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Several important ice-free areas (e.g., Seymour Island, Cape Lamb on Vega Island,
Terrapin Hill) are located in the Eastern Antarctic Peninsula region. The largest of these
ice-free areas can be found on the Ulu Peninsula, James Ross Island, where this study
was undertaken. The Ulu Peninsula covers an area of 312 km?, and has been found to
be an important active High Latitude Dust source. In this study, aerosol concentrations
and local wind properties are described together with their linkages and typical synoptic
situations. The highest aerosol concentrations of 57 wg m=3 for PMyq were detected
during high wind speed events that exceeded 10 m s, which is also a threshold level
for activating local mineral material sources. Surface deposition of dust particles can
have significant environmental impacts such as changes in properties of atmosphere or
enhanced snow melting.

Keywords: aerosol, surface wind, Antarctica, high latitude dust sources, atmospheric conditions, Antarctic
Peninsula

INTRODUCTION

Antarctica is the largest polar desert in the world, of which approximately 2% of its surface area
is ice-free and contains active High Latitude Dust sources (HLD, Bullard et al,, 2016). It is the
coldest, windiest (maximum speed of 90 m s~!) and driest continent, with annual precipitation
reaching approximately 300 mm in the coastal areas (King and Turner, 1997; van Lipzig et al.,
2004). However, mean annual precipitation is greatly reduced at the dust sources in Antarctica,
ranging between 3-50 mm per year (Fountain et al, 2009). One of the most important ice-
free landscape shaping processes, apart fluvial activities, is aeolian transport. Aeolian processes
acting in high latitudes develop a specific range of surface landforms, such as ripples or small-
scale dunes. However, these landforms are spatially restricted to areas with low surface moisture
contents and an absence of vegetation cover (Bullard et al.,, 2016). These conditions enable the
mineral material to be uplifted by wind and transported for long distances. Consequently, in
periglacial environments where glaciers have recently receded and left large amounts of unsorted

Abbreviations: AOT, Aerosol Optical Thickness; HLD, high latitude dust sources; JGM, Johann Gregor Mendel Station; JRI,
James Ross Island; LOAG, light optical aerosol counter; PM, particulate matter.
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mineral material, wind erosion processes frequently occur
(Ballantyne, 2002). Wiggs et al. (2004) identified surface moisture
content as the second most important critical variable influencing
aeolian transport apart wind velocity.

High wind velocities are usually required to trigger wind
transportation processes of large particles and grains. Antarctica
is more prone to wind erosion than other areas, as a result
of its prevailing strong katabatic winds (Nylen et al., 2004;
Bullard et al., 2016). However, the development of large aeolian
landforms in periglacial environments is limited by the presence
of permafrost. The thickness of the active layer ranges between 50
and 150 cm in the Antarctic islands and maritime East Antarctica,
and 15 to 50 cm in the Antarctic interior (Bockheim, 1995). As a
result, there is only a limited amount of surface material available
for aeolian processes. Weathering (predominantly freeze-thaw
processes) plays a crucial role in preparing the surface for further
exogenic processes; however, the right combination of rock
temperature and moisture can cause salt, insolation, hydration, or
chemical weathering to be dominant (Elliot, 2003). Hedding et al.
(2015) observed the evolution of aeolian landforms (megaripples)
on Marion Island, and suggested that aeolian processes are
also actively modifying solifluction landforms. Ripples with a
height of several decimeters were found in several localities,
with the annual (horizontal) aeolian sediment flux estimated
at 0.36-3.85 kg cm™2 year~! (Hedding et al., 2015). Aeolian
deposition also plays a vital role as an input vector of material
to the surface of glaciers. Fortner et al. (2011) identified aeolian
trace elements on the surface of Taylor Glacier as well as in its
glaciofluvial system. Concentrations of these elements are often
an important variable for the development of organisms in lakes
and rivers. A similar study was undertaken by Sabacki et al.
(2012) in Taylor Valley resulting in the identification of foehn
winds as a main factor controlling the input of mineral and
biotic material to the valley ecosystem. For example, Bristow et al.
(2010) identified dunes in Victoria Valley that were composed
mainly from coarse sand. In contrast, Arctic aeolian material
sources are limited to areas located close to glaciers or floodplains,
where material is freely available and is not covered by vegetation
(Ballantyne, 2002), with the exception of Iceland where volcanic
material input can be independent of wind speed (Dagsson-
Waldhauserova et al., 2014). Bullard and Austin (2011) studied
dust generation from glaciofluvial sediments in a proglacial flood
plain in West Greenland. They found that wind speeds of 6 m
s~! only moved the finest sediment fractions during the summer.
Furthermore, Prospero et al. (2012) identified proglacial systems
as the main source of material for major dust storms from a 6-year
record in Iceland.

As Antarctica is almost entirely ice covered, most of the
previous studies undertaken are geographically constrained to
sparse ice-free areas, such as the McMurdo Dry Valleys (e.g.,
Lancaster, 2002; Fortner et al, 2011; Sabacka et al, 2012)
and locations in the Antarctic Peninsula (e.g., Asmi et al,
2018). The best-known local dust sources are located in West
Antarctica, with the McMurdo Dry Valleys being the largest ice-
free area (approximately 4,800 km?) with documented frequent
dust suspension (Lancaster, 2002; Ayling and McGowan, 20065
Atkins and Dunbar, 2009; Bullard et al., 2016). Bory et al. (2010)

suggested that there are dust sources in the ice-free areas of
East Antarctica based on dust samples collected in snow pits on
Berkner Island. Coastal ice-free areas have also been identified as
active dust sources around the Maitri Station, Larsemann Hills,
and Neumayer Station in East Antarctica (Weller et al., 2008;
Chaubey et al., 2011; Budhavant et al., 2015), as well as in the
Antarctic Peninsula region (Artaxo and Rabello, 1992; Kavan
et al., 2017; Asmi et al,, 2018). Alternately, aeolian material can
be resuspended from the surface of glaciers where sediments
that were previously incorporated into the ice re-emerge at the
surface as a result of ablation (Atkins and Dunbar, 2009). Long-
range transport of dust from other HLD sources, such as South
America (Patagonia), New Zealand, and deserts in Australia and
Africa, contribute to the dust depositions in Antarctica (Neff
and Bertler, 2015; Bullard et al., 2016; Asmi et al., 2018). The
main non-Antarctic dust sources for the Antarctic Peninsula
region are in Patagonia - Tierra del Fuego, Provinces of Chubut
(e.g., Lago Colhué Huapi), and Santa Cruz (Bullard et al., 2016).
Patagonian dust sources consist of fine dust material and are
extremely active, with > 120 dust days per year since 2012 (Gassé
and Torres, 2018, unpublished). Patagonian dust was found in
ice cores and snow samples in the Antarctic Peninsula and in
East Antarctica, showing the possibility of long-range transport
of dust to Antarctica (Basile et al., 1997; Pereira et al., 2004;
McConnell et al., 2007; Bory et al., 2010; Delmonte et al., 2017).
There is a lack of research investigating long-range transport
of Patagonian dust to the Antarctic as a result of sparse direct
measurements of aerosols in Antarctica. However, during the
measurement period of this study (January-March 2018) several
dust storms occurred in Patagonia (SYNOP data from the local
weather stations and MODIS satellite images obtained from
Santiago Gasso, NASA).

High latitude dust sources produce at least 5% of the global
dust budget (100 mil tons per year), where, for instance, dust
emissions from Iceland range between 31-40 mil tons per
year (Arnalds et al., 2014; Bullard et al., 2016). Measured dust
deposition rates reported from the HLD sources seem to reach
higher values than those from the global deserts (Hugenholtz
and Wolfe, 2010; Arnalds et al., 2013; Bullard, 2013). The most
extreme wind erosion event recorded on Earth was measured in
Iceland in 2010 when aeolian transport of 11 t m~! occurred
during one 23-h storm (Arnalds et al., 2013). Deposition rates
of >33,000 g m~2 year~! were recorded in Canada, while rates
>100 gm~2 year~! were reported from New Zealand, Iceland,
and Patagonia (Bullard, 2013; Bullard et al., 2016). Deposition
rates measured in Greenland and McMurdo Dry Valleys are
lower than other HLD sources with rates of <8 g m~2 year™!
(Lancaster, 2002; Bullard, 2013). Atkins and Dunbar (2009)
measured dust fluxes of 7.8-24.5 g m~2 year™! while Chewings
et al. (2014) reported fluxes of 0.2-55 g m~2 year™! in the
McMurdo Dry Valleys, West Antarctica.

Direct aerosol measurements in Antarctica are sparse
although Particulate Matter (PM) properties provide crucial
information on the impact of particles on the climate in
Antarctica. For the coastal areas in East Antarctica, the main
identified particles were sea salt, sulfate, and crustal components.
The mass concentrations of PMjq (particles with a diameter of
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<10 pm) and PM; 5 (particles with a diameter of <2.5 pm) were
5.1 and 4.3 g m 3, respectively in the Larsemann Hills during
summer (Budhavant et al., 2015), and 8.3 and 6.03 . gm~> at
the Maitri station (Chaubey et al., 2011). PMj¢ concentrations
from McMurdo station during two summers in 1995-1997 were
3.4 and 4.1 ug m~> on average (Mazzera et al., 2001). Mean
PM;y and PM; 5 concentrations of 4.4 jLg m~3and 2.4 gm_3,
respectively were measured in the Antarctic Peninsula during
the late 1980s (Artaxo and Rabello, 1992). Seasonal variations
in aerosol loadings showed increased concentrations in January
and a decrease in February and March in Terra Nova Bay,
West Antarctica in 2000-2001 (Truzzi et al., 2005). PMjo
concentrations of 2.1-5 pg m~2 on average were reported from
the Antarctic Peninsula, with higher concentration in summer
(October to March) in 2013-2015 (Asmi et al., 2018). Asmi et al.
(2018) emphasized that the concentrations of sea salt and soil
particles nearly doubled on average in summer when winds were
high.

The main purpose of this study was to identify summer
aerosols and the physical properties of PM in the north-eastern
sector of the Antarctic Peninsula. The objectives were to provide
mass and number concentrations of PM with a diameter of 0.2—
100 pm, typology of measured aerosols, sources of measured
aerosols, and compare PM concentrations with Aerosol Optical
Thickness (AOT). Comparison of local wind properties with
PM and AOT should identify typical synoptic situations, where
aerosol concentrations are particularly high and important. This
study aims to provide more evidence to suggest that Antarctica’s
ice-free desert surfaces are active HLD sources providing natural
air pollution.

MATERIALS AND METHODS

Study Site

James Ross Island (JRI) is situated in the Weddell Sea region
on the eastern side of the Antarctic Peninsula. It constitutes
one of the largest ice-free areas in Antarctica (BAS, 2005) which
covers an area of 552 km?, representing 1.2% of the total
ice-free area of the continent. More than half of the ice-free
surfaces on JRI (312 km?; 12.5% of JRI) are located on the Ulu
Peninsula (Kavan et al,, 2017), in close proximity to the Johann
Gregor Mendel (JGM) Station, where the presented LOAC
measurements were undertaken (Figure 1). This ice-free area
represents one of the largest Antarctic oases after the McMurdo
Dry Valleys (4900 km?) and Bunger Oasis (450 km?), exceeding
the size of both Schirmacher Oasis (34 km?) and the Larsemann
Hills (40 km?). Large bare surface areas produce dust during
frequent dust storms (Kavan et al., 2017). The JGM Station,
located on the northern shore of JRI, is exposed to prevailing
S-NW winds (Zvérina et al., 2014) which cross active bare
surfaces approximately 15 km away from the station. The surface
predominantly constitutes unconsolidated fine sediments in the
lower parts of the terrain, and bare rock on top of the volcanic
mesas which reach an elevation of approximately 300-400 m
a.s.l. An important source of aeolian material is derived from the
braid plains of the Bohemian Stream (<100 m from JGM) and

the adjacent Algal Stream, which serve as redistribution areas of
fluvial and aeolian material (Kavan et al., 2017; Kavan and Nyvlt,
2018).

The climate of JRI is affected by the regional-scale atmospheric
circulation formed by the Antarctic Peninsula Mountains, which
provide an effective barrier to westerly winds associated with
cyclonic systems centered in the circumpolar trough (King et al.,
2003). The mean annual air temperatures (2006-2015) in the
northern part of JRI ranged from —7.0°C at the Johann Gregor
Mendel Station (JGM) to less than —8.0°C in higher elevated
areas (375 m asl. on Bibby Hill) (Ambrozova and Laska,
2016; Hrbacek et al., 2018). The meteorological observations
from Johnson Mesa (320 m a.s.l) in the period 2008-2010
showed that the wind directions are mainly between southern
and western sectors (Zvérina et al., 2014). These directions
correspond to the position and orography of the Antarctic
Peninsula, which strongly affects the airflow along the eastern
side of the peninsula, before approaching the northern coast
of JRI. The summer and winter wind directions are slightly
different, but they remain in the S-NW sector (Bohuslavova et al.,
2018).

Wind Speed and Direction

Wind speed and direction were measured at 2 m above the
ground using the USA-1 sonic anemometer (METEK GmbH,
Germany) connected with the internal data system. The wind
components were sampled at a frequency of 10 Hz and stored
as 5-min averaged values. The mast with the USA-1 anemometer
was placed 10 m southeast from the meteorological tower at the
JGM Station. The temporal variability of the horizontal wind
components was analyzed and visualized with the Grapher 13
software for 16 directional sectors of a wind rose.

Aerosol Optical Thickness

Aerosol Optical Thickness and water vapor measurements were
obtained with the hand-held Microtops II sun photometer
(referred to here as Sun photometer) manufactured by the Solar
Light Inc., United States. It provides direct information on
irradiance components in five spectral wave bands (340, 380,
500, 870, and 936 nm), giving automatically AOT and water
vapor information. The field of view of each of the optical
channels is 2.5° and the sun target assembly allows up to 0.1°
pointing resolution. The Sun photometer calculates the AOT
value at each wavelength based on the channel’s signal, its
extra-terrestrial constant, atmospheric pressure, altitude, time,
and location (Morys et al., 2001). Before the field campaign
the instrument was calibrated in the laboratory of the Solar
Light Company, Inc. Further information on the Microtops
Sun photometer can be found in Morys et al. (2001). To avoid
cloudiness influence, AOT measurements were conducted on
cloud-free days with a cloud cover <30% or when the clouds
were located >2.5° from the Sun disk. The instrument was set
to carry out 32 rapid scan samples within one measurement,
from which the average AOT was calculated and archive to
the logger memory. During each measurement session, the Sun
photometer was used to take a sequence of five measurements
within 1 min. When possible, measurements were carried out
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FIGURE 1 | Study site location (JGM Station) and other Antarctic sites used in the text, ice free areas in brown.
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between 11:00 and 13:00 UTC when solar zenith angles were
<60°, in order to eliminate the effect of optical distortions by the
atmosphere.

LOAC - Light Optical Aerosol Counter

The LOAC (Light Optical Aerosols Counter) is a light aerosol
counter which is well adapted to detect dust particles, and
provides size distributions as well as the main typologies of
particles present The LOAC instrument uses a novel optical
design to retrieve the particle number, mass concentration,
size, and the typology of the particles in ambient air (Renard
et al., 2016a,b). The particles get injected through an optical
chamber by a pumping system and cross a laser beam, where two
detectors record the scattered light. The first detector analyses
the small scattering angles in the 10-15° range, where the
light is scattered by irregular grains by diffraction, and is not
dependent on the refractive index or the porosity (Lurton et al.,
2014). A direct correlation is therefore established between the
intensity of the light scattered and the optical diameter of the
particles. The LOAC provides the concentration of particles
for 19 size classes in the 0.2-100 pm range. The instrument
was calibrated using latex and glass beads, as well as with
irregular grains to better represent the solid particles that can
be found in the ambient air. The second detector collects
data at scattering angles that range between 50°-70°, recording

scattered light that is very sensitive to the refractive index and
the porosity of the particles. By combining the data from the
two detectors, a “speciation index” that is representative of the
ability of the particles to absorb light can be produced. Laboratory
measurements were performed with reference samples, water
droplets, sand, carbonaceous particles, and black carbon, to
establish the speciation index of the particles. Subsequently,
the speciation index retrieved is compared to these reference
indices to provide the identification of the nature of the observed
particles (transparent for the liquid droplets, semi-transparent
for mineral/dust particles, strongly absorbent for carbonaceous
and strongly porous particles). A good correlation was found
between the LOAC measurements (counting and typology), other
counting instruments, and satellite instruments, in particular
during dust events (Renard et al., 2018).

The LOAC was operated directly in the ambient air. To take
into consideration any possible changes in the electronic offset,
mainly as a result of temperature variations, an automatic check
was performed every 10 min. If an offset had evolved, an internal
re-calibration of the instrument was undertaken.

The aerosols were collected with an omnidirectional collecting
device and were subsequently injected in to the optical chamber
though a vertical inlet measuring several cm in length to ensure
that the collected particles will not fall out of suspension inside
the instrument before crossing the laser beam. The sampling
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efficiency for large particles is near to 100% when the wind speed
is lower than approximately 20 m s™!.

The wuncertainty for the total aerosol concentration
measurements is 320% for concentration values greater
than 1 particle per cm® (for a 10-min integration time). In
contrast, the uncertainty increases to approximately 60% for
concentration values less than 10-2 particle per cm®. Finally, the
precision in size calibration is +0.025 pm for particles smaller
than 0.6 um, 5% for particles in the 0.7-2 jum range, and 10% for
particles larger than 2 pm.

In this study, the LOAC was operated from 17 January 2018
to 21 March 2018. During this period, the LOAC encountered
some strong electromagnetic perturbations; however, the data
was kept where the perturbations were low so that the detection
of particles was not altered by more than a few pm. The data
was collected every 10 s and integrated over 5 min to reduce the
dispersion of the measurements in case of low concentrations
(data were integrated in a 5-min period together with the
wind speed and direction data). The LOAC was temporally
installed on the meteorological platform next to JGM station
at the height of 3.5 m above the ground. During the study
period, the power supply experienced several blackouts as a
result of the electromagnetic interference created by other electric
instruments in the vicinity. Therefore, post processing of the
measured data resulted in an approximate data coverage of 60%
the study period (compare with Figure 2).

Horizontal Aeolian Sediment Sampling

A passive horizontal aeolian sediment sampler (PHASS), based
on the marble dust collector concept originally developed by
Ganor (1975), was installed approximately 500 m from the LOAC
site (to avoid interference with the station service activities). The
PHASS was located on the ground surface to collect transported
aeolian material during three periods in the 2018 summer season.
The material was collected, filtered through a 3 pum filtration
paper, and dried directly in the JGM Station laboratory. The dried
material was weighed with the instrument precision of 0.0001 g,
and the horizontal deposition was calculated.

102}~ Micrometers

10—2 L 10.-12.5

107 —

Concentration dN/dInD (cm™3)

iea

Day 2018

FIGURE 2 | Evolution of the LOAC concentrations for the 19 size classes; the
three events are indicated by gray zones.

RESULTS

Aerosol Concentrations During the Study

Period

Mean (median) mass concentrations of the PM;y were 6.4 &= 1.4
(3.9 £ 1) ug m~3, while the PM, 5 was 3.1 &+ 1 (2.3 & 0.9) pug
m~? for the whole measurement period in January-March 2018.
The median values are representative of the mass concertation
outside the dust episodes. These results are similar to those
recorded for the Larsemann Hills (Budhavant et al.,, 2015);
however, they are lower than reported from the Maitri station
(Chaubey et al., 2011). Mean values from JRI are higher than
those from McMurdo station in 1995-1997 (Mazzera et al., 2001),
the Antarctic Peninsula in late 1980s (Artaxo and Rabello, 1992),
as well as from Marambio station in the Antarctic Peninsula in
2013-2015 (Asmi et al., 2018). A mean PM;g value of 6.4 pg m—3
from the Antarctic Peninsula is also comparable to two stations
in Norway (annual mean of 7.5 ug m~3), but higher than the
annual mean of 4.4 ug m~? in Sevettijarvi, Finland (Putaud et al.,
2010). The mean PM; 5 value in Antarctica is, however, lower
than stations in Northern Europe.

The mean particle number concentrations were low, while the
submicron particles were typically ten to hundred times lower
during the clean conditions than during dust pollution events.
Over 15 high-dust episodes, particles greater than 10 pm (PM;o >
20 ug m~?) were detected (Figure 3), with concentrations similar
to moderate Saharan dust events above the Mediterranean Sea
(Renard et al., 2018). However, in contrast to the Mediterranean
Sea region, the concentrations of submicron particles did not
significantly increase during the dust events in Antarctica.

In the present study, we will focus on strong dust event
recorded by LOAC in the 31 January - 2 February 2018, 14-16
March 2018 and the 18 March 2018. The dust events were
characterized by strong concentration enhancements of particles
larger than 10 pm (up to a thousand times greater than the
background values). The LOAC typology indicates that the
particles are indeed dust, with mean optical absorbing properties
between “semi-transparent” and “absorbent,” typical of dark
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o
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o
T T

I {1EdN
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FIGURE 3 | Evolution of the PM» 5 and PM1p masses; the three events are
indicated by gray zones.
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FIGURE 4 | The LOAC typology measurements; the three events are
indicated by gray zones.

mineral. Nevertheless, some liquid particles are present, with
average concentrations in the order of 10-20% for sizes below
20 pm (Figure 4).

Non-dust background conditions in the Antarctic Peninsula
can be described by excluding selected dust events from the
mean (median) mass concentrations of the whole measurement
period. Mean (median) mass concentrations of the PM10 for
non-dusty background conditions would decrease to 6.0 + 1.3
(3.8+1)ug m~3 while the PM, 5 concentrations would increase
to 32 & 1 (24 £ 0.9) g m~3 for the period January-March
2018. There are small differences in the median values between
the whole measurement period and the same period excluding
the dust events, showing the importance of using medians for
interpretation of aerosol data. The small increase in the PM; 5
background concentrations points to the different origin of the
smaller particles in Antarctica than in the desert sources.

Near Surface Wind Conditions During
the Summer 2018 Season

The average wind speed during the summer 2018 season was
5.2 m s~ !. However, on 31 January and 1 February, 17 February
(day 48), 25 February (day 55), 16 March (day 74), 18 and 19
March (day 76 and 77), the daily mean wind speed exceeded 15 m
s~! with a maximum value of 18.7 m s~! on 19 March.

The main wind directions were south-south-western and
western, which occurred for 21 and 14% of the summer season,
respectively. The most frequent wind directions came from
southerly to westerly directions (64% of the season), and these
winds were also the strongest with the wind speeds >10 m s™!.
The east-north-eastern and north-eastern winds were observed
during 12% of the season, with wind speeds of <10 m s~
Wind speed and direction during the study period are shown in
Figures 5, 6.

Relationship Between Wind Properties

and Aerosol Concentrations
Comparison of wind speed and aerosol concentration in different
particle size classes shows a strong relationship during the

<=5

S [>5-10
1>10-15
[>15ms™

FIGURE 5 | Wind rose indicating average wind speed and direction during the
period from 26 January to 21 March 2018.
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FIGURE 6 | Wind speed during the study period with highlighted maximum
wind speed events described more in detail.

study period. Concentration of aerosol particles >5 pm shows
a positive correlation with wind speed above the wind speed
threshold of approximately 10 m s~!. This correlation increases
in strength with the increasing size of the particles. The table
of correlation coeflicients for individual classes (Table 1) shows
that during high wind speed events (over 10 m s™!) the larger
particles (larger than 5 pm) from local sources are uplifted and
transported. These high wind speed events occurred during 7.8%
of the study period.

Particles that range in size from 10-20 pwm were rarely
detected during the low wind speed episodes (wind speed
<10 m s~!), suggesting that local material undergoes aeolian
transport in short repeating periods. Approximately 83% of
particles in the 10-20 pwm size range were detected while wind
speeds exceeded 10 m s~ 1.
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TABLE 1 | Correlation coefficients of wind speed and aerosol concentration in
individual particle size classes for wind speed >10ms~' (o < 0.02 in bold) for the
whole study period and three major dust events.

Whole study period

Particle size 02-05 05-09 095 5-125 125-20 20-100

classes (im)

Correlation —0.13 —-0.11 0.24 0.32 0.17

coefficient
Event 1

Particle size
classes (im)

02-05 0509 095 5125 12520 20-100

Correlation 0.03 0.01 -0.04 -0.18 —0.15 -0.29

coefficient
Event 2

Particle size
classes (um)

02-05 05-09 09-5 5-125 125-20 20-100

Correlation —-0.17 —0.15 0.39 0.71 0.44 0.22

coefficient
Event 3
Particle size
classes (um)

02-05 05-09 096 5-125 125-20 20-100

Correlation —-0.17 —0.09 —0.04 0.08 0.17 0.82

coefficient

Synoptic Situation During Major Dust

Events

Three major dust events were detected by the LOAC during high
wind speed events (Figure 7 for wind speed and direction). The
wind speed was >8 m s~ ! for the following events:

1st event: 31 Jan 0600 - 1 Feb 1930 UTC.
2nd event: 14 Mar 1100 — 16 Mar 1200 UTC.
3rd event: 16 Mar 1300 — 18 Mar 2000 UTC.

The synoptic situation for the three case studies was
described according to hourly 850-hPa level geopotential height
data from the MERRA-2 reanalysis (Global Modeling and
Assimilation Office, 2015). On 31 January, a deepening cyclone
was moving from the southern Atlantic Ocean toward South
Orkney Islands. The 850-hPa wind was predominantly south-
eastern, and it strengthened up to 14 m s~! before midnight
as a result of an increasing pressure gradient. Wind speeds
near to the surface were even stronger (>15 m s™!) and
mainly coming from the south-south-west. The pressure field
on 15 March was influenced by a cyclone approaching JRI
from the South Shetland Islands, and continuing toward the
central Weddell Sea, while still deepening. Consequently, the
850-hPa wind over JRI was the strongest in the morning,
and as it weakened, it gradually changed from north-eastern
to north-western. The wind near the surface exceeded 15 m
s7! less frequently than observed on 31 January, and despite
the wind direction being predominantly south-south-western,
it was variable. On 18 March, a low-pressure trough moved
eastward in the Drake Passage, to the north of JRI. This
situation resulted in the wind changing direction from the
southwest to the west over JRI, which was accompanied by a
wind speed increase that reached 19 m s™!. During this even,

31Jan-1Feb
N

31 Jan 2018

Mean wind vector [ms™'] 75

=7 A

Mean geopotential height 850hPa [m]

. T -+ S m>5-10
1000 5o %0 1300 o015
mE>15ms’
14-16 Mar

N

Mean geopotential height 850hPa [m]
« >

1000 1100 1200 1300 s m>5-10
3>10-15

E>15ms’

18 Mar 2018 Mean wind vector [ms'] 75"

1000 1100 1200 1300 s

m>5-10
31>10-15
m>15ms’

FIGURE 7 | Synoptic situation over the Antarctic Peninsula, wind roses for all
three major dust events.

the near surface wind was almost entirely south-western and

above 10 m s~ L.

Major Dust Events in Detail
The three major dust events were analyzed in detail to identify
relationship between wind speed and aerosol concentrations. An
example of the influence that abrupt changes in wind direction
has is illustrated on the 29 January 2018.

The two events that occurred in March show a good
correlation, with a clear positive relationship; however, Event
1 (31 January - 1 February) does not correlate with the
other two. The relationships between wind speed and aerosol
concentration are shown on an example of an integrated particle
class (5-12.5 pm) in Figure 8. Event 1 had significantly lower
(approximately one order of magnitude) aerosol concentrations
than both Events 2 and 3, probably as a result of higher ground
surface moisture contents in the beginning of the summer season
blocking the uplift of larger particles. The volumetric soil water
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FIGURE 8 | Particle size class 5-12.5 m aerosol concentration and wind
speed relationship for the three major dust Events.

content at a depth of 5 cm during the first Event reached
31%, whereas it only reached 22% during Events 2 and 3. The
influence of ground surface moisture content is well illustrated
when comparing Events 1 and 2, as both events experienced
approximately the same wind speed and similar wind directions,
resulted in concentrations up to 0.25 n cm~3. This influence
can also explain why there is no significant correlation between
aerosol concentration and wind speed, as is shown in Table 1.
Significant and linear correlation was found during Event 3 at the
end of the summer season.

Event 1 shows an unusual pattern in aerosol concentration.
Contrary to the other two events, there is no clear correlation
between wind speed and aerosol concentration of larger particle
size classes. A detailed look at the dynamics of the event 1
(Figure 9) shows a rapid increase in aerosol concentration of
larger particles (>5 wm) during the beginning of the high
wind speed event, with peak concentrations occurring around
10:00 UTC when the wind speed was approximately 10 m
s~!. However, during the wind speed maximum (approximately
16 m s~') at 16:00-23:00 UTC, the concentrations were
comparatively low. An interesting feature is the relatively high
concentration of particle size class 5-12.5 pm at the end of
the event, that may be associated with the change in wind
direction.

A period of increased PM, 5 concentrations (>4.2 jLg m~3)
occurred at the JGM Station between 5 and 8 February 2018.
PM, 5 concentrations contributed with high proportions to
PM during this period. HYSPLIT backward trajectory analyses
(Figure 10) shows air parcels arriving to JGM Station from
the Patagonian Desert areas, where several weather stations had
reported the SYNOP codes for dust observations from 5 February
to 7 February 2018. There are unfortunately no clear satellite
images showing dust plumes for this period as, for example, on
12 February 2018. We have not obtained aerosol samples for
the chemical analyses to confirm that the dust could have been
transported from the Patagonian dust sources to Antarctica. The
Patagonian dust sources were, however, very active in producing
dust from mid-January to the end of March 2018.

The Event 2 (Figure 11) (14 March - 16 March 2018) has
a well-defined peak period for both wind speed and aerosol
concentration on 15 March from approximately 00:00 to 08:00
UTC. The maximum wind speed exceeded 16 m s~! and aerosol
concentrations in the size class 5-12.5 pm reached 0.23 n cm™>.
Timing of peak concentrations of larger (but even smaller)
particles relatively well correspond with the period of highest
wind speed even though the concentration peak was delayed
behind the wind speed maximum of several hours.

Directly after the second event, another high wind speed
episode (Event 3) occurred from 16 March to 18 March 2018
(Figure 12). This event is characterized by the highest wind
speed recorded during the study period - 18.7 m s~!. The
available aerosol concentration measurement corresponds well
to the observed wind speeds (correlation coefficient for particles
12.5-20 pm and wind speed is 0.69), even though a middle
section of the event is missing the LOAC measurements. The best
fit of aerosol concentrations and wind speed is found again for the
particles larger than 5 pm. Aerosol concentrations in size class
5-12.5 jum reaches 0.21 n cm > during the peak wind speed.

Wind direction and aerosol concentrations were also
associated as shown for example on 29 January 2018 (Figure 13).
The day was not particularly windy, with an average wind speed
of 4.1 m s~! and a maximum wind speed of 6.0 m s~!. The most
pronounced change in wind conditions was the switch from a
southern wind to a western wind at around 12:00 UTC, which
lasted until 21:00 UTC. This was accompanied by a gradual
increase in aerosol concentration, especially in the case of larger
particles (typically >5 pm). The positive correlation between
wind direction and aerosol concentration is significant (p > 0.01)
for particles larger than 7.5 um (p > 0.02 for particles 5-7.5 pm).

AOT

Mean AOT during the study period ranged between 0.48 at
380 nm and 0.55 at 870 nm with an average mean AOT value
of 0.50. Mean AOT for 500 nm (Figure 14A) showed remarkable
day to day variations with a peak on 6 February (1.941) and a
mean value of 0.51 % 0.53; showing no obvious trend during
the summer. However, a strong positive correlation was found
between water vapor and mean AOT for 500 nm when water
the vapor column was >0.8 cm (correlation coefficient 0.82;
statistically significant at the significance level of 0.01). When
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FIGURE 9 | Event 1 — wind conditions and aerosol concentration.

Hour (1 February 2018)

the AOT for 500 nm were filtered to contain only measurements
with the water vapor column <0.8 cm (Figure 14B), the mean
AOT for 500 nm was 0.14 £ 0.14, with values only exceeding
0.300 on 15 January and 18 March. For 15 January, no wind or
aerosol concentration data were available; however, on 18 March,
the highest wind speed of the whole summer season was recorded,
and increased PM10 concentrations were captured by the LOAC.

Horizontal Aeolian Sediment Transport

A total of 11 days sampling from 23 January to 3 February
2018 resulted in 36.4 g m~2 of material. A total of 138.3 g
m~2 was collected during the second period from 3 February

to 25 February 2018, and 62.9 g m~2 from 25 February to 10
March 2018. In total 237.6 g m~2 was collected in the passive
sediment sampler, makes an average of 4.95 gm~2 d~!. However,
according to personal observation, most of the material was
trapped during the high wind speed events. Installation during
the whole year (February 2017 - January 2018) revealed an

approximate sediment deposition rate of 1471 g m~2 year !

DISCUSSION AND CONCLUSION

It is challenging to obtain quality aerosol data (mass and number
concentrations, typology of particles) from remote areas and/or
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FIGURE 10 | NOAA HYSPLIT model backward trajectories for beginning of February 2018 (ending at 21:00 UTC 6 February, 2018); source: NOAA Air Resources

areas that experience harsh conditions, such as in Antarctica.
The LOAC instrument performed quite well in such conditions,
and provided valuable PM measurements for background as
well as high aerosol concentration conditions for the period
January-March 2018. Mean mass concentrations of the PMjg
and PM; 5 were similar to what has been reported from the
Larsemann Hills (Budhavant et al., 2015), but lower than reported
from the Maitri station (Chaubey et al., 2011). Mean values
from JRI were higher than from McMurdo station in 1995-
1997 (Mazzera et al., 2001), the Antarctic Peninsula in the late
1980s (Artaxo and Rabello, 1992), as well as Marambio station
in the Antarctic Peninsula in 2013-2015 (Asmi et al., 2018).
In a global context, a mean PMjy value of 6.4 ugm_3 from
the Antarctic Peninsula is also comparable to two stations in
Norway (annual mean of 7.5 g m~3), but higher than the

annual mean of 4.4 jLg m~> in Sevettijarvi, Finland (Putaud
et al., 2010). The mean PM; 5 value presented here is, however,
lower than stations in Northern Europe. Dust events caused
during high wind events over barren areas impair the air
quality in Antarctica significantly. There is no available literature
reporting PMjo concentrations exceeding 50 pg m~—> from
Antarctica. The frequency of dust events (15 events during
2 months) demonstrates the importance of HLD sources and
their contribution to the global dust cycle (Bullard et al., 2016),
provided that measurements can give a better estimate of the
erosion activity and dust production from Antarctica ice-free
zones.

The observed mean wind speed during the study period
(5.2 m s71) corresponds well to the general spatial pattern of
Antarctic surface wind streamlines and the position of JRI in
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FIGURE 11 | Event 2 — wind conditions and aerosol concentration.

the Antarctic Peninsula region. Ramesh and Soni (2018) report
a mean wind speed for the summer months at Maitri station
as approximately 7.2 m s~!, and Lancaster (2002) observed
mean wind speed ranging from 2.7 to 5.3 m s~! at different
sites in Taylor Valleys. Aristidi et al. (2005) observed a mean
wind speed at Dome C of 2.9 m s~!, Lazzara et al. (2012)
reported mean wind speeds of around 2 m s~! in the summer
rising to around 4-5 m s~! at Amundsen Scott station at
the South Pole (continent interior). The mean wind speed in
the area of Antarctic Peninsula typically ranges from 4.3 m

s~ at Faraday/Vernadsky station to 6.6 m s~! at Arctowski

Station on King George Island (King and Turner, 1997; Marsz
and Styszynska, 2000). Mean wind speed data are summarized
in Table 2. The observed wind speed and direction coincide
well with the surface wind analysis from Johnson Mesa (3 km
southwest of JGM station) that southerly and westerly winds
were the most frequent in 2008-2010 and the strongest wind was
found during a southerly flow (Zvétina et al., 2014; Bohuslavova
et al,, 2018). Average wind speeds at Marambio station (the
closest to JGM Station) reaches 5-7 m s~ during the summer
season (Asmi et al., 2018). This represents well the general pattern
of low mean wind speed in the interior of the continent and
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FIGURE 12 | Event 3 — wind conditions and aerosol concentration.
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high on the continent edges. The observed critical value of
wind speed around 10 m s~! when local material sources are
activated differs dramatically among different sites [e.g., 20 m s~
for Taylor Valleys in Sabackd et al. (2012)]. However, the wind
speed threshold value for activating local sources depends on the
particle size of the material, its availability (Lancaster, 2002) and
also on the ground surface moisture conditions (Wiggs et al.,
2004). Crusius et al. (2011) similarly observed the high frequency
of dust events in autumn when the water level is low and fluvial
sediments are exposed. A rapid increase of larger particles in the
air is observed when a critical value of wind speed is exceeded,
as confirmed also from the typology of aerosol (detection of

mineral particles). The prevailing southerly winds, especially
during the high wind speed events, bring material from distant
(approximately 15 km) bare unglaciated surfaces of weathered
rocks and sediments (e.g., Abernethy Flats). Horizontal sediment
deposition on the surface level reaches an average of 4.95 g
m~2 d7! (1471 g m~2 year™!), showing very high deposition
rates compared to other HLD areas (Bullard, 2013; Bullard et al.,
2016). Such values are significantly higher than those reported by
Atkins and Dunbar (2009) of 7.8-24.5 g m~2 year™!, or Chewings
et al. (2014) of 0.2-55 g m~2 year~! in the McMurdo Valleys,
West Antarctica. Higher deposition rate of dust particles on Ulu
Peninsula can be considered as an important factor contributing
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to changes of physical and optical properties of the snow. This can
have further consequences for energy exchange between glaciers
and atmosphere, enhanced snow melt and negative surface mass
balance on several mountain glaciers in the investigated area
(Engel et al., 2012; Laska et al., 2018).

The aerosols optical properties measured by the Microtops II
sun photometer showed high interdiurnal variation of AOT with
the mean value of 0.139 4 0.142 at a wavelength of 500 nm.
The mean AOT was influenced by two Events with values above
0.300 (15 January and 18 March 2018), while the mean AOT in
the rest of the period was 0.090. The observed AOT at 500 nm

are higher than those measured during summer at Maitri station
(123 m as.l.), which reached 0.034 £ 0.005 (Chaubey et al,
2011), or those being reported near to the Antarctic coast (south
of 60°S) which reach values as low as 0.03-0.05 (Gadhavi and
Jayaraman, 2004; Vinoj et al.,, 2007). This clearly confirms that
local geographical features (i.e., altitude, distance of the study site
from the coastline and size of the ice-free area) can significantly
affect the AOT level and the range of its seasonal variation. An
increase of the AOT up to 0.545 was documented during the third
dust event on 18 March, which had the highest recorded PM;q
and PM; 5 values. However, a major problem with AOT and
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FIGURE 14 | Mean AOT for 500 nm with standard deviation for each day (A) all measurements (B) when water vapor column was <0.8 cm.

TABLE 2 | Mean wind speed (m s~ ) observed at different Antarctic location.

Site Mean wind speed Reference

Maitri 7.2 Ramesh and Soni, 2018
Taylor Valleys 2.7-5.3 Lancaster, 2002

Dome C 29 Aristidi et al., 2005
Amundsen Scott 2.0-5.0 Lazzara et al., 2012
Faraday/Vernadsky 4.3 King and Turner, 1997
Arctowski 6.6 Marsz and Styszynska, 2000
Marambio 5.0-7.0 Asmi et al., 2018

JGM Station 5.2 This study

LOAC data comparison in the Antarctic coastal areas was cloud
cover and the fact that aerosol optical measurements can only be
carried out during clear sky days. This reduced significantly the

number of days suitable for comparison as well as possibilities to
capture the dust event in the AOT observations.

CONCLUSION

Aerosol measurements in Antarctica are rare, especially for
particles >1 pm. Most of the research on aeolian processes
are concentrated to a few areas — the McMurdo Dry Valleys
(e.g., Lancaster, 2002; Fortner et al., 2011; Saback et al., 2012),
the Antarctic Peninsula (e.g., Artaxo and Rabello, 1992; Asmi
et al., 2018), or at the edge of the continent (e.g., Weller et al,,
2008; Chaubey et al., 2011; Budhavant et al., 2015). This study
sheds new insight into aeolian transport in the eastern Antarctic
Peninsula region. It relates the measured aerosol concentration
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to local atmospheric conditions and also to surface horizontal
aeolian deposition.

A two-month summer campaign demonstrated that ice-free
areas in Antarctica provide material supply, which is frequently
suspended during high wind speed events. Over 15 dust events
were measured with PM;o concentrations exceeding 20 g m—3
and a maximum of up to 57 jug m~>. This study demonstrates
that dust becomes suspended at wind speeds >10 m s~ in the
coastal zones of the largest ice-free area in the Antarctic Peninsula.
Particles >20 pm can be lifted >3 m above surface and transported
for long distances. Submicron particles do not contribute to
increased PM concentrations during dust events, showing the
predominance of coarse material available for suspension.

Our measurements show that PM;, concentrations on JRI
are higher than in natural areas in the Northern Europe.
Antarctica is an important HLD source contributing to the global
dust budget, and more long-term measurements are needed to
quantify how much material is transported. Local dust sources
can play a significant role in the enrichment of Antarctic marine
environment (Crusius et al., 2011), with iron as an important
micronutrient in marine biota (Prospero et al, 2012). The
uniquely large ice-free area of Ulu Peninsula has great potential
for further study of aeolian processes.
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