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ABSTRACT

Deposition of aeolian mineral dust recorded in Antarctic ice cores is strongly
tied to large-scale atmospheric circulation variability. This natural archive can be used
to extend knowledge about atmospheric circulation variability in the Southern
Hemisphere (SH) prior to the satellite era (1979-2017). Additionally, dust plays an
important role in the climate system through cloud formation processes, the radiation
budget, and as a micronutrient source for biological productivity in the Southern
Ocean. Hence, investigating the drivers of Antarctic dust variability is useful for better
understanding past and future changes to SH climate. This thesis investigates
present-day dust transport to a high elevation ice core site in Dronning Maud Land
(DML; 74°60'S, 0°6'E), Antarctica, where an anomalous increase in dust deposition is
observed over the past century in a 1300-year ice core recently drilled as part of the

Isotopic Constraints on Past Ozone Layer in Polar Ice (ISOL-ICE) program.

This study aims to determine the potential source area (PSA) and atmospheric
transport mechanism of dust deposited to high-elevation DML over the satellite era.
Additionally, the implications of the findings for ice core dust records spanning the last
millennium are also discussed. The specific objectives of this study are: 1) identify
dominant atmospheric dust transport pathways to DML over the satellite era, 2)
determine regional climatic controls of particle size distribution (PSD) at DML over the
satellite era, and 3) contextualise the recent increase in dust deposition at DML relative

to the last millennium.
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To achieve these three objectives, dust deposition to the ISOL-ICE ice core site
over the satellite era is examined using dust dispersion modeling (Flexpart model;
Pisso et al., 2019) and correlation analysis with a range of climate parameters, such
as geopotential height, zonal and meridional winds, and precipitation, using the ERA-
interim atmospheric reanalysis dataset (Dee et al., 2011). Flexpart is configured to run
backward dust dispersion simulations to investigate dust transport pathways and
potential source areas to the ISOL-ICE site constrained by PSD observations from the
ISOL-ICE core. The correlation analysis determines which large-scale
circulation/climate patterns are important for dust transport to ISOL-ICE site. Both
methods help ascertain drivers of modern dust transport to the ISOL-ICE site,
providing new insights into potential drivers of the observed dust variability before the

satellite era.

Analysis of the ISOL-ICE dust record reveals an abrupt 10-fold increase in dust
deposition relative to the past millennium that occurred over ~15 years from 1915 to
1930 CE. Dust flux increased from a background mean of 0.03 mg m? yr' (668-1915
CE) to 0.30 mg m? yr' (1915-2017). Similarly, the coarse particle percentage (CPP)
of dust, a proxy for PSD, rose from a mean of 71 % before 1900s to 83 % after the
abrupt shift in dust flux. This abrupt increase is not observed in other ice core dust
records from the Antarctic Peninsula, West Antarctica, or coastal DML, suggesting that
the observed increase is a regional and/or high-elevation signal rather than Antarctic-

wide.
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The ISOL-ICE ice core dust deposition is characterised by relatively low dust
concentration and dust flux, fine particle size (a dust mode of ~3.5-3.8 ym) for long-
range transported dust (1-10 pym), and a maximum seasonal deposition in
winter/spring. These characteristics combined with back trajectory analysis point to
long-range transport from remote southern South America (SSA) as the dominant
PSA. Back trajectory modeling shows that dust is transported to the ISOL-ICE site
dominantly from the eastern coast of SSA between 47-50°S, and that dust transport
pathways from SSA to the ISOL-ICE site are insensitive to particle size and
seasonality over the satellite era. Moreover, dust from SSA are uplifted to ~1500
meters above sea level (m.a.s.l.) over the SSA region and are transported with
increasing altitude towards DML. While SSA is the dominant PSA for the ISOL-ICE
site, additional inputs from nearby Antarctic dust sources cannot be ruled out based
on the presence of large coarse particles (10-50 ym) and published geochemical

evidence from nearby ice core sites in DML.

The observed interannual variability of dust CPP at the ISOL-ICE site over the
satellite era is associated with cyclonic circulation south of SSA, further supporting
long-range transport of dust from SSA to the ISOL-ICE site. This circulation pattern
explains 9-36 % of the observed variability in CPP at the ISOL-ICE site and is
associated with convective activity in the South Pacific Convergence Zone (SPCZ)
and the central tropical Pacific. During winter and spring, dust is transported to the
ISOL-ICE site through a deep and broad Amundsen Sea Low, coinciding with the
observed seasonal maximum in dust deposition at the site. During summer and
autumn, the proposed dust transport occurs through a cyclonic circulation over the

Drake Passage that is tied to the Pacific Decadal Oscillation (PDO). Interestingly, the
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El Niflo Southern Oscillation (ENSO) and the Southern Annular Mode (SAM) do not
appear to be significant drivers of cyclonic activity south of SSA and consequent dust
transport to the ISOL-ICE site contrary to published ice core studies from coastal DML
and West Antarctica that implicate SAM and ENSO as important drivers of dust

transport from SSA to Antarctica.

This study, combined with geochemical evidence from high-elevation DML over
the last glacial and Holocene period, suggests that the present-day dominant PSA of
South America did not change since the last glacial period. In addition, dust transport
pathways and the seasonality of dust deposition also did not change over this period.
These constant factors suggest that the abrupt increase in dust concentration over the
last century could have resulted from either 1) an enhanced cyclonic circulation south
of SSA related to the SPCZ and PDO or 2) changing conditions at the two PSA regions
(SSA and dust input from nearby Antarctic dust sources). Stronger cyclonic activity
south of SSA leads to enhanced wind flow and drier conditions over SSA allowing for
increased dust transport from SSA to the ISOL-ICE site. Comparatively, changes in
source conditions (e.g., aridity and soil sediment supply) in the PSA alter the

availability and physical characteristics of emitted dust particles.

The established relationship between dust CPP and the cyclonic circulation
south of SSA over the satellite era provides a foundation for future work to investigate
the drivers of dust variability in the high-elevation DML region over the past millennium.

Findings from this study are also useful for investigating episodic dust events within
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the satellite era and potentially predicting how dust transport patterns will evolve in the

future based on projected changes to atmospheric circulation patterns.

17



1. INTRODUCTION

1.1 Motivation

Aeolian mineral dust is widely utilised as an indicator of environmental change.
Dust entrainment, transport, and deposition processes are sensitive to atmospheric
circulation and precipitation (Fig. 1.1; Kok et al., 2012; Bullard et al., 2016; Marx et al.,
2018). This allows information about local and large-scale circulation variability to be
inferred from dust records (e.g., Koffman et al., 2014; Laluraj et al., 2020). At the
source regions, dust emission is also dependent on land surface properties, such as
land cover and soil moisture content (Hooper & Marx, 2018; Bullard et al., 2016;
McConnell et al., 2007). Both atmospheric and land surface drivers of dust variability
operate simultaneously and in conjunction with one another (Marx et al., 2018;
Marticorena, 2014). Thus, there is a need to deconvolute these parameters to
separate dust variability associated with each control. This study focuses on

investigating the relationship between dust transport and atmospheric circulation.
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Figure 1.1 Schematic of interactions of dust with climate and biogeochemistry. From Mahowald et al.
(2014).

Apart from its utility in investigating atmospheric circulation variability, another
motivation for studying aeolian dust variability is the wide-ranging influence of mineral
dust on several aspects of the coupled ice-ocean-climate system (Fig. 1.1). Dust
particles affect the radiative balance in a region by serving as an intermediary layer in
the atmosphere, scattering and absorbing incoming solar radiation and outgoing
terrestrial radiation (e.g., Tegen et al., 1996; Ackerman & Chung, 1992). Furthermore,
surface reflectivity can be altered in dust laden snow and ice where increased
absorption of solar radiation enhances surface melt (Bullard et al., 2016; Marx et al.,
2018). Dust particles can also indirectly modify the energy budget by serving as cloud
condensation/ice nuclei, influencing cloud formation and properties (Schepanski et al.,

2014; Bullard et al., 2016). Lastly, mineral dust is an important source of new iron to
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the iron limited waters of the Southern Ocean. Additions of atmospheric iron from
deposited atmospheric dust stimulate phytoplankton productivity and consequent CO,
uptake into the ocean (Martin, 1990; Yamamoto et al., 2019). Iron fertilisation has been
hypothesised to drive glacial periods: increased (decreased) iron supply leads to
higher (lower) biological productivity and enhanced (reduced) CO, drawdown into the
ocean (Sigman et al.,, 2010; Yamamoto et al.,, 2019; Lambert et al., 2015).
Investigating the relationship between dust and atmospheric circulation variability will
therefore aid in understanding potential future changes to these components of the

SH climate system.

1.2 Research question

This research aims to examine the question: “From where and how is dust
transported to high-elevation Dronning Maud Land (DML ), Antarctica, over the satellite
era?” Based on the findings over the satellite era (1979-2017), implications for dust
deposition variability to high-elevation DML over the last millennium are also
suggested. To answer the research question and the consequent implications for
centennial ice core records, this study investigates an anomalous increase in dust
deposition observed over the past century in the new ISOL-ICE dust record from
Kohnen Station, DML, Antarctica (74°60'S, 0°6'E; Fig. 1.2). While the focus of this
study is the last century, the observed increase in dust deposition is contextualised
within the entire length of the dust record spanning the last millennia. An increase in
dust deposition over the last century is also observed in other Antarctic ice cores,

namely from James Ross Island (JRI; McConnell et al., 2007), West Antarctic Ice
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Sheet (WAIS) Divide (Koffman et al., 2014), and the coastal DML (IND-25/B5; Laluraj
et al., 2020), thereby suggesting an Antarctic-wide change in dust deposition over the

past century.
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Figure 1.2 Map of Antarctica showing the location of ice core locations mentioned in this study and
relevant topographical features. Elevation is in meters above sea level. Map was generated using the
Quantarctica package (Matsuoka et al., 2021).

1.3 Thesis aims

The overall aim of this project is to investigate temporal and spatial relationships
between dust deposition in DML and atmospheric circulation variability over the
satellite era. The hypothesis is that dust deposition at the ISOL-ICE site over the

satellite era is dominantly associated with large-scale atmospheric circulation patterns
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in the mid to high latitude Southern Hemisphere (SH). The specific objectives of this

study are to:

1) Identify dominant atmospheric dust transport pathways to the ISOL-ICE site

over the satellite era;

2) determine regional climatic controls of particle size distribution (PSD) at the

ISOL-ICE site over the satellite era; and

3) contextualise the recent increase in dust deposition at the ISOL-ICE site over

the last millennium.

2. BACKGROUND

2.1 Dust Lifecycle

2.1.1 Dust definition

For the purposes of this study, dust is defined as insoluble particles that have
been deflated (wind-blown/eroded) from the ground and suspended into the
atmosphere, and have a diameter ranging between 0.9 and 50 um. Insoluble particles
have been widely used as a proxy for atmospheric dust in ice cores (e.g., Ruth et al.,
2008; Lambert et al., 2008; Delmonte et al., 2002). Examples of insoluble particles
may include soil particles, volcanic ash, and diatoms (Bullard et al., 2016). In general,
these aerosols are less than ~100 ym in diameter (Marx et al., 2018), typically in the

sediment size class of silt (<63 ym) and clay (<4 pym) (Bullard et al., 2016). Dust size

22



ranges are operationally defined due to the methods of measuring dust concentration
and particle size in ice cores (section 3.1.1.4) and as such, includes non-crustal
material such as pollen and diatoms, which are biogenic in origin but represent
relatively low concentrations compared to crustal material (Tetzner et al., 2021). In
terms of elemental composition, mineral dust particles are generally composed of Si,
Al, and Fe along with trace elements such as Ti, Ni, Cr, and Pb. However, the
percentage contribution of each element varies regionally (Pye, 1987; Ruth et al. 2008;

Lawrence et al., 2010).

2.1.2 Dust entrainment

Dust emission and entrainment processes are partly dependent on wind
properties at the source region (Schepanski et al., 2014; Kok et al., 2012; Marx et al.,
2018). Dust is generated largely as a result of saltation (Fig. 2.1), which involves the
continuous hopping of sand particles initiated due to surface wind shear stress at site-
specific wind speed thresholds (Bagnold, 1941; Marticorena, 2014). Once saltation is
initiated, sandblasting occurs wherein the repeated collision of sand particles ejects
smaller dust particles, which are then suspended into the atmosphere in accordance
with the equation of terminal velocity — accounting for both gravitational force and air
resistance (Bagnold, 1941; Pye, 1987). Additionally, a sheared wind flow environment,
describing the logarithmic profile of wind speed across altitude, creates pressure
differences between the top and bottom side of a grain thereby inducing lift (the
Bernoulli effect) (Pye, 1987). This dependence of dust emission on wind properties is

expressed in the fact that the entrainment of dust particles is strongly positively
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correlated to wind velocity and turbulence intensity (Bullard et al., 2016). Turbulence
involves unstable fluctuations of wind flow known as eddies. These irregular motions
of air enhance sandblasting and impart vertical momentum to particles important for

their uplift (Bagnold, 1941; Pye, 1987).

_ Suspension (d<20um)

Wind shear. Vertical flux

Saltation ("70um<d<“'500um)

: Saltation

“’0 f o / ~
~a @ \\ Creep Creep (d> Sm
[T g =g VT Y
C——> Horizontal flux

Soil water content oas Surface roughness
Soil properties rf ndition
prope {Soil erodibility Sulface conditions {Vegetation cover

Figure 2.1 Schematic of dust entrainment processes. Typical diameters of particles are noted for
each process. From Gherboudj et al. (2017).

Particle size influences the strength of dust mass emission at source regions.
The PSD of emitted dust is largely dictated by the PSD of the soil and prevailing
meteorological conditions (Marx et al., 2018), though the exact sensitivity to each of
these parameters remains debated (Kok et al., 2012). Measurements of emitted dust
PSDs typically show a size mode (dominant particle size) of ~ 10 ym, but these can
vary regionally (Fig. 2.2; Mahowald et al., 2014). In general, smaller (larger) particles
are more (less) susceptible to wind flow because of weaker (stronger) inertial forces.
Due to smaller size and higher susceptibility to wind flow, fine dust particles (< 20 ym)

remain suspended in the air (Bagnold, 1941; Bullard et al., 2016; Kok et al., 2012).
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However, it has also been shown through field measurements that PSD during
emission is insensitive to wind speed (Kok et al., 2011). This suggests that while dust
particles are emitted at a certain wind speed threshold, the size of the particles do not
vary significantly with wind speed past this threshold. Though once uplifted, with
stronger winds, particles can more easily remain suspended in the atmosphere and
thus be transported over longer distances compared to weaker flow (Schepanski et
al., 2014). Prolonged suspension of fine particles allows for dust to be transported
long-range (> 2000 km), such as to Antarctica (e.g., Koffman et al., 2014, Laluraj et
al., 2020), and is primarily associated with regional atmospheric circulation. In
contrast, proximal coarser (> 20 ym) dust particles are associated with local wind

systems, such as valley winds (Pye et al., 1995).
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Figure 2.2 Compilation of measured of Particle Size Distribution (PSD) at source regions. Samples
are taken from several locations such as Nebraska, Texas, China, Niger, and Australia. The PSD is
expressed as normalised volume size distribution. From Mahowald et al. (2014).
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Aside from atmospheric processes, land surface characteristics also influence
dust entrainment at source areas (Fig. 2.1). Surface protruding objects, such as
vegetation canopy and buildings, affect surface roughness and change the vertical
wind velocity gradient by obstructing wind flow near the ground. The resulting weaker
surface winds hinder saltation and dust entrainment (Marticorena, 2014). Soil moisture
also controls dust generation by means of influencing interparticle cohesion and
vegetation growth. Wet surfaces encourage vegetation growth and decrease sediment
availability (for deflation) while the opposite is true for dry surface conditions (Kok et
al., 2012; Marticorena, 2014). Shifts from natural vegetated surfaces to anthropogenic
landscapes, such as croplands and mining depots, alter the efficacy of dust generation
in the region by increasing surface exposure of sediments and consequent wind
erosion (McConnell et al., 2007; Hooper & Marx, 2018). The magnitude of such
change, however, varies regionally and requires individual quantification (Marx et al.,

2018).

2.1.3 Dust Transport

Atmospheric dust pathways to Antarctica follow prevailing wind patterns.
Depending on the variability of wind flow patterns, source and destination regions may
change over time, especially during major shifts in circulation patterns that occur on
decadal to millennial timescales. Changes to the mean position and characteristics of
synoptic weather systems can alter regional wind strength and airmass trajectories
(Marx et al., 2018). Some examples of prominent shifts include the latitudinal migration
of the circumpolar westerly wind belt over decadal-centennial timescales (e.g.,

26



Koffman et al., 2014; Abram et al., 2014) and the deepening of the Amundsen Sea
Low (ASL) pressure system (Turner et al., 2013) observed over the past few decades
(Raphael et al., 2016). Cyclones and anticyclones drive both horizontal and vertical
transport of dust since these systems are characterised by specific wind flow patterns
(Li et al., 2010; Reijmer & Oerlemans, 2002). In the SH, cyclones describe a general
convergent, upward, and clockwise flow of air with strong pressure gradients and wind
speed (Wallace & Hobbs, 2006). While dust is potentially uplifted and transported
poleward through these systems, removal of particles in these systems through cloud
formation and precipitation also occurs due to the convective nature of cyclones
(Knippertz, 2014). The opposite flow patterns occur with SH anticyclones; airmasses
are descending in a counter clockwise and outward direction. Unlike cyclones,
anticyclonic activity is often associated with weak pressure gradients and slower wind
speeds (Wallace & Hobbs, 2006). The influence of cyclones and anticyclones on dust
transport is not generalisable due to the interplay of several factors, such as wind
strength and particle removal efficiency. Nonetheless, these systems contribute to

determining regional dust transport patterns (Li et al., 2010; Knippertz, 2014).

The PSD of dust particles undergo changes during transport. For long-range
transported dust, particles smaller than ~20 uym (typically <5 ym) are more relevant for
transport due to increased susceptibility to suspension (Marx et al., 2018; Bagnold,
1941; Struve et al., 2020). Without sufficient turbulence from strong winds, grains
larger than 20 ym usually settle back down quickly near source regions (Pye, 1987).
Transported dust experiences a reduction in size proceeding downwind with distance
from the source due to preferential deposition of coarser particles resulting from higher

mass and settling velocity (Stuut & Prins, 2014; Pye et al., 1995). Vertically, finer grains
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are more susceptible to uplift and thus progressively dominate the size mode in higher
atmospheric levels (Lambert et al., 2008; Delmonte et al., 2019). Dust PSD during
transport is therefore partly a product of size sorting through depositional processes
and susceptibility to wind flow rather than wind-induced size sorting during emission,

as suggested by Kok et al. (2011).

2.1.4 Dust Deposition

En route, dust is removed from the atmosphere by wet or dry deposition. The
former consists of in-cloud and below-cloud scavenging wherein particles are removed
from the atmosphere through water-related processes. In-cloud scavenging involves
the conversion or collision of particles into condensation/ice nuclei, which comprise
cloud mass (Kok et al., 2012). Conversion into condensation/ice nuclei occurs when
water vapor condenses (and potentially freezes) onto a dust particle once the air is
sufficiently saturated (Bergametti & Foret, 2014). Saturation is typically achieved
through the decrease in air temperature with altitude; particles that are lifted to higher
tropospheric levels are therefore more susceptible to in-cloud scavenging (Wallace &
Hobbs, 2006). Comparatively, below-cloud scavenging occurs through precipitation;
snow or rain droplets collide with suspended particles thereby removing them from the
atmosphere (Bergametti & Foret, 2014). Dry deposition occurs through gravitational
settling of particles with turbulent diffusion in the atmospheric boundary layer typically
within 1000-2000 meters above sea level (m.a.s.l.) (Kok et al., 2012; Bagnold et al.,
1941). These processes are dependent on particle size, wherein settling velocity is a

function of the diameter of a particle squared, following Stokes law. The overall lifetime
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of dust particles is dependent on the efficacy of these deposition regimes (Kok et al.,

2012).

Depositional processes are known to affect PSDs of atmospheric dust. In
general, wet deposition is thought to dominate aerosols smaller than ~ 5 ym, while dry
deposition dominates particles larger than this size (Kok et al., 2012; Lawrence et al.,
2010). Additionally, dry deposition is more pronounced for proximal transport
compared to distal transport due to a larger fraction of coarse particles emitted from
source regions. Comparatively, wet removal of dust particles is more prevalent further
downwind due to the higher proportion of finer particles (Bergametti & Foret, 2014).
However, the exact effect of these processes on PSDs remains equivocal and varies
regionally (Wegner et al., 2015; Stuut & Prins, 2014). Given the influence and
dependence of particle size on the dust lifecycle (i.e., entrainment, transport, and
deposition), PSDs can therefore be used to infer changes to dust transport and
potential source areas, which in turn can be indicative of changes in atmospheric
circulation (e.g., Koffman et al., 2014). However, it is difficult to make interpretations
about dust transport from PSDs alone since PSDs can also reflect changes from
source regions, and therefore multiple lines of evidence are required to interpret the

potential source areas (PSA) for ice core dust records.

2.2 Antarctic dust deposition

Over Antarctica, atmospheric dust is deposited and preserved in ice sheets

(Vallelonga & Svensson, 2014; Pye et al., 1995). Deposited dust particles are
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preserved through the densification of annual snow layers into firn and recrystallization
into ice (Fig. 2.3). Polar ice cores (especially in high elevation regions) therefore
archive long-range transported dust from major dust regions (Vallelonga & Svensson,
2014) in addition to locally sourced dust. Ice cores may provide sub-annual resolution
dust records, whereas in other natural archives (e.g., marine sediments, loess), such

high resolutions are typically not resolved.

Figure 2.3 Example of dust stored in a segment of an ice core drilled in Greenland. Photo taken by
Bradley Markle.

2.2.1 Temporal Dust Variability

Some of the largest dust variations have occurred over glacial-interglacial
timescales (Marx et al., 2018; Lamy et al., 2014; Lambert et al., 2008). Antarctic ice
cores have shown as much as ~20 times increased dust content during glacial periods
relative to interglacials (Fig. 2.4; Lambert et al., 2008; Petit et al., 1999). It is thought
that colder and drier glacial periods are typified by stronger winds and a less active
hydrological cycle compared to warmer and wetter interglacials. Increased surface

wind speeds, coupled with lower soil moisture content and sparse vegetation cover,
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results in a more conducive overall environment for dust generation during glacials.
The opposite is true for interglacials, wherein weaker winds and wetter conditions
inhibit dust entrainment (Bullard et al., 2016). It has been proposed that the dramatic
increase in dust during glacial periods leads to increased biological productivity in the
Southern Ocean and consequent reduction in atmospheric CO, through drawdown
into the ocean (Martin, 1990). Conversely, lower atmospheric dust loading during the
interglacials weakens CO, uptake into the ocean due to reduced phytoplankton carbon
production. This relationship between dust and atmospheric CO, concentrations is
thought to help drive climate shifts on glacial-interglacial timescales (Lamy et al., 2014;
Shaffer & Lambert, 2018). However, dust-climate coupling is thought to be stronger
during glacial periods versus interglacials. As much as 90 % of dust variability can be
explained by temperature variations during glacial periods, whereas there is
significantly less correlation between dust and temperature during interglacial periods
(Fig. 2.4; Lambert et al., 2008). Dust variability during warm interglacials, including the
Holocene, could represent a different set of drivers and mechanisms influencing dust
processes (e.g., Koffman et al., 2014). This study aims to address this mismatch
between dust-climate variability on glacial-interglacial versus interannual-millennial

timescales.
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Figure 2.4 Correlation between dust and temperature from the European Project for Ice Coring in
Antarctica (EPICA) Dome C ice core. Linear plot of dust flux (black) and the coefficient of
determination r° (blue) between the high-pass filtered values (18-kyr cut-off) of both the dDeuterium
and the logarithmic values of dust flux. The correlation was determined using 2-kyr mean values in
both records and a gliding 22-kyr window. Correlations above ¥ =0.27 (dashed line) are significant at
a 95 % confidence level. Numbers indicate the marine isotopic glacial stages. From Lambert et al.
(2008).

While there is a clear overall pattern for dust concentrations over glacial-
interglacial cycles, less is known about changes in PSDs over these timescales. Ice
cores from the European Project for Ice Coring in Antarctica (EPICA) DML, Dome C,
and Komsomolskaya sites show an increase in particle size during the warmer
interglacials compared to glacial periods (Wegner et al., 2015; Delmonte et al., 2004),
while other sites, such as Dome B on the East Antarctic Plateau, show larger particles
deposited during glacial periods (Delmonte et al., 2004). The differences in glacial-
interglacial particle size patterns are likely due to different transport pathways and
PSAs for different ice core site (e.g., Laluraj et al., 2020; Koffman et al., 2014). Hence,
it is important to understand site-specific relationships between particle size and
climate to able to make any connections between these two variables. The EPICA

DML (EDML) ice core was drilled approximately ~1 km from the ISOL-ICE site, thereby

making it the closest ice core dust record to the ISOL-ICE site. The particle size mode
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for the EDML core was ~2.0 ym during the last glacial period, rising to ~2.2 ym in the

Holocene (Wegner et al., 2015).

Over centennial timescales, significant dust deposition variability has also been
observed in Antarctica. The EPICA Dome C ice core in the East Antarctic Plateau
records rapid decreases in dust flux coinciding with abrupt warming events that occur
~2-3 times every 10 kyr throughout the last 800 kyr (Lambert et al., 2012). The WAIS
dust record shows notable increases in dust particle size between ~1050-1400 CE
and over the last 50 years, while relatively smaller particle sizes are detected from
1430 CE to the mid-late 20™ century (Koffman et al., 2014). For both Dome C and
WAIS cores, latitudinal shifts to the SH circumpolar westerly winds have been
suggested as the cause of the observed dust variability (Lambert et al., 2012; Koffman

etal.,, 2014).

The seasonality of dust deposition in Antarctica varies from site to site. For
instance, a winter/spring maximum in dust deposition is observed for the JRI
(McConnell et al., 2007) and EDML (Wegner et al., 2015) core, while snow-pits from
Berkner Island in the Weddell Sea region show a maximum in summer (Bory et al.,
2010). Thus, there is no Antarctic-wide seasonality in dust deposition, and the
differences in seasonality for each site is likely tied to different combinations of PSAs

and regional dust transport patterns.
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2.2.2 Key climate periods and anthropogenic events in the last millennium

Since the main ice core record used in this study spans the last millennium,
important climatic/anthropogenic periods and events that may be related to dust
deposition at the ISOL-ICE site are discussed in this section. The Medieval Warm
Period (MWP; Lamb, 1965), also known as the Medieval Climate Anomaly (Grove
& Switsur, 1994) is generally agreed to have occurred between 800-1300 CE
(e.g., Luning et al., 2019; Crowley & Lowery, 2000; Mann et al., 2009). Temperatures
during this interval, primarily in the Northern Hemisphere, are relatively higher than in
adjacent time periods and are thought to have been caused by changes in volcanic
and solar activity (Masson-Delmotte et al., 2013). After the MWP, the Little Ice Age
(LIA; Grove, 2004; Mann et al., 2009) describes a period of relatively colder
temperatures occurring between 1450-1850 CE discovered through evidence of
glacial advances in the Northern Hemisphere. Similar to the MWP, the LIA is also
thought to have resulted from variations in volcanic and solar activity (Masson-
Delmotte et al., 2013). Though it is debated whether the MWP and LIA are global or
Northern Hemisphere signals in scope, there is evidence to suggest that the both
patterns are observed as far south as Antarctica (e.g., Luning et al., 2019, Simms et
al., 2021). The Industrial Revolution began around ~1750 CE onwards. Rapid
industrialization (especially in the Northern Hemisphere) instigated the steady

increase in carbon dioxide and global-mean temperature.
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Globally, a doubling of dust concentrations since the Industrial Revolution has
been observed in numerous natural archives and instrumental records. The timing of
such global increase in dust concentrations suggests an anthropogenic cause, such
as widespread land conversion (Hooper & Marx, 2018). Over the last century, dust
bowls occurred both in North America (Schubert et al., 2004), and in the Argentinean
Pampas region in South America (Bernardos et al., 2001; Viglizzo & Frank, 2006). In
South America, mass agricultural land conversion and overgrazing of livestock are
thought to have led to the degradation and desertification of natural areas most
pronounced in the 1930s and 1940s. This rapid land use change was accompanied
by anomalously dry and windy conditions resulting in increased dust emissions in

southern South America (SSA) during this period (Viglizzo & Frank, 2006).

While land use change is implicated as the cause of the increase in dust since
the Industrial Revolution (Hooper & Marx, 2018; McConnell et al., 2007), its
contribution to the dust increase is difficult to quantify due to limited land cover
datasets, varied anthropogenic land use activities, and significant influence of external
factors (such as climate). Furthermore, disentangling the two-way interactions
between land surface and atmospheric processes remains challenging. For instance,
precipitation and humidity directly affect soil moisture content (Marx et al., 2018;
Marticorena, 2014), while conversely, evaporation of soil moisture contributes to air

saturation and consequent precipitation (Hartmann, 2016).
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2.3 Study area information

2.3.1 Site Characteristics

The primary ice core investigated in this study was drilled near Kohnen Station
(74°60'S, 0°6'E), DML, Antarctica, as part of the National Environment Research
Council (NERC) funded project “Isotopic Constraints on Past Ozone Layer in Polar
Ilce” (ISOL-ICE). Kohnen Station is a summer-only research station where the deep
(~2800 m) EPICA DML ice core was recovered (Oerter et al., 2009). The station is a
high elevation inland (rather than coastal) site approximately 550 km from ice shelf
edge with an elevation of 2,892 m.a.s.I (Fig. 1.2). To prevent downwind contamination
from Kohnen Station buildings, the location of the drilling site is in the clean-air sector
of Kohnen Station located ~1 km from the station. Kohnen Station is ideal for studying
long-range transport of dust from sub-Antarctic regions as there is likely less
contribution from local Antarctic dust sources due to the site’s inland position and high

elevation.

2.3.2 Local meteorology

Local meteorology at the ISOL-ICE site is described by certain features.
Temperature at the site ranges from -9°C to -74°C, with an annual average of -41°C
and a mean summer temperature of -28°C as measured by the University of Utrecht

Automatic Weather Station 9 (DML05/Kohnen) since 1997 (https://www.projects.sci

ence.uu.nl/iceclimate/aws/files oper/oper 20632) The surface wind direction is
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predominantly northeasterly across all seasons (Fig. 2.5), suggesting air mass
intrusions coming from the South Atlantic. The mean snow accumulation rate at the
site measured between 1259-1997 CE is relatively low (~6 cm yr' water equivalent;
Oerter et al., 2000) compared to coastal sites, which exhibit annual mean
accumulation rates of ~10 to 100 cm yr"' water equivalent over the satellite era
(Thomas et al., 2017). Additionally, ~80 % of the precipitation is sourced from frontal
cloud systems (Reijmer & Oerlemans, 2002), with majority of precipitation falling in a

small number of heavy precipitation events (Turner et al., 2019b).
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Figure 2.5 Seasonal wind rose at Kohnen Station (74°60'S, 0°6'E) from hourly automatic weather
station data from 29/12/1997 18:00 UTC to 19/03/2017 08:00 UTC. From Winton et al. (2020).

Local northeasterly winds at the site are associated with katabatic flows from
the Antarctic interior. Katabatic winds are downslope flows that occur as a result of
temperature and pressure gradients across an inclined surface, in this case from the
plateau to coastal regions (Parish & Bromwich, 2007; Broeke & Lipzig, 2003b).
Katabatic flow is persistent throughout the year but is most pronounced during winter

when meridional temperature and pressure gradients are strongest (Broeke & Leipzig,
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2003b). The katabatic flows from the plateau exert downward momentum on air
masses entering the north Atlantic sector of Antarctica. Consequently, long-range
transported dust in the mid-high troposphere is entrained downwards towards the

surface (Laluraj et al., 2014).

The climate in the DML region is largely influenced by cyclones tracking
eastward along the coast. Cyclonic activity originates from the Southern Ocean, and
the effect of these cyclones is more pronounced in coastal Antarctic regions compared
to inland areas (Reijmer & Oerlemans, 2002). Lower troposphere convergent
(divergent) flow in cyclones (anticyclones) contain an upward (downward) component
thereby transporting dust particles to upper (lower) tropospheric levels (Wallace &
Hobbs, 2006; Li et al., 2010). These synoptic-scale (~1,000 km) eddy circulations
result from pressure anomalies in the greater region spanning the middle-to-high
latitude South Pacific, Antarctic Peninsula, southern South America, and DML (e.g.,

Rondanelli et al., 2019; Ding et al., 2012).

2.3.3 Potential dust source areas to the DML region

In terms of remote PSA, the SSA region is currently the dominant dust emitter
in the SH high latitudes (Delmonte et al., 2019; Gasso6 & Torres, 2019; Bullard et al.,
2016; Vallelonga, 2014). The SSA dust emissions are estimated to be 54-79 Tg year
' while Australia emits 47-63 Tg year' (Ginoux et al., 2012). The SSA region,
specifically Patagonia, covers ~900,000 km? of territory featuring high topographical

ranges, semi-arid scrub-grasslands, and desert regions from 39-55°S (Bullard et al.,
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2016; Gasso & Torres, 2019). The western section is dominated by the Andean
cordilleras and dissected plateaus punctuated by glaciers and glacial landforms.
Glacial grinding produces a significant amount of fine sediment that is transported
downstream to floodplains via fluvial systems (Bullard et al., 2016; Marx et al.,2018;
Pye, 1987). The ongoing retreat of glaciers is expected to expose more land surface
area to wind erosion and thus increase dust entrainment in the region. Moreover, the
presence of ice masses in these high elevation areas instigate strong katabatic winds
that together with sparse vegetation, provide a conducive environment for dust storms
in the eastern plains (Bullard et al., 2016; Marx et al.,2018). In terms of climate, the
regional atmospheric circulation is dominated by strong and persistent westerly winds
and cold frontal systems that uplift dust sediments (Vallelonga, 2014). These
prevailing wind conditions create a strong east-west gradient in precipitation wherein
annual values range from ~4000 to 7000 mm in the western side and only ~200 mm
in the east. This rain shadow effect maintains the semi-arid scrub/grasslands and arid
desert regions in eastern Patagonia (Bullard et al., 2016). Combined, the terrain and
climatic conditions in the region underpin the high frequency (as much as 30 yr') of

dust storms occurring in Patagonia (Gasso & Torres, 2019; Bullard et al., 2019).

Some dust activity hotspots include Tierra del Fuego (53.8°S 67.8°W; Gasso et
al., 2010), the San Julia’'s Great Depression (49.5°S 68.5°W; Li et al., 2010), and
Colihue Huapi lake (46.56°S 70.74°W; Gasso et al., 2010; Gasso & Torres, 2019).
These regions are all associated with scattered dry lakes (Gasso et al., 2010; Gasso
& Torres, 2019; Li et al., 2010). In the Colihue Huapi lake region, changes to the lake
area show a strong correlation (R=0.69) with reported dust events in downwind

regions. Over the past 50 years, surface and satellite observations have shown a
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positive trend in dust activity (Gasso & Torres, 2019). While this is an isolated case
study, the same scenario could be occurring in other Patagonian regions due to the
abundance of dry lakes. The increase in dust emissions is likely due to the combined
effect of lake desiccation, associated with climatic conditions (Gasso6 et al., 2010;
Gasso & Torres, 2019; Li et al., 2010), and anthropogenic land activities, such as
mining, grazing pressure, agricultural conversion, and infrastructural development
(Marx & Hooper et al., 2018; McConnell et al., 2007). The relative contribution of each
factor remains difficult to quantify but is essential for determining future trends in
regional dust variability. Observational and modelling studies show that dust transport
from SSA can take 4-5 days and 7-10 days to reach West Antarctica and East
Antarctica, respectively, (Neff & Bertler 2015; Gasso et al., 2010), with increased
transport efficacy in higher tropospheric levels due to stronger wind speeds (Shao,

2014).

Geochemical fingerprinting of dust in East Antarctica overwhelmingly point to a
SSA origin, especially during the recent glacial period (Wegner et al., 2012; Delmonte
et al., 2019, 2017; Gili et al., 2017; Bory et al., 2010). This technique involves the use
of radiogenic isotopes (Nd, Sr, and Pb), elemental ratios, and rare earth elements in
deposited dust to identify source regions; ice core dust geochemistry is compared to
source-specific bedrock lithology. An example of geochemical signatures pointing to
an SSA source for dust deposited in DML is shown in Fig. 2.6. While provenance
studies suggest a dominantly SSA dust source for East Antarctica, there is significant
overlap in the geochemical footprint of PSAs as exemplified in Fig. 2.6, leading to
uncertainties in the interpretation of geochemical signatures (Vallelonga, 2014; Marx

et al., 2018; Struve et al., 2020). Hence, multiple lines of evidence are required for
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determining PSAs, and additional methods, such as particle dispersion modeling and
particle size observations in ice cores, can complement the results of fingerprinting

studies.
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Figure 2.6 Example of geochemical fingerprinting data from Wegner et al. (2012). Histogram of the
correlation coefficient R between the rare earth element pattern of each sample from the EDML core
between 26,500 and 15,200 years BP (before present) and the mean rare earth element pattern of
each PSA (red: exposed areas in Antarctica, green: South America, blue: south eastern Australia,
black: southern Africa, light blue: New Zealand). Each ice sample from the glacial stage was
correlated with the mean value from each PSA. From Wegner et al. (2012).

Findings from air-parcel trajectory modeling over the satellite era provide further
evidence for a SSA provenance for East Antarctic dust for the present day, particularly
in DML. Forward trajectories initiated in SSA reach coastal DML regions in
approximately 7-10 days and exhibit persistent southward and eastward pathways
mostly confined within the boundary layer typically within 1000-2000 m.a.s.l. (Neff &
Bertler, 2015; Gasso et al., 2010; Li et al., 2010; Laluraj et al., 2020). Transport from
SSA to the interior East Antarctic plateau is less frequent compared to other Antarctic
regions due to the high topography. Despite a mean trajectory towards Antarctica, only

about 8-20 % of SSA trajectories reach the continent, with an even smaller fraction (<
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1 %; Fig. 2.7) arriving at the East Antarctic plateau (Neff & Bertler, 2015; Li et al.,
2010). Compared to SSA, Australia-sourced trajectories dominate in Wilkes and
Victoria Land due to proximity to the Australian continent and mostly travel in the free

troposphere (Neff & Bertler, 2015).
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Figure 2.7 Air-parcel trajectory modelling from SSA to DML. Percent of 1979-2013 daily forward
trajectories passing over EDML/ISOL-ICE site. From Neff & Bertler (2015).

Case studies of modern dust activity confirm dust particles reaching Antarctica
from SSA (Li et al., 2010; Gasso et al., 2010). In late February 2005, a week-long
series of dust plumes was tracked from Patagonia to Antarctica (Fig. 2.8). Satellite
observations and model simulation consistently showed that most of the particles
travelled within the atmospheric boundary layer reaching at least 1700 km
east/southeast of the source region. Surface measurements of aerosol-induced
radiation absorption at Neumayer Station, coastal DML, detected a corresponding
increase during the same period (Gasso et al., 2010). Similarly, in June 2006, a dust
plume was observed initially traveling east from Patagonia. The dust event was
triggered by a low-pressure system over Drake Passage that intensified surface winds
over SSA. The increased wind speeds produced dust emissions greater than 200 tons,

and the resulting plume was entrained into the cyclonic circulation allowing dust
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transport towards the coast of East Antarctica. Following this event, modeled surface
dust concentrations at coastal DML regions were simulated to be ~1 ug m™ compared
to less than 0.1 ug m™ prior to dust transport (Li et al., 2010). These dust events
exemplify how dust emission and transport from SSA are usually episodic in nature

rather than a continuous and sustained phenomenon.

Figure 2.8 Dust Event in the Tierra del Fuego Island, Argentina (~53° S) detected by Aqua satellite
on 26 February 2005. The largest plume is in the Gulf of San Sebastian and several minor plumes
(some are not resolved in this image but they are visible by zooming in the full 250 m image) are
located between San Sebastian and the city of Rio Grande, 100 km south. From Gasso et al. (2010).

Additionally, local Antarctic dust sources also contribute to dust deposition in
Antarctic ice cores. The majority of the DML region is ice-covered but a few areas
with exposed rock areas are present mostly running parallel to the coastline (Fig. 1.2).
These regions comprise the sparse areas of ice-free landscapes, serving as potential
local sources of dust to the DML region. Some examples of these nunataks include
the Heimefrontfjella, Vestfjella, Basen, Plogen, and Fossilryggen (Delmonte et al.,

2019). Dust emissions from these nearby ice-free regions are not expected to be as
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abundant as in sub-Antarctic land areas since most of DML is ice-covered.
Furthermore, the high altitude (> 2500 m.a.s.l.) of the East Antarctic plateau makes it
difficult for local coarser dust (e.g., from warmer coastal Antarctic regions) to be
transported to these areas due to the significant amount of uplift required (Koffman &
Kreutz, 2014; Marx et al., 2018). However, the proximity of these ice-free regions to
the ISOL-ICE site means that contribution from these local sources cannot be

excluded, though the exact contribution is not well-known (Delmonte et al., 2019).

2.4 SH Hemispheric Scale Climate Variability

Local and regional atmospheric circulation patterns affecting dust transport to
the ISOL-ICE site occur within the background variability of hemispheric-scale
circulation/climate patterns. Hence, the next discussion gives an overview of the main
modes of climate variability that are possibly associated with regional circulation
patterns and consequent dust transport over the general region encompassing SSA,

the South Atlantic, and DML.

Climate variability in the SH extratropics is dominated by fluctuations in the
circumpolar westerly winds. Periodically, these westerly winds exhibit a repeating bi-
modal pattern known as the Southern Annular Mode (SAM), describing an alternating
poleward contraction (positive phase) and equatorward expansion (negative phase)
of the westerly wind belt on weekly to monthly timescales (Rogers & van Loon, 1982;
Thompson & Wallace, 2000). Alternatively, the SAM is defined as the leading mode in

the Empirical Orthogonal Function (EOF) analysis of lower troposphere geopotential
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heights, explaining ~20-30 % of month-to-month circulation variability in the SH
extratropics. Each SAM polarity is associated with atmospheric pressure and zonal
wind anomalies between around 40° and 65°S (Thompson & Wallace, 2000). During
positive SAM, pressure decreases in the Antarctic region while increases in the SH
mid-latitudes (Fig. 2.9). Consequently, this produces a stronger north-south pressure
gradient and westerly wind tends to strengthen in the higher latitudes and weaken in
the mid-latitudes. The opposite set of patterns is observed during negative SAM.
Furthermore, synoptic storm activity follows the westerly wind belt, enhancing

convection within the latitudinal band of influence (Fogt & Marshall, 2020).

Figure 2.9 Regression on the SAM index of modelled surface wind vectors (1 m s™' reference vector
shown), superimposed on the corresponding SAM sea level pressure signal. The color bar indicates
the sea level pressure signal in hPa. The regression values indicate the response of the variables to a
1 standard deviation positive SAM anomaly. From Gupta & England (2006).
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The bimodal behaviour associated with SAM has been quantified through
several indices. Some of the main metrics include the principal component analysis of
geopotential heights (Z700 south of 20°S) from reanalysis products (Thompson &
Wallace, 2000), the difference in mean sea level pressure (SLP) from station data
between 40°S and 65°S (Marshall, 2003), and zonal mean pressure difference
between two nodes (40 and 65°S) derived from gridded datasets (Gong & Wang,
1999). In general, station-based indices have the advantage of avoiding issues related
to spurious changes in the quality of reanalysis products before and after the
assimilation of satellite sounder data in 1979. However, gridded datasets have a larger
spatial coverage and more uniformly distributed data points compared to weather

stations (Fogt & Marshall, 2020).

Aside from the latitudinal shift in the circumpolar westerlies, variations in SAM
also influence katabatic winds over Antarctica. Strengthening of the circumpolar
westerlies and weakening of polar easterlies occurs during the positive phase of the
SAM. Katabatic flow and associated downward air mass mixing are also reduced with
lower than normal pressure over the Antarctic interior and higher than normal pressure
over the Southern Ocean, thereby reducing the interior-to-coast pressure gradient
(Broeke & Leipzig, 2003a). While reduced downward mixing suggests less deposited
dust, stronger westerly winds are more conducive for dust transport. The competing
effects of these two patterns on dust transport warrants further investigation. The

opposite set of patterns ensues from negative SAM conditions.
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Since approximately the 1970s, the SAM has been trending towards a more
positive state during the austral summer. This upward trend has been primarily
attributed to an enhanced meridional temperature gradient associated with
stratospheric ozone loss and greenhouse gas (GHG) increases (Arablaster et al.,
2011; Simpkins & Karpechko, 2012). Since ozone is a key absorber of ultraviolet solar
radiation in the stratosphere (Wallace & Hobbs, 2006), ozone depletion induces
cooling in the upper atmosphere through a decrease in absorbed shortwave and
emitted longwave radiation pronounced during austral spring (Thompson & Solomon,
2002). This thermal anomaly propagates downward into the troposphere most actively
in late spring/early summer as the polar vortex breaks down, making conditions
conducive for coupling between the stratosphere and troposphere. Therefore, the
tropospheric response is most evident during summer (Thompson & Solomon, 2002;
Gillet & Thompson, 2003). For GHG warming, temperatures increase in the tropics
while relatively minimal large-scale change occurs in the SH high latitudes. This
uneven warming pattern steepens the meridional temperature gradient and induces a
positive SAM trend (Abram et al., 2014; Bracegirdle et al., 2020). Within the last two
decades, ozone recovery has started counteracting the effect of GHG warming,
thereby reducing the rate of the positive SAM trend during the summer (Solomon et

al., 2016).

In addition to SAM, the EI Nifio- Southern Oscillation (ENSO) (Yuan et al. 2018,
Ding et al., 2012) and the Pacific Decadal Oscillation (PDO) (Mantua et al., 1997;
Henley, 2017) are also important climate patterns affecting circulation patterns over
SSA, South Atlantic, and DML. From a qualitative perspective, ENSO and the PDO

have a similar signature in the tropical Pacific expressed as anomalous sea surface
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temperatures and troposphere atmospheric pressure in the western and eastern
regions of the basin (Wills et al., 2018; Henley, 2017). During neutral conditions, the
eastern equatorial Pacific has cooler waters and higher atmospheric pressure
compared to the western Pacific (Fig. 2.10). In contrast, the western equatorial Pacific
is considered a warm pool with relatively lower atmospheric pressure. During an El
Nifio or positive PDO phase, this configuration is reversed, while during a La Nifa or
negative PDO phase, it is enhanced (Yang et al., 2018; Collins et al., 2010). Though
similar, ENSO and PDO operate on different timescales, the former being ~2-7 years
and the latter 20-30 years (Wang et al., 2017; Newman et al., 2016). This multi-decadal
periodicity of the PDO is related to storage of thermal anomalies in deep ocean layers
especially in the north Pacific. PDO is also thought to represent multiple basin-wide

processes, with ENSO being a key contributor to its variability (Newman et al., 2016).

(a) La Nina conditions (b) Normal conditions (c) El Nino conditions
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Figure 2.10 Atmospheric and oceanic conditions during a) La Nifia, b) Normal state, and c) El Nifio.
Colors on the surface indicate SST from warm (red) to cold (blue). The black arrows indicate the
convective circulation associated with each phase, while the white arrows denote the surface ocean
current. Changes to the thermocline (delineating warm surface ocean layer and cold deep ocean layer)
are shown in the bottom of each plot. From Hartmann (2016).

Because of its strong association with SSTs and surface pressure, ENSO is
typically measured by spatially-averaged SST anomalies called Nifio indices and sea
level pressure differences in the western versus eastern tropical Pacific. The multiple

SST-based Nifio indices (e.g., 1+2, 3, 3.4, 4) span different segments of the equatorial
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Pacific, collectively covering nearly the entire tropical Pacific (Wang et al., 2017). Sea
level pressure patterns in the western and eastern equatorial Pacific are captured by
the Southern Oscillation Index (SOI; National Oceanic and Atmospheric
Administration Climate Prediction Center), measuring the observed pressure
difference in Darwin, Australia versus Tahiti. Alternative ENSO metrics include
outgoing longwave radiation (Hartmann, 2016), zonal winds, and 20°C ocean isotherm

(Wang et al., 2017).

In terms of metrics, the PDO was first described as the leading principal
component of SSTs in the North Pacific poleward of 20°N (Mantua et al., 1997).
Subsequent versions of this index mostly involve additional low pass filtering
techniques, such as over 6 (Zhang et al., 1997) and 13 (Power et al., 1999) year
periods. Principal component PDO indices are thus the most widely used, but other
metrics exist. For instance, a more recent index, termed the Interdecadal Pacific
Oscillation, utilises a box-based linear sum method to produce the linear sum of
deseasonalised mean SST anomaly over three separate regions encompassing the
tropical Pacific and South Pacific in addition to the more traditional North Pacific region

(Henley et al., 2015).

Despite being located in the SH extratropics, both the circumpolar westerlies
and the SAM are also influenced by tropical variability primarily related to the ENSO
and PDO. During ENSO phases, anomalous atmospheric and oceanic patterns result
in the displacement of tropical convection that triggers atmospheric Rossby waves

(Wang et al., 2017; Yang et al., 2018). Known as the Pacific South American pattern
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in the SH (Mo & Higgins, 1998), these wave trains of alternating low- and high-
pressure systems typically follow a great circle path from the north-eastern region of
Australia to the southern tip of South America (Fig. 2.11). In the process, the
anomalous pressure systems perturb the circumpolar westerly winds and influence
SAM behaviour (Ding et al., 2012; Yuan et al., 2018; Clem et al., 2020). In particular,
La Nina (El Nifio) phases favour positive (negative) SAM (L'Heureux & Thompson,
2006; Fogt et al., 2011). Moreover, the pressure systems are associated with cyclonic
and anticyclonic activity that alter regional wind flow patterns along the Rossby wave
path. Consequently, atmospheric rivers and anomalous precipitation patterns may
ensue, as exemplified by the unusual heavy rainfall event in the Chilean Atacama
Desert in March 2015 triggered by anomalous tropical convection (Rondanelli et al.,
2019). For PDO phases, the same set of relationships hold since positive (negative)
PDO phases tend to coincide with more pronounced El Nifio (La Nifia) conditions

(Verdon & Franks, 2006).
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Figure 2.11 The Pacific South American pattern as identified through the leading empirical orthogonal
function of the monthly 500-hPa zonal streamfunction anomaly from the ERA-Interim reanalysis over
the period 1979-2014. The green lines indicate the search region of interest (the “Pacific South
American sector”) and the data are presented as the correlation of the corresponding principal
component with the original field. From Irving & Simmonds (2016).
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The impact of ENSO over the greater SSA, Antarctic Peninsula, and DML
region is captured by a mode of regional climate variability known as the Antarctic
Dipole (AD). The AD describes the dominant interannual variability in sea ice extent
and surface air temperature over the eastern Pacific and Atlantic sectors of Antarctica.
It is strongly associated with pressure and circulation systems in the SSA, Antarctic
Peninsula, and DML region. Empirical Orthogonal Function (EOF) analysis reveals
primary and secondary leading modes expressed as a stationary wave and an
eastward propagating wave, respectively, largely contained within the mentioned
Antarctic sectors (Yuan & Martinson 2001). The pole/circulation centres are located in
the western Amundsen Sea and the central Weddell Gyre, maintained by mean
meridional heat flux from the Ferrel Cell and anomalous regional circulation associated
with paired high- and low-pressure systems (Yuan & Martinson 2001; Yuan, 2004).
The proximity of eddy activity to dust source areas in SSA, therefore suggests a strong
association between poleward dust transport and the AD. Tropical forcing modulates
AD variability through stationary atmospheric Rossby wave trains (Yuan & Martinson
2001; Yuan, 2004). Specifically, these Rossby waves produce anticyclonic circulation
over the Pacific pole of the AD during an El Nifio event, resulting in increased poleward
wind flow in the southeast Pacific and weaker poleward flow in the south Atlantic
(Fig. 2.12). These changes to mean meridional flow are associated with the
modulation of the strength of the Ferrel Cell. Furthermore, the high-pressure system
over the southeast Pacific is accompanied by a reduction in cyclonic activity, while
more cyclones develop over the South Atlantic. The opposite pattern occurs during La
Nifia conditions (Yuan, 2004). The effect of this tropical teleconnection on dust
transport could be twofold. Firstly, poleward dust flux increases (decreases) with

stronger (weaker) poleward wind flow. Second, wet deposition could also be enhanced
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(diminished) due to more (less) moisture and precipitation directed toward the

continent. The relative influence of these two factors will determine the overall effect

on dust transport.
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Figure 2.12 SST anomalies (°C) showing interaction between ENSO and the Antarctic Dipole
during (a) El Nifio conditions, and (b) La Nifia conditions. Schematic jet stream (STJ; subtropical jet,
and PFJ; polar front jet), persistent anomalous high and low pressure centres, and anomalous heat
fluxes due to mean meridional circulations are marked in corresponding SST composites. From Yuan

(2004).
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The PDO has been linked to variability in cyclonic activity over the Drake
Passage. The recent negative PDO phase between 1999-2014 coincides with
increased cyclonic activity over the Drake Passage, especially over austral summer
(Turner et al., 2016). This association is further explained in Clem et al. (2019),
wherein the negative PDO phase induces anomalous sea surface temperature
warming over the tropical western Pacific thereby inducing Rossby wave trains that
enhance cyclonic activity over Drake Passage. Increased cyclonic activity in this
region possibly affects long-range transport of dust from SSA to DML due to its

proximity to SSA dust sources.

2.5 Dust deposition in the Atlantic sector of Antarctica over the last century

and suggested causes

Increased dust deposition has been observed in several Antarctic ice cores in
the Atlantic sector over the past century (Fig 1.1). The IND-25/B5 core in coastal DML
shows three stepwise increases during 1905-1929, 1930-1979, and 1980-2005 with
average dust fluxes of 0.83, 4.7, and 12.88 mg m™ year™", respectively (Laluraj et al.,
2020). The increase in dust deposition is attributed to enhanced aridity in SSA that is
related to the in-phase relationship of ENSO and PDO. Additionally, the shift to a more
positive SAM since the 1980s has likely resulted in stronger wind speeds and more
favourable wind flow direction for long-range transport of dust from SSA to coastal
DML. In the Antarctic Peninsula, the JRI core reveals doubling of dust influx over the
last century, increasing from 12 mg m~2 year'1 between 1832-1900 CE to 27 mg

m~2 year ' between 1960-1991 (McConnell et al., 2007). This increase is thought to
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have been caused by increased desertification in SSA due to land-use changes and
global warming. At the WAIS Divide, dust flux has been shown to increase from
background levels of 4 mg m™ year™' to 10-25 mg m™ year ' between 1850-2002
(Koffman et al., 2014). It is suggested that this change is due to latitudinal shifts in the
circumpolar westerlies that affect long-range dust transport particularly from SSA.
While these dust records are consistent in showing an overall increase in Antarctic
dust deposition over the last century, there is significant variability between the dust
trends in these ice cores within the last century. This suggests that the dust deposition
at each site is caused by different site-specific factors, such as varying regional

circulation patterns.
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3. DATA AND METHODS

The methodology employed in this study is divided into three parts: 1) ice core
dust record analysis, 2) dust dispersion modeling, and 3) dust-climate relationships.
The first section investigates the temporal variability of millennial scale Antarctic dust
deposition records from ice cores focusing on the last century. The second section
models dust transport to DML in order to investigate the key dust transport pathways
and potential source areas to DML. Lastly, to understand dust-climate relationships
over the satellite era, reanalysis data (1979-2017) is used for correlation analysis
between dust particle size at the ISOL-ICE site and large-scale atmospheric

circulation/climate patterns. Each of these parts are discussed in detail in this chapter.

3.1 Ice Core Data

3.1.1 ISOL-ICE ice core

3.1.1.1 Ice core drilling and dust measurements

The primary dataset used in this study is taken from the new ice core drilled
under the National Environment Research Council (NERC) funded project “Isotopic
Constraints on Past Ozone Layer in Polar Ice” (ISOL-ICE). The ice core drilling,
laboratory processing, dating, and data production were done by Winton et al. (2019).
While this thesis focuses on the analysis of the dust dataset as described in section
3.1.1.3 to 3.1.3, the ice core retrieval and lab processing methodology employed by

Winton et al. (2019) is described next.
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Ice core drilling occurred in January 2017 using a shallow electro-mechanical
drill to retrieve a 120 m deep and 105 mm diameter ice core. The site is located ~1 km
from the European Program for Ice Coring in Antarctica (EPICA) Dronning Maud Land
(EDML) deep ice core drilling location. The ice core was bagged into 80 cm long
sections and shipped frozen to the British Antarctic Survey (BAS) in Cambridge,
United Kingdom. At the BAS ice core facility, a bandsaw was then used to cut a 32 x
32 cm stick (Fig. 3.1) for Continuous Flow Analysis (CFA) including dust concentration
and particle size analysis by Laser Particle Detection (LPD); both methods are briefly

discussed next.
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Figure 3.1 Cross section of the ISOL-ICE ice core cut plan. Not to scale. From data repository by Winton
et al. (2019).

The stick was melted using the CFA system at BAS, consisting of a melting
unit, a flow system for gas and water, and several sets of instrumentation for different

analyses (Grieman et al., 2022). The melting unit is comprised of gold-plated copper
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melt head with 2 rings separating the inner and outer layers of the melted core, and to
avoid sample contamination, only the inner section of the core was utilised for dust
analysis. Melted liquid from one end of the ice core is channelled through a flow pipe

system allowing for continuous high-resolution sampling of the core.

Insoluble particles were then measured through LPD (Abakus, Fa. Klotz, Bad
Liebenzell, Germany). LPD utilises the attenuation of transmitted light to make high
spatial resolution measurements of particles flowing continuously through a liquid (Fig.
3.2; Ruth et al., 2002; Wegner et al., 2015). Shadowing and scattering of light from the
passage of a particle results in a negative peak in the beam signal (Ruth et al., 2002).
The peaks are counted to give the particle number concentration, and the magnitude
of attenuation is indicative of the size of the particle, therefore allowing for sorting of
particles according to size (Ruth et al., 2003). For the ISOL-ICE core, the LPD system
was configured to measure insoluble particles between 0.9 and 50 ym in diameter in
32 size bins. The measured volume concentration was converted into mass

concentration assuming a spherical particle density of 2.5 g cm™.
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Figure 3.2 LPD schematic. From Ruth et al. (2002).
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Sodium concentrations in the core were measured using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS; 7700 series, Agilent). The ICP-MS method
utilises high-temperature plasma to atomise and ionise acid-digested/leached
samples. The generated ions are then separated by a mass-analyser according to
mass-charge ratio and subsequently measured using a detector (Barbante et al.,
1997; Wilschefski & Baxter, 2019). The measured sodium concentrations underwent
quality control through a certified reference material (ERM-CA408 simulated rainwater

standard; Sigma-Aldrich) yielding an accuracy of 94 % and precision of 10 %.

3.1.1.2 Ice core dating

The ice core was dated by counting annual layers based on sodium
concentrations as described in Winton et al. (2019). Briefly, multi-year aerosol
observations from Kohnen Station show a narrow seasonal minimum in sodium
concentrations in austral summer and a broad peak in late winter/spring. The observed
seasonal pattern of sodium is related to variability in emitted sea salt aerosols that are
influenced by seasonal sea ice formation (Weller & Wagenbach, 2007). Where
possible, annual markers were positioned where the seasonal sodium minimum
coincides with 8D (deuterium) maximum in summer (Winton et al., unreleased data).
Otherwise, markers were based solely on sodium minima. Additionally, known
volcanic eruptions were used as tie-points to further constrain the age-depth model
(Cole-Dai & Mosley-Thompson, 1999; Zielinski et al., 1994; Langway et al., 1995;
Traufetter et al., 2004). Snow accumulation rates were derived from the density and
annual layer thickness of the core, and plastic deformation associated with thinning

deeper ice layers was accounted for by using the thinning model of Nye (1963).
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3.1.1.3 Ice core data processing

To analyse dust trends, dust mass concentration and flux are investigated. The
dust mass concentration is a measure of the amount of dust within a specific volume
of melted ice, while the dust flux is calculated by multiplying dust mass concentration
and the water equivalent accumulation rate (i.e., precipitation rate) at the site. The dust
flux provides additional information regarding depositional processes at the ice core

site.

3.1.1.4 Particle size distribution

In this study, particle sizes are operationally defined as fine particles (1-5 um),
coarse particles (5-10 um), large coarse particles (10-50 um), and total particles (0.9-

50 um).

Dust particle size distribution (PSD) is explored using particle volume-size
distribution following Delmonte et al. (2002), Wegner et al. (2015), and Koffman et al.
(2014). The volume-size distribution is parameterised by fitting a lognormal function

as used by Delmonte et al. (2002):

dV/d(LnD)=V/ [(2n)*Lnag] *exp[-0.5 (Ln (D/D,)/ (Ln 6g))’]  (2.1)
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where V is the total volume, D, is the modal diameter, and gy is the geometric standard
deviation. Equation 2.1 originates from the change in the number of particles relative

to the logarithmic change in the particle radius in lognormal form:

dN/d (logr)=0.434N, /[ (2m)*log 64] * exp [ (log r - log r)?/ (2 log? 0g) 1  (2.2)

where Ny is the number of particles per unit volume, r, the mean radius, and og4 the
geometric standard deviation. A lognormal fit is chosen as this parameterisation was
used for the EDML ice core, which was drilled close to the ISOL-ICE site. Applying
equation 2.1 to the entire ISOL-ICE dust record to determine the particle size mode
resulted in a poor lognormal fit due to low concentration of particles. This was also
experienced in low concentration Holocene dust in the EDML core as noted by Wegner
et al. (2015). The low number of particles in most intervals of the core precludes
resolving a continuous PSD throughout the entire ISOL-ICE record. Rather, selected
examples of lognormal-fitted volume-size distribution displaying a good fit are

presented in the Results chapter.

In addition to volume-size distribution, the coarse particle percentage (CPP), a
proxy of PSD (Delmonte et al., 2004), was calculated following the methodology for
EDML ice core (Wegner et al., 2015). For the EDML core, CPP was defined as the
volume fraction of coarse particles (> 2 ym) divided by the total volume fraction of
particles (> 1 ym). As the upper limit of the size bins is not explicitly mentioned in
Wegner et al. (2015), the upper boundary in this study is set to 5 um following Lambert

et al. (2008), which was referenced in Wegner et al. (2015). Hence, CPP in this study

61



is defined as the volume fraction of 2-5 ym particles divided by the total volume fraction

of 0.9-5 pym particles.

3.1.1.5 Change point analysis

Change point analysis is utilised to investigate significant shifts in dust mass
concentration and CPP in the ISOL-ICE dust record. The specific implementation of
the change point algorithms used in this study are based on the MATLAB
algorithm findchangepts (Killick et al., 2012; Lavielle, 2005). The change points are
detected based on changes in the mean. The detection algorithm iterates over
subsections of the dataset and fits a mean line on the data. The optimal change points
are then selected based on the combination of points that minimises the residual fitting
error. The detected change points pinpoint possible transition periods that can be
further investigated. Additionally, change points also divide the time-series into unique

periods based on similar means.

3.1.2 Other published Antarctic dust ice core records

The available Antarctic ice core dust records spanning the last
millennium/century are compiled and listed in Table 3.1 and described in section 2.5.
The selection of ice core dust records is based on 1) temporal coverage over the last
century with at least annually-resolved data, 2) proximity to SSA (serving as a PSA),
and 3) data availability. The locations of the ice cores were shown previously in Fig.
1.2. As discussed in section 2.1.1, insoluble particles are used as a proxy for dust for

most of the ice cores analysed in this study except for the James Ross Island ice core,
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where aluminium is used as the elemental proxy for dust. Aluminium is almost
exclusively sourced from aluminosilicate minerals of crustal origin, and dust
concentrations have been derived from aluminium content considering the average

amount in soils — 6-8 % (McConnell et al., 2007; Pye, 1987).
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Table 3.1 Ice core data used in this study.

Ice Core Elevation Temporal Coverage Resolution | Dust proxy Method Source
(m.a.s.l.)
ISOL-ICE 2,892 668-2017 £ 3 CE Sub-annual | Insoluble particles CFA-LPD | Winton et al., 2019
IND-25/B5 1,300 1905-2005 + 2 CE Annual Insoluble particles Coulter Laluraj et al., 2020
Counting
JRI 1,600 1832-1991 + 1 CE Sub-annual | Aluminium ICP-MS McConnell et al., 2007
concentration

*Abbreviations — ISOL-ICE: Isotopic Constraints on Past Ozone Layer in Polar Ice; IND-25/B5: Indian-25/B5; JRI: James Ross Island;
CFA-LPD: Continuous Flow Analysis-Laser Particle Detection; ICP-MS: Inductively Coupled Plasma Mass Spectrometry.
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3.1.3 Data Smoothing

The dust datasets are smoothed using either low pass filtering or annual
averages. Given the high-resolution of the ISOL-ICE dust record, low-pass filtering
using the Butterworth filter (Butterworth, 1930) is utilised to reduce noise in the dust
mass concentration, flux, CPP, and snow accumulation rate data following Koffman
et al. (2014), which featured a similar high-resolution dust record. The average
sampling rate of the filter is ~1.7 days for the entire dust record, and the cutoff
frequencies are specified in Fig. 4.4, 4.5, and 4.6. However, for the intercomparison
of dust records from different ice cores, annual averages are used given the lowest

resolution is annual average data from the IND-25/B5 core (Table 3.1).

3.2 Dust Dispersion Modelling

3.2.1 Model exploration and testing

This study explores several Lagrangian models to simulate dust transport to
the ISOL-ICE site. In general, Lagrangian models are used to investigate transport of
particles, gases, or air-parcels in a fluid medium, such as the atmosphere. This type
of model tracks chemical species, particles or air-parcels during transport producing
spatial trajectories (in contrast to the Eulerian models that focuses on fixed points in
space in which substances can flow through) (Stohl et al., 1998). Useful information
can be extracted from Lagrangian models, such as 3-dimensional transport pathways,
species dispersion, and species removal processes. A summary table of the models
explored to investigate dust back trajectories from the ISOL-ICE site are provided in
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Table 3.2. The initial selection of models is based on the review by Bowman et al.
(2013). For this study, Lagrangian particle dispersion models are preferred over
Lagrangian air-parcel models as the former provide a more realistic representation of
particle transport, especially with some dispersion models factoring in particle size
(e.g., Pisso et al., 2019). The drawback is that dispersion models are generally more
computationally expensive than air-parcel models and hence the greater popularity of
the latter for Antarctic studies (e.g., Neff & Bertler, 2015, Laluraj et al., 2020, Markle
et al., 2012). Based on model capabilities, accessibility, and support, the selection is
narrowed down to Flexpart (Flexible particle dispersion model; Stohl et al., 2005) and
HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory model; Draxler &
Hess 1998). Both models can simulate particle dispersion and are readily accessible

for download online.
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Table 3.2 Explored Lagrangian transport models.

Model* Developer | Particle Stochastic | Input Meteorological
Dispersion | Turbulence | Data
Flexpart | NILU Included Included ERA-Interim (0.75°
(Norway) horizontal grid resolution,
6-hourly)**,
NCEP GFS (0.25°
horizontal grid resolution,
6-hourly)**
NAME UK Met Included Included Met Office Unified Model
Office (1.5-300 km horizontal
grid resolution, varying
temporal resolution),
ERA-Interim
HYSPLIT | NOAA Included Included NCEP GFS, ERA-Interim
Lagranto | ETH Zurich | Not Not included | ERA-Interim
included
Stilt Multiple Not Included NCEP GFS, ERA-Interim
included

*Abbreviations — ERA-Interim: European Centre for Medium-Range Weather
Forecasts Interim Reanalysis, NCEP GFS: National Centers for Environmental
Prediction Global Forecast System, Flexpart: Flexible particle dispersion model (Stohl
et al., 2005), NILU: Norwegian Institute for Air Research, NAME: Numerical
Atmospheric dispersion Modelling Environment (Jones et al., 2007), UK Met: United
Kingdom Meteorological Office, HYSPLIT: Hybrid Single-Particle Lagrangian
Integrated Trajectory model (Draxler & Hess 1998), NOAA: National Oceanic and
Atmospheric Administration, Lagranto: Lagrangian analysis tool (Wernli & Davies,
1997), ETH Zurich: Eidgenodssische Technische Hochschule Zurich, Stilt: The
Stochastic Time-Inverted Lagrangian Transport Model (Lin et al., 2003).

**Same resolutions for other rows.
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To test the computational requirements and comparability of each model, trial
simulations of 14-day back trajectories were carried out for the intended geographic
study domain (south of 30°S) and over an arbitrary common time period (March 15 —
31, 2010) for each model. The models are forced by ERA-interim reanalysis, and 14
days simulates the typical maximum lifetime of tropospheric aerosols (Kok et al.,
2012). Further details about the model configuration and input meteorological data are
discussed in section 3.2.3. The results of the test runs are illustrated in Fig. 3.3 and
show that both models generate trajectories that follow the same general circulation
patterns. Flexpart is ultimately chosen as for this study due to the parameterisation of
dust particles and dispersion modeling capabilities that allow tracking plume
trajectories (instead of a single particle/parcel), emission sensitivity estimates, and

calculating wet/dry deposition values at a particular site (Pisso et al., 2019).

HYSPLIT Flexpart
/)
'/f , f\\ N
/‘ :'/ b " Wil \
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~

Figure 3.3 Example of trial 14-day trajectory simulations from (left) HYSPLIT and (right) Flexpart run
from March 15 to 31, 2010, using the same meteorological input (ERA-interim).
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3.2.2 The Flexpart model

The Flexpart model features several state-of-the-art particle transport and
dispersion capabilities. The following discussion provides an overview of the model
and summarises key model features important for this study. Further details about the

model can be found in Pisso et al. (2019) and Stohl et al. (1998 & 2005).

Particle transport and diffusion in Flexpart follows the “zero acceleration

scheme”:

X(t + At) = X(t) + v(X, DAL, (2.3)

where X is the position vector, t is time, At is time increment, and v=vg + v; + vy,
describing the wind vector consisting of the grid-scale wind vg4, the turbulent
fluctuations v; and the mesoscale wind fluctuations vn,. The vector position obtained
by the zero-acceleration scheme is corrected whenever possible by the Pettersen

scheme for grid-scale winds (Stohl et al., 2005).

Particle dispersion in Flexpart tracks plume clusters based on particle quantity
and accounts for tracer filaments generated by dispersion in the atmosphere (Stohl et
al., 2005; Ottino, 1989). This feature is typically absent or not treated systematically in
air-parcel trajectory models as air-parcel models simulate a single infinitesimally small
particle rather than numerous particles in the atmosphere. Plume clusters present a

more accurate depiction of aerosol transport in the atmosphere since particulate
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plumes are deformed by atmospheric flow during transport resulting in multiple strands
of elongated trajectories. Another notable benefit of this approach is the consideration
of convection and turbulence. Particle dispersion is significantly affected by vertical
mixing processes especially in the atmospheric boundary layer. Plumes traveling
within the atmospheric boundary layer are subject to growth over time due to
convection and turbulence. Again, this consideration is not well-represented when

simulating only a single particle/parcel in the atmosphere (Stohl et al., 2002).

Lastly, Flexpart also includes wet and dry deposition of particles, a feature
which is typically omitted in air-parcel trajectory models (Stohl et al., 2005). Removal
from wet deposition follows an exponential decay process over time t (McMahon &

Denison, 1979)

m(t + At) = m(t) exp(— AAt), (2.4)
where m is particle mass and A is the scavenging coefficient, which varies depending
on whether the particles are scavenged below or in-cloud. The scavenging coefficient
is dependent on the sizes of both the particle and falling hydrometeors and is
described in further detail in Grythe et al. (2017). Dry deposition in flexpart takes the

form of:

Vg (2) =[1a(z) + o + ra(@)rovg 17" + vg , (2.5)
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where r, is the aerodynamic resistance between height z and the surface, r, is the
quasi laminar sublayer resistance, r. is the bulk surface resistance, and vq is the

gravitational settling velocity taken from (Slinn, 1982):
Vg = (gppd’p Caun ) / (184), (2.6)

where g is the gravitational coefficient, p, and d, are the particle density and diameter,
respectively, y the dynamic viscosity of air, and Cg,n the Cunningham slip-flow
correction. The dynamic viscosity of air is computed as a function of temperature
following the formula in Sutherland (1893). Dry deposition in the model is strongly
dependent on the particle size, given the exponential relationship between settling
velocity and particle diameter. Flexpart assumes a lognormal size distribution for

particle mass, and the mean diameter can be specified by the user (Stohl et al., 2005).

Transport and dispersion computations in Flexpart can be run backwards in
time. The process is the same as in forward simulations except that the receptors are
now treated as the sources and vice versa, and the wind vectors are reversed. This
modeling capability is a powerful tool for investigating source-receptor relationships.
While forward modeling outputs concentration values of particles, in reverse mode,
the model produces source-receptor relationships (Seibert & Frank, 2004), also called
source-receptor sensitivity (Wotawa et al., 2003), or simply emission sensitivity. The
theoretical formulation of source-receptor relationships in Seibert & Frank (2004) is

expressed as

/
1 o] PjnAtjjn
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where x describes the time-averaged mass mixing ratio, q the source emission (in
mass per volume per time), j the discretized arrival time of a back trajectory (j
practically represents one back trajectory) at grid space i, J the total number of back
trajectories, n the discretized backward time unit, p the transmission function
determining the fraction of material transmitted along a trajectory (accounting for

decay and deposition processes), p the density of the substance, and 4t;;, the

residence time of trajectory j in spatio-temporal grid cell (i, n). In simpler terms,
emission sensitivity is the average residence time of back trajectories in a given
intersected grid cell and therefore describes the potential of that grid cell to contribute
to transport to a receptor area (Pisso et al., 2019; Seibert & Frank, 2004). In the context
of this study, a higher (lower) emission sensitivity means a longer (shorter) trajectory
residence time in a given intersected grid cell, allowing for increased (decreased)
particle entrainment from that grid cell given a non-zero emission rate. Further details
on the theoretical derivation of emission sensitivity are described in Seibert & Frank
(2004). Computing emission sensitivity for each grid cell generates an emission
sensitivity map, which is typically calculated for the bottom 100 m of the model output
grid to determine sensitivity to surface emissions (e.g., McConnell et al., 2018;
Eckhardt et al., 2017). While these maps are indicative of particle transport, they do
not comprehensively characterise transport pathways (especially in the vertical
dimension) as the emission sensitivity calculation only considers the residence time of
a back trajectory and not its exact path. Hence, it is beneficial to discuss both emission
sensitivity and plume trajectories to gain a comprehensive understanding of dust
transport to the ISOL-ICE site. Importantly, emission sensitivity is not tantamount to

the actual aerosol contribution from each source region since the released backward
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particles are prescribed and not representative of actual source emissions. To
compute the actual contribution, the emission rates from source areas must be known.
This calculation requires further dust emission modeling that can be done in future

work but is beyond the scope of this study.

3.2.3 Model configuration

Flexpart is used to identify key dust transport pathways to the ice core site in
DML. The model set up is designed to simulate backward particle dispersion and
transport forced by 6-hourly meteorological fields from European Centre for Medium-
Range Weather Forecasts (ECMWF) Reanalysis Interim dataset (ERA-Interim, Dee
et al., 2011). The ERA-Interim input data has a 0.75° x 0.75° horizontal grid resolution
and 60 vertical model levels. While the current version of the Flexpart can also utilise
data from the United States National Center of Environmental Prediction (NCEP)
Global Forecast System (GFS), ERA-Interim is used because previous work has
shown it to be the most reliable atmospheric reanalysis over the SH (Bracegirdle &
Marshall, 2012). Additionally, ERA-Interim is used over the newer ECMWF
Reanalysis version 5 (ERA5, Hersbach et al., 2020) since currently, ERA-Interim is

the freely accessible dataset for use with Flexpart.

From the ISOL-ICE site (74°60'S, 0°6'E), the model is configured to release a
puff of 20,000 particles every 3 hours from 15 January, 1979 to 31 December, 2016.
Particles are then dispersed and transported backward in time for a duration of 14
days as this is the typical maximum lifetime of tropospheric particulate matter (Kok et

al., 2012). This duration also allows for a range of transport times to be explored by
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merely truncating the model output files to shorter transport durations. To determine
the sensitivity of transport to transit time, 14, 10, and 5-day trajectories are
investigated. Particles are released at 4 heights (100, 600, 1500, and 3000 meters
above ground level; m.a.g.l.) to comprehensively characterise the arrival of dust
particles at the ISOL-ICE site. Dust transport to the surface is represented by the 100
m.a.g.l. release height as this level generally demarcates the atmospheric surface
layer at the Antarctic Plateau (Rodrigo & Anderson, 2013). The 600 and 1500 m.a.g.l.
release heights represent transport within and above the climatological atmospheric
boundary layer, respectively (Engeln & Teixeira, 2013). Lastly, 3000 m.a.g.l. captures
upper troposphere dust transport, such as that associated with cyclonic activity (Li et

al., 2010; Gasso et al. 2010).

A novel approach in this study is to run Flexpart simulations with varying mean
particle sizes in order to investigate the relationship of particle size and dust transport
using a range of sizes. The particle sizes in the model are constrained by particle size
observations from the ISOL-ICE core (section 4.1.3) and Holocene dust size mode
data from the EDML ice core (section 2.2.1; Wegner et al., 2015), which were also
measured using LPD and parameterised using a lognormal curve therefore making
the two datasets comparable. The Holocene size mode from the EDML ice core drilled
at Kohnen Station is ~2.2 ym (Wegner et al., 2015), while selected examples of PSDs
from the ISOL-ICE core show dust particle size modes between 3.5 and 3.8 ym (Table
4.1). In general, 10 ym approximates the dust particle size mode at several dust
source regions around the world and therefore is used as the upper limit of particle
size for the simulations (Fig. 2.2; Mahowald et al., 2014). Based on this information,

simulations were run using particle sizes of 2, 3, 4, 5, 8, and 10 ym.
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The comprehensive set of model configurations used in this study allows for
numerous combinations of parameters to be used for analysis and plotting (i.e. 4
release heights, 3 trajectory durations, and 6 size modes). However, for brevity, only

select combinations are presented in this thesis.

3.2.4 Trajectory clustering

Trajectory clustering using the Trajectory Statistics (TrajStat) software (Wang
et al., 2009) is utilised to determine the dominant dust plume pathways to the ISOL-
ICE site. TrajStat is a Geographic Information System (GIS) software that provides a
variety of statistical tools for analysing trajectories in the atmosphere (Wang et al.,
2009). It has been used in conjunction with HySPLIT in several studies (e.g., Cruz et
al., 2019, Ma et al., 2019, He et al., 2016). A script was developed to convert Flexpart
trajectory output to HySPLIT format. The clustering technique used in this study is

based on the Euclidean distance:

dn = VEL(Ga (@) — x([D)2 + G1(D — y2(D)?) (2.8)

where x1(y1) and xz(y2) denote longitudes and latitudes between two temporally
corresponding trajectory end points, and n is the total number of points for each
trajectory, in other words the temporal duration of each trajectory. The clustering
algorithm iterates over multiple combinations of trajectories, and the optimal number
of clusters is determined based on the “elbow method”, which identifies the number of

clusters where a large increase in total spatial variance between clusters occurs
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(Wang et al., 2009). A mean trajectory is then produced for each identified cluster.
Percentages are attached to each mean trajectory denoting the fraction of total

trajectories included in each cluster.

Apart from clustering all back trajectories from the ISOL-ICE site, the Quantum
Geographic Information System (QGIS.org, 2021) is used to isolate trajectories that
pass over the main sub-Antarctic landmasses — SSA, South Africa, Australia, and New
Zealand. Since mineral dust is terrestrial in origin, back trajectories that solely pass
over marine regions are not representative of long-range transported mineral dust.
Subsequent clustering is done on the subset of trajectories passing over the

mentioned sub-Antarctic land areas.

3.3 Dust-climate relationship

3.3.1 Correlations

Correlation analysis is employed to investigate spatial and temporal
relationships between dust deposition at the ISOL-ICE site and large-scale

atmospheric circulation. The linear Pearson product-moment correlation is utilised:

s (xi- Di- ¥)
R =
\/2?:1(xi_£)2\/2?=1(yi_y)2

where x; and y; denote two chosen variables. The equation calculates an R-value

between 1 to -1, wherein a positive (negative) value indicates that the variables
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synchronously change in the same (opposite) direction. The strength of the
relationship is determined by the absolute value of R, where 1 indicates a perfect
correspondence and O indicates no relationship. Correlation analysis is performed
from 1979-2017 for both seasonal and annual averaged data to identify persistent
linear relationships between two variables. All data are detrended over their
respective temporal coverage prior to calculating the correlations to emphasise
interannual co-variability between the two variables rather than spurious relationships

arising from trends in the two variables.

Climate data for the correlation analysis are primarily taken or derived from the
ERA-Interim reanalysis (Dee et al., 2011). While the newer ERAS dataset has recently
become available, ERA-Interim is chosen for consistency with the Flexpart modeling.
As discussed in the previous section, the dataset has a horizontal grid resolution of
0.75° x 0.75° and features 60 vertical model layers. Monthly averages of daily mean
data are used, and the temporal coverage of the reanalysis dataset goes back to 1979.
The only climate variables that are not taken from ERA-interim are sea surface
temperature (SST) and outgoing longwave radiation (OLR). The SST dataset is
comprised of monthly data with a horizontal resolution of 2° x 2° from the NOAA
Extended Reconstructed Sea Surface Temperature version 5 (ERSST V5, Huang et
al.,, 2017). The OLR data is from the NOAA Interpolated OLR dataset, which has a
2.5° x 2.5° horizontal grid spacing and a monthly temporal resolution (Liebomann &
Smith, 1996). Compared to ERA-Interim simulated SST and OLR, the ERSST V5 and
the NOAA Interpolated OLR dataset are derived from direct measurements of SST
and OLR, respectively, and are therefore more reliable estimates than those simulated

by ERA-Interim.
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Among the ice core dust parameters, annually averaged CPP is chosen as the
dust variable for the correlation analysis. Unlike dust concentration and dust flux, CPP
provides information regarding changes to dust PSD. As discussed in the introduction,
the size of a particle determines its susceptibility to wind flow and removal processes.
Therefore, CPP is likely more representative of climatic changes compared to dust
concentration or flux, as exemplified by Koffman et al. (2014). Years with gaps in the

CPP data are excluded in the correlation analysis.

Dust CPP is correlated with several atmospheric/climate parameters. As
particle transport is most directly associated with winds and precipitation, dust CPP is
correlated with ERA-Interim meridional and zonal winds, and total precipitation.
Circulation patterns are investigated by correlating CPP with ERA-Interim geopotential
height, which describes the height of a specific isobaric surface and is indicative of
regions of low (cyclonic) and high (anticyclonic) pressure (circulation). Given the
susceptibility of the study region to tropical teleconnections (e.g., Clem et al. 2020,
Turner et al., 2016), CPP is also correlated with tropical OLR (a proxy for the presence
and intensity of deep tropical convection), SST, and upper-tropospheric stream
function derived from ERA-Interim to investigate tropically-forced circulation patterns.
The OLR and SST are used as measures of ENSO activity (Wang et al., 2017). The
stream function represents upper-tropospheric non-divergent flow and is useful for
investigating spatial patterns of Rossby wave propagation from the tropics to the mid-
high latitudes. The stream function is derived from the rotational (V..t) and divergent

(V4iv) components of wind velocity (V) following Helmholtz’s theorem:
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V = Vyor + Vaiy (2.10)

which is further broken down into:

Viot = k x div(¥) (2.11)

where k represents the curl/rotation coefficient and ¥ is the stream function. Lastly,
correlations between CPP and several climate indices are calculated to investigate the
possible role of large-scale climate modes in driving regional circulation patterns
related to CPP variability at the ISOL-ICE site. The indices used in this study are listed
in Table 3.3. Annual and seasonal averages are calculated for all years depending on
the common temporal coverage between the ice core and atmospheric/climate
parameters. For most variables, correlation analysis is done between 1979 and 2017
due to the poor skill of atmospheric reanalyses over the SH prior to the modern satellite
era (Bromwich & Fogt, 2004). However, for large-scale climate patterns (i.e. SAM,

ENSO, and PDO indices), the temporal coverage extends as far back as 1900.
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Table 3.3 Large-scale climate patterns investigated in this study along with corresponding indices.

Climate |Index Temporal Description

pattern Coverage

SAM Observation-based index [ 1957-present | Difference in standardised
from Marshall (2003) zonal mean sea level

pressure anomalies
between weather stations
located ~40° and 65°S

ENSO Southern Oscillation Index | 1951-present | Standardised sea level

from the National Oceanic pressure difference

and Atmospheric between weather stations
Administration (NOAA) in Tahiti and Darwin,
Climate Prediction Center Australia

PDO PDO index (Zhang et al., | 1900-present | The leading principal
1997) component of North
Pacific monthly sea
surface temperature
variability poleward of
20°N

Linear trends are computed using linear regression primarily for the purpose of
detrending variables. A linear trend line is fitted on temporal data by minimising the
sum of the distances between the trend line and the individual data points. Trend
analysis is useful for determining the long-term change of a dataset. The derived linear
relationship can then be used for potentially removing trends that result in spurious
correlation coefficients towards higher values due to variables trending together. This
detrending process results in a more accurate representation of interannual co-
variability between two parameters and provides information regarding how trends are

affecting the correlations.

For all analyses, the Student'’s t-test is utilised for statistical significance testing.

The data are assumed to follow a normal distribution, meaning values tend to cluster
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towards an average and symmetrically taper off towards the tails of the distributions,
which is a good approximation for the climate variables used in this study. Additionally,
averages from one year to another are assumed to be independent resulting in n-2
degrees of freedom for a two-tailed t test, where n is the sample size. The null
hypothesis for the correlation and trend analyses is that the correlation coefficient and
linear trend are zero. Conversely, the alternative hypothesis states that the same
calculated values are non-zero. A two-tailed test is calculated for all analyses since
there is uncertainty as to whether the alternative hypothesis results in a positive or

negative value. The t-tests for the various statistical analysis are expressed as:

. -2
Correlation: t,.» = i/% (2.12)
where r is the correlation coefficient and n is the sample size,
Linear trend: tho ~ = (2.13)

Sb

where b is regression coefficient (slope of the line) and sy, is the standard error of the
slope. The t-values are then converted into probability values (p-value) using statistical
tables, and probabilities less than 10 % are considered significant. This threshold is
conventionally used as the maximum probability for significance testing and translates

to a 90 % confidence level that the alternative hypothesis is true.

81



3.3.2 Seasonal grouping of dust data for correlations analysis

Seasonal analysis of the dust record is conducted by splitting the 1979-2017
ISOL-ICE data into annual winter-spring (JJASON) and summer-autumn (DJFMAM)
mean values. This grouping scheme is used for the following reasons. Firstly, dating
of the ice core is based on the seasonality of sodium concentrations, showing a
minimum in summer (Weller & Wagenbach, 2007) and a maximum in winter/early
spring (Weller & Wagenbach, 2007; Sommer et al., 2000, Goktas et al., 2002).
Second, previous research has shown that peak Antarctic dust deposition at the EDML
site occurs most frequently in winter (Wegner et al., 2015). Since Wegner et al. (2015)
based their seasonal dust analysis on seasonal sodium maximum following Sommer
et al. (2000) and Weller & Wagenbach (2007), it is possible that the winter dust maxima
noted in Wegner et al. (2015) is also an early spring peak, and hence the winter-spring
grouping. Lastly, climatological atmospheric circulation patterns across the SH middle
and high latitudes display a similar spatial structure in the winter/spring and

summer/autumn semesters (Ding et al., 2012).
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4. RESULTS

This chapter is divided into 1) ISOL-ICE ice core dust record, 2) dust dispersion
modelling, and 3) dust-climate relationships. Each section reports on the key
observations for each figure. A synthesis and discussion of the results are given in the

Discussion chapter.

4.1 ISOL-ICE ice core dust record

The ISOL-ICE dust record is presented in this section. While the main focus of
this thesis is the last century, the dust record over the last millennia (entire temporal
coverage of the core; 668-2017 CE) is shown to contextualise dust variability over the

last century.

4.1.1 Validation of the age-model

As this thesis utilises a previously analysed and dated ice core dataset (Winton
et al., 2019), a brief validation of the age-model is presented here to confirm the dating
on sub-annual timescales. The ISOL-ICE age-depth model is illustrated in Fig. 4.1 and
is compared to two other ice cores retrieved in DML for reference. The age-depth
models of the ISOL-ICE and the EDML (75°00'S, 00°04'E, 2882 m.a.s.l.; Ruth et al.,
2007) cores, located ~1 km apart, show excellent agreement. Additionally, the age-
depth model of M1 ice core (75°00'S, 15°00'E, 3457 m.a.s.l.; Hofstede et al., 2004),

drilled within 500 km of the ISOL-ICE core in a higher accumulation zone, shows a
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largely similar age-depth relationship as the ISOL-ICE and EDML cores except with

slightly flatter slope at deeper levels.
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Figure 4.1 Age-depth model of the ISOL-ICE core and comparison to the EDML (EDML1 chronology;
Ruth et al., 2007) and M1 ice core (Hofstede et al., 2004). From Winton et al. (2019).

The seasonal pattern of sodium concentrations in the ISOL-ICE core is
investigated based on sodium minima in summer. To compare the seasonality of
sodium concentrations in the dated ISOL-ICE ice core with monthly aerosol
observations at the DML site, seasonal mean concentrations of sodium are computed
for 12 equal intervals to represent 12 months between mid-summer annual markers
(Fig. 4.2a) following Sommer et al. (2000) and Wegner et al. (2015). This method is
adopted since the sub-annual dating of the core is based on linear interpolation
between late winter/spring sodium minima assuming snowfall is constant throughout
a year, but in reality, snow accumulation at the ISOL-ICE site is likely not evenly
distributed throughout a year (e.g., Turner et al., 2019b). Hence, it is more appropriate

to discuss seasonal patterns based on 12 intervals relative to the sodium minima
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annual markers rather than specific calendar months. The numbers along the x-axis

in Fig. 4.2a therefore indicate the intervals rather than specific calendar months.
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Figure 4.2 Seasonal sodium concentrations in the ISOL-ICE core and aerosols at the DML site. (a)
ISOL-ICE ice core mean sodium concentration for the period 668-2017 CE. Data are divided linearly
into 12 intervals between annual sodium minima in summer (vertical dashed line). Whiskers denote 1
standard deviation. (b) Observations of aerosol-based sodium concentrations at Kohnen Station from
Weller & Wagenbach (2007). Open and filled circles denote measurements from the 2003-2005 and
2000-2002 field seasons, respectively. Black horizontal bars represent monthly means.

The seasonality of sodium in the ISOL-ICE core (Fig. 4.2a) shows a similar
overall pattern to the observed seasonal aerosol sodium concentrations at Kohnen
Station (Fig. 4.2b). The ISOL-ICE ice core seasonal sodium pattern displays a
minimum in summer, while the highest concentrations are detected in months 7 and 8
indicating a peak in winter (Fig. 4.2a). Notably, the standard deviations are significantly
larger in winter than in summer, indicating greater variability of sodium concentrations
during this season. Comparatively, sodium concentrations measured on aerosol filter
samples at Kohnen Station between 2000-2005 show a broad peak in winter-spring
and a narrow trough in summer (Fig. 4.2b), consistent with and validating the age-

depth model of the ISOL-ICE core on sub-annual timescales.

4.1.2 Dust mass concentration

The raw unsmoothed dust mass concentration from the ISOL-ICE core is

presented in Fig. 4.3 highlighting the high sub-annual resolution of the record. From
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668-1900 CE, total dust concentrations are relatively low with an annual average or
“background” dust concentration of < 2.5 ug mL™. At ~1900 CE, there is an abrupt
increase in the dust concentration with mean concentrations greater than 2.5 ug mL"
and an average maximum concentration of ~12.5 ug mL" from the early-1900s
onwards. To further explore the observed dust deposition, the next plots examine time

slices of the smoothed record in more detail.
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Figure 4.3 Dust mass concentration from the ISOL-ICE record. Data are presented as the high-
resolution unsmoothed values. The vertical dashed line marks the abrupt increase in concentrations.

Trends over centennial timescales are investigated in the smoothed dust
concentration record (Fig. 4.4). The focus is on centennial variability in order to
contextualise dust trends over the past century. However, ten-year smoothed data are
also shown to provide background variability. From about 700-800 CE, centennial
mean concentrations decrease from ~0.09 to 0.02 pg mL”, marking a relative
minimum at ~800 CE (Fig. 4.4a). This is followed by an upward trend between 800-
1200 CE reaching peak dust mass concentrations of ~0.1 yg mL™ at ~1200 CE. A
second relative minimum occurs ~1450 CE wherein average dust concentrations dip
to ~0.03 yg mL™. From 1450 onwards, concentrations follow a positive trend in which
the most notable feature is an abrupt increase in concentrations in the early 1900s.
This shift demarcates a relatively lower mean concentration from 668-1900 CE and a

higher mean from the early-1900s onwards. Based on change-point analysis, dust
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mass concentrations increase from a background mean of 0.04 ug mL™" pre-1900 to
0.50 yg mL™" from the early-1900s onwards, translating to a ~10x increase in dust
deposition at the site. For the 10-year smoothed data, there appears to be regular
cycles in dust deposition over this timescale, indicating variability over shorter
timescales. Further analysis is required to quantify these periodicities and can be done

in future work.
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Figure 4.4 The ISOL-ICE dust record: (a) dust mass concentration, (b) coarse particle percentage
(CPP), (c) dust flux, and (d) the snow accumulation rate at the ice core site. Data are low-pass filtered
with a cutoff of 10 years (thin lines) and 100 years (thick lines). Dashed horizontal grey lines denote
the means of distinct periods identified through change-point analysis, and the break signifies the
change-point. Mass concentration and flux are plotted on a logarithmic scale to emphasise variability.
Known historical climatic/anthropogenic periods are noted at the top of the plot: Medieval Warm
Period (MWP), Little Ice Age (LIA), and the Industrial Revolution (IR).

87



From 1850-2017 CE, the multi-decadal trends in Fig.4.5a show that the
increase in mass concentration starts ~1915 CE and peaks between 1925-1930 CE.
Between 1850-1915 CE, mean concentrations are ~0.06 ug mL™" then rises to a
maximum of ~0.9 ug mL™" between 1925-1930 CE. This is followed by a decrease in
concentrations reaching a relative minimum of ~0.5 ug mL" around 1975. From

~1980s onwards, dust concentrations follow an upward trend.
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Figure 4.5 Same as Fig. 4.4 but for 1850-2017 CE. Data are low-pass filtered with a cutoff of 2 years
(thin lines) and 21 years (thick lines) with the exception of the thin line for accumulation rate, which is
presented as the unsmoothed annual average data. Known historical climatic/anthropogenic periods
are noted at the top of the plot: Dust Bowls (DB) and the positive SAM trend.
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The satellite era (1979-2017 CE) is characterised by an upward trend in mass
concentrations (Fig. 4.6a). The trends are significant at p < 0.01 and are primarily
comprised of relatively low concentrations (~0.1 pg mL™") in the late-1980s and high

concentrations (~1 yg mL™") in the mid-2010s.
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Figure 4.6 Same as Fig. 4.4 but for 1979-2017 CE. Data are low-pass filtered with a cutoff of 6
months (thin lines) and 3 years (thick lines) with the exception of accumulation rate, which is
presented as the unsmoothed annual average data. Trends and associated statistical significance are
noted for each time-series.

To determine whether the dust trends described above are similar across all
particle sizes, dust mass concentrations are segregated into fine (0.9-5.0 ym), coarse

(5-10 um), large coarse particles (10-50 um) following Laluraj et al. (2020). An overall
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upward trend is observed for large coarse particles over the entire record (Fig. 4.7a).
Additionally, the dominant size range changes at ~1200 CE. Fine particles dominate
the mass concentrations between ~800-1150 CE, with concentrations of fine dust
particles averaging ~0.01 ug mL™", while coarse and large coarse particles show mean
concentrations of ~0.003 ug mL™ at ~ 800 CE and ~0.008 ug mL™" between 900-1150
CE. From 1200 CE onwards, large coarse particles generally dominate dust deposition
at the ice core site. Thus, 1200 CE appears to mark a transition to larger particles
dominating the dust mass concentration of dust deposited at the site. This
predominance in mass concentrations is emphasised through to the early-1900s
abrupt increase, wherein large coarse particles appear to define a new mean level in
mass concentrations. In contrast, fine and coarse particles exhibit a similar sudden
increase in concentrations in the early-1900s but drop to pre-1900 levels afterwards.
Hence, the transition to a higher mean concentration level is less apparent for these
smaller particle sizes. Notably, however, fine and coarse particles exhibit a secondary

sharp increase in the 2000s.
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Figure 4.7 Size segregated mass concentrations for (a) 668-2017 CE and (b) 1979-2017. Data for (a)
are low-pass filtered with a cutoff of 100 years. The dashed vertical line marks the 1200 CE transition.
Data for (b) are low-pass filtered with a cutoff of 3 years.

Similar mass concentration trends are observed across particle sizes between

1979-2017 (Fig. 4.7b). Positive trends are seen in all size bins with relatively low
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concentrations in the late-1980s and high concentrations in the 2010s. As with the
1850-2017 trends, large coarse particles dominate dust concentrations at the ice core

site between 1979-2017.

Seasonal mean dust mass concentrations from 668-2017 CE exhibit a bi-modal
distribution (Fig. 4.8a). As with sodium concentrations, seasonality is explored by
dividing each year by 12 equidistant intervals between annual sodium minima during
summer. Two peaks in dust mass concentrations are detected in months 3-4 or
autumn and months 8-9 or winter/spring, with the latter having the highest dust
concentrations. The lowest concentrations are observed during summer. This
seasonal dust pattern is consistent with dust deposition at the site between ~2000 —
15,000 years BP (Wegner et al., 2015), where the EDML dust concentration maxima
occurred most frequently in winter. The large standard deviations for the mean mass
concentrations (mean: ~0.1 ug mL™", standard deviation: 0.5-1.2 ug mL™), highlight the

episodic nature of dust deposition at the ISOL-ICE site throughout the year (Fig. 4.8b).
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Figure 4.8 Mean seasonal variations in dust mass concentration for the period 668-2017 CE. Data for
each year is divided into 12 equidistant intervals as labelled in the x-axis. (a) Mean concentrations for
each interval across all years. (b) Mean concentrations including error bars denoting 1 standard
deviation. The range of values for (b) are limited to > 0 since negative mass concentrations are
unphysical. The vertical dashed lines denote the mid-summer sodium minima.

Based on the findings from this section, three points can be made. Firstly,
change point analysis reveals that dust deposition over the 100 years is characterised
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by the early-1900s abrupt increase in mass concentrations from a background mean
of 0.04 pug mL™" pre-1900 to 0.50 pg mL™ from the early-1900s onwards. Second, a
transition to large coarse particles dominating mass concentrations occurs from ~1200
CE onwards. Lastly, seasonal dust deposition shows a maximum in winter/spring and

minimum in summer.

4.1.3 Particle Size Distribution

Selected examples of volume-size distributions fitted with a lognormal curve
are shown in Fig. 4.9. The focus is on dust particles between 1 and 10 ym to reduce
the influence of locally sourced dust on the PSD. The selected PSDs show a size
mode between 3.5 and 3.8 um. Comparatively, the mode of EDML ice core dust during
the Holocene (~2000- 12,000 years BP) ranged between 2-3 ym (Wegner et al.,
2015). The mode increase is interesting and warrants further investigation in future

work.
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Figure 4.9 Examples of normalised volume size distribution of 1-10 ym particles in the ISOL-ICE ice
core. The average dust mass concentrations are also noted in each plot.

94



To determine if there is a relationship between dust mass concentration and

particle size mode over time, five selected examples of PSDs are listed in the Table

4.1. The mode ranges from 3.5 to 3.8 ym and appear to vary randomly with respect

to mass concentrations. Hence, no clear relationship between mass concentration and

the particle size mode can be determined from the limited number of samples.

However, the mode increases from 3.5 to 3.8/3.7 ym after 1200 CE (Table 4.1) when

the dust concentration record switches from a greater concentration of fine to large

coarse particles (Fig. 4.7). While acknowledging the limitation of a small number of

samples, the similarity of the mode in samples from 1200 onwards, and the lack of a

relationship between dust concentration and mode, a mode of 3.5 ym is used to

represent the period 668-1200 CE and 3.7 ym between 1200-2017 CE.

Table 4.1 Mode and mean dust concentration of particles between 1-10 um of selected PSD

examples.
Depth (m) Time period Mean Concentration (ug mL™~ | Mode (um)
(CE) )

109.97-110.97 800-815 41[x10°] 3.5
69.70-70.70 1338-1351 48[x10°] 3.8
51.99-52.99 1545-1557 5.0[x107°] 3.8
60.29-61.29 1450-1465 8.3[x107] 3.7
35.71-36.61 1725-1735 9.1[x107] 3.7

In addition to volume-size distributions, the trends in dust CPP also show

distinct patterns over the entire record similar to that of dust mass concentration. Over

centennial timescales, dust CPP decreases from 77 to 63 % from 700-800 CE then

rises to a relative maximum of 79 % at ~1200 CE (Fig. 4.4b). This peak in CPP at 1200
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CE coincides with the transition from fine to large coarse particles dominating dust
mass concentration (Fig. 4.7) and the increase in size mode from 3.5 to 3.7 ym after
~1200 CE. From 1200 CE onwards, CPP reaches a relative minimum of 67 % at ~1600
CE followed by positive trend and a sudden increase in the early-1900s (Fig. 4.4b).
Dust CPP changes from a mean of 71 % before 1900s to 83 % after the abrupt shift,
reflecting a 12 % increase in the proportion of 2-5 ym particles relative to 0.9-2 pym
particles. The increase occurs between 1905-1930 reaching a maximum of ~87 % at
~1930 (Fig. 4.5b). From the early-1940s to ~1980, CPP remains constant at ~82 %.
Over the satellite era, CPP exhibits a significant positive trend (Fig. 4.6b), again
reflecting an increasing proportion of 2-5 ym particles being deposited at the ice core
site. The trend over the satellite era is significant at p < 0.01 and is characterised by
low CPP (< 80 %) in the late-1980s and a slight increase in the 2010s reaching a
maximum of ~90 %. Additionally, dust CPP for most of the satellite era is

approximately 80-90 %.

Based on the volume-size distributions and CPP, three main points can be
made. Firstly, the proportion of larger particles being deposited at the ISOL-ICE site
has been increasing over time. Second, the particle size mode is ~3.5-3.8 um, and
there is a shift in the dominant size range at ~1200 CE. Third, the CPP follows similar

centennial trends as the dust mass concentration.

4.1.4 Dust flux and accumulation rate

Dust flux trends throughout the record follow the CPP and dust mass

concentrations trends. Over centennial timescales, dust flux exhibits a maximum of
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0.08 mg m? yr' at ~1200 CE and minima of 0.01 and 0.03 mg m? yr" at ~800 and
~1450 CE, respectively (Fig. 4.4c). From 1450 CE onwards, dust flux increases with
a sharp rise in the early-1900s, translating to a ~10x increase from a mean value of
0.03 mg m? yr' pre-1900 to 0.30 mg m? yr" after the abrupt shift. Given that dust flux
is computed from dust mass concentration and accumulation rate, the abrupt increase
in dust flux does not appear to be related to precipitation at the site as the snow
accumulation rate does not show a similar sudden change in the early-1900s (Fig.
4.4d). Instead, from 668-2017 CE, the accumulation rate shows significant decadal
variability between 3-18 cm yr” (water equivalent) with a mean of ~7 cm yr”' over
centennial timescales. In the last century, dust flux trends are marked by the abrupt
increase in the early-1900s (Fig. 4.5c). The rapid increase starts ~1915 and peaks
between 1925-1930 with a value of 0.7 mg m™ yr'. Dust flux then decreases to a
relative minimum of 0.1 mg m? yr' in the late-1970s. From 1979-2017, the dust flux
follows a significant (p < 0.01) upward trend (Fig. 4.6¢), with relatively low values in
the late-1980s amounting to 0.07 mg m? yr”' followed by a gradual increase through

to the 2010s.

The multi-decadal (Fig. 4.5d) and interannual variability (Fig. 4.6d) of the
accumulation rate has a more observable contribution to dust flux compared to over
centennial timescales (Fig. 4.4d). For instance, the dust flux after 2010 decreases (Fig.
4.6¢), whereas mass concentration continues to increase after 2010 (Fig. 4.6a). The
difference in trends is likely due to low accumulation rates during the early-2010s (Fig.
4.6d). The observable effect of accumulation rate on the dust flux indicates that wet
deposition has more influence on dust deposition at the ISOL-ICE site over multi-

decadal and interannual timescales than over centennial timescales. In contrast, dry
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deposition is likely more important for dust deposition over centennial timescales as
inferred from the minimal contribution of accumulation rate to dust flux over these
timescales (Fig. 4.4c & d). Additionally, there is no significant trend for accumulation
rate from 1979-2017. Precipitation at the ice core site is therefore likely not a main
driver of the upward trend in dust flux over this period but has an observable effect on

interannual dust flux variability.

4.1.5 Linking centennial dust trends to historical climatic periods and

anthropogenic events

On centennial time scales, the timing of certain peaks and troughs in the pre-
1900 dust trends coincide with historical climate periods and anthropogenic events
discussed in section 2.2.2. The upward trend in dust parameters (i.e. dust mass
concentration, CPP, and flux) from 800-1200 CE and the peak at 1200 CE (Fig. 4.4)
align with the MWP when temperatures were warmer than average over the past 2000
years. The minimum in dust parameters centred between 1450 and 1600 CE coincides
with colder temperatures during the LIA, as most clearly observed in the dust CPP
trends. From ~1600 CE onwards, the common upward trend in dust parameters
preludes the start of the industrial era (~1750 CE) when anthropogenic global warming
is thought to have begun. On glacial-interglacial timescales, warmer (colder) periods
coincide with decreased (increased) dust deposition over Antarctica (e.g., Wegner et
al., 2015; Shaffer & Lambert, 2018). However, the temperature-dust relationship over
the past millennium inferred from ISOL-ICE core is contrary to how dust is known to
vary during glacial-interglacial cycles and could be indicating a different combination

of PSAs and/or different dynamics governing dust transport and deposition during
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warm interglacial periods. Furthermore, the described potential relationship is not
always consistent as exemplified by the increasing dust mass concentration and flux
over the LIA. Other factors may be influencing dust deposition at the ice core site and
further work looking at other climate proxies is needed to determine the veracity of this

potential relationship.

Over the last century, the early-1900s abrupt increase in dust deposition occurs
~15 years before the dust bowls over SSA but peaks during the dust bowl era. While
the main dust bowl! period is between 1930s to the 1950s, declining crop cultivation
and precipitation have been recorded since the 1910s (Viglizzo & Frank, 2006),
thereby coinciding with the abrupt increase and suggesting a source-related

mechanism behind the sudden shift.

In addition, the upward trend in dust parameters from the ~1980s onwards
occurs during the period of the positive SAM trend as discussed in section 2.4. Given
the hemispheric-scale influence of SAM, it is possible that the poleward contraction of
the circumpolar winds during summer provides more favourable climatic conditions for
long-range transport of dust from SSA to the the ISOL-ICE site. Later sections will

investigate dust relationships with atmospheric circulation in more detail.

To determine the possible drivers of the dust deposition variability observed in
the ISOL-ICE core, the next sections focus on investigating dust transport and
relationships with atmospheric circulation over the satellite era (1979-2017). This time
period is chosen due to the availability of reliable atmospheric reanalysis data

(Bromwich & Fogt, 2004).
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4.2 Dispersion Modelling

To gain a better understanding of the regional atmospheric drivers of dust
variability at the ice core site, it is crucial to first characterise the dust transport
pathways to the site. This section discusses the results of dust transport modelling
using Flexpart (Pisso et al., 2019), with one of the key objectives of investigating the
sensitivity of dust transport to various parameters such as particle size and
seasonality. Findings from this section will give an overview of key dust transport
pathways to the ice core site and help determine dominant dust source regions over
the overlapping period of the ice core data and satellite era (1979-2017). This
information will be used to interpret the observed ice core dust variability presented in
the previous section 4.1 and the dust-climate relationships in section 4.3. For the
dispersion modelling, both dust trajectories and emission sensitivities are investigated
as these simulated variables provide complementary information regarding dust
transport and PSA. While mineral dust is terrestrial in origin, emission sensitivities over
marine regions are also shown in order to show the overall spatial pattern of emission

sensitivity in the study region.

4.2.1 Dust back trajectories

The dust plume trajectories presented here comprise the following:

1) Trajectory clusters (instead of individual trajectories) to highlight spatial

variability of the dominant transport pathways
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2) Ten day back trajectory clusters (for most figures) since this duration
approximates the upper limit of the transit time of dust particles transported from SSA

to East Antarctica (Gasso et al., 2010; Li et al., 2010)

3) Dust particle sizes of 2, 5, and 10 ym to capture the full range of simulated

particle sizes observed in Antarctic ice core long-range transported dust

Clustering of all back trajectories from 1979-2017 show various potential dust
transport pathways to the ice core site (Fig. 4.10). The most dominant clusters follow
a large-scale westerly flow and approach the ice core site from the west or the
northeast. These transport pathways comprise ~60 % of all back trajectories initiated
from the ISOL-ICE site. Approximately 9-20 % of trajectories arrive from the east or
southeast following the local polar easterly flow. The smallest number of trajectories,
containing ~3-8 %, follow a cross-continental flow originating from the Ross Sea region
of Antarctica. In general, trajectory cluster pathways are similar across particle sizes
and release heights, with the exception of 10 ym particle trajectories showing longer
mean trajectories compared to the 2 and 5 ym particle trajectories. This difference can
be explained by a higher transport altitude simulated for 10 um particles due to the
strong influence of gravitational settling that translates to an upward vector backward
in time. The backward trajectories suggest that distally-sourced 10 ym particles
generally have to be transported at high altitudes in the atmosphere in order to arrive
at the ice core site, and higher transport altitudes are associated with stronger wind
speed leading to longer trajectories. Coarse 10 ym particles are therefore less likely
to be transported to the ice core site compared to finer 2 and 5 ym particles as the

strong influence of gravitational settling hinders sufficient uplift of large surface-emitted
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particles required for transport at high altitude (Pye, 1987). Aside from longer
trajectories for 10 um particles, no other systematic difference can be observed across
particle sizes and release heights. Interestingly, none of the clusters pass over or close
to sub-Antarctic (north of 60°S) landmasses, and based on trajectory counts,
trajectories originating from sub-Antarctic landmasses represent less than 20 % of all
simulated trajectories. This finding suggests that most trajectories arriving at the ISOL-
ICE site do not originate from sub-Antarctic land areas and that long-range dust
transport from sub-Antarctic regions occurs infrequently. However, sub-Antarctic land
areas are noted to be PSAs of dust deposited in Antarctica (e.g., Delmonte et al.,
2019, Laluraj et al., 2020, Gasso et al., 2010), and therefore, only trajectories passing
over sub-Antarctic continents are investigated in more detail to identify dust transport

from these key sub-Antarctic PSA regions.

600 m.a.qg.l.

1500 m.a.g.l.

Figure 4.10 10-day back trajectory clustering across particle size (columns) and release heights (row)
in meters above ground level. Line widths are proportional to the fraction of trajectories included in a
respective cluster. Specific percentages of total trajectories included in each cluster are labelled on
the right.
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Mean transport paths for trajectories passing over sub-Antarctic landmasses
predominantly intersect SSA and then follow a cyclonic/clockwise flow over the South
Atlantic directed toward the ISOL-ICE site (Fig. 4.11). Across all particle sizes and
release heights, at least 98 % of these trajectories pass over SSA, supporting SSA as
a PSA for long-range transported dust to the ISOL-ICE site over the satellite period.
The mean trajectory paths converge over SSA, particularly south of 45°S, and then
diverge in the south Atlantic. This suggests that while transport pathways all pass over
the same location in SSA, the exact path over the Southern Ocean is more variable.
Some trajectory clusters show a more direct route from SSA to the ISOL-ICE site,
while others travel further east from SSA before veering southward and then following
the polar easterly flow to the ISOL-ICE site. With the exception of longer trajectories
for 10 ym particles, no other systematic differences in transport pathways can be

identified relative to particle size and release height (Fig. 4.11).

600 m.a.g.l.

1500 m.a.qg.l.

Figure 4.11 Same as Fig. 4.10 but for trajectories passing over sub-Antarctic landmasses.
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A very small fraction (< 2 %) of trajectories passing over sub-Antarctic
landmasses are part of a cluster originating from New Zealand (Fig. 4.11). The cluster
is not consistently identified across all combinations of particle sizes and release
heights and does not display a systematic pattern relative to these two factors.
Nonetheless, identification of this pathway as a distinct cluster supports findings from
recent modelling and Antarctic ice core research that New Zealand is a potential
source of long-range transported dust particles for Antarctic regions as far as the
Antarctic Peninsula (McConnell et al., 2021) and DML (Neff & Bertler, 2015). However,
it has been shown through geochemical fingerprinting that New Zealand is not a major

dust source for East Antarctica during the last glacial period (Koffman et al., 2021).

Compared to 10-day trajectories, 5-day trajectory clusters show no pathways
originating from New Zealand and follow a more direct route from SSA to the ice core
site (Fig. 4.12). The lack of clusters originating from New Zealand suggests that it
takes more than 5 days for New Zealand sourced particles to reach the ice core site.
Significantly fewer clusters are also identified for 5-day trajectories compared to 10-
day trajectories meaning there is less variety in transport pathways and trajectories
generally follow the same dominant pathway from SSA to the ice core site for 5-day
transit times. Furthermore, the presence of 5-day trajectory clusters originating from
SSA indicates that transit time from SSA to the ISOL-ICE site can vary between 5-10
days (and possibly longer or shorter), consistent with Gassé et al. (2010) and Li et al.
(2010). Similar to 10-day trajectories, 5-day transport pathways do not exhibit any

observable changes in relation to particle size and release height.
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600 m.a.g.l.

1500 m.a.g.l.

Figure 4.12 Same as Fig. 4.11 but for 5-day trajectories.

Average trajectory heights show an increasing altitude profile with distance from
SSA to the ISOL-ICE site (Fig. 4.13). Fig. 4.13 shows trajectories from the 600 m.a.g.l.
release height simulation which are similar to the 1500 m.a.g.l. release height (not
shown). In general, the northernmost extent of trajectories has the lowest altitudes,
while trajectories closest to Antarctica have the highest altitudes. The steepest
increase in altitude is observed between ~60-75°S across the strong topographic relief
along the Antarctic coast. This pattern is consistent with Neff & Bertler (2015), wherein
simulated air parcel trajectories originating from SSA increase in altitude as parcels
travel closer to Antarctica. While downward entrainment of particles is expected over
the continent due to katabatic winds pronounced during winter (Broeke & Leipzig,
2003Db; Laluraj et al., 2014), this is not evident in the 2 and 5 pm particle simulations;
the average trajectory heights do not show any downward trend from the Southern

Ocean to the ISOL-ICE site based on the plots measured in meters above sea level in
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Fig. 4.13. However, downward transport near the ISOL-ICE site is simulated for 10 ym
particles, with mean trajectory heights of 5500-6000 m.a.s.l. just off the coast of the
ISOL-ICE site and 3000-4000 m.a.s.l. heights at the ISOL-ICE site. Based on the plots
using meters above ground level, it can also be observed that trajectories are largely
not terrain-following; trajectories just off the coast of the ISOL-ICE site are already at
a high altitude even before reaching the continent. Therefore, while orographic lifting
may contribute to the upward transport of particles near the ISOL-ICE site, other
mechanisms, such as cyclonic activity, have already likely uplifted particles to a certain

altitude before reaching the continent.
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Figure 4.13 Average back trajectory height across particle size (columns) in meters above sea level
and meters above ground level (rows) for the period 1979-2017. Trajectories are from the 600 meters
above ground level release height simulation. The black triangle shows the location of the ISOL-ICE
site. Note the different colour bar scales in the plots.
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Mean trajectory heights vary depending on simulated particle size (Fig. 4.13).
On average, trajectories are located ~1500, 2300, and 5000 m.a.s.l. over SSA for 2,
5, and 10 ym, respectively. Trajectories of finer particles are generally transported
closer to the surface compared to coarser particles. This pattern can be explained by
the fact that coarser particles have to be transported higher in the atmosphere
because of the stronger influence of gravitational settling. Notably, the altitude
difference between particle sizes is non-linear because Stokes law for gravitational
settling is dependent on the particle size squared. The average trajectory heights over
SSA also suggest that 2, 5, 10 um particles from this source region need to be emitted
and uplifted to ~1500, 2300, and 5000 m.a.s.l., respectively, in order to reach the
ISOL-ICE site at 600 m.a.g.l. Hence, upward transport is required over SSA after
emission or in downwind regions for particles to undergo long-range transport towards
the ISOL-ICE site. The high altitude requirement for 10 um particles makes it less likely
for SSA particles of this size to be transported to the ISOL-ICE site compared to 2 and

5 ym particles, which have much lower altitude requirements (< 2300 m.a.s.l.).

The number of trajectories passing over sub-Antarctic landmasses show

specific patterns relative to particle size, trajectory duration, and release height (Fig.

4.14). The specific relationships are discussed next.
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Figure 4.14 Variations in trajectory counts relative to particle size, trajectory duration, and release
height for trajectories passing over sub-Antarctic landmasses.

In terms of particle size, a higher number of trajectories passing over sub-
Antarctic landmasses contain coarser particles (Fig. 4.14). This relationship can be
explained by the higher transport altitude required for larger particles to undergo long-
range transport; higher-altitude transport generally follows longer trajectory paths as
most clearly seen in the 10 ym particles in Fig. 4.11, and longer trajectory paths are
more likely to pass over sub-Antarctic landmasses. However, back trajectories
intersect sub-Antarctic land areas at different altitudes depending on particle size as
shown in Fig. 4.13. Therefore, higher trajectory counts for coarser particles do not
necessarily signify stronger transport of surface-emitted coarse dust particles. Higher
trajectory counts merely suggest that transport pathways of coarser particles pass
over sub-Antarctic landmasses more frequently than that of finer particles. Considering
the high-altitude transport required of large particles, there is increased potential for

long-range transport of coarser particles with higher dust uplift over source regions.

Trajectories with longer transport times show higher trajectory numbers
reaching sub-Antarctic landmasses (Fig. 4.14). In particular, 5, 10, and 14-day

trajectory counts range from ~60-220, 260-700, 350-740, respectively. This pattern is
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expected as longer trajectory durations generally mean longer trajectory paths and
hence higher likelihood of passing over sub-Antarctic land areas. Interestingly, 10 and
14 days show similar numbers of trajectories, while a larger difference is noted
between 5 and 10 days. This difference suggests that dust transport from sub-
Antarctic landmasses more often takes ~10-14 days rather than 5 days. Moreover, the
small difference in trajectory counts between 10 and 14-day trajectories also suggest
that ~10 days is the typical sufficient amount of time to obtain the most frequent
transport of particles to the ISOL-ICE site from sub-Antarctic land areas. This transit
time is consistent with findings from Gasso et al., (2010) and Li et al. (2010) indicating

that transport to East Antarctica typically takes a maximum of 10 days.

Looking at particle release heights, the 1500 m.a.g.l. height shows higher
trajectory counts than the 600 m.a.g.l. height (Fig. 4.14). This finding is consistent with
previous explanations since long-range transported dust particles arriving at the ISOL-
ICE site at higher altitudes would have also likely originated from higher initial altitudes.
Higher altitude transport translates to longer simulated trajectories through stronger

upper-tropospheric winds.

4.2.2 Emission Sensitivity

Across all the investigated particle sizes (2, 3, 4, 5, 8, 10 um), the ISOL-ICE
site is most sensitive to potential dust emissions from the East Antarctic Plateau and
parts of coastal DML (Fig. 4.15). Compared to lower elevation West Antarctica or the
Southern Ocean, dust particles originating from the East Antarctic Plateau are already

at greater than 2 km elevation and only need not be transported less than 1 km
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upwards to reach the ISOL-ICE site. While the emission sensitivity values are highest
over the East Antarctic Plateau, this region is primarily ice covered, and hence there
are less dust sources from this area compared to sub-Antarctic continents. However,
local contribution from exposed rock surfaces near the ice core site, such as the
mountain ranges near coastal DML, cannot be excluded, though the dust emissions
from these landforms are difficult to quantify (Delmonte et al., 2019; Laluraj et al.,

2009).
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Figure 4.15 Average sensitivity of the ISOL-ICE site to surface emissions for the period 1979-2017.
The location of the ISOL-ICE site is denoted by the black triangle. Units for emission sensitivity are in
seconds, describing the residence time of back trajectories at each grid square.

In contrast to East Antarctica, West Antarctica hosts the lowest emission
sensitivity values in the entire study region (Fig. 4.15). The low emission sensitivity is

likely due to the amount of uplift required to transport particles high up onto the plateau
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with respect to the dominant downward-flowing katabatic winds associated with the
polar easterlies. These two factors (elevation and prevailing wind flow) are not
conducive for dust transport from West Antarctica to the ISOL-ICE site. Local dust
particles from West Antarctica generally have to circumnavigate the continent
counterclockwise to reach the ISOL-ICE site given the prevailing easterly flow.
Furthermore, the strong katabatic flows and stable boundary layer, especially near the
plateau, impedes upward transport onto the plateau. Significant upward momentum
from turbulence or convection would be required for particles to be entrained to higher
altitudes. Antarctica generally experiences weak turbulent vertical mixing in the
atmosphere (due to low insolation and strong temperature inversions) as exemplified
by its relatively shallow atmospheric boundary (mixed) layer compared to lower
latitudes (Engeln & Teixeira, 2013). Additionally, convective processes associated
with cyclones mostly influence Antarctic coastal margins (e.g., Reijmer & Oerlemans,
2002), leaving the inland regions with minimal mechanisms to vertically transport dust.
Among the regions in West Antarctica, the Ross Ice Shelf region emerges as the area
with the lowest emission sensitivity as most clearly seen with 2 um particles (Fig. 4.15).
Apart from its low elevation (approximately sea level), this region is located on the
opposite side of the continent to the ISOL-ICE site. Dust particles coming from the
Ross Ice Shelf would have to undergo significant upward transport and travel ~ 3000

km to the opposite side of the continent to reach the ISOL-ICE site.

Interestingly, West Antarctica shows similar or less emission sensitivity
compared to sub-Antarctic landmasses despite its closer proximity to the ISOL-ICE
site (Fig. 4.15). These modelling results suggest that given the same emission strength

and availability of dust particles across all PSA, the ISOL-ICE site would receive
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similar or lower amounts of dust from West Antarctica compared to SSA, New
Zealand, southern Australia, and South Africa. While these results seem
counterintuitive given the closer proximity of West Antarctica to the ISOL-ICE site
compared to sub-Antarctic landmasses, this finding makes physical sense because of
more abundant mechanisms for dust uplift over the Southern Ocean and sub-Antarctic
landmasses. For instance, sub-Antarctic landmasses likely experience stronger
localised convective activity and turbulent mixing (and a deeper mixed boundary layer)
owing to stronger insolation. Other possible mechanisms include cyclonic activity
across the middle latitudes and associated frontal systems passing through dust
source regions. The importance of higher/similar emission sensitivity in sub-Antarctic
landmasses relative to West Antarctica is underscored by the fact that most of
Antarctica is ice-covered, and wider areas of available dust sources are located in sub-

Antarctic landmasses.

Among the sub-Antarctic landmasses, the highest emission sensitivity is
simulated over SSA (Fig. 4.15). This high sensitivity over SSA is consistent with the
predominant westerly flow transporting dust to the ice core site and with SSA being
the dominant origin of long-range transported dust deposited at the ice core site (Fig.
4.11) and across East Antarctica as noted by previous studies (Wegner et al., 2012;

Delmonte et al., 2019, 2017; Gili et al., 2017; Bory et al., 2010).

A similar spatial pattern of emission sensitivity is observed across different
particle sizes but with decreasing magnitude with increasing particle size (Fig. 4.15).
Emission sensitivity is greatest for the smallest particles (i.e. 2 ym particles) and

progressively decrease for coarser particles, with 10 pm exhibiting the lowest
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sensitivity. The ISOL-ICE site is 100 times more sensitive to emitted 2 um particles
compared to 10 um particles. As discussed in section 2.1.3, coarser particles are more
indicative of proximal transport as these particles typically settle back down to the
surface near the source area. In contrast, finer particles are more susceptible to wind
flow and are therefore more likely to undergo long-range transport. Interestingly, West
Antarctica contains zero emission sensitivities (denoted by grey shading) in the 8 and
10 ym particle sizes. For 8 um particles, the Filchner-Ronne Ice Shelf in the Weddell
Sea and the Ross Ice Shelf emerge as areas with zero sensitivity. This suggests that
no 8 or 10 um particles were simulated to originate from these areas, likely as a result
of the low elevation (< 1 km) in these regions. For 10 ym particles, nearly the entire

West Antarctic region shows zero emission sensitivity.

Emission sensitivities over SSA show considerable spatial variability across
different particle sizes (Fig. 4.16). In general, a meridional emission sensitivity gradient
is observed, increasing from north to south with the highest emission sensitivity
generally located south of 45°S. For 2-5 ym particles, the highest emission sensitivity
values are located along the east coast of SSA between 47-50°S. The emission
sensitivity of coarser 8-10 um particles is greatest at the inland region around ~47.5°S
70°W, but transport of these coarse particles is unlikely due to the strong influence of
gravitational settling. The different locations of emission sensitivity hotspots between
2-5 and 8-10 ym particles suggest that different atmospheric processes, such as
fronts, foehn winds, or land/sea breezes, likely govern dust entrainment and transport
in these regions. Further research is needed to investigate the different local
atmospheric processes behind this difference in emission sensitivity hotspots, but this

work is beyond the scope of this study.
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Figure 4.16 Same as Fig. 4.15 but zoomed in over SSA. Emission sensitivity values are normalised to
a relative scale to emphasise hotspot regions. The shapes locate modern dust activity hotspots based
on observational studies.

4.2.3 Sensitivity of dust back trajectories to particle size and seasonality

The sensitivity of dust transport to particle size and seasonality is investigated
to determine whether these two factors are important drivers of dust transport over
time. Both dust back trajectories and emission sensitivity are explored in relation to

particle size and seasonality.

Back trajectory clusters grouped into seasons are shown in Fig. 4.17. The
differences between seasons for both 600 and 1500 m.a.g.l. release heights are

subtle, and no clear seasonal pattern is distinguishable (Fig. 4.17). While Fig. 4.17
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only features 2 ym particle trajectories, the same results are seen for 5 and 10 ym
particles. Hence, seasonality does not seem to have a significant effect on transport

pathways.

Figure 4.17 10-day back trajectory clustering across seasons (columns) and release heights (row).

Similarly, the overall emission sensitivity pattern is largely the same across
seasons (Fig. 4.18). This again indicates that the spatial pattern of emission sensitivity
does not change significantly across particle size and seasonality. However, while the
overall emission sensitivity patterns across seasons are similar, some regional
differences are notable. These regional differences also vary across particle size and
do not show any systematic pattern. The only clear and consistent signal across all
particle sizes is the higher summer emission sensitivity over the East Antarctic

Plateau, indicating stronger influence from polar easterlies during this season.

115



Summer Autumn Winter

1074 1073 107 107! 10° 10!
Emission Sensitivity (s)

10 107* 1073 1072 107! 10°
Emission Sensitivity (s)

10 107* 1073 1072 107! 10°
Emission Sensitivity (s)

Figure 4.18 Average seasonal emission sensitivity for (a) 2, (b) 5, and (c) 10 uym particles. Colour
scaling is different for each particle size to highlight spatial patterns. White areas denote zero
emission sensitivity, in other words, no particles are simulated to originate from these regions.

Over SSA, the emission sensitivity values show more size-specific regional
patterns rather than an overall seasonal signal across all particle sizes. For 2 ym

particles, autumn-spring generally have higher sensitivity compared to summer (Fig.
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4.19a), and autumn emission sensitivity best matches the 2 ym sensitivity hotspot
region in Fig. 4.16. Potential transport of 2 ym particles from SSA is therefore strongest
during autumn and weakest during summer. For 5 uym particles, the simulations show
highest sensitivity during summer and autumn, and weakest during winter (Fig. 4.19b).
The 5 ym hotspot region in Fig. 4.16 closely matches the summer and autumn
emission sensitivity patterns therefore again suggesting that atmospheric circulation
patterns are most conducive for transport of 5 ym particles during these seasons.
Lastly, 10 ym particles show the highest emission sensitivity values in summer (Fig.
4.19c), and the spatial pattern is consistent with the 10 um hotspot in Fig. 4.16. This
high emission sensitivity signal during summer for 10 ym particles is more prominent
than the highest seasonal sensitivities in other particle sizes, suggesting a more
pronounced summer transport for 10 um particles relative to 2 and 5 ym particles. For
2 and 5 ym particles, emission sensitivity patterns are relatively more equally spread
out across seasons indicating dust transport is more constant throughout a year

compared to 10 ym particles.
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Figure 4.19 Same as Fig. 4.18 but zoomed in over SSA. Colour scaling is different for each particle
size to highlight spatial patterns.
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4.3 Dust-climate relationships over the past 40 years

4.3.1 Correlations using annual averages

The dominant circulation pattern associated with dust CPP variability at the ice
core site is a low-pressure system over Drake Passage (Fig. 4.20). To fully
characterise dust-climate patterns vertically in the atmosphere, multiple pressure
levels are plotted in Fig 4.20. Positive dust CPP anomalies at the ice core site show a
significant relationship with negative geopotential height anomalies over Drake
Passage. The correlations are most pronounced in the 700 and 500 mb plots with an
R-value ranging from -0.3 to -0.4 (p < 0.10) Lower geopotential heights translate to a
deeper low-pressure system and stronger cyclonic/clockwise flow over the Drake
Passage and is tied to increased dust CPP or larger particles transported to the ice
core site. Conversely, higher values for geopotential height means higher pressure (or
weaker low-pressure system) over the Drake Passage and smaller particles arriving
at the ice core site. While the negative correlations could also indicate a high-pressure
system over Drake Passage associated with smaller dust particles at the ice core site,
the simulated trajectories in the previous section 4.2.1 do not show any dust transport
pathway related to a high-pressure/anticyclonic circulation over Drake Passage.
Hence, for all geopotential height correlations in this section, the assumption is that
variability in circulation south of SSA only relates to deepening or weakening of low-
pressure cyclonic systems. Aside from the low-pressure system over Drake Passage,
the geopotential height correlation maps also generally show a wave-like zonally
asymmetric pattern extending from the Drake Passage to the South Pacific. This

structure suggests stronger influence from regional circulation anomalies rather than
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a hemispheric-wide circumpolar pattern that is typically associated with the SAM.
Based on these correlations, SAM therefore does not appear to be a major driver of
interannual long-range transport of dust to the ice core site.
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Figure 4.20 Correlations between annual average dust CPP at the ISOL-ICE site (black triangle) and
annual average geopotential height, zonal winds, and meridional winds across different atmospheric
pressure levels. All variables are detrended prior to calculating the correlations to highlight interannual
variability between parameters. Hatching denotes statistical significance at p < 0.10.

Correlations with zonal winds show that the low-pressure system over Drake
Passage is associated with westerly wind anomalies (positive correlation) over the
SSA region across all pressure levels (Fig. 4.20). However, the positive correlation is

most pronounced (and significant) in the near-surface 950 mb winds just east of SSA,
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with R-values between 0.3 to 0.4, and therefore lower-level zonal wind flow likely has
the strongest influence on dust transport to the site. This pattern is consistent with the
fact that these regions of high zonal wind correlation are close to dust source regions
over SSA, where particles emitted from the surface are likely still located in the lower
levels of the atmosphere. The positive correlations indicate that stronger (weaker)
westerly winds in the SSA region transports coarser (finer) dust particles from SSA to
the ice core site. As previously discussed in section 2.1.3, stronger winds are required
to transport larger dust particles due to the lower susceptibility of larger particles to

wind transport compared to smaller particles.

In conjunction with zonal wind patterns, meridional winds also show significant
correlations related to the cyclonic circulation over Drake Passage (Fig. 4.20).
Negative correlations (northerly wind anomalies) are seen across a broad region north
of the ice core site, with the highest R-values of -0.3 to -0.4 in the 700 and 950 mb
levels located north of the ice core site. Therefore, northerly wind anomalies result in
larger particles being transported to DML. Conversely, positive meridional wind
anomalies are associated with weaker northerly winds, thereby impeding dust
transport to Antarctica and transporting smaller particles. Significant correlations up to
the 700 mb level can be explained by the high elevation (2892 m.a.s.l.) of the ISOL-
ICE site with an average pressure around 600 mb. Compared to the SSA region, dust
particles are transported at higher altitudes closer to Antarctica and therefore are
correlated with meridional winds at higher atmospheric levels (lower pressure levels).
This vertical profile of transport is consistent with findings from the Flexpart simulations
wherein plume trajectories originating from SSA exhibit higher mean altitudes closer

to Antarctica (Fig. 4.13).
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Aside from wind patterns, precipitation in the SSA region is also significantly
correlated with dust CPP at the ice core site (Fig. 4.21). In particular, a region of
negative correlations is seen over eastern SSA at ~50°S, with R-values ranging from
-0.3 t0 -0.5. The correlations indicate that lower (higher) amounts of precipitation over
eastern SSA are associated with larger (smaller) particles at the ice core site. This
relationship is expected as lower amounts of precipitation results in less wet removal
of particles from the atmosphere and vice versa. Moreover, as discussed in the section
2.1.2, decreased precipitation lowers soil moisture content and interparticle cohesion
thereby making land surfaces more conducive for dust emission. The opposite pattern
for soil moisture content is true for higher amounts of precipitation. Between SSA and
the ice core site, no other notable region of negative correlations is seen, suggesting
that the influence of precipitation patterns is mostly constrained to the SSA region.
This regional relationship can be explained by the fact that the highest dust
concentrations in the entire transport pathway are typically located over source
regions, and dust entrainment (influenced by soil moisture) and wet removal of
particles are most strongly affected by precipitation over the SSA region. Apart from
the region between SSA and the ice core site, Fig. 4.21 shows other areas with
significant correlations such as over East Antarctica and New Zealand. However,
these regions are excluded from further investigation since they are not within the area

influenced by the regional circulation over Drake passage.
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Figure 4.21 Same as Fig. 4.20 but for total precipitation.

To determine connections of the regional circulation pattern over Drake
Passage with large-scale circulation patterns, correlation maps spanning the South
Pacific and South Atlantic basins are plotted in Fig. 4.22. The circulation pattern over
Drake Passage appears tied to a Rossby wave train emanating from the central
tropical Pacific near the exit region of the subtropical jet (Ding et al. 2012). Alternating
positive and negative correlations of 500 mb geopotential height are detected following
the white line in Fig. 4.22a. The correlation map indicates that the Rossby wave train
manifests as a low-pressure anomaly in the subtropics (~160°W, 20°S), a high-
pressure anomaly in the mid latitudes (~160°W, 50°S), and finally a low-pressure
system over Drake Passage. Similarly, the 300 mb stream function shows alternating
correlations in the upper troposphere (Fig. 4.22b), depicting the same wave pattern as
in the 500mb geopotential height plot. However, the stream function shows an

additional upper level correlation cell near the equator (~170°W, 5°S). The negative
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stream function correlations in this region (positive upper-level pressure) reflect
enhanced tropical convection as shown in the red box in Fig. 4.22c. The significant
negative correlation with outgoing longwave radiation indicates colder and higher
cloud tops translating to increased tropical convection. Convective activity in this
region therefore likely triggers Rossby waves traveling to Drake Passage. These
Rossby wave patterns are generally associated with positive SST anomalies across
the central tropical Pacific resembling El Nifio conditions, but the SST correlations are
generally weak and insignificant (Fig. 4.22d). Furthermore, ENSO variability is known
to influence circulation farther west in the Amundsen Sea region rather than over
Drake Passage (Li et al., 2021). Based on these correlation maps, ENSO therefore
does not appear to be a major driver of the tropical teleconnections to Drake Passage,
and it is more tied to localised convective variability in the central tropical Pacific. The
exact cause of convective variability in this region may be tied to a number of climate
patterns, including the Madden Julian Oscillation (Rondanelli et al., 2019), variability
in the South Pacific Convergence Zone including mid-latitude wave activity (Matthews,
2012), and internal variability. Understanding the exact mechanism driving convection

in this region is outside the scope of this study.
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Figure 4.22 Correlations between annual average dust CPP at the ISOL-ICE site (black triangle) and
annual average (a) 500mb geopotential height, (b) 300mb stream function, (c) outgoing longwave
radiation, and (d) sea surface temperature for the period 1979-2017. All variables are detrended to
highlight interannual variability between parameters. Hatching denotes statistical significance at p <
0.10.

4.3.2 Correlations using seasonal averages

The discussed annual average correlation plots are indicative of the most
consistent annual signal between dust CPP at the ice core site and the various
atmospheric/climate parameters. However, annual average values smooth out
seasonal patterns, which can be very different from the annual mean especially since
the structure of the atmospheric circulation across the SH varies significantly across
seasons (e.g., Ding et al. 2012). Hence, seasonal correlations are investigated to
determine how dust-climate relationships change throughout a year. Again, the

seasonal grouping in this study is split into winter-spring and summer-autumn as
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discussed in section 3.3.2. Additionally, since the seasonal correlation patterns show
similar patterns across pressure levels as in the annual plots, only select levels are

presented in Fig. 4.23.

During winter-spring, the geopotential height correlation map shows a dominant
circulation pattern related to a broad low-pressure region centred just west of the
Antarctic Peninsula (Fig. 4.23). The correlations values range from -0.3 to -0.5 and are
significant at p < 0.10. The extent and location of this pattern is reminiscent of the
Amundsen Sea Low (ASL; Turner et al., 2013) and from hereon will be referred to as
such. Deepening of the ASL appears to be accompanied by a high-
pressure/anticyclonic system north of the ASL. Zonal winds sandwiched by the two
circulation anomalies produces significant westerly wind anomalies over a broad
region from the South Pacific to the South Atlantic, with the highest R-values (0.4-0.6)
over the SSA region. Similar to the annual correlation maps, a positive zonal wind
correlation translates to stronger westerlies related to higher CPP or larger dust
particles at the ice core site. For meridional winds, the correlation map shows an
elongated region of significant negative correlations (northerly wind anomalies) just
east of the Antarctic Peninsula extending from about ~55°S to the South Pole. The R-
values for this region range from -0.3 to -0.4, and the negative correlations indicate
northerly winds bringing larger particles to the ice core site. Notably, the region of
negative correlations is west of the ice core, indicating that southward dust transport
occurs closer to the Antarctic Peninsula. However, since the polar easterlies become
more dominant in more inland regions over Antarctica, southward dust transport is
likely most pronounced at the northern tip of the elongated negative correlation region,

northeast of the Antarctic Peninsula. In terms of precipitation, deepening of the ASL is
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linked to less precipitation over eastern SSA, particularly at ~50°S extending eastward
off the coast. The computed R-values are significant and range from -0.3 to -0.4.
Again, less precipitation allows for increased dust entrainment and less wash-out of
particles from the atmosphere. The opposite pattern is true for higher amounts of

precipitation.
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Figure 4.23 Correlations between seasonal average dust CPP at the ISOL-ICE site (black triangle)
and seasonal average geopotential height, zonal winds, meridional winds, and total precipitation. All
variables are detrended to highlight interannual variability between parameters. Hatching denotes

statistical significance at p < 0.10.
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During summer-autumn, increased dust transport to the ice core site is
associated with a low-pressure system over Drake Passage (Fig. 4.23), with significant
negative correlations for geopotential height in this region ranging between -0.3 to -
0.4. The cyclonic circulation related to the low-pressure system brings westerly winds
over the SSA region as seen in the positive zonal wind correlations just east of SSA,
with R-values ranging from 0.3 to 0.5. Comparatively, meridional wind correlations are
not as strong as that of zonal winds. Negative correlations with meridional winds are
seen over the Weddell Sea region, extending as far north as 50°S, but the correlations
are weak, with R-values from -0.2 to -0.3. Nonetheless, the negative correlations still
indicate stronger northerly winds over this region favouring enhanced poleward
transport of dust particles. Similar to winter-spring, drier conditions over the eastern
coastal SSA region (~50°S) are associated with larger particles being transported to

the ice core site, with correlation values for precipitation ranging from -0.3 to -0.4.

Deepening of the ASL during winter-spring appears to be induced by a wave
train originating over Australia. Both 500 mb geopotential height (Fig. 4.24a) and 250
mb stream function (Fig. 4.24b) show consistent correlation patterns associated with
alternating pressure systems. A low-pressure anomaly is situated over Australia
followed by a high-pressure anomaly southeast of New Zealand and then the deep
ASL centred just west of the Antarctic Peninsula. Significant correlations for both
geopotential height and stream function are computed with correlation strengths
between 0.3-0.6. Moreover, the low-pressure system over Australia and the high-
pressure system southeast of New Zealand exhibit an elongated structure and appear
to be part of a latitudinal band of similar correlations extending eastward to the South

Atlantic as most clearly seen in the stream function plot. The locations and elongated
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structures of the pressure systems reflect variability in the subtropical jet, which is
noted to be most pronounced and distinct from the eddy-driven polar front jet during
winter (Gallego et al., 2005; Gillet et al., 2021). Notably, perturbation of the SH
subtropical jet is known to be related to Rossby wave propagation towards Antarctica

during non-summer months (e.g., Ding et al, 2012; Clem & Fogt, 2015).

(a) 500mb Geopotential Height (b) 250mb Stream Function

80°S : og L
120°E 180° 120°W 60°W " D 120°W 60°W

(c) Outgoing Longwave Radiation (d) Sea Surface Temperature

-------------------------

.......

g S : X . .
180° 120°wW 60°W 180° 120°W 60°W 0°

-0.4 -0.2 0.0 0.2 0.4
Figure 4.24 Same as Fig. 4.22 but for winter-spring averages.

The origin of the wave train appears to be linked to suppressed tropical
convection northeast of Australia in the South Pacific Convergence Zone (SPCZ,
Vincent, 1994; Brown et al, 2020), shown by a diagonal band of positive correlations
seen from Papua New Guinea extending south-eastward (Fig. 4.24c). Suppressed
convective activity in the SPCZ during winter can generate an anomalous Rossby

wave source along the subtropical jet, which has previously been shown to produce a
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cyclonic anomaly near the Antarctic Peninsula in winter (Clem et al. 2019). While
studies have suggested subtropical jet variability related to ENSO activity (e.g., Ding
et al., 2012; Gillet et al., 2021), the lack of significant correlations with SST over the
tropical Pacific indicates that in this particular case, ENSO does not appear to be

associated with this circulation pattern (Fig. 4.24d).

In the summer-autumn semester, the low-pressure system over Drake passage
is part of a Rossby wave train emanating near the dateline just south of a local region
of enhanced deep convection. Alternating low- and high-pressure systems are
detected starting with a high near 180°W 15°S, a low ~150°W 30°S, a high ~120°W
50°S, and the low over Drake Passage (Fig. 4.25a & b). The strength of the
correlations for both geopotential height and stream function correlation maps range
from 0.2-0.6. At ~180°W 20°S, the negative correlations for stream function appears
to be tied to an off-equatorial band of deep convection in the SPCZ region (Fig. 4.25c¢),
which again can trigger poleward wave propagation resulting in a low-pressure system
over Drake Passage during summer (Clem et al. 2019). Similar to winter-spring, dust
CPP at the ice core site during summer-autumn do not have any significant correlation
with SST in the tropical Pacific (Fig. 4.25d), thereby indicating that the discussed

Rossby wave likely occurs largely independent of ENSO.
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Figure 4.25 Same as Fig. 4.22 but for summer-autumn averages.

4.3.3 Correlations with large-scale climate patterns

The correlation maps in the previous section suggests that the large-scale
atmospheric circulation patterns leading to the Drake Passage cyclone are not
significantly related to ENSO or SAM. To further investigate this, correlations between
dust CPP at the ice core site and large-scale climate patterns are computed.
Consistent with the previous results, neither ENSO nor SAM show any significant
correlation with dust CPP at the ice core site (Fig. 4.26). The only significant
correlation is between PDO and dust CPP during summer-autumn. The R-value is
weak (R=0.2), but the correlation is significant at the 95 % confidence level, implying
that more positive (negative) PDO phases are related to relatively larger (smaller) dust

particles being transported to the ice core site during this semester. This is consistent
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with Clem et al. (2019) showing variability in SPCZ convection is significantly related
to variability in the PDO. The weak correlation is likely due to the poor interannual
correspondence between the PDO index and dust CPP. However, on decadal time
scales there is a stronger correspondence between the PDO and CPP when
considering the entire period from 1900-2017 (Fig. 4.26). Relatively high CPP are
associated with positive PDO values from 1900-1940, both of which then sharply
decline in the 1940s. This is followed by a period of relatively low/negative values
between the 1950s to the mid-1970s, and then increasing to a period of higher values
from the 1980s onwards. This long-term correspondence indicates that the
relationship between PDO and dust CPP at the ice core site is important over multi-
decadal timescales rather than over interannual timescales, likely through modifying
decadal variability in deep convection over the SPCZ. This multi-decadal relationship
is expected as PDO patterns are most pronounced over this timescale. Additionally,
the multi-decadal timescale of influence also explains why correlations with the
Southern Oscillation Index (SOI) are not significant as ENSO variability operates on

shorter interannual timescales.
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Figure 4.26 Winter-spring (left) and summer-autumn (right) average dust CPP and SAM index (top),
SOI (middle), and PDO index (bottom) for varying time periods. The blue line denotes dust CPP and
the red line, the specific index. All variables are detrended to highlight interannual variability between
parameters. Correlation values and statistical significance are noted on the bottom right of each plot.

5. DISCUSSION

This chapter focuses on synthesising the results to address the objectives
(section 1.3) and answer the overall research question of this study: From where and
how is dust transported to high-elevation DML, Antarctica over the satellite era? Based
on the findings over of satellite era, implications for dust deposition variability to high-

elevation DML over the last millennium are suggested.
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5.1 Dust source and transport over the satellite era

5.1.1 Dust Source

The results consistently point to SSA, south of ~45°S, as the dominant PSA for
long-range transported dust to the ISOL-ICE site over the satellite era. Several lines
of evidence support this finding. Firstly, the observed PSD with a mode of 3.7 um (Fig.
4.9) is within the typical size range of long-range transported dust to Antarctica (e.g.,
Koffman et al., 2014, Wegner et al., 2015). As discussed in section 2.1.3, fine particles
(< 5 ym) have the potential to be transported long distances at high altitudes within
the troposphere due to inefficient gravitational settling. Similarly, ice cores from the
high elevation EDML (Wegner et al., 2015) and EPICA Dome C (Delmonte et al., 2002)
sites both report size modes between ~1.6-3.0 ym during the Holocene and have been
linked to long-range transport of dust particles from remote Southern Hemispheric
continents. Secondly, the dust flux of ~0.3 mg m yr'1 over the satellite era is
comparable to estimates from other high-elevation East Antarctic ice core sites (0.28-
0.54 mg m? yr'") receiving dust from remote sources during the Holocene (Delmonte
et al., 2019). Third, at least 98 % of Flexpart plume trajectories passing over sub-
Antarctic land areas originate from SSA (Fig. 4.11). Forward trajectory modelling of
air-parcels from Neff & Bertler (2015) also confirm that trajectories from SSA most
frequently pass over the EDML/ISOL-ICE site compared to trajectories originating from
New Zealand, Australia, and South Africa. Fourth, when considering only sub-Antarctic
source regions, the ISOL-ICE site is most sensitive to dust emissions from SSA (Fig.
4.15). Lastly, the majority of the correlation maps (Fig. 4.20, 4.21, & 4.23) show the

highest correlations in the SSA region, suggesting a connection between SSA and
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dust deposition at the ISOL-ICE site. The highest wind — CPP correlations are mostly
from zonal wind anomalies in the SSA region related to cyclonic circulation south of
SSA (Fig. 4.20 & 4.23). Furthermore, negative correlations for precipitation are
consistently seen in the SSA region ~50°S (Fig. 4.21 & 4.23). The location of these
correlations over SSA provides compelling evidence that interannual dust deposition
variability at the ISOL-ICE ice core site is explained by wind flow and precipitation
patterns in the SSA region. The remote PSA of SSA is further supported by radiogenic
isotope and rare earth element analysis indicating SSA as the dominant origin for East
Antarctic (including DML) dust during the glacial period and a major contributor of dust
for the Holocene and present day (Wegner et al., 2012; Delmonte et al., 2019, 2017;

Gili et al., 2017; Bory et al., 2010).

In terms of the PSA in SSA, the emission sensitivity patterns over SSA show
localised hotspots in the eastern coastal regions between 47 and 50°S for fine 2-5 ym
particles and inland (47.5°S 70°W) for coarser 8-10 ym particles (Fig.4.16). The high
emission sensitivity over these regions is consistent with negative precipitation
correlations in the same area (Fig. 4.21 & 4.23). As discussed, drier conditions are
more conducive for dust generation at source regions. The emission sensitivity
hotspots also coincide with the locations of active dust regions in SSA (Fig. 4.16). In
particular, 3-5 um particles have emission sensitivity hotspots that encompass the San
Julian’s Great Depression (49.5°S 68.5°W), an area characterised by topographic
depressions and desiccated lakes. Strong dust activity in this region is exemplified by
the satellite-observed dust event between 22 and 26 June 2006 (Li et al., 2010).
Comparatively, emission sensitivity hotspots for 8-10 ym particles are centred close

to the Colihue Huapi lake (46.56°S 70.74°W), another desiccated lake considered to
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be the largest dust source in SSA. Satellite aerosol detection and surface synoptic
observations confirm strong dust activity in this region over the last ~50 years (Gasso
et al., 2010; Gasso6 & Torres, 2019). Lastly, dry lakes in the vicinity of the Tierra del
Fuego Island (53.8°S 67.8°W) are also known for notable dust events. An example of
these events was observed through satellite detection on 26 February 2005, with a
prominent dust plume extending into the eastern ocean region (Fig. 2.8; Gasso¢ et al.,
2010). While Tierra del Fuego does not fall into any of the observed emission
sensitivity hotspot regions, it is still within the second highest contour of emission
sensitivity values especially for 2-4 ym particles (Fig. 4.16). For the late Quaternary
glacial periods, geochemical evidence points to Patagonia/Tierra del Fuego as the
dominant dust source region in SSA (Basile et al., 1997; Grousset et al., 1992), with
additional inputs from lower latitude areas (Gili et al., 2016, 2017) such as the

Pampean region in central western Argentina.

While SSA is the dominant dust PSA to the ISOL-ICE site, there is evidence of
a non-negligible dust contribution from local Antarctic dust sources. Given that the
size of dust particles in dust source regions is generally observed to be ~10 um (Fig.
2.2) and the particle size of long-range transported dust to Antarctica is typically
between 1-5 pm but < 10 ym (e.g., Koffman et al., 2014, Wegner et al., 2015), the
presence of large coarse particles deposited at the ice core site (Fig. 4.7) are indicative
of contribution from nearby Antarctic dust sources, such as from the Heimefrontfjella
mountain ranges in the coastal DML region. This is supported by analysis of rare earth
elements in the EDML ice core, suggesting some dust contribution from local Antarctic
dust sources during the last glacial period (Wegner et al., 2012), and radiogenic

isotopes measured on dust representing the period 1700 to 1997 CE extracted from
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the Camp Maudheimvidda ice core (73°06'19 "S, 13°09'54 "W; 360 m a.s.l) (Delmonte
et al.,, 2019). Both geochemical evidences suggest dust contribution from local
Antarctic dust sources. Furthermore, the highest emission sensitivities from the
Flexpart simulations are also located over some parts of coastal DML, supporting
potential contribution from exposed rock surfaces in these areas. However, it is difficult
to determine the exact contribution from local sources versus long-range transported

dust.

5.1.2 Dust transport

From source regions in SSA, dust particles are uplifted into the atmosphere to
undergo long-range transport to the ISOL-ICE site. The particle size of long-range
transported dust provides information about transport heights. Given an ISOL-ICE dust
mode of 3.7 ym, the modelled back trajectory heights of particles between 2 and 5 pm
(Fig. 4.13) suggest that dust particles are uplifted to at least ~1500 m.a.s.l. over SSA
in order to be transported to the ISOL-ICE site. Notably, this modelled height
requirement is consistent with a satellite-observed dust event in February 2005

showing dust was uplifted to 2000 m.a.s.l. near Tierra del Fuego (Gasso et al., 2010).

From the SSA region, dust particles are transported to the ISOL-ICE site
dominantly through a low-pressure/cyclonic system south of SSA. Low-
pressure/cyclonic systems play an important role in facilitating dust transport from SSA
to East Antarctica as exemplified in Li et al. (2010). Importantly, while the cyclonic
system south of SSA is the dominant identified mechanism by which dust is

transported to the ISOL-ICE site, the significant correlation values between CPP and
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500 mb geopotential height only range from 0.3-0.6 in magnitude (Fig. 4.20 & 4.23).
The coefficient of determination (R?) therefore indicates that this cyclonic pattern
explains 10-36 % of the dust CPP variability at the ISOL-ICE site and additional factors
such as other circulation patterns, source-related factors, or deposition processes

influence interannual dust transport to the ISOL-ICE site.

Reanalysis data provides important insights into the drivers and mechanisms
of dust transport on seasonal timescales. While the wind flow patterns from SSA to
the ISOL-ICE site are similar across seasonal semesters, winter-spring circulation
patterns show more prominent correlations with CPP compared to during summer-
autumn. In particular, winter-spring zonal winds show a broader region of positive
correlations encompassing SSA with correlations up to R=0.6, whereas summer-
autumn correlations are constrained to a smaller region centred just east of SSA with
correlations up to R=0.5 (Fig. 4.23). Additionally, winter-spring meridional winds show
higher correlation values (-0.3 to -0.4) southeast of SSA compared to summer-autumn,
which have R-values from -0.2 to -0.3. The more prominent wind correlations during
winter-spring may be tied to the more zonally asymmetric (wavy) structure of the
Southern Hemispheric circulation during winter and spring (Ding et al., 2012). Notably,
the more prominent correlation patterns during winter-spring compared to summer-
autumn are also consistent with the observed seasonal dust deposition at the ISOL-
ICE site showing a maximum in winter-spring (Fig. 4.8). This winter/spring dust
maximum is also noted in the Holocene as observed from the EDML ice core from
Wegner et al. (2015). Furthermore, the winter-spring ASL correlation is not present in
the annual average correlation maps, and instead, the low-pressure system over

Drake Passage emerges as the dominant annual signal (Fig. 4.20). This suggests that
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while the winter-spring ASL pattern is more pronounced than the summer-autumn low-
pressure system over Drake Passage, the ASL signal is largely constrained to winter-
spring, whereas the low-pressure over Drake Passage is more consistently observed

throughout the year.

The size-specific seasonal patterns of emission sensitivity (Fig. 4.19) show
some differences with the observed seasonal dust deposition at the ISOL-ICE site
(Fig. 4.8) and the seasonal correlation maps of geopotential height (Fig. 4.23). Given
~3.7 um is the observed particle size mode of long-range transported dust, seasonal
emission sensitivities of 2 ym (Fig. 19a) and 5 ym (Fig. 19b) are used for comparison
with the ISOL-ICE seasonal dust deposition record and the seasonal correlation maps.
The ISOL-ICE site is most sensitive to emissions of fine particles (2-5 ym) between
summer and autumn from the eastern coastal region of SSA (Fig. 4.19a & b). This
indicates that atmospheric conditions and circulation patterns are most conducive for
long-range transport of dust from SSA to the ISOL-ICE site during these seasons. The
difference between the summer-autumn maximum in emission sensitivity (Fig. 4.19a
& b) versus the strong winter-spring dust deposition (Fig. 4.8) and wind correlations
(Fig. 4.23) suggests that while transport of 2-5 um particles are optimal during
summer-autumn (Fig. 4.19a & b), source conditions, such as soil sediment availability,
are possibly more conducive for dust emissions during winter-spring. This could
explain the difference between the seasonal emission sensitivity (Fig. 4.19a & b)
versus the observed seasonal dust deposition (Fig. 4.8) since emission sensitivity
does not take into account source conditions. Comparatively, the correlation analysis

may partly capture variability in source conditions as well.
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Cyclonic circulation variability south of SSA appears tied to the SPCZ on
seasonal timescales and central Pacific convection on annual timescales. Variability
in convective activity in the SPCZ is known to instigate Rossby wave propagation
affecting cyclonic circulation south of SSA on a seasonal basis (Clem et al. 2019). In
particular, during summer-autumn, enhanced convection in the SPCZ is associated
with increased cyclonic activity over Drake Passage (Fig. 4.25), while during winter-
spring, supressed convection in the SPCZ perturbs the subtropical jet leading to a
deepening of the ASL centred just west of the Antarctic Peninsula (Fig. 4.24).
Averaged annually, the summer-autumn and winter-spring seasonal patterns likely
cancel out each other and hence do not emerge as a dominant Rossby wave pattern
on an annual basis. Instead, Rossby wave propagation on annual timescales is
triggered by anomalous convection in the central tropical Pacific, leading to increased
cyclonic activity over Drake Passage (Fig. 4.22). A similar Rossby wave pattern is
noted in Clem et al. (2020) for annual timescales, wherein a deep convective anomaly
in the central tropical Pacific induces a wave train that increases cyclonic activity over

the Weddell Sea.

The influence of particle size on dust transport is pronounced in the strength of
transport (i.e., amount of transported dust) rather than the pathway. As discussed,
stronger emission sensitivities are simulated for finer particles (Fig. 4.15), but the dust
plume trajectories do not vary systematically across particle sizes (Fig. 4.11). In other
words, the overall dust transport pathway from SSA to the ISOL-ICE site is largely the
same across different particle sizes, but the strength of the transport is greater for
smaller particles compared to larger particles. This is likely due to the lower initial

altitude required for fine particles to be entrained in long-range transported dust from
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SSA to the ISOL-ICE site. For example, 2 um particles need to be uplifted to ~1500
m.a.s.l. over the SSA region, whereas 10 ym have to be transported vertically to a
height of ~5000 m.a.s.l. over SSA to undergo long-range transport to the ISOL-ICE
site (Fig. 4.13). In general, it is possible that coarse particles are transported to coastal
Antarctica, such as at Roosevelt Island (Winton et al., 2016), but unlikely over the East

Antarctic Plateau due to the high elevation

5.2 Implications for centennial scale ice core dust records

5.2.1 Spatial patterns of Antarctic dust deposition

Comparative analysis of Antarctic ice core dust records spanning the last
century (Table 3.1) is done to contextualise dust deposition variability observed in the
ISOL-ICE core. This section gives an overview of dust variability across the Atlantic
sector of Antarctica over the last century. Dust fluxes are compared for particles < 10
pum to reduce the influence of locally sourced dust on the flux values and highlight dust

deposition from long-range transported dust.

From 1850-2017, no other available record shows an abrupt increase in dust
flux starting ~1915 as observed in the ISOL-ICE core (Fig. 5.1). Similarly, the WAIS
record also does show an abrupt increase in the early-1900s (Koffman et al., 2014).
The lack of a similar abrupt increase in the dust records for both 0.9-10 ym and 0.9-
5.0 um particles in Fig. 5.1, combined with the dust deposition characteristics at the
ISOL-ICE site, suggests that the sudden shift is a regional high elevation DML signal

compared to the lower elevation WAIS, JRI, and IND-25/B5 sites. Notably, the ISOL-
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ICE record features a second spike in dust concentrations in the late-2000s as most

clearly seen in 0.9-5.0 um particles, but the other dust records do not cover this time

period.
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Figure 5.1 Comparison of ISOL-ICE, IND-25/B5, and JRI ice core dust fluxes from 1850-2017 CE.
Blue lines are annual averages. Size bins are noted on top of each set of plots. No plot for JRI is
shown for the 0.9-10 and 0.9-5.0 um size range since the dataset only provides the total dust flux for
all size bins and not particle size-segregated fluxes. Vertical dashed lines mark 1900 and 2000,
showing the positive trend from the 1900 onwards and the second spike in fluxes in ISOL-ICE core
after 2000.

The dust records from several ice core sites exhibit an overall positive trend in
the past century but with differences in shorter-scale variability (Fig. 5.1). From ~1900
CE onwards, a similar overall positive trend is observed in the ISOL-ICE, IND-25/B5,
and JRI sites. Notably, the WAIS dust record also shows increasing dust flux from

~1900 CE onwards (Koffman et al., 2014). The common trend over the last century
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across all these ice core dust records indicate an Antarctic-wide increase in dust
deposition over the last century. This widespread increase could be due to several
factors, such as land use change (McConnell et al., 2007) and climate variability
related to SAM, ENSO, and/or the PDO (e.g., Koffman et al., 2014; Laluraj et al.,
2020). Additionally, while there is a clear overall positive trend in the records, shorter-
scale variability is largely different across records. This possibly reflects differences in

combinations of PSAs and regional transport patterns for each site.

5.2.2 Dust deposition to high-elevation DML from the last glacial period to the

Holocene-present day

The new evidence from this study over the satellite period and last millennium
highlights that certain aspects of the regional dust cycle to the high-elevation DML
region have remained unchanged since the last glacial period. Firstly, as discussed,
there is overwhelming evidence that SSA is the dominant PSA for the high-elevation
DML region over the last glacial period through to the Holocene (Wegner et al., 2012;
Delmonte et al., 2019; Kratschmer et al., 2022; Gili et al., 2017; Bory et al., 2010), and
this remains the same even during the satellite era (Fig. 4.11 & 4.15). Second, the
seasonality of dust deposition also has not changed significantly given the common
winter-spring maximum in dust deposition observed over the last millennium in the
ISOL-ICE core (Fig 4.8) and during the Holocene in the EDML core (Wegner et al.,
2015). Third, the dust transport pathways and overall dust fetch area for the DML
region between the last glacial period (Kratschmer et al., 2022) and the satellite era

(Fig. 4.11 & 4.17) are still largely the same.

144



In contrast, dust flux and PSD in DML have changed significantly between the
last glacial period, Holocene, and present-day. The dust particle flux observed in the
EDML core decreased from ~ 5 x 10° cm? yr' during the last glacial period (~20,000
years BP) to a Holocene mean of 2 x 10* cm? yr' , while the particle size mode
increased from ~2.0 to 2.2 ym from the last glacial period to the Holocene (Wegner et
al., 2015). Comparatively, the dust flux and PSD in the ISOL-ICE core are observed
to covary over the last millennium, with larger (smaller) particles associated with
increased (decreased) dust flux (Fig. 4.4b & c). Based on what has remained the same
in the regional dust cycle to the high-elevation DML region, the difference in dust flux
and PSD patterns in the EDML versus ISOL-ICE core can possibly be explained by
either changes in source conditions, such as aridity and soil sediment availability, or
the strength of dust transport (e.g., same transport pathways but with stronger wind

speeds or less wash-out from precipitation).

5.2.3 Abrupt increase in dust deposition over the last century

As a striking feature of the ISOL-ICE dust record over the past century is the
abrupt increase in dust parameters in the early-1900s (Fig. 4.5), this section provides
possible explanations behind this sudden shift based on the literature and results from
this study. Importantly, the insensitivity of dust transport pathways to particle size and
seasonality (Fig. 4.11 & 4.17) suggests that changes to the dust transport pathways
related to these two factors are likely not important drivers of the abrupt shift and are
therefore excluded as possible reasons. Similarly, changes to seasonality of dust

deposition at the ISOL-ICE site and the dominant PSA are ruled out as potential drivers
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of the abrupt increase since these have also not changed significantly since the
Holocene or last glacial period as discussed in section 5.2.2. In addition, the snow
accumulation rate does not exhibit a similar abrupt increase in the early-1900s,
indicating that the accumulation rate was not a driver of the increase (Fig. 4.5d). After
ruling out these potential drivers, this section therefore explores changes at the dust
source regions or climate variability as possible explanations for the abrupt increase

in dust deposition.

The similar timing of the abrupt increase and the development of the SSA dust
bowls in the early-1900s suggest a connection between the two. Higher wind speeds
and drier conditions over SSA associated with the dust bowls provide more favourable
conditions for dust transport from SSA to the ISOL-ICE site (Viglizzo & Frank, 2006).
However, while a drier climate likely contributed to increased dust activity during this
period, the detected new mean level in dust parameters after the early-1900s increase
(Fig 4.5) is indicative of a sustained change in dust source conditions and/or transport
patterns that can be better explained by permanent land use change in SSA rather
than an abrupt and prolonged shift in climate patterns; there is no known
climate/circulation pattern that exhibits the same abrupt and sustained change from
the 1930s onwards. Although this hypothesis involving land use change in SSA is
reasonable, the early-1900s increase in concentrations is not clearly observed in other
SSA-sourced ice cores, especially the nearby IND-25/B5 core (Fig. 5.1). Itis therefore
questionable whether the abrupt increase in the ISOL-ICE core is due to changes to

source conditions, especially land-use change associated with the dust bowls.
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Another possible explanation for the sudden shift in dust deposition is increased
contribution from local Antarctic dust sources, such as from nearby mountain ranges
in coastal DML. This is supported by the abrupt increase in CPP at the ISOL-ICE site
in the early-1900s (Fig. 4.5b), indicating larger particles being deposited at the site,
and the presence of large coarse particles during the same period (Fig. 4.7). However,
it remains difficult to further support this hypothesis given the lack of geochemical

fingerprinting data from the ISOL-ICE site over this time period (Delmonte et al., 2019).

From an atmospheric dynamics perspective, the abrupt increase could also
reflect a period of enhanced cyclonic activity south of SSA possibly related to the PDO.
Based on the correlation analysis, summer-autumn PDO appears to be an important
large-scale climate pattern associated with multi-decadal dust CPP variability at the
ISOL-ICE site over the past century (Fig. 4.26). Despite a weak interannual correlation
(R=0.2), the multi-decadal variability of the summer-autumn PDO closely matches that
of dust CPP at the ISOL-ICE site. This is consistent with previous studies showing
PDO variability influences cyclonic activity over Drake Passage (Clem et al. 2019,
2020; Turner et al. 2016). Importantly, inter-annual variability in dust deposition at the
ISOL-ICE site does not appear related to ENSO or SAM, contrary to what studies in
other SSA-sourced ice core sites suggest (e.g., Koffman et al., 2014; Laluraj et al.,
2020). However, since the correlation analysis in this study is mainly done for the
satellite era, interpretations of the dust record before 1979 are based on the
assumption that the relationships between circulation and dust deposition variability at
the ISOL-ICE site hold over the last century. However, Marshall (2007) and Turner et
al. (2019a) show that the large-scale atmospheric circulation patterns that drive wind

and temperature variability across coastal East Antarctica and DML are not stationary
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in time. Therefore, there are limitations in this assumption that the large-scale forcing
of the Drake Passage cyclone during 1979-2017 holds true throughout the entire 20"
century or before. Further research is required to determine whether the circulation
patterns driving dust deposition at the ISOL-ICE site over the satellite era are the same
for the rest of the 20™ century, but this study reveals that tropically forced cyclonic
activity south of SSA associated with PDO variability is one important mechanism that
transports dust from SSA to the ISOL-ICE site. Notably, an enhanced cyclonic
circulation during the early-1900s would generally lead to less precipitation over
central SSA (Fig. 4.21 & 4.23), consistent with the reported drier conditions during the
dust bowl era (Viglizzo & Frank, 2006). This indicates a possible association between

the dust bowls and cyclonic activity south of SSA.

5.3 Future work

The dust transport mechanisms established over the satellite era in this work
holds much potential for investigating decadal to centennial climate and dust

variability in the SH. Several directions for future work are suggested:

1. The robustness of dust transport mechanisms and the sensitivity of dust
transport pathways/fetch areas to different conditions over the satellite era can
be further strengthened by doing case studies of certain climate epochs/periods

within the same period.
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. Further investigating the relationship between dust CPP and the non-ENSO
variability of the PDO would be useful to further understand the relationships

between cyclonic activity south of SSA and tropically forced Rossby waves.

. The same correlation analyses between large-scale atmospheric
circulation/climate patterns and dust particle size can be done using other ice
cores that have high resolution size-resolved dust records over the satellite era.
This will allow for a more comprehensive characterisation of dust particle size-

climate relationships over Antarctica.

. The modelled emission sensitivities simulated in Flexpart can be converted to
simulated dust contribution by simulating dust emission rates from source
regions, thereby not only accounting for dust transport but also source

conditions.

. As this study primarily utilises modelling and reanalysis data, geochemical
fingerprinting work focusing on the last century can complement findings in this
research, especially in relation to determining the relative dust contribution from

local versus sub-Antarctic dust source regions.

. The use of dust deposition at the ISOL-ICE site as a proxy for past large-scale
climate/circulation variability requires comparison with other climate proxy
records to support interpretations about past climate, especially over centennial

timescales.
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7. Frequency analysis of ISOL-ICE record can be done to identify key periodicities
in dust deposition that will help determine the drivers of dust variability at the

site over different timescales.
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6. CONCLUSIONS

The main findings are outlined below answering the specific objectives of this

study:

Objective 1: Identify key dust transport pathways to the ISOL-ICE site over the

satellite era

1.

The main potential source areas for dust deposited at the ISOL-ICE site include
SSA, primarily south of 45°S, and mountain ranges with exposed rock surfaces
north of the ISOL-ICE site. The observed particle size mode in ISOL-ICE core
is 3.7 yum, which likely represents long-range transported dust from the eastern
coast of SSA between 47-50°S as simulated by backward dust dispersion
modelling. Both dust back trajectories and emission sensitivity point to SSA as
the dominant PSA for the ISOL-ICE site. Furthermore, the strongest dust
particle size and atmospheric circulation correlations are close to SSA,
indicating long-range transport from SSA to the ISOL-ICE site. However, the
high dust CPP values and the presence of large coarse particles (10-50 um)
over the satellite era also indicate non-negligible transport from nearby

Antarctic dust sources.

Dust particles from SSA are uplifted to at least ~1500 m.a.s.l. in the SSA region
and are advected east to south-eastward to the ISOL-ICE site following a
cyclonic circulation south of SSA. Comparatively, dust from nearby exposed

rock surfaces follow the prevailing polar easterly flow to the ice core site.
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3. While dust transport pathways to the ISOL-ICE site do not show a clear
systematic pattern across seasons and particle sizes, the amount of dust
transported to the ISOL-ICE site is higher for smaller particles compared to
larger particles and is most pronounced during winter/spring. This winter/spring
maximum in dust transport possibly reflects optimal source conditions for dust

generation during these seasons associated with a broad and deep ASL.

Objective 2: Determine the regional climatic controls of PSD at the ISOL-ICE site over

the satellite era

4. The primary circulation pattern associated with dust deposition at the ISOL-ICE
site is a cyclonic system south of SSA. This cyclonic activity most consistently
manifests as a low-pressure system over the Drake Passage that is
pronounced during summer-autumn. During winter-spring, deepening of the
ASL centred just west of the Antarctic Peninsula enables stronger dust
transport from SSA to the ISOL-ICE ice core site compared to the cyclonic
circulation over Drake Passage in summer-autumn, though the ASL pattern is

primarily constrained to winter-spring.

5. The cyclonic circulation patterns south of SSA are part of tropically forced
Rossby wave patterns. On seasonal timescales, cyclonic circulation in this
region is tied to variations in convective activity in the SPCZ, with summer-
autumn associated with increased convection in the SPCZ and winter-spring

related to suppressed convection in the SPCZ perturbing the subtropical jet. On
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an annual basis, the described seasonal patterns likely cancel out, and instead,

the Rossby wave source is located in central tropical Pacific.

6. Southward Rossby wave propagation appears to be related to multi-decadal
PDO variability during summer-autumn. Given the insignificant correlation
between dust CPP and SOI, the Rossby wave patterns are likely related to the
non-ENSO variability of the PDO, explaining the SPCZ-induced Rossby wave
source. Importantly, no significant correlation is also found with SAM and ENSO
and therefore do not appear to be important drivers of dust transport from SSA

to the ISOL-ICE site.

Objective 3: Contextualise the recent increase in dust deposition at the ISOL-ICE site

over the last millennium.

7. Dust deposition recorded in the ISOL-ICE core shows an abrupt transition to a
higher mean dust flux of 0.30 mg m? yr™ in the early-1900s onwards compared
to the pre-1900 average of 0.03 mg m? yr™. Similarly, dust CPP increased from
a pre-1900 mean of 71 % to 83 % from the early-1900s onwards. The shift
translates to a 10x increase in dust mass concentrations and flux, and a ~12 %
increase in the proportion of larger particles being deposited at the site.
Intercomparison with other ice cores indicates that the early-1900s abrupt
increase in the ISOL-ICE dust record represents a high-elevation regional scale
rather than Antarctic-wide signal. This study suggests that the abrupt increase
is possibly due to either land use change related to the 1930s-1950s dust

bowls, local dust contribution from exposed rock surfaces from the mountain
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ranges in the coastal DML region, enhanced cyclonic activity south of SSA

related to the SPCZ and PDO, or a combination thereof.

8. An overall positive trend in dust mass concentrations is observed over the last
century for the ISOL-ICE, WAIS, IND-25/B5, and JRI cores. However, shorter-
scale variability is largely different for each core, possibly reflecting differences

in combinations of PSAs and regional transport patterns.

9. Comparing the last glacial period, the Holocene, and present-day, certain
aspects of the regional dust cycle to the high-elevation DML region have
remained unchanged. Firstly, the dominant dust source for high-elevation DML
is still SSA. Second, the winter/spring maximum in dust deposition has not
changed significantly since the Holocene. Lastly, the dust transport pathways
and overall dust fetch area for the DML region between the last glacial period

and the satellite era are largely the same.

From where and how is dust transported to high-elevation DML, Antarctica over
the satellite era? The results of this study show that dust is transported from SSA to
the ISOL-ICE site through cyclonic circulation south of SSA. Multi-decadal PDO
variability during summer-autumn relates to the Rossby wave propagation that
deepens or forms this cyclonic circulation. Importantly, this circulation pattern provides
a foundation for future work to investigate the drivers of dust variability in the high-

elevation DML region over the past millennium.
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