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Abstract

Here we show that mineral dust retrieved from an ice core in the central West Antarctic
sector, spanning the last five decades, provides evidence that northerly air mass incur-
sions into Antarctica, tracked by dust microparticles, have slightly declined. This result
contrasts with dust in ice core records reported in West/coastal Antarctica, which show5

significant increases to the present day. We attribute that difference, in part, to changes
in the regional climate regime triggered by the ozone depletion and its consequences
for the polar vortex intensity. The vortex maintains the Antarctic central region relatively
isolated from mid-latitude air mass incursions with implications to the intensification
of the Westerlies and to a persistent positive phase of the Southern Annular Mode.10

We also show that variability of the diameter of insoluble microparticles in central West
Antarctica can be modeled by linear/quadratic functions of both cyclone depth (energy)
and wind intensity around Antarctica.

1 Introduction

Since 1980 the ozone depletion area in the Antarctic stratosphere has exceeded15

1 million km2 and has been recognized as a threat, with dire implications to marine
life (Malloy et al., 1997), increase of skin cancer (Abarca and Casiccia, 2002) and with
repercussions for biogeochemical processes in the Antarctic environment (Zepp et al.,
1998). Heterogeneous reactions between HCl and ClONO2 and H2O+ClONO2, involv-
ing ozone, were proposed mechanisms to explain observations of stratospheric ozone20

levels (Solomon et al.,1986). A key factor involved in the catalytic cycle of depletion
is attributed to the chlorofluorocarbons (CFC), an anthropogenic molecule, firstly an-
nounced in the 1930s. Important players in the destruction of ozone are the polar strato-
spheric clouds (PSCs) (Solomon, 1999), although controversial (Müller, 2009), and the
greenhouse gas emissions that warm the Earth’s surface but cool the stratosphere25

radiatively, a critical factor since chemical reactiveness of ozone is highly sensitive
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to lowering temperatures (Shindell et al., 1998). Recently, it has been argued that
the ozone depletion has climatological consequences (Arblaster and Meehl, 2006; Ar-
blaster et al., 2011). Stratospheric cooling due to ozone depletion may strengthen the
Antarctic circumpolar vortex during the Austral spring season. This is consistent with
the observed downward trends in tropospheric geopotential height and air temper-5

ature (Keeley et al., 2007), which suggests a propagation of this influence to lower
levels. The relative cooling of the Antarctic stratosphere contrasts with a warming sur-
rounding troposphere attributed to the greenhouse gas emissions. This thermal gradi-
ent strengthens the westerly jets (Thompson et al., 2000), as well as the Westerlies
at the surface. The exceptional warming of the Antarctic Peninsula can be seen as10

a probable consequence of the stronger Westerlies (Delworth et al., 2006) and of more
advection of marine moisture and heat flux from the South Pacific Ocean. Recent es-
timates of the Antarctic surface air temperature distribution, derived from a diverse
range of sources such as meteorological ground stations, radiosonde sounding pro-
files, geochemical proxies in ice cores, statistical methods of data extrapolation, and15

satellite measurements, have highlighted a near-dipole thermal trend structure over
Antarctica, with warming over West Antarctica, contrasting to slightly decreasing (and
nearly stable) climatological conditions over central and East Antarctica (Steig et al.,
2009; O’Donnell et al., 2011). Marked differences are also observed in sea ice trends
since the beginning of the satellite era in 1979, showing increases in the Ross Sea20

and reductions in the Bellingshausen and Amundsen Seas. In part, such differences
have been attributed to the non-annular atmospheric circulation change induced by the
stratospheric ozone depletion that strengthens autumn winds around the continent,
deepening the Amundsen Sea Low through flow separation around the high coastal
orography (Turner et al., 2009). In addition to predictions from numerical models and25

trends in meteorological databases, evidence of climate changes in Antarctica can be
also provided by the interpretation of geochemical proxies retrieved from ice cores and
from the very few long-term aerosol monitoring programs. Interpretations of dust de-
posits in Antarctic ice cores have been connected to atmospheric transport strength

12688

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/12685/2012/acpd-12-12685-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/12685/2012/acpd-12-12685-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 12685–12714, 2012

Mineral dust
variability in central

West Antarctica

M. Cataldo et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

and source availability of dust in the surrounding continents (Basile et al., 1997; Li
et al., 2010). At least two recent ice coring projects conducted in West Antarctica re-
vealed the impact of the increasing Westerlies on dust dispersion and deposition on
to the Antarctic ice sheet. Projects conducted at James Ross Island (JRI)/northeast
Antarctic Peninsula (McConnell et al., 2007) and at Marie Byrd Land (MBL) (Dixon5

et al., 2011) have both revealed pronounced increases of dust concentrations during
the ozone depletion decades. Aluminosilicate levels recorded at JRI more than dou-
bled during the 20th century, with a notable increase after the 1950s, concomitant
to increasingly westerly winds and a widespread desertification in Argentine Patago-
nian semi-desert (McConnell et al., 2007). A similar behavior was observed at MBL,10

employing the nssCa2+ as terrigenous proxy of northerly air mass incursions (Dixon
et al., 2011). In the latter work, the authors examined 19 ice cores, most of them in
West Antarctica. They suggested that the increases during recent decades were un-
precedented for at least the last 200 yr, coinciding with anthropogenically-driven climate
changes, such as the greenhouse effect and ozone depletion. It also has been demon-15

strated that Subantarctic cyclones are very efficient systems at transporting particulate
materials to the Antarctic continent (Law et al., 1992), and their effectiveness in dust
dispersion is related to their energy and radius (Evangelista and Pereira, 2002). Previ-
ous research that utilized tracers of crustal origin as 222Rn and aluminum microparti-
cles (Evangelista and Pereira, 2002) and lead, barium and indium (Burn-Nunes at el.,20

2011) demonstrated the importance of the cyclones migrating near latitude 60◦ S in the
delivery of warmer air parcels, mineral dust and pollutants to Antarctica. Simmonds
et al. (2003) have demonstrated, via trajectory analyses, the atmospheric transport
mechanisms involving each of the Southern Hemisphere continents towards Antarc-
tica. During the migration of cyclones around Antarctica, the zonal wind structure is25

affected by the cyclone vorticity that enhances the meridional wind component, driving
warmer dust-enriched air masses to the south. An example of this process is well illus-
trated by dust plumes displacements observed over the South Atlantic and Southern
Ocean by remote sensing (Gasso et al., 2010).
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Ice core data interpretation combined with atmospheric dispersion models has
improved the understanding of mineral dust reaching Antarctica. For the glacial-
interglacial time scales, the atmospheric transport of dust microparticles from Patago-
nian to Antarctica (with increase in glacial dust flux of approximately 25-fold) resulted in
a combined effect of longer lifetime of atmospheric aerosols in the upper troposphere5

due to a reduced existing hydrological cycle during the ice ages and the extension of
South American desert and semi-desert dust sources (Lambert et al., 2008). Models
have shown that dust transport towards Antarctica during the last glacial maximum
(LGM) was faster for Patagonia than for Australia and southern Africa, while during the
last glacial inception, atmospheric transport to Antarctica did not differ significantly from10

the present (Krinner and Genthon, 2003). For the modern epoch, modeling approaches
have revealed that the transport of Patagonian dust to Antarctica is essentially derived
from the San Julian’s Great Depression region, located inside the semi-desert domain
(Li et al., 2010). They have estimated that dust microparticles transport to West Antarc-
tica is a rapid mechanism that takes about 4–5 days. Another potential dust source in15

South America can be the Bolivian Altiplano (Prospero et al., 2002), as deduced from
the Total Ozone Mapping Spectrometer (TOMS) sensor on the Nimbus 7 satellite. Its
present-day dust activity sources are attributed to Late Pleistocene lakes that filled vast
areas of the Altiplano. Dust resuspended from the Altiplano is mainly sedimentary in
origin, mixed with recent accumulations of volcanic eruptions.20

In this work we present an analysis of insoluble microparticles retrieved from the
Mount Johns (MJ) ice core (79.55◦ S, 94.23◦ W), with a view to investigating the in-
cursion of mineral dust to west-central Antarctica during the ozone depletion evolution
period. The location of Mount Johns is particularly valuable in this respect, as that site
receives air mass influences from both East and West Antarctica, according to surface25

wind streamlines patterns proposed by Parish and Bromwich (2007). To support our
analyses and interpretation, we have derived a number of aspects of the Subantarctic
atmospheric circulation and cyclone characteristics since 1958.
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2 Methodology

2.1 Ice core retrieval and (radio) isotopic analysis

Drilling was conducted at MJ/central West Antarctica in December 2007 making use of
an electro-mechanical drill with a maximum extraction depth of 160 m. The top 40m-ice
core, of 9 cm of diameter, was divided into 45 segments ranging from 85 to 95 cm in the5

field, where density measurements were performed. The MJ ice core was maintained
frozen (−20 ◦C) until laboratory analyses started in Rio de Janeiro State University,
Brazil. Sub-sampling was conducted aiming to determinate the deuterium/hydrogen
(D/H) ratios, gamma radioactivity and elemental/molecular microanalysis by SEM-EDX
(Scanning Electron Microscopes–Energy-dispersive X-ray spectroscopy), as described10

below.
In clean laboratory conditions, an external layer of the core was removed with

a TEFLON knife and the 45 core segments were all cut into slices of 10 cm. The slices
were separated into individual vials and melted at 4 ◦C. Sub-samples of 5 mL were
taken for stable isotope analysis. Subsequently, the rest of each ice core segment15

was mixed in a beaker (cleaned with detergent followed by acid solution), comprising
a volume of approximately 2 l per section. Each volume was filtered through a 0.1 µm
Nuclepore polycarbonate membrane. The 40m-ice core of MJ was dated by D/H an-
nual variability. Extractions were carried out on a fully automated chromium reduction
furnace at 900 ◦C (H/Device) directly connected to the dual inlet system of an IRMS20

(DELTAplus Advantage, Thermo Scientific, Germany) equipment. Aliquot of 1 µl from
each unknown (liquid) sample was used to determine its D/H ratio. Thirty-five sam-
ples were routinely run during a period of 22 h in a sequence with international water
reference standards (V-SMOW, SLAP2 and GISP2) in order to check analytical repro-
ducibility and/or anomalous instrumental drift.25

Each filtered sample segment of the ice core was firstly submitted to the non-
destructive technique of high resolution gamma spectrometry. We used an extended
energy range co-axial hyperpure germanium (HPGe) detector with relative efficiency
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of 20 % and resolution of 2.5 keV at the 137Cs energy peak. This detector is placed
inside a 5-ton lead shield, ensuring a very low background. Detector efficiency was
obtained using a liquid solution containing a cocktail of radionuclides – NIST (serial
number HV951). The cocktail used in this study included the radionuclides 133Ba, 57Co,
139Ce, 85Sr, 137Cs, 54Mn, 88Y, and 65Zn. Details of this method are described in Handl5

et al. (2008). The net gamma ray spectrum was analyzed in the 137Cs energy win-
dow, around 662 keV, and integrated counts were subtracted to 24 h background at the
same energy window. The chronology of the ice core was confirmed by the detection of
137Cs Chernobyl peak of 1986, coincident to same date inferred by the D/H. A similar
marker was previously detected at the South Pole (Dibb et al., 1990).10

2.2 Single particle analysis

SEM-EDX sample analyses were performed using a JEOL 6300 Scanning Electron Mi-
croscope (JEOL™, Tokyo, Japan) equipped with backscattered and secondary electron
detectors and an EDX detection system at University of Antwerp, Belgium. A Si(Li) X-
ray detector, coupled to a PGT-system (Princeton Gamma Tech, Princeton, NJ, USA),15

was employed for acquiring the X-ray spectra. Particles collected in Nuclepore sub-
strates provided good contrast between the backscattered electron signals (BSE) from
the particles and those from the substrate. The electron beam scans the samples, and
when the measured backscattered electron signal is higher than a pre-set threshold
value, a particle is considered to be detected. When the contours of the located par-20

ticle are ascertained, the morphology (shape factor) and size (geometric equivalent
diameter) are determined. The elemental detection limits of the SEM-EDX are around
1 % in mass. The control software localizes the particles from the BSE image and per-
forms an X-ray measurement within each particle. The intensities of the characteristic
peaks in the spectra were determined by the top-hat filter method that stresses regions25

of high grey intensities (van Espen and Janssens, 1992). In all samples, 400 individual
particles were analyzed for each filter. Following the SEM-EDX analysis, only those
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variables (elements) detected in more than 1 % of the analyzed particles were consid-
ered. In our case, they were Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn
and Pb, including the diameter estimate and the sump (sum of the characteristic lines
in the X-ray spectrum). The database of the elemental composition was submitted to
a hierarchical cluster analysis, based on Forgy’s algorithm (Anderberg, 1973), in order5

to classify the particles structures. In this method, each particle is a point in a mul-
tidimensional space, where each coordinate or dimension is the concentration of an
element. Particles that are close to each other or have similarities between them are
combined into a new group. This process is continuous and forms new groups, until
all particles are combined into subgroups or end-groups presented as dendrograms.10

The number of final groups is defined using the Akaike criterion, which is based on
the relationship between the order of a system and its minimum entropy (Bondarenko
et al., 1996; Hoornaert et al., 2004). The 45 samples were analyzed with an instrumen-
tal setup of: accelerating voltage of 20 keV, current of 1 nA, X-ray spectrum acquisition
time of 20 s, image magnification of 1000 X and range of diameter analyzed 0.7–20 µm.15

Particles containing the elements Cl, Cr, Cu, Ni, S, W and V corresponded to 2 % of the
total. Hierarchical analyses have revealed 34 groups or clusters. The six most abundant
clusters occurred in 70 % of the samples. Our results are based on the elements that
can be detected by conventional automated SEM-EDX technique, excluding elements
with an atomic number lower than 11, such as C, N and O.20

2.3 Climate and meteorological databases

The basic aim of this work is to investigate the mineral dust variability (fraction of insol-
uble dust and diameter) at MJ with respect to changes in the atmospheric circulation,
and particularly wind and cyclone dynamics. To undertake this, we make use of both
ground-based meteorological data and the NCEP “reanalyses” (Kalnay et al., 1996) for25

the period 1958–2009. These reanalyses applied modern assimilation procedures to
historical data, and provide the most comprehensive and consistent picture of the four-
dimensional structure of the global atmosphere over the selected period (Simmonds,
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2003). In data-sparse regions, the introduction of new data at a given time into the
assimilating model can produce analyses that appear to have jumps or trends. A case
in point is the widespread use in analysis schemes of satellite data starting in 1979
(Hines et al., 2000; Simmonds and King, 2004; Bromwich et al., 2007). However, we
take the perspective that it is of considerable value to use the NCEP reanalysis prior to5

this time, as it provides a broader view of the changes that have occurred over the last
half century. In our investigation we are particularly interested in Subantarctic cyclone
characteristics. In the International Geophysical Year (1957–1958), many radiosonde
stations were established around the periphery of the Antarctic continent, taking quality
atmospheric soundings at high temporal frequency. In toto these stations are able to10

provide a good picture of Subantarctic surface cyclone activity, and for this reason we
are comfortable, with certain caveats, in using the data back to 1958.

From the 6-hourly NCEP global mean sea level pressure fields, we locate the cy-
clones using the algorithm of Lim and Simmonds (2007). In addition to finding cy-
clones, the algorithm also determines the morphological properties of each cyclone it15

identifies. One of these properties, which is of particular relevance to the present in-
vestigation, is the “depth” of a cyclone, which is the difference between the pressure at
the edge of the cyclone and the pressure at the center. In the idealized case of sym-
metric cyclones, this can be written as 1/4(R2∇2p) (Simmonds et al., 2008), where R
is the cyclone radius and p is the mean sea level pressure. This metric provides direct20

information of the effect of a cyclone on the environment (and possibly the transport of
terrigenous tracers), in that it is proportional to the total eddy flux affected by a cyclone
(Simmonds and Keay, 2000) and to the total kinetic energy of the cyclone (Simmonds
and Keay, 2009), a consideration essential to our argument here.

2.4 Cluster analyses of databases25

Considering the wide range of parameters (geochemical and climatic) employed in this
work, we have conducted a hierarchical cluster of analyses in order to investigate the
similarity level among them. In this case we have used the single linkage algorithm
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as the agglomerative hierarchical clustering method and the r-Pearson correlation as
the similarity measure (Digby and Kempton, 1987). The r-Pearson correlation measure
reflects the degree of closeness of objects, defined with the formula d = 1− r , where d
is the distance, and r = Z(x) ·Z(y)/n is the dot product of the z-scores of the vectors x
and y . The z-score of x is constructed by subtracting from x its mean and dividing by its5

standard deviation. In cluster analyses, the single linkage (or the nearest neighbor) is
a method of calculating distances between clusters in a way that the distance between
two clusters is defined as the distance between the two closest elements in the two
clusters. The result is summarized as a dendrogram that depicts how the clusters are
merged hierarchically.10

3 Results and discussions

Although mineral dust records in ice cores of West Antarctica have provided evi-
dence of potential climate effects due to ozone depletion, the same has not been
recognized for central Antarctica, a region identified as “climatically isolated”. Climate
changes attributed to the ozone depletion over the Southern Ocean is one of the15

conclusive topics at the Executive Summary WMO/UNEP – “Scientific Assessment of
Ozone Depletion: 2010”, prepared by the Scientific Assessment Panel of the Montreal
Protocol on Substances that Deplete the Ozone Layer (http://montreal-protocol.org/
Assessment Panels/SAP/ExecutiveSummary SAP 2010.pdf). Therefore, the parame-
ter “ozone depletion” is assumed here as a potential cause of the recent atmospheric20

circulation change ongoing around Antarctica during last decades and a factor able
to modulate the inflow of mineral dust into Antarctica. Ozone data presented here are
measurements taken during October at Halley Bay Antarctic station. At that site ob-
served ozone content was ∼ 30% lower in the spring seasons (October) of 1980–1984
than in the springs of 1957–1973 (Solomon et al., 1986). The issue of the seasonality of25

ozone changes is complex. Further, there is still no clear consensus on which aspect
of the seasonality of ozone is the most important. For example, Keeley et al. (2007)
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comment that “stratospheric ozone depletion peaks in October–November, whereas
tropospheric trends are largest in December–January, concurrent with maximum ozone
changes close to the tropopause”. Surface temperatures are most sensitive to ozone
loss near the tropopause; therefore, it has been suggested that the observed tropo-
spheric response is forced mainly by ozone depletion in the lower stratosphere. In5

our samples, 53 % of the total particles counted (n = 17600) presented the elements
Si, Al, Fe and Ti as main constituents. The method allows differentiating microparti-
cle compositions individually in the sample insoluble fraction. Therefore, our data re-
fer to the “Fraction of insoluble dust microparticles containing enriched AlSi and Fe”
(Finsoluble dust) with respect to the total detected insoluble microparticles, which exclude10

all sea salt compounds in the sample. Insoluble elements/compounds detected were
Al, Cr, Cu, Fe, Ni, S, Si, Ti, W, V, AlSi, AlTi, AlSi-Cl, AlSi-Fe, AlSi-Mg, AlSi-S, AlSi-Ti,
AlSi/FeCl, Fe-Cr, FeSi, FeSi-S, Fe-Cr-W, KCl, SiCl, SiS, SiS Cu, SZn, TiSi, V-Cr, V-Fe,
V Cr, Fe W and V Cr Si. Herein, time series for mineral dust were denoted by FAlSi and
FFe (Fig. 1a). In this case insoluble dust microparticles presented similar trends with re-15

spect to ozone depletion, mainly after the 1980s decade (Fig. 1b). The observed ozone
content at Halley Bay was ∼ 30% lower in the Antarctic spring seasons (October) of
1980–1984 than in the springs of 1957–1973 (Solomon et al., 1986). Prior to the satel-
lite era, climate reanalyses data for Antarctica should mostly be interpreted as reliable
for the summer months window (December, January and February – DJF) (Bromwich20

et al., 2007). Accordingly, wind data depicted in Fig. 1c pertain only to the austral sum-
mer months (DJF) with 1 standard deviation bars. It is clear that inverse trends between
NCEP DJF winds around Antarctica (Fig. 1c) and ozone depletion, AlSi and Fe were
evidenced.

The mean cyclone depths were calculated for all cyclones in the 50◦ S–70◦ S (Fig. 1d)25

and 30◦ S–50◦ S (Fig. 1e) latitude belts. In addition to the DJF data, we preserved the
cyclone annual time series in Fig. 1, since the mineral dust microparticles data in the
ice core are of annual resolution. Particularly at 50◦ S–70◦ S, the increase of cyclone
depth is clearly observed. An inspection at Fig. 1d and 1e indicates that cyclone depth
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increased significantly after the 1980s, which coincides with ozone depletion evolution.
Therefore, mid-to-Subantarctic zones have been experiencing increasing Westerlies
combined with increasing cyclone activity. This presents a favorable scenario for min-
eral dust delivery to the atmosphere surrounding Antarctica.

Additionally, one may observe the similar ascending behavior of cyclone depth5

(Fig. 1d, e) and the positive phase of the Antarctic oscillation index, AAO (Fig. 1f). The
positive phase of AAO index is persistent after the 1980s and is normally associated
with the elevation of air temperatures over the Antarctic Peninsula and decrease in most
of the other Antarctic regions (Thompson and Wallace, 2000). The AAO index, in its
positive phase, also generates more and stronger cyclones at high southern latitudes10

(Pezza et al., 2008), causing anomalous southward atmospheric heat flux and confin-
ing the sea ice closer to the Antarctic continent in the Bellingshausen/Weddell Seas.
The AAO index data presented here are an observation-based Southern Hemisphere
Annular Mode index (http://www.antarctica.ac.uk/met/gjma/sam.html – last revised in
October, 2011). In this definition 12 stations were used to compose the zonal means15

from 40◦ S to 65◦ S. The basic method to achieve these data is outlined in Marshall
(2003). The AAO index is considered the dominant mode of atmospheric variability
in the Southern Hemisphere (Kidson, 1988; Thompson and Wallace, 2000; Marshall,
2007; Jones et al. 2009; Visbeck, 2009). Several studies have examined the impacts
of changes in the AAO with regard to the atmosphere, sea ice and ocean circulation.20

These are often related to changes in temperature, surface pressure, precipitation and
zonal winds from extra-tropical to high latitudes. With the strengthening of the circum-
polar vortex and the associated stronger meridional temperature gradient, the zonal
(westerly) winds that circle Antarctica intensify, leading to changes in rainfall, sea ice
extent and a southern shift in the storm tracks (Hall and Visbeck, 2002; Lefebvre et al.,25

2004; Gillett et al., 2006; Sen Gupta and England, 2006; Hendon et al., 2007). The
intensification of the Westerlies in conjunction with the positive trend of the AAO has
been documented in observations, reanalysis and climate models simulations from the
mid-1960s to present (Thompson and Solomon, 2002; Gillet and Thompson, 2003;

12697

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/12685/2012/acpd-12-12685-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/12685/2012/acpd-12-12685-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.antarctica.ac.uk/met/gjma/sam.html


ACPD
12, 12685–12714, 2012

Mineral dust
variability in central

West Antarctica

M. Cataldo et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Marshall, 2003, 2007; Russell et al., 2006; Visbeck, 2009). Russell et al. (2006) dis-
cussed how this trend in AAO has increased the westerly winds by about 20 % over
the last 20 yr. Böning et al. (2008) discussed how the poleward shift and intensifica-
tion of the Southern Hemisphere Westerlies result in an increased circulation in the
ocean’s subpolar meridional overturning cell. This is also discussed in Saenko et al.5

(2005). The positive phase of the AAO can also be related to changes in the merid-
ional temperature gradient associated with the cooling of the polar lower stratosphere,
attributed to ozone depletion. This is accompanied by warming in the tropical upper
troposphere, which is related to an increased vertical gradient of the wind in the mid-
latitude tropopause region also affecting the tropospheric winds. Furthermore, Pezza10

et al. (2008) demonstrated that changes in cyclone density and depth are in extreme
phase with AAO. Ozone depletion is known to affect the entire Southern Hemisphere,
resulting in broadening of the Hadley cell, zonal winds and a poleward extension of the
subtropical dry zones (Polvani et al., 2011).

Uncertainty in our knowledge of the spatial variability of meteorological parameters15

in the region south of 40◦ S, before ozone depletion occurred (∼ 1979), is quite large,
and the marine coverage is very seasonally biased. Considering this uncertainty, we
support our findings on the basis of the wind intensity of selected weather stations lo-
cated at (or near) the maritime Antarctica, whose meteorological databases comprise
the period before and after 1979. These data are provided by the SCAR-READER at20

http://www.antarctica.ac.uk/met/READER/surface/stationwind.html. Table 1 encloses
data of 22 Antarctic stations with data continuity large enough to accomplish the above
requirement. Compiled wind data show enhances in 64 % of the stations after 1979.

Model simulations indicate that the wind increased significantly over the Southern
Ocean region after 1979. Nevertheless, closer to the sea ice edge (where most of the25

stations of in Table 1 are located), increases of wind intensity is expected to be less
and not homogeneously distributed. In Fig. 2 we compare wind trends, from ground sta-
tions, with the wind variability derived from a model proposed by Lenton et al. (2009)
that used the IPSL-CM4-LOOP prognostic 3-D-coupled carbon-climate model. The
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model predictions (of increase/decrease) apparently fail only in the Indian Ocean sec-
tor where data from Syowa, Novolazareskaya, Molodeznaja and Mirny exhibit wind
increases contrasting to wind decreases predicted by the model. An important point to
consider is that the model is particularly robust to comparisons at the north-northeast
Antarctic Peninsula, the closest Antarctic sector to Patagonia semi-desert, which is the5

most probable source region of mineral dust reaching Antarctica.
The reduction of insoluble mineral dust in the central Antarctica atmosphere may

have implications on annual snow accumulation. Decreases in accumulation between
1985 and 2001 inferred by the Polar MM5 mesoscale model (Monaghan et al., 2006a)
are particularly obvious over the Ronne-Filchner ice shelf, part of Dronning Maud Land10

and the coastal regions of East Antarctica. The efficiency of dust as cloud condensation
nuclei (CCN) has been previously demonstrated in controlled experimental conditions
similarly to those found at sites of the Polar Plateau (Monaghan et al., 2006b). Si-
enriched microparticles found at MJ were predominantly spherical (Fig. 3a). This type
of grain morphology is expected to exist in semi-arid sites (Rodriguez et al., 2009) and15

reflects the effect of “aeolian weathering” due to successive collisions among grains
at the source regions. Time variability of insoluble microparticle diameters shows a
significant increase after 1985, ranging from 1.42±0.12µm to 1.87±0.35µm (Fig. 3b).
The shift to larger dust microparticles in the Antarctic ice sheet was previously found
in the Dome C ice core during episodes of more vigorous circulation from the tropics20

toward Antarctica (Petit et al., 1981).
The dendrogram obtained by the use of the single linkage as the amalgamation algo-

rithm and the r-Pearson correlation as the similarity measure(Fig. 4) does corroborate
our hypothesis that ozone depletion modulates the mineral dust inflow to Antarctica
(Group 2 in the cluster analyses) and that the microparticle diameter is mainly con-25

strained by wind and cyclone energy around Antarctica (Group 1 in the cluster analy-
ses).

Mean microparticle diameter correlated significantly with cyclone energy (confi-
dence level of 0.05) for a broad latitudinal band enclosing 30◦ S–70◦ S, a region that
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covers the greatest fraction of dust emissions at Patagonian semi-desert [the northern
Patagonia, centered at (44◦ S, 67◦ W) and the San Julian’s Great Depression, cen-
tered at (49◦ S, 69◦ W), formed by scattered dry lakes and topographic depressions].
A higher r-Pearson value was obtained for cyclones migrating in the 50◦ S–70◦ S belt
(r = +0.62). Around 26 to 38 % of the diameter variability in MJ can be explained by cy-5

clone depth model over continental dust source regions and the Southern Ocean. Addi-
tionally, we used quadratic models to obtain the best fit between wind intensity around
Antarctic (using the DJF database) and diameter (d ), expressed in microm of insoluble
microparticle be VDFJ(ms−1) ∼ 4.39+3.62d −0.75d2. A very similar model was found
considering the annual wind database; we found Vannual(ms−1) ∼ 6.00+3.03d−0.65d2.10

4 Concluding remarks

On long time scales (e.g., Holocene/Last Glacial), previous works (Petit et al., 1981;
Deangelis et al., 1987) have inferred the wind strength on the basis of dust concen-
trations and diameter distributions measured in deep ice cores. These associations
are based on empirical relations between the glaciological data and numerical mod-15

els that may incorporate considerable uncertainties. For the last decades, in contrast,
combined climate models, ground-based observations, satellite observation and annu-
ally resolved geochemical databases from ice cores have together provided a unique
opportunity to improve knowledge to directly associate the climate dynamics at the
Antarctic and surrounding continents with dust microparticle sources, their time vari-20

ability and diameter distribution while deposited in Antarctic ice sheet. This reinforces
the important role of the terrigenous tracers as an important avenue to calibrate mod-
els.

Our results contrast to recently published West Antarctic ice core dust analyses (Mc-
Connell et al., 2007; Dixon et al., 2011) that point to strong dust enhancements from25

the last century to the present. In light of the results of the present investigation, we may
explain these differences (and other aspects of the dust transport) with the aid of the
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schematic scenario presented in Fig. 6. Our data show that during the ozone depletion
period, dust advection to the central Western Antarctic sector changed from a stable
to a reducing deposition pattern. It suggests that climatically driven processes due to
ozone depletion may act differently on the Antarctic continental scale, with respect to
the atmospheric transport of particulate matter. According to Thompson and Solomon5

(2002), recent significant tropospheric trends in Antarctica are related to trends in the
lower stratospheric polar vortex that may contribute substantially to the observed cool-
ing over eastern Antarctica and the Antarctic Plateau. An example of that is the tem-
perature decline over central and East Antarctica inferred from the Advanced Very
High Resolution Radiometer (AVHRR) sensors (using the thermal infrared channel)10

from 1982–2004. Therefore, a hypothesis in which the polar vortex may act like an
“atmospheric barrier”, preventing warmer, coastal air from moving in to the continent’s
interior, based purely on the climatological approach (Thompson and Solomon, 2002)
is also confirmed by the dust geochemical composition retrieved from our ice core,
which contrasts to trends observed in western/northern Antarctica.15
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Table 1. Trends in surface wind intensity measured in Antarctic stations (maritime region) before
and after 1979 (data compiled from the SCAR-READER database).

Weather Station Lat. Long. Height Wind intensity (m s−1) Increase (+)

Around Antarctica (m a.s.l.) Before 1979 After 1979 Decrease (–)

Bellingshausen 62.2◦ S 58.9◦ W 16 14.0±2.2 (68–79) 14.4±2.0 (80–10) +
Campbell 52.0◦ S 169.0◦ E 19 17.4±2.6 (61–79) 16.2±2.5 (80–10) –
Casey 66.3◦ S 110.5◦ E 42 11.9±3.6 (60–79) 13.6±3.9 (80–90) +
Davis 68.6◦ S 78.0◦ E 13 9.9±2.3 (57–79) 11.0±2.4 (80–10) +
Dumont Durville 66.7◦ S 140.0◦ E 43 20.6±4.3 (56–79) 18.2±3.6 (80–10) –
Esperanza 63.4◦ S 57.0◦ W 13 16.2±6.5 (57–78) 14.7±4.1 (80–10) –
Faraday/Vernadsky 65.4◦ S 64.4◦ W 11 7.6±2.6 (50–79) 8.9±2.5 (80–10) +
Grytviken 54.3◦ S 36.5◦ W 3 8.6±2.0 (59–79) 8.9±1.6 (01–10) +
Halley 75.5◦ S 26.4◦ W 30 13.3±3.4 (57–79) 12.2±2.9 (80–10) –
Leningradskaja 69.5◦ S 159.4◦ E 304 16.3±3.0 (71–79) 15.8±2.9 (80–91) –
Macquarie 54.5◦ S 158.9◦ E 8 17.0±2.8 (48–79) 18.4±2.5 (80–10) +
Marambio 64.2◦ S 56.7◦ W 198 19.5±4.8 (71–79) 17.1±4.0 (80–10) –
Marsh 62.2◦ S 58.9◦ W 10 12.7±2.2 (70–79) 14.8±3.5 (80–10) +
Mawson 67.6◦ S 62.9◦ E 16 21.8±4.2 (54–79) 22.1±4.2 (80–10) +
McMurdo 77.9◦ S 166.7◦ E 24 11.5±2.6 (56–79) 9.8±2.0 (80–10) –
Mirny 66.5◦ S 93.0◦ E 30 22.4±4.7 (56–79) 21.8±4.3 (80–10) –
Molodeznaja 67.7◦ S 45.9◦ E 40 19.8±6.1 (63–79) 20.8±6.2 (80–99) +
Novolazarevskaya 70.8◦ S 11.8◦ E 119 19.8±6.1 (63–79) 20.8±6.2 (80–99) +
Orcadas 60.7◦ S 44.7◦ W 6 12.2±4.3 (56–79) 12.6±2.3 (80–10) +
Rothera 67.5◦ S 68.1◦ W 32 11.3±2.8 (76–79) 12.1±3.0 (80–10) +
Signy 60.7◦ S 45.6◦ W 6 13.8±3.0 (56–69) 14.9±3.0 (84–95) +
Syowa 69.0◦ S 39.6◦ E 21 11.6±3.6 (57–79) 12.9±3.6 (80–05) +
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Fig. 1. (a) Fraction of insoluble dust microparticles (AlSi+Fe+Ti) at Mount Johns and ozone
concentrations measured for October at Halley Bay Antarctic stations (both with polynomial
trends overlaid); (b) Fraction of insoluble dust microparticles for AlSi and Fe, individually; (c)
DJF wind intensity for 40◦ S–70◦ S (error bar: 1 standard deviation); (d) cyclone depth for DJF
and the annual databases for the latitudinal bands 30◦ S–50◦ S and (e) the same for 50◦ S–
70◦ S (e); and (f) for AAO index. Shaded areas highlight the period of ozone depletion scenario.
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Fig. 2. (A) Surface wind trends, from Antarctic stations, relative to 1979 (see Table 1); and
(B) for comparison, simulated wind stress over the high-latitude Southern Ocean in a ozone-
depletion scenario (Lenton et al., 2009).
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Fig. 3. (A) Size distribution of insoluble microparticles and relative abundance of ele-
ments/chemical compounds obtained for Mount Johns ice core (central West Antarctica);
(B) time variability of microparticle diameters for the same site.
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Fig. 4. Dendrogram showing the similarity level among the geochemical and climate parame-
ters. In this case the algorithm used is the single linkage and the r-Pearson correlation was the
similarity measure. A tolerance level defined around 0.3 grouped 2 sets of parameters.
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Fig. 5. (upper) Correlation between total insoluble microparticle diameter in Mount Johns ice
core and DJF cyclone depth around Antarctica between 1960 and 2007; (bottom) the same of
the previous but for wind intensity (40◦ S–70◦ S). A quadratic model was used to the best fit of
the wind correlation.
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Fig. 6. Schematic summary of recently observed patterns of mineral dust deposition in western
Antarctica and continental climate changes driven by the ozone depletion.
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