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Abstract. This work analyses atmospheric transport of natural and anthropogenic pollution to the
South Shetland Islands (SSI), with particular reference to the period September 2015 — August 2017.
Based on data from the Global Volcanism Program database and air mass back trajectories calculated
using the HySPLIT model, it was found that it is possible that in the analysed period volcanic pollution
was supplied via long-range transport from South America, and from the South Sandwich Islands. Air
masses flowed in over the South Shetland Islands from the South America region relatively frequently
— 226 times during the study period, which suggests the additional possibility of anthropogenic
pollution being supplied by this means. In certain cases the trajectories also indicated the possibility
of atmospheric transport from the New Zealand region, and even from the south-eastern coast of
Australia. The analysis of the obtained results is compared against the background of research by
other authors. This is done to indicate that research into the origin of chemical compounds in the
Antarctic environment should take into account the possible influx of pollutants from remote areas
during the sampling period, as well as the possible reemission of compounds accumulated in snow
and ice.

Introduction

D

ISSN 2080-7686

SSZOOV@N!JO

Key words:

long range transport,
volcanic pollution,
anthropogenic pollution,
South Shetland Islands,
King George Island

Although Antarctica is the most isolated continent
on Earth, it is influenced by global anthropogenic
activity in its broad sense, and the effects of extreme
natural phenomena (e.g. volcanic eruptions).
This is mainly due to long-range atmospheric
transport (LRAT) (Corsolini 2009; Cabrerizo et al.
2014). The presence of industrial, agricultural and
volcanic compounds in Antarctica is explained by
the phenomenon of global distillation (Corsolini

2009): contamination resulting from numerous
evaporation and condensation processes may move
to ever-higher latitudes (Bengtson-Nash 2011). This
phenomenon is also known as the “grasshopper
effect”.

Since the 1960s, there has been an increase
in the use of compounds classed as Persistent
Organic Pollutants (POPs) in the Southern
Hemisphere (Bargagli 2008), which has resulted
in the presence of a wide range of pollutants in
Antarctica. Hundreds of thousands of different
industrial chemicals have been produced all over

Bulletin of Geography. Physical Geography Series 2018. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction

in any medium, provided the original work is properly cited.

© 2018 Nicolaus Copernicus University in Torun. All rights reserved.

© 2018 Sciendo (De Gruyter Company) (on-line).


http://dx.doi.org/10.1515/bgeo-2015-0011
file:///E:/TORU%c5%83%20-%20UMK%20-%202015/BOG%20-%20PGS%20-%208-2015/Artyku%c5%82%200/ 
file:///E:/TORU%c5%83%20-%20UMK%20-%202015/BOG%20-%20PGS%20-%208-2015/Artyku%c5%82%200/ 
http://creativecommons.org/licenses/by-nc/4.0/

Analysis of air mass backward trajectories ... (Antarctica)

D. Szumiriska et al.

the world, but only a proportion have been tested
in the Antarctic environment (e.g. polychlorinated
biphenyls [PCBs], the pesticides: methoxychlor,
chlorpyrifos and dichlorodiphenyltrichloroethane
[DDT], and polycyclic aromatic hydrocarbons
[PAHs]), and the results of these studies are
presented in review articles (e.g. Bargagli 2008;
Corsolini 2009; Szopinska et al. 2016). However, in
addition to industry, the combustion of biomass is a
very important source of pollution in the Southern
Hemisphere, mainly in the form of forest fires
(Molina et al. 2015) and natural phenomena, such
as volcanic eruptions (Dauner et al. 2015). These
are above all a source of various forms of carbon
(Edwards et al. 2006), including polycyclic aromatic
hydrocarbons (Culotta et al. 2007; Fuoco et al. 2012;
Kozak et al. 2017). Additionally, during volcanic
eruptions metals such as mercury may also enter
the atmosphere with dust. This type of research was
carried out in the northern hemisphere after the
eruption of Mount Etna in Southern Italy in 2001
and 2002 (Stracquadanio et al. 2003). However, to
date, the impact of volcanic activity and forest fires
in the Southern Hemisphere is still insufficiently
known in Antarctica.

Regardless of the source of pollution (natural,
and especially anthropogenic), these substances
may pose a threat to the Antarctic ecosystem. The
problem is the lack of well-developed detoxification
mechanisms in Antarctic organisms (Bengtson-
Nash et al. 2010). Moreover, polar ecosystems are
very sensitive to the presence of pollution, which
disturbs the equilibrium because of the close
interconnections between individual elements of the
environment. Both bioaccumulation of pollutants
in the tissues of Antarctic organisms and bio-
potentiation in the food chain may occur. This is
particularly important for krill and penguins, whose
occurrence is interdependent (Bengtson-Nash et al.
2010).

Therefore, it is extremely important to monitor
pollutant concentration levels in the various
elements of polar environments. No less important
is also a detailed knowledge of the ways in which
pollutants are transported to Antarctica. One such
way is the aforementioned long-range atmospheric
transport. Although the inflow of pollutants to
the Antarctic is being limited by the range of
circumpolar air circulation, the possibility of long-
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range atmospheric pollution has been indicated
in some works (e.g. Lee et al. 2004; Mishra et al.
2004; Kallenborn et al. 2013; Cabrerizo et al. 2014).
Therefore, the paper analyses the possibility of
atmospheric transport of pollution to the South
Shetlands. In addition, due to the still insufficient
amount of literature data on this subject, particular
attention is paid to the possibility of emissions of
volcanic origin in the Southern Hemisphere.

Geographical background

Atmospheric circulation

Atmospheric circulation in the Antarctic Peninsula
and the South Shetlands is driven by stationary
lows near the Antarctic Peninsula and above the
Bellingshausen and Weddell Seas bringing prevailing
winds from NW and W to the South Shetland
Islands (Kejna and Laska 1999). The second driver
of air masses is migratory cyclones. Based on 15-
year synoptic observations, Jones and Simmonds
(1993) determined two mid-latitude branches
of cyclone movement coming into Antarctica —
from the Tasman Sea area and from around South
America. Other authors (Simmonds and Keay
2000) have indicated that, over the period 1958-
1997, cyclone density over the eastern Antarctic
Peninsula has increased, in contrast to having
decreased in the Antarctic Ocean. Moreover, based
on numerous climatic works, Russel and McGregor
(2010) summarised that atmospheric circulation
patterns in the Southern Hemisphere have changed
in the recent past, and this change is thought to have
contributed to the warming trend observed in the
Antarctic Peninsula over the last 50 years (inter alia,
Vaughan et al. 2003; Turner et al. 2005; Vieira et al.
2008; Bockheim et al. 2013). Regardless of general
warming, regional cooling has been observed in
the Antarctic Peninsula since the end of the 20th
century (Turner et al. 2016; Oliva et al. 2017). On
the other hand, based on ice-core aerosol records,
McConnel et al. (2014) associated the intensity of
aerosol transport from industrial areas with the El
Nino-Southern Oscillation. Long-range transport
is recorded to be more vigorous in spring than
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in other seasons. Moreover, the aforementioned
authors observed multi-decadal changes in
atmospheric transport, and suggested that regional-
to-global scale circulation plays an important role
in modulating aerosol concentrations and climate
at multi-decadal timescales in the Antarctic region.

Volcanic activity in the Southern Hemisphere

Within the Southern Hemisphere there are areas of
volcanic activity in the regions of South America,
Antarctica, the South Sandwich Islands and New
Zealand.

The western coast of South America is covered
by plate-edge volcanism associated with continental
drift leading to subduction of oceanic plates beneath
the continental plate, transverse rift of the upper
plate, fracturing of the plates, or subduction of the
oceanic centre of spreading (Lara et al. 2013). The
South American volcanic arc extends about 7,000
km from southern Chile to the south coast of
Panama and is a zone of continuous subduction of
the oceanic lithosphere of the Nazca plate beneath
the South American continent.

The Antarctic continent and surrounding oceans
constitute one of the world’s largest Neogene
volcanic provinces with the two main volcanic
environments related to: 1) the West Antarctic Rift
System (WARS); and 2) the northern Antarctic
Peninsula volcanic field (Le Masurier et al. 1990).
The first of these, a vast area of subglacial volcanoes,
was described by Van Wyk de Vries et al. (2018)
and includes 138 volcanic edifices, with particular
concentrations in Marie Byrd Land and along the
central WARS axis. In this region there are several
volcanoes that have been active in historical times
(Fig. 1A), including the Erebus volcano. The second
is related to a crustal extension in the Bransfield
Strait/South Shetland (Birkenmajer et al. 1986)
and both submarine and subaerial volcanoes occur
there (Fig. 1A). The most active volcano in this
region is Deception Island, which is situated in the
western sub-basin of the Bransfield Strait, just off-
axis relative to the marginal basin-spreading centre
(Gonzalez-Ferran 1991). The South Sandwich
volcanic islands are the highest part of the intra-
oceanic Scotia Ridge, which is located in the South
Atlantic. Its origin is related to the steeply inclined
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subduction of the South American plate beneath
the Sandwich plate at a rate of 67-79 km/Ma (Leat
et al. 2013).

Another volcanic region of the Southern
Hemisphere is the New Zealand area, which has a
particular continental plate collision system (Salmon
et al. 2013). New Zealand is on the edge of the
Pacific tectonic platform and the tectonic line that
is the same fault that goes through Japan and the
west coast of the United States (Jarmolowicz-Szulc
and Koztowska 2016). It runs along both the North
and the South island, forming mountain ranges in
both parts of New Zealand.

Within the analysed volcanic areas in the
Southern Hemisphere there are 60 volcanoes whose
activity is documented in historical sources (Table
1, Fig. 1). The majority (41) are associated with the
western coast of South America. In terms of the
number of years of documented volcanic activity
(Table 1), the particularly active volcanoes of this
area include: Calbuco, Copahue, Lascar, Llaima,
Nevados de Chilldn, Osorno, Planchdén-Peteroa,
Puyehue-Cordén Caulle, Sabancaya, San José,
Tupungatito, Ubinas and Villarica. Of these, five
were active in the period September 2015 to August
2017: Copahue, Lascar, Nevados de Chillan, Ubinas,
Villarica, as was one volcano not listed above -
Sabancaya. Volcanic activity was accompanied by,
inter alia, emission of vapour, gases and dust of
variable intensities, which rose to a height of 100-
1,700 m above the volcanoes’ summits, i.e. altitudes
of about 3,000-7,000 m a.s.l.

In the research period, three volcanoes on the
South Sandwich Islands were also active: Bristol
Island, Saunders and Zavodovski (Table 1, Fig. 1). In
the study period, ash plumes from these volcanoes
moved towards the SE (May 2016) and SSW and SE
(December 2016) (www.volcano.si.edu).

Of the volcanoes of the New Zealand region, only
the White Island volcano was active in 2016 (Table 1,
Fig. 1). In the Antarctic area the Erebus volcano
on Ross Island was active in the study period. The
activity of this volcano has been associated since
1972 with a continuous lava lake with steam plumes
and occasional eruptions (Mattioli and LaFemina
2016).

Of the 61 volcanoes listed in Table 1, up to 40
were active in the 21st century and in most cases
activity lasted for more than a year.
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Material and methods

The potential for atmospheric transport via
air masses to the South Shetland Islands from
September 2015 to August 2017 (24 months)
was examined. To verify the origin of air masses
the HySPLIT model (The Hybrid Single Particle
Lagrangian Integrated Trajectory Model) (Draxler
and Rolph 2003; Draxler et al. 2009) was used to
model 10-day back trajectories of air masses at 500
m a.s.l, 1,000 m a.s.l. and 2,000 m a.s.l., based on
Global Data Assimilation System meteorological
data. Simulations were prepared for the period from
September 2015 to August 2017, with the South
Shetland Islands being assumed as the destination
point for air masses. In total, 731 air mass trajectories
were determined. Then, the atmospheric transport
trajectories were analysed, with a focus on those
originating from remote areas that were potential
sources of volcanic and anthropogenic pollution.

62°
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Moreover, the monthly frequency of air masses
from selected directions was compared against
monthly values of SAM (the South Annual Mode)
and ENSO (El Nifio 3.4) indices.

HySPLIT is used in the analysis of the propagation
of air masses at given altitudes and to determine
the possibility of substances propagating with these
masses. Methods for modelling air mass trajectories
are used, among others, in microbiology to track
the spreading of fungal spores (Sady$ et al. 2015),
anthropogenic pollution, including heavy metals
(e.g. Chen et al. 2013) and PM10 and PM2.5 dusts
(Shahid et al. 2016; Punsomponga and Chantara
2018), as well as in detecting desert dust masses
(McGowan and Clark 2008; Escudero et al. 2011)
and volcanic dust (Adame et al. 2015). The authors
choose various trajectory intervals, from 3 to 10
days. Ten-day back trajectories have been used by,
among others, Raga et al. (2016) in determining the
origins of aerosols in mountaintop clouds in Puerto
Rico.

4
~ ANTARCTI

- Deception Island
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—62°
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Fig. 1. Map of volcanoes: A — volcanoes in Antarctica active in the 20™ and 21¢ centuries, B — volcanoes in South America, South Sandwich Islands and
New Zealand active in 21 century. In red — volcanoes active from September 2015 to August 2017 (numbers of volcanoes according to Table

1) (based on: Global Volcanism Program, www.volcano.si.edu)
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Particular attention was placed on air mass
inflow trajectories from September 2015 to August
2017. This choice of period was dictated by the
project implemented in the years 2015-2020,
“Identification and determination of concentrations
and translocation levels of atmospheric pollutants in
water bodies as an indicator of the adaptive capacity
of the Antarctic”. The objective of that research is
to gain an in-depth understanding of the chemical
composition of water samples from watercourses,
lakes and glacial outflows, and samples of soil and
coastal seawater sediment from the western shore of
Admiralty Bay, and to identify how that composition
varies over time and identify pathways of potential
contaminants (Szopinska et al. 2018).

The air masses trajectories were compared with
volcanic activity in the Southern Hemisphere. The
data of volcanic activity is available in the Global
Volcanism Program database (www.volcano.si.edu)
for the research period 2015-2017 and historical
times. However, for the purposes of this work
particular volcano cards were analysed to complete
the data in Table 1. The need to take into account
historical data was dictated by the fact that any
volcanic compounds reaching the South Shetland
Islands could have accumulated in glacial ice and
then been released into the environment during
melt periods.

Directions of long-range air mass transport
to the South Shetland Islands in September
2015 — August 2017

In the study period September 2015 to August 2017,
the air masses flowing into the South Shetland
Islands were most often from the Antarctic area
(latitudes above 60°S, Table 2). However, the
direction of incoming air masses was not always
compatible with circumpolar air circulation. The
air masses forming over the Southern Ocean were
observed on all days of researched period, and on
355 days air masses were formed over the Antarctic
continent. The total number of days with LRAT
observed in the South Shetland Islands during
the 24 researched months was 319, which is 44%
of the total number of analysed days. The LRAT
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occurred most often from May to October, in the
autumn and winter seasons (Fig. 2), and the most
frequent LRAT in SSI was observed in July 2016 (23
days). Taking into account directions of incoming
air masses during the analysed 731 days, the air
masses came 226 times from South America, 29
times from the South Sandwich Islands, 92 times
from New Zealand, 39 times from the south-west
coast of Australia (Table 2, Fig. 3) and once from
the region of Madagascar (19.09.2016).

The most frequent source area of LRAT in the SSI
is South America (Table 2, Fig. 3). In the researched
period it was mainly in the winter months that air
masses came from SA, with the highest frequency
in July and August 2016 and August 2017 (Fig. 3).
As mentioned above, most of the active volcanoes
in South America are located in the west of the
continent. Air masses originating from the south-
west coast of South America flowed in over the
South Shetland Islands with varying frequency over
the study period (Fig. 3), with air masses sometimes
having started in the Patagonian volcanic region
at the 20°S latitude range (Table 2 - highlighted
data, Fig. 4). During the analysed period, the
mentioned air masses originated from the volcanic
region on selected days of October 2015, May, July,
August and October 2016, and April, May, June
and August 2017 (Table 2). In this area some of
the most active volcanoes are found, e.g. Copahue,
Nevados de Chillan and Villarica. The Copahue
volcano, located in the Patagonian Andes (37.9°S,
71.2°W) has been active every year since 2012, with
continuous activity since June 4th 2017 (Table 1,
Fig. 3). Similarly constant activity has characterised
the volcano Nevados de Chillan (36.9°S, 71.4°W)
since January 1st 2016, and the volcano Villarica
(39.4°S, 71.9°W) since December 2nd 2014. This
last volcano has been active for a total of 142 years
since 1558. These volcanoes being active during
the inflow of air masses from Patagonia towards
Antarctica (Fig. 3) was a source of volcanic steam
and ash entering the atmosphere, e.g. in May 2016
and between February 2017 and November 2017
(Global Volcanism Program, www.volcano.si.edu).
Moreover, in the researched period another three
volcanos were active, those being located in the
central part of Andes Mountains: Lascar, Sabancaya
and Ubinas (Table 1, Fig. 1). During the researched
period air masses came from this area once, on
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Table 2. Air mass source areas for the South Shetland Islands September 2015 — August 2017 (prepared based on 10-day back trajectories of
air masses at heights 500 m, 1,000 m and 2,000 m, calculated with the HySPLIT model based on Global Data Assimilation System me-
teorological data). Dates with different air mass directions marked in bold, underlined dates - with air masses coming from volcanic area

A (0] SA SI NZ AU

2,3,4,5,6,7,8,9, 1,2,3,4,5,6,7,8,9,
IX 11, 12,13, 14,15, 10,11,12,13, 14, 15,

16,17,18,20,21, 16,17,18,19,20,21, 7,9,15,18,30 18 11 1
2015 22,24, 25,26,28, 22,23,24,25,26,27,
29, 30 28,29, 30
1,2,3,4,5,6,7,8,9,
X 11’42’165’81’69’11;’11;’ 10,11, 12, 13, 14, 15, 1,7,9,11, 7,9,11,16,
20’ 21’ 22’24’26’ 16,17,18,19,20,21, 3,4,5,6,19,27 16,17,18, 17,18,25,
2015 2’7 2’8 29 3 . > 22,23,24,25,26,27, 19,27, 29, 31 31
1 15 ES 28,29, 30, 31
S 1,2,3,4,5,6,7,8,9,
X1 1,4,5,7,8, 11,12, 10,11,12,13, 14, 15,
14,15, 16,17,19, 16,17, 18, 19, 20, 21, 413, 1;19,20, 3,29, 30 10, 30
2015 21,23,24,25  22,23,24,25,26,27,
28,29, 30
1,2,3,4,5,6,7,8,9,
XII 11’02’132’41’35’17481’79’ 10,11, 12,13, 14,15, 3,7, 14,15, 16,
18’19’24’27’28’ 16,17,18,19,20,21, 17,19,22,24, 12, 14, 15, 8,9,19
2015 ’ 29’ 30’ 31’ > 22,23,24,25,26,27, 25,26,29,30
I 28,29, 30, 31
1,5,8,9, 11,12, 1,23,4,5678,9, 29
I 1516 17 1819, 10:11,12,13,14,15, 2,29, 31
20’ 22’ 23’ 24’ 28’ 16,17, 18, 19, 20, 21, 2,3,9,25
2016 ’ 3’0 ;1’ > 22,23, 24,25, 26,27,
’ 28,29, 30, 31
3,10, 11, 12,
1,2,3,4,5,6,7,8,9,
I 28,910,12,13, 10,11,12, 13,14, 15, 17,
14, 15,19, 24, 25, 16,17, 18, 19, 20, 21, 4 1244’ 12752201;’21’ 6
2016 26, 22,23, 24, 25,26,27, PEm T 20
28,29
2 3,10,13,14,17, 53020750
§ I ’ ’19’ P 101L12,13,14,15, L o0 o 0 3,21
> 16,17, 18,19, 20,21, ’31 T 1
2016 23,27,30,31  2223.24,25,26,27,

28, 29, 30, 31
1,2,3,4,5,6,7,8,9,

v 11’12,’132”41’35”175”81’79’ > 10,11, 12, 13, 14, 15,
18.19.20.21. 22 16,17, 18,19, 20,21, 6, 14,22, 24, 27 16, 26
2016 ’23’ 24’ 28’ > 22,23,24,25,26,27,
T 28,29, 30
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Table 2. continuation

1,2,3,4,5,6,7,8,9,
10, 11, 12, 13, 14, 15,

V. 234567 61718192021, 3471819, L7.12, 13,
11,17, 24, 25,31 2%23,24,25,26,27, 20,26,27,28, 15, 18,22 7
2016 DR 28, 29, 30, 31 29,30 Y
1,2,3,4,5,6,7,8,9,
VI  1,3,4,5,6,7,14, 10, 11,12, 13, 14, 15, 6812 17
22,23,27,28,29, 16,17,18,19,20,21, 14, 18,24, 25,29 19.21.23 19
2016 30 22,23, 24, 25, 26, 27, T
28, 29, 30
1,2,3,4,56,7,8,9, 15, 20
7,8,9,10, 12, >
Vil 12,456,389, 10,1L12 13,1415, .5, 1010 78910, 216,17, 19,
10,11,12,13,22, 16,17,18,19,20,21, [ " > ¢ 113 1
2016 23,24,25,26  22,23,24,25,26,27, ,, o500 ’
28,29, 30, 31 EDES 25
2,3,5,9,10,11, 023456789 o ¢ 1011,
VIL 1543,14,15,16, 1O 1L12 131415 0 s 7
Y 16,17,18,19,20,21, L0 14,15,16,17 4,6,7,29 6,30
17, 18,21, 22, 23, 19, 23, 24, 25,
2016 4 25, 26,27,28 222324252627, 000 30 31
P A2 ED 2L 28, 29, 30, 31 »E5 20 22
© 2,6,9,17,26,28 1,2,3,4,5,6,7,8,9,
g KX 10, 11,12, 13, 14,15, -, ) - g 14 15, 3,11, 18,
16,17,18,19,20,21, "0 " % 3,19 4. 25
2016 22,23,24,25,26,27, Ve e ’
28, 29, 30
1,2,3,4,5,6,7,8,9,
X 10,11,12,13,14, 15, 3,4,7,8,11, 12,
2O 110 1 16,17,18,19,20,21, 13,1415, 16, v X ER )
2016 ED LD 22,23,24,25,26,27,  29,30,31
28, 29, 30, 31
1,2,3,4,5,6,7,8,9,
XI  1,3,4,5,7,8 13, 10,11,12,13,14,15, »3>8910,
14, 15,16, 17,18, 16,17, 18,19,20,21, 1216:19,20 28 6,28
2016 22,23,25,26  22,23,24,25,26,27,
28, 29, 30
2,5,15,17, 18,
1,2,3,4,5,6,7,8,9, 19,20,21,22,
XII 3,7,13,23,27,28, 10,11,12,13, 14,15, 25,26 6, 15, 20, 22 6
16,17, 18, 19, 20, 21,
2016 22,23, 24,25, 26,27,
28,29, 30, 31
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1,2,3,4,5,6,7,8,09, 12, 18, 21
Iy se7g101q OILIZIZI4I5 o0 00 12,13,15,18
15,25, 26,29,30 0 1718,19,20.21, . 5y 51 57
2017 2050 959304, 25, 26,27, o0
28, 29, 30, 31
12345678 89101416,
I 2345678 9,10,11,12,13,14,  1923,26 11,1213,
17,19, 20, 21,23, 15, 16,17, 18, 19, 20, 22,24 9
2017 24,25 21,22, 23, 24, 25, 26,
27,28
1,2,3,4,5,6,7,8,09,
10,11, 12, 13, 14, 15,
I Liﬁ?;%g&1@nJ&wgan,
oD 22,23,24,25,26,27, 3,13,14,21 22,28 28
2017 28, 29, 30, 31
15, 18, 19
3,6,7,11,21,22, 1,2,3,4,5,6,7,8,9, 4,20, 21,23 4,15,16,17
v 23,24,25,26,27, 10,11,12,13, 14,15,
28,29, 30 16,17, 18, 19, 20, 21,
N 2017 22,23, 24, 25, 26, 27,
S 28,29, 30
1,2,3,4,5,6,7,8,9, 1,2,3,6, 15, 16,
\Y% 4,5.6,7.9,17, 25, 10,11,12,13, 14,15, 18,19, 21, 22, 58,12,13 18
o 8 2 5 16:17,18,19,20,21, 23.25
2017 “O 45502990 5y 93 04,25, 26, 27,
28,29, 30, 31
1,2,3,4,5,6,7,8,9, 2.3,4,5,6,7,9,
VI 1,2,16,18,19,21, 10,11,12,13,14,15, 10, 11, 12, 13,
22,23,24,25,27, 16,17, 18,19, 20, 21, 14,15 10,12, 15 1,18
2017 29, 30 22,23, 24, 25, 26, 27,
28,29, 30
TR
LR L RPN
2017 RIS IR 22,03,24,25,26,27, 00
’ 28,29, 30, 31
1,2,3,4,5,6,7,8,9, 91§Qiéli;21;4’
VI 1,2,3,5,6,7,11, 10,11,12,13, 14,15, 2% 7 7%
12,19, 21,24, 25, 16,17, 18, 19, 20, 21, 054 ; 5—3’ 16,17,18  3,5,15,16
2017 26,27,28,29,30 22,23,24,25,26,27, 24,25,26
28,29, 30, 31
Total 355 731 226 29 92 39
No.
% 49 100 3] 4 13 5

Abbreviation: A — Antarctica, SA — South America, SI — South Sandwich Islands, NZ — New Zealand, AU — Australia
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May 15% 2017. Similarly, the activity of the Bristol
volcano on the South Sandwich Islands coincided
with the inflow of air masses towards the South
Shetland Islands (Fig. 3).

The other presented source areas of air masses
incoming to SSI are less frequent (Table 2, Fig. 3).
It should be noted that air masses coming from
the Eastern Hemisphere usually have two sourcing
areas — both New Zealand and Australia - but the
former area was the more frequent source of air
masses incoming to SSI, at 92 days, compared to
39 days for the latter. These air masses occur less
frequently than air masses originating over South

No. of days

25 - 2015 I 2016
20 A
15 A

10 -

America (Fig. 3). Air masses originating over New
Zealand and Australia occurred most frequently
in October 2015, and additionally in the case of
New Zealand in February, May, June 2016, and in
February 2017. However, during the White Island
volcano eruptions observed on April 27th and
September 13th 2016, air masses incoming to SSI
have another source area.

It is also worth noticing that air masses
originating over South America and South Sandwich
Islands reached SSI in 1-3 days (Figs 4A and B), but
the time of transport of air masses forming over

I 2017

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug

Fig. 2. Total number of days with LRAT in the South Shetland Islands in the particular months during researched period Sep 1st 2015 — Aug
31st 2017, (prepared base on 10-day back trajectories of air masses at heights 500 m, 1,000 m and 2,000 m calculated with the Hy-
SPLIT model based on Global Data Assimilation System meteorological data).

New
= White Island

= White Island

“ Villarica Ubinas >
Sabancaya » South
Nevados de Chillan .
20 - - - » America
Saunders Zavodovski Lascar
18 Bristol Island Copahue —————p
South Sandwich Islands

16

14 -
w
& 12 - SA
3 [ ]
© 10 - msl
2

8 - mNZ

OAU
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Fig. 3. Total number of days with air masses incoming from SA — South America, SI — South Sandwich Islands, NZ — New Zealand, AU — Aus-

tralia in individual months during researched period Sep 1st 2015 — Aug 31st 2017 compared with volcanoes’ activity (prepared based
on 10-day back trajectories of air masses at heights 500 m, 1,000 m and 2,000 m calculated with the HySPLIT model based on Glob-
al Data Assimilation System meteorological data, Global Volcanism Program, www.volcano.si.edu).
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Fig. 4. Selected 10-day back trajectories of air masses at heights 500 m, 1,000 m and 2,000 m for September 2015 — August 2017: A — air masses
originating from South America, B — air masses originating from South Shetland Islands, C — air masses originating from New Zealand and Aus-
tralia (calculated with the HySPLIT model based on Global Data Assimilation System meteorological data.

Table 3. Correlations and statistical significance between monthly occurrence of LRAT and selected directions of air-masses and SAM and El Nifio3.4 in-
dices during the period between September 2015 and August 2017. p-values are indicated in parentheses. Bolded values indicate statistically
significant correlations at 95% confidence (SAM indices obtained from https://legacy.bas.ac.uk/met/gjma/sam.html; El Nifio3.4 indices obtained
from https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/).

ENSO SAM SA Nz LRAT

ENSO 1.00
SAM 0.46 (0.025) 1.00
SA -0.46 (0.025) -0.30 (0.154) 1.00
NZ 0.09 (0.664) -0.11 (0.607) 0.01 (0.955) 1.00
LRAT -0.41 (0.049) -0.26 (0.230) 0.88 (0.000) 0.36 (0.086) 1.00
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New Zealand and Australia was longer, and it was
usually 7-10 days (Fig. 4C).

Correlation between the number of days with
LRAT in the SSI and SAM (the South Annual
Mode) and ENSO (El Nino3.4 indices) show a
statistically significant negative correlation (in the
95% confidence range) between the number of days
with LRAT and the ENSO indices. This correlation
depends basically on negative correlation between
advection of air masses from the South American
direction and ENSO.

Discussion

Air mass advection into the South Shetland
Islands

Many authors have pointed out that some
contaminants occurring in Antarctica could be
related to LRAT (inter alia, Lee et al. 2004, 2007;
Klanova et al. 2008; Chambers et al. 2014; McConnel
et al. 2014), but there is still little knowledge about
the frequency of air masses incoming from lower
latitudes to the Antarctic Peninsula. The 10-day
back trajectories for the period September 2015
to August 2017 show that long-range transport by
air masses to the South Shetland Islands occurs
relatively often (44% of researched days) and the
most frequent source area is South America (31%
of researched days). According to Kejna (1993) the
advection of air masses to King George Island is
shaped mostly by cyclonic circulation (69% during
the period 1986-1989). Moreover, the author
concluded that the most frequent directions of air
masses incoming to Arctowski Station (King George
Island, SSI) are from a westerly or north-westerly
direction. Both the cyclonic and anticyclonic types
of air masses moving from these directions in the
researched period constitute in total 34.9% of air
masses (Kejna 1993). It can therefore be concluded
that the frequencies of westerly and north-westerly
directions of air masses described by Kejna (1993)
for the years 1986-1989 are similar to the frequency
of air masses incoming from South America in the
years 2015-2017 (31%). Our study indicated that
air masses originating over SA could also come
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from the north-east, east and south-east, but that
the westerly and north-westerly directions are the
most frequent. The latest results of atmospheric
patterns over Antarctic Peninsula (Gonzalez et al.
2018) including the period 1979-2016 show the
dominance of five patterns of cyclonic circulation
over the Antarctic Peninsula. Most are related to the
zonal moving of lows, but some of them support
meridional paths from the north, e.g. Low over
the Drake Passage (LDP), Ridge over the Antarctic
Peninsula (RAP). In two works related to synoptic
conditions in this area (Kejna 1993; Gonzalez et
al. 2018) both authors located the centres of lows
in the high latitudes, to the north-west, north or
south-west of the Antarctic Peninsula. This location
supports the movement of air masses from the
direction of SA. Moreover, Gonzalez et al. (2018)
analysed the relation between SAM (the Southern
Annual Mode) and ENSO events (El Nifo 3.4
index) and the occurrence of particular synoptic
patterns, and concluded that SAM supports the
zonal path of lows. Related to their results, ENSO
events have a lesser impact on the synoptic situation
over the Antarctic Peninsula. However, the negative
correlation between ENSO and advection of air
masses to SSI from the direction of South America
in the researched period show that temporal changes
of ENSO may have influenced the frequency of
LRAT (Table 3).

Volcanic activity as a source of
contaminants delivered by long range
atmospheric transport into the South
Shetland Islands

Direct observations of contemporary volcanic erup-
tions in South America indicate that volcanic ash-
es can travel in the atmosphere from the Patagonia
region to the eastern edge of South America in just
two days (Durant et al. 2012). The aforementioned
authors have recorded volcanic ashes with a diame-
ter of 32 um + 5 pm being transported between 95
and 530 km from the volcano during the period 3-7
May 2008, and calculated that 0.2-0.4 Tg of airborne
ash was suspended in the atmosphere. It is relatively
easy to identify the movement of volcanic ash be-
cause it is clearly visible in satellite images. Howev-
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er, volcanic eruptions are also a source of volatile
and medium volatile compounds, including PAHs
(semi-volatiles) (Fuoco et al. 2012), which can be
transported between continents with volcanic ash)
(e.g. Ravindra et al. 2008; Kozak et al. 2017). Their
movement paths have not thus-far been identifiable
using satellite data, but in various parts of the world
they are interpreted using air mass trajectories (in-
ter alia, Van Drooge et al. 2010; Kozak et al. 2017).
It should also be noted that in order for volcanic
compounds to reach the South Shetlands, volcanic
activity (eruption or dust and gas eruptions) must
coincide with air masses moving towards Antarcti-
ca (Tables 1 and 2, Fig. 3). If we assume, on the ba-
sis of air mass trajectories presented herein and by
other authors (Lee et al. 2004, 2007; Chambers et al.
2014; McConnel et al. 2014), that such transport is
possible, and we take into account the high activity
of volcanoes in the Southern Hemisphere (Table 1),
it can be assumed that such events could have oc-
curred in the past. The model of the global distribu-
tion of volcanic sulphur (Graf et al. 1997) confirms
the possibility of this source of compounds influ-
encing the Antarctic environment. However, anal-
yses of single volcanic events (Table 1) show that
particular eruptions may influence the ocean sur-
rounding the Antarctic region, excluding terrestri-
al areas (Kliiser et al. 2013). Therefore, considering
the possibility of volcanic compounds being redis-
tributed by marine aerosols (e.g. boron), and the
influence of local-Antarctic volcanoes on the atmo-
sphere and ocean (Graf et al. 2010) the question of
the paths along which these compounds are trans-
ported may constitute the basis for further research.

Another observation of LRAT’s influence on
temporal changes in air chemistry was conducted
by Chambers et al. (2014). Using a combination of
back-trajectory analyses and radon content in air
masses, the authors identified South America as a
fetch region for terrestrially influenced air masses
arriving in the Antarctic Peninsula. Air masses
originating from this region caused high radon
“events” on the peninsula. Moreover, research of
soil chemistry conducted on Barton Peninsula
shows that volcanic ash originating from Patagonia
reached SSI (Lee et al. 2004). Based on the REEs
(rare earth elements) Rb, Sr, Ba, Cr, Co, Ni and V
in soils, those authors stated that the main source
of elements was local volcano eruptions (Deception
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Island volcano) and secondary atmospheric dusts
sourced from Patagonia. Similar results were
obtained in a previous study by the authors of
this paper (Szopinska et al. 2018). Boron, which
is relatively well represented in water samples
(Szopinska et al. 2018) originates from marine
aerosols and is a volatile element accompanying
volcanic activity (Katalin et al. 2007). It is worth
nothing that Rb, Sr, Ba and V, to which Lee
et al. (2004) attributed a volcanic origin, was
also determined in fresh water samples at the
western shore of Admiralty Bay, and the strong
correlation of Sr concentration with marine
aerosols shows its origin to be from atmospheric
transport (Szopinska et al. 2018). The analysis
of back trajectories of air masses presented in
this work shows the relative high frequency of
South America being the fetch region for air
masses. On the other hand, a lot of volcanoes
were active in the past in this area, and some
are still the sources of compounds in the air,
e.g. PAHs. The presented results confirm the
possibility of LRAT of volcanic compounds
(Lee et al. 2004; Chambers et al. 2014), because,
in the researched period during the time of
high frequency of advection from SA, several
volcanoes were active.

The numerous tephra layers found in the lakes
on the South Shetland Islands (Bjorck et al. 1991;
Hodgson et al. 1998; Tatur et al. 1999; Lee et al.
2007; Aymerich et al. 2016; Liu et al. 2016) and
the South Orcan Islands (Hodgson et al. 1998) are
evidence of the influence of volcanic eruptions
on the Antarctic environment. The mentioned
authors connect the prevailing tephra horizons
with Deception Island volcano activity in the
Holocene; however, Lee et al. (2007) suggested
that the source volcano(es) for about 10% of
basic tephra and silicic tephra are not readily
identified from nearby volcanic centres. Tephra
horizons also show that the Deception Island
volcano is a possible source of contaminants
of volcanic origin that may accumulate in
Antarctica and be transported by LRAT to the
highest latitudes. The eruption of this volcano in
1970 caused transport of pyroclastic material and
an eruptive column at least 10 km high, from
which deposits are recognised more than 100
km to the NE (Pedrazzi et al. 2014). The effects
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of two 17th-century eruptions of this volcano were
recorded in ice drilled on the James Ross Island
(Antarctic Peninsula) (Aristarain and Delmas 1998).
Geyer et al. (2017) evaluated the potential impacts
of ash from Deception Island assuming several
eruption scenarios. According to the presented
simulations the aforementioned authors concluded
that volcanic ash emitted from Antarctic volcanoes
could potentially encircle the globe, reaching South
America and Africa. Moreover, they concluded that
a Deception Island volcano eruption might lead to
significant consequences for global aviation safety.

Anthropogenic fingerprints of long range
atmospheric transport in the South Shetland
Islands

One issue related to long-range atmospheric
transport is the possibility of it being a means by
which anthropogenic pollution reaches Antarctica,
including the South Shetland Islands. This has
been discussed by many authors, with varying
conclusions (e.g. Bargagli et al. 1998; Graf et al.
2010; Kallenborn et al. 2013; McConnel et al. 2014;
Szopinska et al. 2018). The difficulty in interpreting
results stems from the fact that some elements
and chemical compounds that are foreign to the
Antarctic environment, such as heavy metals or
PAHs, may come via long-range transport from
remote continents, as well as from local factors —
research stations or ship movements in this region
(Martins et al. 2004; Curtosi et al. 2007; Bicego et
al. 2009; Szopinska et al. 2016). This is the reason
for drawing conclusions tentatively and identifying
both possible areas (local and long-range) of source
pollution.

However, the presence of some compounds,
such as polychlorinated biphenyls (PCBs), attests
to their reaching Antarctica by the atmospheric
route from distant continents. The emission of
PCBs ceased in the latter half of the 20" century,
but these compounds are present in the Antarctic as
the effect of earlier delivery by LRAT (Klanova et al.
2008). According to the map of organic compounds
marked in the Antarctic environment (Potapowicz
et al. 2019) PCBs are common in SSI. Many authors
have described its occurrence in this area, in the soils
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(Montone et al. 2001; Park et al. 2010; Cabrerizo
et al. 2012, 2013), in the snow and air (Montone
et al. 2003, 2005; Park et al. 2010; Cabrerizo et al.
2012, 2013; Li et al. 2012), in lichens (Montone et
al. 2001; Cipro et al. 2010; Cabrerizo et al. 2012), in
seabirds (Inomata et al. 1996; Montone et al. 2001;
Corsolini et al. 2007; Schavione et al. 2009; Cipro et
al. 2010; Corsolini et al. 2011; Jara-Carrasco et al.
2015; Mello et al. 2016) and in marine sediments
and fauna (Montone et al. 2001; Cabrerizo et al.
2012; Lana et al. 2014).

Other anthropogenic compounds include
Dichlorodiphenyldichloroethylene (DDTs), which
have been indicated in many places across SSI
(Potapowicz et al. 2019). DDTs were indicated in
air (Montone et al. 2005), in sea birds (Inomata et
al. 1996; Corsolini et al. 2007; Schavione et al. 2009;
Taniguchi et al. 2009; Cipro et al. 2010; Corsolini
et al. 2011; Jara-Carrasco et al. 2015), in fish tissues
(Lana et al. 2014), in soils, lichens and mosses
(Cabrerizo et al. 2012), and in lichens (Cipro et al.
2010).

According to Potapowicz et al. (2019)
anthropogenic compounds are also indicated
in other parts of Antarctica. However, it should
be noted that the number of points with these
pollutants in different parts of Antarctica are
related to the availability of the area to researchers.
The greatest numbers of sample points are found
on the SSI, the Antarctic Peninsula, Ross Sea and
Victoria Land, where numerous research stations
operate. In selected places temporal observation
of anthropogenic compounds was conducted.
Kallenborn et al. (2013) indicated temporal changes
in hexachlorocyclohexane and their derivatives
(HCHs) in air samples in the area of the Norwegian
Troll research station (Dronning Maud Land),
and they associated changes in this pollutant’s
concentrations with its atmospheric transport from
distant continents.

Some results also show the possibility of
anthropogenic pollutants accumulating in ice, and
indicate that changes in industrial lead contents
(*Pb/*"Pb isotopic ratios) in ice cores from the
Antarctic and Antarctic Peninsula are connected
with the industrial revolution (the late-18th century,
when scientists had not yet reached the Antarctic)
(McConnel et al. 2014). This connection is evidence
of this pollution having arrived by an atmospheric
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route. Moreover, the aforementioned authors
pointed out that ice-core aerosol records show
not only changes in emissions but also decadal
and seasonal fluctuations — both in atmospheric
circulation and long-range aerosol transport — from
mid-to-low latitudes to the high southern latitudes.

Another potential source of pollution that
can reach Antarctica by atmospheric means is
the burning of biomass and uncontrolled fires
on Southern Hemisphere continents. Hara et al.
(2008) identified biomass burning in Africa and
South America as the sources of seasonal variations
in black carbon (BC) recorded at Syowa Station
(Queen Maud Land). Pereira et al. (2006) indicated
that the black carbon and total C time series in
aerosols in the Ferraz station (King George Island,
SSI) displayed relative increases in concentration
during the winter-to-spring period in 1993, 1997
and 1998. According to these authors, these
increases coincide with peak biomass burning in
central South America, and are related to low-level
anticyclonic circulation centred over the Atlantic
Ocean resulting in large-scale continental outflow to
the Atlantic Ocean, and also to cyclonic circulation
over the extreme south of the South American
continent. LRAT was also shown to be a source of
black carbon on King George Island by Leal et al.
(2008).

During the period under consideration (Sep 2015
- Aug 2017) there was a catastrophic fire lasting
over a month that began on January 2nd 2017 in
the vicinity of the village of Valparaiso (Chile); by
the end of January it had consumed over 547,200
hectares (including 290,000 ha of forests). However,
the analysis of air mass trajectories carried out in
this work indicates that in January to February 2017
air masses flowed into the South Shetland Islands
mainly from the Antarctic region (Table 2). Inflow
from South America was recorded only on February
15. Moreover, the smoke plume from this wildfire
was seen in satellite images (using the O3M SAF
GOME-2 Absorbing Aerosol Index product) which
confirmed the smoke plume’s movement westwards
over the Pacific Ocean (https://scienceblog.
eumetsat.int/2017/02/observing-wildfire-smoke-
plumes-from-space/). However, taking into account
the significant frequency of fires in South America
(Molina et al. 2015) and the high frequency of inflow
of air masses to SSI from this area (Table 2, Figs 2
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and 3), it can be concluded that the possibility of
compounds from biomass combustion inflowing to
the South Shetland Islands environment should not
be ruled out.

Conclusions

The 731 air mass back trajectory studies conducted
here confirm the possible long-range atmospheric
transport of air masses to Antarctica (including the
South Shetland Islands). The results show that air
masses over SSI are shaped by the South Ocean
during all days. However, for the study period of
September 2015 to August 2017, the most common
source area for air masses flowing in from outside
Antarctica was South America. Therefore, we can
conclude that South America is the most likely
fetch area for the anhropogenic pollutants described
described by many authors in the SSI area.

Moreover, taking into account that the western
part of South America is one of the more active
volcanic regions (historically and at present),
based on the high frequency of air masses
incoming from this direction, we can conclude
that contaminants of volcanic origin marked in
SSI may also have originated in the SA region, in
addition to contaminants stored in the environment
as the effect of Deception Island activity. Volcanic
eruptions in particular (as well as sudden events
related to human activities, such as large-scale forest
fires) must coincide with air masses flowing into
the Antarctic region in order for a “finger print”
to be recorded in the environment. Therefore, it is
advisable that short-term studies on the chemical
composition of objects that change over time (such
as surface waters, rainfall or snow) be compared
with concurrent atmospheric inflows from outside
Antarctica. When there has been a sudden event
delivering large amounts of compounds into
the atmosphere, results may vary considerably
depending on whether such tests are carried
out when there is no inflow of air masses from
distant areas, or whether there is an inflow of air
masses from the lower latitudes of the Southern
Hemisphere at the time. Not taking this factor into
account may lead to erroneous conclusions relating
to the misinterpretation of their sources.
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At the same time, due to the origin of some
compounds being mixed - both natural and
anthropogenic - there is a need to develop indicators
that would take into account the coexistence and
interdependence of anthropogenic compounds as
well as allowing for an unambiguous interpretation
of their origin.
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