. Stable Isotopes:History, Units, and Instrumentation. In Proceedings of the Stable Isotopes in Eco-
logical Research, New York, NY, 1989//, 1989; pp. 1-15.

IPCC. Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change; Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels,
A, Xia, Y., Bex, V., Midgley, P.M., Eds.; Cambridge University Press: Cambridge, United Kingdom and New York, NY, USA,
2013; p. 1535.

Wang, M.; Zheng, N.; Zhao, D.; Shang, J.; Zhu, T. Using Micro-Raman Spectroscopy to Investigate Chemical Composition,
Mixing States, and Heterogeneous Reactions of Individual Atmospheric Particles. Environmental Science & Technology 2021, 55,
10243-10254. https://doi.org/10.1021/acs.est.1c01242.

Valavanidis, A.; Fiotakis, K.; Vlachogianni, T. Airborne Particulate Matter and Human Health: Toxicological Assessment and
Importance of Size and Composition of Particles for Oxidative Damage and Carcinogenic Mechanisms. Journal of Environmental
Science and Health, Part C 2008, 26, 339-362. https://doi.org/10.1080/10590500802494538.

Hamilton, J.F.; Webb, P.J.; Lewis, A.C.; Hopkins, ].R.; Smith, S.; Davy, P. Partially oxidised organic components in urban aerosol
using GCXGC-TOF/MS. Atmos. Chem. Phys. 2004, 4, 1279-1290. https://doi.org/10.5194/acp-4-1279-2004.

Fraser, M.P.; Cass, G.R.; Simoneit, B.R.T.; Rasmussen, R.A. Air Quality Model Evaluation Data for Organics. 4. C2-C36 Non-
Aromatic Hydrocarbons. Environmental Science & Technology 1997, 31, 2356-2367. https://doi.org/10.1021/es960980g.

Blumberg, L.M.; David, F.; Klee, M.S.; Sandra, P. Comparison of one-dimensional and comprehensive two-dimensional sepa-
rations by gas chromatography. Journal of Chromatography A 2008, 1188, 2-16. https://doi.org/10.1016/j.chroma.2008.02.044.
Dalliige, J.; Beens, J.; Brinkman, U.A.T. Comprehensive two-dimensional gas chromatography: A powerful and versatile ana-
lytical tool. Journal of Chromatography A 2003, 1000, 69-108. https://doi.org/10.1016/S0021-9673(03)00242-5.

Lin, L.; Lee, M.L.; Eatough, D.]. Gas chromatographic analysis of organic marker compounds in fine particulate matter using
solid-phase microextraction. . Air Waste Manag Assoc. 2007, 57, 53-58. https://doi.org/10.1080/10473289.2007.10465295.
Jacobson, M.C.; Hansson, H.-C.; Noone, K.J.; Charlson, R.J. Organic atmospheric aerosols: Review and state of the science. Re-
views of Geophysics 2000, 38, 267-294. https://doi.org/10.1029/1998RG000045.

Lintelmann, J.; Fischer, K.; Karg, E.; Schroppel, A. Determination of selected polycyclic aromatic hydrocarbons and oxygenated
polycyclic aromatic hydrocarbons in aerosol samples by high-performance liquid chromatography and liquid chromatography-
tandem mass spectrometry. Anal. Bioanal Chem 2005, 381, 508-519. https://doi.org/10.1007/s00216-004-2883-8.



Atmosphere 2022, 13, 1621 31 of 35

100.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Shimmo, M.; Anttila, P.; Hartonen, K.; Hy6tyldinen, T.; Paatero, J.; Kulmala, M.; Riekkola, M.-L. Identification of organic com-
pounds in atmospheric aerosol particles by on-line supercritical fluid extraction-liquid chromatography—gas chromatography—
mass spectrometry. Journal of Chromatography A 2004, 1022, 151-159. https://doi.org/10.1016/j.chroma.2003.09.024.

Canagaratna, M.R; Jayne, ].T.; Jimenez, J.L.; Allan, ].D.; Alfarra, M.R.; Zhang, Q.; Onasch, T.B.; Drewnick, F.; Coe, H.; Middle-
brook, A.; et al. Chemical and microphysical characterization of ambient aerosols with the aerodyne aerosol mass spectrometer.
Mass Spectrometry Reviews 2007, 26, 185-222. https://doi.org/10.1002/mas.20115.

Brostrom, A.; Kling, K.I.; Hougaard, K.S.; Melhave, K. Complex Aerosol Characterization by Scanning Electron Microscopy
Coupled with Energy Dispersive X-ray Spectroscopy. Scientific Reports 2020, 10, 9150. https://doi.org/10.1038/s41598-020-65383-
5.

Marina-Montes, C.; Pérez-Arribas, L.V.; Anzano, J.; de Vallejuelo, S.F.-O.; Aramendia, J.; Gémez-Nubla, L.; de Diego, A.; Manuel
Madariaga, J.; Caceres, ]J.O. Characterization of atmospheric aerosols in the Antarctic region using Raman Spectroscopy and
Scanning Electron Microscopy. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 2022, 266, 120452.
https://doi.org/10.1016/j.saa.2021.120452.

Marina-Montes, C.; Motto-Ros, V.; Pérez-Arribas, L.V.; Anzano, ]J.; Millan-Martinez, M.; Céceres, J.O. Aerosol analysis by micro
laser-induced breakdown spectroscopy: A new protocol for particulate matter characterization in filters. Anal. Chim. Acta 2021,
1181, 338947. https://doi.org/10.1016/j.aca.2021.338947.

Miziolek, A.W; Palleschi, V.; Schechter, I. Laser Induced Breakdown Spectroscopy (LIBS), 1 ed.; Cambridge University Press: New
York - USA, 2006.

Motto-Ros, V.; Sancey, L.; Wang, X.C.; Ma, Q.L.; Lux, F.; Bai, X.S.; Panczer, G.; Tillement, O.; Yu, ]. Mapping nanoparticles
injected into a biological tissue using laser-induced breakdown spectroscopy. Spectrochim. Acta B 2013, 87, 168-174.
https://doi.org/10.1016/j.sab.2013.05.020.

Fabre, C. Advances in Laser-Induced Breakdown Spectroscopy analysis for geology: A critical review. Spectrochim. Acta B 2020,
166, 105799. https://doi.org/10.1016/j.sab.2020.105799.

Anzano, J.M.; Cruz-Conesa, A.; Lasheras, R.J.; Marina-Montes, C.; Pérez-Arribas, L.V.; Céceres, ].O.; Velasquez, A.IL; Palleschi,
V. Multielemental analysis of Antarctic soils using calibration free laser-induced breakdown spectroscopy. Spectrochim. Acta B
2021, 180, 106191. https://doi.org/10.1016/j.sab.2021.106191.

Caceres, ].O.; Moncayo, S.; Rosales, ].D.; de Villena, F.].M.; Alvira, F.C.; Bilmes, G.M. Application of Laser-Induced Breakdown
Spectroscopy (LIBS) and Neural Networks to Olive Oils Analysis. Appl. Spectrosc. 2013, 67, 1064-1072. https://doi.org/10.1366/12-
06916.

Moncayo, S.; Manzoor, S.; Rosales, ].D.; Anzano, J.; Caceres, ].O. Qualitative and quantitative analysis of milk for the detection
of adulteration by Laser Induced Breakdown Spectroscopy (LIBS). Food Chemistry 2017, 232, 322-328.
https://doi.org/10.1016/j.foodchem.2017.04.017.

Caceres, ].O.; Pelascini, F.; Motto-Ros, V.; Moncayo, S.; Trichard, F.; Panczer, G.; Marin-Roldan, A.; Cruz, J.A.; Coronado, I.;
Martin-Chivelet, ]. Megapixel multi-elemental imaging by Laser-Induced Breakdown Spectroscopy, a technology with consid-
erable potential for paleoclimate studies. Scientific reports 2017, 7, 5080-5080. https://doi.org/10.1038/s41598-017-05437-3.
Rusak, D.A.; Marsico, RM.; Taroli, B.L. Using laser-induced breakdown spectroscopy to assess preservation quality of archae-
ological bones by measurement of calcium-to-fluorine ratios. Appl. Spectrosc. 2011, 65, 1193-1196. https://doi.org/10.1366/11-
06364.

Wiens, R.C.; Wan, X.; Lasue, ].; Maurice, S. Chapter 20 - Laser-induced breakdown spectroscopy in planetary science. In Laser-
Induced Breakdown Spectroscopy (Second Edition), Singh, J.P., Thakur, S.N., Eds.; Elsevier: Amsterdam, 2020; pp. 441-471.
Cremers, D.A.; Radziemski, L.]. Handbook of laser-induced breakdown spectroscopy, 2nd Ed ed.; Wiley-Blackwell: Oxford - UK, 2013.
Ji, H,; Ding, Y.; Zhang, L.; Hu, Y.; Zhong, X. Review of aerosol analysis by laser-induced breakdown spectroscopy. Appl. Spec-
trosc. Rev. 2021, 56, 193-220. https://doi.org/10.1080/05704928.2020.1780604.

Abas, E.; Marina-Montes, C.; Laguna, M.; Lasheras, R.; Rivas, P.; Peribanez, P.; del Valle, J.; Escudero, M.; Velasquez, A.; Caceres,
J.O.; et al. Evidence of human impact in Antarctic region by studying atmospheric aerosols. Chemosphere 2022, 307, 135706.
https://doi.org/10.1016/j.chemosphere.2022.135706.

Solomon, P.A.; Fraser, M.P.; Herckes, P. Methods for Chemical Analysis of Atmospheric Aerosols. In Aerosol Measurement; 2011;
pp- 153-177.

Karar, K.; Gupta, A K,; Kumar, A.; Biswas, A.K. Characterization and Identification of the Sources of Chromium, Zinc, Lead,
Cadmium, Nickel, Manganese and Iron in Pm10 Particulates at the Two Sites of Kolkata, India. Environ. Monit Assess. 2006, 120,
347-360. https://doi.org/10.1007/s10661-005-9067-7.

Querol, X.; Alastuey, A.; Rodriguez, S.; Plana, F.; Ruiz, C.R.; Cots, N.; Massagué, G.; Puig, O. PM10 and PM2.5 source appor-
tionment in the Barcelona Metropolitan area, Catalonia, Spain. Atmospheric Environment 2001, 35, 6407-6419.
https://doi.org/10.1016/51352-2310(01)00361-2.

Xu, G.; Gao, Y. Atmospheric trace elements in aerosols observed over the Southern Ocean and coastal East Antarctica. Polar
Research 2014, 33. https://doi.org/10.3402/polar.v33.23973.



Atmosphere 2022, 13, 1621 32 of 35

130.

131.

132.

133.
134.
135.
136.
137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Fan, S.; Gao, Y.; Sherrell, RM.; Yu, S; Bu, K. Concentrations, particle-size distributions, and dry deposition fluxes of aerosol
trace elements over the Antarctic Peninsula in austral summer. Atmos. Chem. Phys. 2021, 21, 2105-2124.
https://doi.org/10.5194/acp-21-2105-2021.

Gupta, D.; Eom, H.J.; Cho, H.R.; Ro, C.U. Hygroscopic behavior of NaCl-MgCl<sub>2</sub> mixture particles as nascent sea-
spray aerosol surrogates and observation of efflorescence during humidification. Atmos. Chem. Phys. 2015, 15, 11273-11290.
https://doi.org/10.5194/acp-15-11273-2015.

Sobanska, S.; Falgayrac, G.; Rimetz-Planchon, J.; Perdrix, E.; Brémard, C.; Barbillat, J. Resolving the internal structure of indi-
vidual atmospheric aerosol particle by the combination of Atomic Force Microscopy, ESEM-EDX, Raman and ToF-SIMS imag-
ing. Microchemical Journal 2014, 114, 89-98. https://doi.org/10.1016/j.microc.2013.12.007.

Zhao, D.; Zhu, T.; Chen, Q.; Liu, Y.; Zhang, Z. Raman micro-spectrometry as a technique for investigating heterogeneous reac-
tions on individual atmospheric particles. Science China Chemistry 2011, 54, 154-160. https://doi.org/10.1007/s11426-010-4182-x.

Lee, AK.Y.; Chan, C.K. Single particle Raman spectroscopy for investigating atmospheric heterogeneous reactions of organic
aerosols. Atmospheric Environment 2007, 41, 4611-4621. https://doi.org/10.1016/j.atmosenv.2007.03.040.

Fletcher, R.A.; Ritchie, N.W.M.; Anderson, .M.; Small, ].A. Microscopy and Microanalysis of Individual Collected Particles. In
Aerosol Measurement; 2011; pp. 179-232.

Signorell, R.; Reid, ].P. Fundamentals and applications in aerosol spectroscopy; CRC press: 2010.

Cardell, C.; Guerra, I. An overview of emerging hyphenated SEM-EDX and Raman spectroscopy systems: Applications in life,
environmental and  materials  sciences. TrAC  Trends in  Analytical  Chemistry 2016, 77, 156-166.
https://doi.org/10.1016/j.trac.2015.12.001.

Goldstein, J.I.; Newbury, D.E.; Echlin, P.; Joy, D.C.; Lyman, C.E.; Lifshin, E.; Michael, ].R. Scanning Electron Microscopy and X-
ray Microanalysis. 2003. https://doi.org/10.1007/978-1-4615-0215-9.

Fleming, Z.L.;S., M.P.; Manning, A.]. Review: Untangling the influence of air-mass history in interpreting observed atmospheric
composition. Atmospheric Research 2012, 104-105, 1--39. https://doi.org/10.1016/j.atmosres.2011.09.009.

Pisso, I.; Sollum, E.; Grythe, H.; Kristiansen, N.I; Cassiani, M.; Eckhardt, S.; Arnold, D.; Morton, D.; Thompson, R.L.; Groot
Zwaaftink, C.D.; et al. The Lagrangian particle dispersion model FLEXPART version 10.4. Geoscientific Model Development 2019,
12, 4955—-4997. https://doi.org/10.5194/gmd-12-4955-2019.

Stein, A.F.; Draxler, R.R.; Rolph, G.D.; Stunder, B.].B.; Cohen, M.D.; Ngan, F. NOAA's HYSPLIT atmospheric transport and
dispersion modeling system. Bulletin of the American Meteorological Society 2015, 96, 2059—-2077. https://doi.org/10.1175/BAMS-
D-14-00110.1.

Sprenger, M.; Wernli, H. The LAGRANTO Lagrangian analysis tool — version 2.0. Geosci. Model Dev. 2015, 8, 2569-2586.
https://doi.org/10.5194/gmd-8-2569-2015.

Jones, A.; Thomson, D.; Hort, M.; Devenish, B. The U.K. Met Office's Next-Generation Atmospheric Dispersion Model, NAME
III. In Proceedings of the Air Pollution Modeling and Its Application XVII, Boston, MA, 2007//, 2007; pp. 580-589.

Bowman, K.P.; Lin, ].C; Stohl, A.; Draxler, R.; Konopka, P.; Andrews, A.; Brunner, D. Input Data Requirements for Lagrangian
Trajectory Models. Bulletin of the American Meteorological Society 2013, 94, 1051—1058. https://doi.org/10.1175/BAMS-D-12-
00076.1.

Draxler, R.; Hess, G. An overview of the HYSPLIT_4 modeling system for trajectories, dispersion, and deposition. Australian
Meteorological Magazine 1998, 47, 295-308.

Stohl, A.; Eckhardyt, S.; Forster, C.; James, P.; Spichtinger, N.; Seibert, P. A replacement for simple back trajectory calculations in
the interpretation of atmospheric trace substance measurements. Atmospheric Environment 2002, 36, 4635—4648.
https://doi.org/10.1016/51352-2310(02)00416-8.

Freud, E.; Krejci, R.; Tunved, P.; Leaitch, R.; Nguyen, Q.T.; Massling, A.; Skov, H.; Barrie, L. Pan-Arctic aerosol number size
distributions: ~Seasonality and transport patterns. Atmospheric Chemistry and Physics 2017, 17, 8101—-8128.
https://doi.org/10.5194/acp-17-8101-2017.

Griffith, S.M.; Huang, W.S.; Lin, C.C,; Chen, Y.C,; Chang, K.E,; Lin, T.H.; Wang, S.H.; Lin, N.H. Long-range air pollution
transport in East Asia during the first week of the COVID-19 lockdown in China. Science of the Total Environment 2020, 741.
https://doi.org/10.1016/j.scitotenv.2020.140214.

Innocente, E.; Squizzato, S.; Visin, F.; Facca, C.; Rampazzo, G.; Bertolini, V.; Gandolfi, I.; Franzetti, A.; Ambrosini, R.; Bestetti,
G. Influence of seasonality, air mass origin and particulate matter chemical composition on airborne bacterial community struc-
ture in the Po Valley, Italy. Science of the Total Environment 2017, 593-594, 677--687 , pmid = 28363180. https://doi.org/10.1016/j.sci-
totenv.2017.03.199.

Liu, T.; Marlier, M.E.; DeFries, R.S.; Westervelt, D.M.; Xia, K.R.; Fiore, A.M.; Mickley, L.].; Cusworth, D.H.; Milly, G. Seasonal
impact of regional outdoor biomass burning on air pollution in three Indian cities: Delhi, Bengaluru, and Pune. Atmospheric
Environment 2018, 172, 83—92. https://doi.org/10.1016/j.atmosenv.2017.10.024.

Masiol, M.; Hopke, P.K,; Felton, H.D.; Frank, B.P.; Rattigan, O.V.; Wurth, M.].; LaDuke, G.H. Analysis of major air pollutants
and submicron particles in New York City and Long Island. Atmospheric Environment 2017, 148, 203--214.
https://doi.org/10.1016/j.atmosenv.2016.10.043.



Atmosphere 2022, 13, 1621 33 of 35

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Mendez-Espinosa, J.F.; Belalcazar, L.C.; Morales Betancourt, R. Regional air quality impact of northern South America biomass
burning emissions. Atmospheric Environment 2019, 203, 131—140. https://doi.org/10.1016/j.atmosenv.2019.01.042.

Sanchez, K.J.; Roberts, G.C.; Saliba, G.; Russell, L.M.; Twohy, C.; Reeves, M.].; Humphries, R.S.; Keywood, M.D.; Ward, ].P.;
McRobert, .M. Measurement report: Cloud processes and the transport of biological emissions affect Southern Ocean particle
and cloud condensation nuclei concentrations. Atmospheric Chemistry and Physics 2021, 21, 3427—-3446.
https://doi.org/10.5194/acp-21-3427-2021.

Talbi, A.; Kerchich, Y.; Kerbachi, R.; Boughedaoui, M. Assessment of annual air pollution levels with PM1, PM2.5, PM10 and
associated heavy metals in Algiers, Algeria. Environmental Pollution 2018, 232, 252—263 , pmid = 28943349.
https://doi.org/10.1016/j.envpol.2017.09.041.

Decesari, S.; Paglione, M.; Rinaldi, M.; Dall'Osto, M.; Simo, R.; Zanca, N.; Volpi, F.; Facchini, M.; Hoffmann, T.; Gotz, S.; et al.
Shipborne measurements of Antarctic submicron organic aerosols: An NMR perspective linking multiple sources and biore-
gions. Atmospheric Chemistry and Physics 2020, 20, 4193—-4207. https://doi.org/10.5194/acp-20-4193-2020.

Deng, J.; Gao, Y.; Zhu, J; Li, L,; Yu, S.; Kawamura, K.; Fu, P. Molecularmarkers for fungal spores and biogenic SOA over the
Antarctic Peninsula: Field measurements and modeling results. Science of the Total Environment 2021, 762.
https://doi.org/10.1016/j.scitotenv.2020.143089.

Goncalves, S.; Weis, J.; China, S.; Evangelista, H.; Harder, T.; Muller, S.; Sampaio, M.; Laskin, A.; Gilles, M.; Godoi, R. Photo-
chemical reactions on aerosols at West Antarctica: A molecular case-study of nitrate formation among sea salt aerosols. Science
of the Total Environment 2021, 758. https://doi.org/10.1016/j.scitotenv.2020.143586.

Jang, E.; Park, K; Yoon, Y.; Kim, T.; Hong, S.; Becagli, S.; Traversi, R.; Kim, J.; Gim, Y. New particle formation events observed
at the King Sejong Station, Antarctic Peninsula - Part 2: Link with the oceanic biological activities. Atmospheric Chemistry and
Physics 2019, 19, 7595-7608. https://doi.org/10.5194/acp-19-7595-2019.

Hara, K.; Nishita-Hara, C.; Osada, K.; Yabuki, M.; Yamanouchi, T. Characterization of aerosol number size distributions and
their effect on cloud properties at Syowa Station, Antarctica. Atmospheric Chemistry and Physics 2021, 21, 12155-12172.
https://doi.org/10.5194/acp-21-12155-2021.

Boreddy, S.; Hegde, P.; Aswini, A.; Girach, I.; Koushik, N.; Nalini, K. Impact of ice -free oases on particulate matter over the
East Antarctic: Inferences from the carbonaceous, water-soluble species and trace metals Cheok u ales. Polar Science 2020, 24.
https://doi.org/10.1016/j.polar.2020.100520.

Gonzalez, R.; Toledano, C.; Roman, R.; Mateos, D.; Asmi, E.; Rodriguez, E.; Lau, I; Ferrara, J.; D'Elia, R.; Antuna-Sanchez, J.; et
al. Characterization of Stratospheric Smoke Particles over the Antarctica by Remote Sensing Instruments. Remote Sensing 2020,
12. https://doi.org/10.3390/rs12223769.

Lachlan-Cope, T.; Beddows, D.; Brough, N.; Jones, A.; Harrison, R.; Lupi, A.; Yoon, Y.; Virkkula, A.; Dall'Osto, M. On the annual
variability of Antarctic aerosol size distributions at Halley Research Station. Atmospheric Chemistry and Physics 2020, 20, 4461—
4476. https://doi.org/10.5194/acp-20-4461-2020.

Ding, M,; Tian, B.; Ashley, M.; Putero, D.; Zhu, Z.; Wang, L.; Yang, S.; Li, C.; Xiao, C. Year-round record of near-surface ozone
and O-3 enhancement events (OEEs) at Dome A, East Antarctica. Earth System Science Data 2020, 12, 3529-3544.
https://doi.org/10.5194/essd-12-3529-2020.

Gao, Y.; Yu, S.; Sherrell, R,; Fan, S.; Bu, K.; Anderson, J. Particle-Size Distributions and Solubility of Aerosol Iron Over the
Antarctic  Peninsula  During  Austral Summer. Journal of Geophysical — Research-Atmospheres 2020,  125.
https://doi.org/10.1029/2019JD032082.

Hara, K.; Sudo, K.; Ohnishi, T.; Osada, K.; Yabuki, M.; Shiobara, M.; Yamanouchi, T. Seasonal features and origins of carbona-
ceous aerosols at Syowa Station, coastal Antarctica. Atmospheric Chemistry and Physics 2019, 19, 7817-7837.
https://doi.org/10.5194/acp-19-7817-2019.

Herenz, P.; Wex, H.; Mangold, A.; Laffineur, Q.; Gorodetskaya, I.V.; Fleming, Z.L.; Panagi, M.; Stratmann, F. CCN measure-
ments at the Princess Elisabeth Antarctica research station during three austral summers. Atmospheric Chemistry and Physics
2019, 19, 275—294. https://doi.org/10.5194/acp-19-275-2019.

Hong, S.; Yoon, Y.; Becagli, S.; Gim, Y.; Chambers, S.; Park, K.; Park, S.; Traversi, R.; Severi, M.; Vitale, V.; et al. Seasonality of
aerosol chemical composition at King Sejong Station (Antarctic Peninsula) in 2013. Atmospheric Environment 2020, 223.
https://doi.org/10.1016/j.atmosenv.2019.117185.

Nadzir, M.; Cain, M.; Robinson, A.; Bolas, C.; Harris, N.; Parnikoza, I.; Salimun, E.; Mustafa, E.; Alhasa, K.; Zainuddin, M.; et
al. Isoprene hotspots at the Western Coast of Antarctic Peninsula during MASEC ' 16. Polar Science 2019, 20, 63-74.
https://doi.org/10.1016/j.polar.2018.12.006.

Simmons, J.B.; Humphries, R.S.; Wilson, S.R.; Chambers, S.D.; Williams, A.G.; Griffiths, A.D.; McRobert, LM.; Ward, ].P.; Key-
wood, M.D.; Gribben, S. Summer aerosol measurements over the East Antarctic seasonal ice zone. Atmospheric Chemistry and
Physics 2021, 21, 9497--9513. https://doi.org/10.5194/acp-21-9497-2021.

Xu, G.; Chen, L.; Xu, T.; He, S.; Gao, Y. Distributions of water-soluble ions in size-aggregated aerosols over the Southern Ocean
and coastal Antarctica. Environmental Science-Processes & Impacts 2021, 23, 1316-1327. https://doi.org/10.1039/d1em00089f.



Atmosphere 2022, 13, 1621 34 of 35

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Zeppenfeld, S.; van Pinxteren, M.; van Pinxteren, D.; Wex, H.; Berdalet, E.; Vaqué, D.; Dall'Osto, M.; Herrmann, H. Aerosol
Marine Primary Carbohydrates and Atmospheric Transformation in the Western Antarctic Peninsula. ACS Earth and Space
Chemistry 2021, 5, 1032-1047. https://doi.org/10.1021/acsearthspacechem.0c00351.

Dupont, M.F; Elbourne, A.; Cozzolino, D.; Chapman, J.; Truong, V.K.; Crawford, R.J.; Latham, K. Chemometrics for environ-
mental monitoring: A review. Analytical Methods 2020, 12, 4597-4620. https://doi.org/10.1039/d0ay01389g.

Mostert, M.MM.R.; Ayoko, G.A.; Kokot, S. Application of chemometrics to analysis of soil pollutants. Trac-Trends in Analytical
Chemistry 2010, 29, 430-445. https://doi.org/10.1016/j.trac.2010.02.009.

Mas, S.; de Juan, A.; Tauler, R; Olivieri, A.C.; Escandar, G.M. Application of chemometric methods to environmental analysis
of organic pollutants: A review. Talanta 2010, 80, 1052-1067. https://doi.org/10.1016/j.talanta.2009.09.044.

Hopke, P.K. Chemometrics applied to environmental systems. Chemometrics and Intelligent Laboratory Systems 2015, 149, 205—
214. https://doi.org/10.1016/j.chemolab.2015.07.015.

Gredilla, A.; de Vallejuelo, S.F.O.; Elejoste, N.; de Diego, A.; Madariaga, ].M. Non-destructive Spectroscopy combined with
chemometrics as a tool for Green Chemical Analysis of environmental samples: A review. Trac-Trends in Analytical Chemistry
2016, 76, 30-39. https://doi.org/10.1016/j.trac.2015.11.011.

Wu, Q.; Marina-Montes, C.; Caceres, J.O.; Anzano, J.; Motto-Ros, V.; Duponchel, L. Interesting features finder (IFF): Another
way to explore spectroscopic imaging data sets giving minor compounds and traces a chance to express themselves. Spectro-
chimica Acta Part B: Atomic Spectroscopy 2022, 195, 106508. https://doi.org/10.1016/j.sab.2022.106508.

Pérez-Arribas, L.; Ledn-Gonzalez, M.E.; Rosales-Conrado, N. Learning Principal Component Analysis by Using Data from Air
Quality Networks,. Journa Chemical Education 2017, 94, 458-464.

Siepka, D.; Uzu, G.; Stefaniak, E.A.; Sobanska, S. Combining Raman microspectrometry and chemometrics for determining
quantitative molecular composition and mixing state of atmospheric aerosol particles. Microchemical Journal 2018, 137, 119-130.
https://doi.org/10.1016/j.microc.2017.10.005.

Yotova, G.L; Tsitouridou, R.; Tsakovski, S.L.; Simeonov, V.D. Urban air quality assessment using monitoring data of fraction-
ized aerosol samples, chemometrics and meteorological conditions. Journal of Environmental Science and Health Part a-Toxic/Haz-
ardous Substances & Environmental Engineering 2016, 51, 544-552. https://doi.org/10.1080/10934529.2016.1141620.

Nunez-Alonso, D.; Perez-Arribas, L.V.; Manzoor, S.; Caceres, ]J.O. Statistical Tools for Air Pollution Assessment: Multivariate
and Spatial Analysis Studies in the Madrid Region. Journal of Analytical Methods in Chemistry 2019, 2019, 9.
https://doi.org/10.1155/2019/9753927.

Pires, ].C.M.; Sousa, S..V.; Pereira, M.C.; Alvim-Ferraz, M.C.M.; Martins, F.G. Management of air quality monitoring using
principal component and cluster analysis - Part I SO2 and PMI10. Atmospheric Environment 2008, 42, 1249-1260.
https://doi.org/10.1016/j.atmosenv.2007.10.044.

Morozzi, P.; Ballarin, B.; Arcozzi, S.; Brattich, E.; Lucarelli, F.; Nava, S.; Gomez-Cascales, P.J.; Orza, ].A.G.; Tositti, L. Ultraviolet-
Visible Diffuse Reflectance Spectroscopy (UV-Vis DRS), a rapid and non-destructive analytical tool for the identification of
Saharan dust events in particulate matter filters. Atmospheric Environment 2021, 252. https://doi.org/10.1016/j.at-
mosenv.2021.118297.

Dadashi, M.; Abdollahi, H.; Tauler, R. Application of maximum likelihood multivariate curve resolution to noisy data sets.
Journal of Chemometrics 2013, 27, 34—41. https://doi.org/10.1002/cem.2489.

Galan-Madruga, D.; Garcia-Cambero, ].P. An optimized approach for estimating benzene in ambient air within an air quality
monitoring network. Journal of Environmental Sciences 2022, 111, 164-174. https://doi.org/10.1016/j.jes.2021.03.005.
Elcoroaristizabal, S.; Amigo, ].M. Near infrared hyperspectral imaging as a tool for quantifying atmospheric carbonaceous aer-
osol. Microchemical Journal 2021, 160. https://doi.org/10.1016/j.microc.2020.105619.

Perez-Rial, D.; Lopez-Mahia, P.; Tauler, R. Investigation of the source composition and temporal distribution of volatile organic
compounds (VOCs) in a suburban area of the northwest of Spain using chemometric methods. Atmospheric Environment 2010,
44, 5122-5132. https://doi.org/10.1016/j.atmosenv.2010.09.005.

Rovira, J.; Domingo, J.L.; Schuhmacher, M. Air quality, health impacts and burden of disease due to air pollution (PM10, PM2.5,
NO2 and O-3): Application of AirQ plus model to the Camp de Tarragona County (Catalonia, Spain). Science of the Total Envi-
ronment 2020, 703. https://doi.org/10.1016/j.scitotenv.2019.135538.

Wyche, K.P.; Monks, P.S.; Smallbone, K.L.; Hamilton, J.F.; Alfarra, M.R.; Rickard, A.R.; McFiggans, G.B.; Jenkin, M.E.; Bloss,
W.J.; Ryan, A.C,; et al. Mapping gas-phase organic reactivity and concomitant secondary organic aerosol formation: Chemo-
metric dimension reduction techniques for the deconvolution of complex atmospheric data sets. Atmospheric Chemistry and Phys-
ics 2015, 15, 8077-8100. https://doi.org/10.5194/acp-15-8077-2015.

Binaku, K.; Schmeling, M. Multivariate statistical analyses of air pollutants and meteorology in Chicago during summers 2010-
2012. Air Quality Atmosphere and Health 2017, 10, 1227-1236. https://doi.org/10.1007/s11869-017-0507-7.

Galan Madruga, D.; Fernandez Patier, R.; Sintes Puertas, M.A.; Romero Garcia, M.D.; Cristébal Lépez, A. Characterization and
Local Emission Sources for Ammonia in an Urban Environment. Bulletin of Environmental Contamination and Toxicology 2018,
100, 593-599. https://doi.org/10.1007/s00128-018-2296-6.



Atmosphere 2022, 13, 1621 35 of 35

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.
202.

203.

204.

Galan-Madruga, D.; Terroba, ].M.; dos Santos, S.G.; Ubeda, R.M.; Garcia-Cambero, J.P. Indoor and Outdoor PM10-Bound PAHs
in an Urban Environment. Similarity of Mixtures and Source Attribution. Bulletin of Environmental Contamination and Toxicology
2020, 105, 951-957. https://doi.org/10.1007/s00128-020-03047-w.

Marc, M.; Bielawska, M.; Simeonov, V.; Namiesnik, J.; Zabiegala, B. The effect of anthropogenic activity on BTEX, NO2, SO2,
and CO concentrations in urban air of the spa city of Sopot and medium-industrialized city of Tczew located in North Poland.
Environmental Research 2016, 147, 513-524. https://doi.org/10.1016/j.envres.2016.03.014.

Galan-Madruga, D. A methodological framework for improving air quality monitoring network layout. Applications to envi-
ronment management. Journal of Environmental Sciences 2021, 102, 138-147. https://doi.org/10.1016/j.jes.2020.09.009.
Elcoroaristizabal, S.; de Juan, A.; Garcia, J.A.; Elorduy, I.; Durana, N.; Alonso, L. Chemometric determination of PAHs in aerosol
samples by fluorescence spectroscopy and second-order data analysis algorithms. Journal of Chemometrics 2014, 28, 260-271.
https://doi.org/10.1002/cem.2604.

Takahama, S.; Dillner, A.M. Model selection for partial least squares calibration and implications for analysis of atmospheric
organic aerosol samples with mid-infrared spectroscopy. Journal of Chemometrics 2015, 29, 659-668.
https://doi.org/10.1002/cem.2761.

Yadav, S.; Praveen, O.D.; Satsangi, P.G. The effect of climate and meteorological changes on particulate matter in Pune, India.
Environmental Monitoring and Assessment 2015, 187. https://doi.org/10.1007/s10661-015-4634-z.

Astel, A.; Simeonov, V.; Bauer, H.; Puxbaum, H. Multidimensional modeling of aerosol monitoring data. Environmental Pollution
2010, 158, 3201-3208. https://doi.org/10.1016/j.envpol.2010.07.003.

Emami, F.; Hopke, P.K. Effect of adding variables on rotational ambiguity in positive matrix factorization solutions. Chemomet-
rics and Intelligent Laboratory Systems 2017, 162, 198-202. https://doi.org/10.1016/j.chemolab.2017.01.012.

Masiol, M.; Squizzato, S.; Rampazzo, G.; Pavoni, B. Source apportionment of PM2.5 at multiple sites in Venice (Italy): Spatial
variability and the role of weather. Atmospheric Environment 2014, 98, 78-88. https://doi.org/10.1016/j.atmosenv.2014.08.059.
Wilks, D.S. Statistical methods in the atmospheric sciences; Academic Press: New York, 2011.

Mehmood, T.; Ahmed, B. The diversity in the applications of partial least squares: An overview. Journal of Chemometrics 2016,
30, 4-17. https://doi.org/10.1002/cem.2762.

Paatero, P.; Tapper, U. Positive matrix factorization: A non-negative factor model with optimal utilization of error estimates of
data values. Environmetrics 1994, 5, 111-126. https://doi.org/10.1002/env.3170050203.

Sun, X.; Wang, H.; Guo, Z.; Lu, P,; Song, F.; Liu, L,; Liu, J.; Rose, N.L.; Wang, F. Positive matrix factorization on source appor-
tionment for typical pollutants in different environmental media: A review. Environmental Science: Processes & Impacts 2020, 22,
239-255. https://doi.org/10.1039/C9EM00529C.



