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ABSTRACT: A 200-year proxy for northerly air mass incursions (NAMI) into central and western West Antarctica is
developed from the examination of 19 shallow (21—-150 m deep) Antarctic ice-core non-sea-salt (nss) Ca’* concentration
records. The NAMI proxy reveals a significant rise in recent decades. This rise is unprecedented for at least the
past 200 years and is coincident with anthropogenically driven changes in other large-scale Southern Hemisphere
(SH) environmental phenomena such as greenhouse gas (GHG) induced warming, ozone depletion, and the associated
intensification of the SH westerlies. The Hysplit trajectory model is used to examine air mass transport pathways into
West Antarctica. Empirical orthogonal function analysis, in combination with trajectory results, suggests that atmospheric
circulation is the dominant factor affecting nssCa’>* concentrations throughout central and western West Antarctica. Ozone
recovery will likely weaken the spring-summer SH westerlies in the future. Consequently, Antarctica could lose one of its
best defences against SH GHG warming. Copyright © 2011 Royal Meteorological Society
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1. Introduction

Globally, record-breaking warming, glacier retreat, and
ice shelf collapse on the Antarctic Peninsula reveal
the consequences of anthropogenic source greenhouse
gas (GHG) warming and ozone depletion coupled with
the natural magnifying capacity of ocean ice cover
removal (Rignot et al., 2004; Scambos et al., 2004; van
den Broeke, 2005; Turner et al., 2006; Lubin et al.,
2008; ACCE, 2009). To the south, West Antarctica
has undergone significant (>0.1°C/decade since 1950)
warming in recent decades (Steig et al., 2009) and weak
yet statistically significant warming trends are beginning
to emerge at some East Antarctic interior and coastal
stations since 1992 (Monaghan et al., 2008). Much of
the foregoing is linked to the behaviour of the southern
annular mode (SAM) (Thompson and Solomon, 2002;
Schneider et al., 2004). The SAM is the dominant pattern
of Southern Hemisphere (SH) atmospheric variability
south of 20°S and its index describes the relative
anomalies in the meridional pressure gradient between
the sub-Antarctic and middle latitudes. Since instrumental
records began, in the 1950s, the SAM has been trending
into a positive high-index state (Thompson et al., 2000;

* Correspondence to: Daniel A. Dixon, Climate Change Institute and
Department of Earth Sciences, University of Maine, Orono, ME 04469-
5790, USA. E-mail: daniel.dixon@maine.edu
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Marshall, 2003). Since the late 1970s there has been
a rise in the rate of increase as a consequence of
the thermal gradient amplification induced by ozone
depletion and GHG warming (Thompson et al., 2000;
ACCE, 2009). As a result, there has been a contraction
of the Antarctic circumpolar vortex (ACV), the large-
scale cyclonic circulation of the troposphere centred over
Antarctica, and intensification of the SH westerlies that
form at the edge of the ACV (Randel and Wu, 1999;
Thompson and Solomon, 2002; Crook et al., 2008). This
intensification has thus far isolated most of Antarctica
from the impacts of GHG warming (ACCE, 2009) and
has probably led to a deepening of the Amundsen Sea
Low (ASL) pressure system (Turner et al., 2009). The
more positive SAM has also weakened katabatic winds
over much of East Antarctica resulting in a less turbulent
heat flux into the surface (van den Broeke and van Lipzig,
2004). Understanding how long these conditions persist
and how rapidly the westerlies’ barrier can be invaded
is critical in assessing the future of SH climate and sea
level rise.

To begin to address these questions we examine an ice-
core record array that reveals increases in extra-Antarctic
source dust-laden air masses into coastal and central West
Antarctica during the last century and a rapid rise in the
rate of increase during the last three decades (Figure 1).
These dust records offer a proxy for the relative intensity
of extra-Antarctic continental source air mass incursions
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Figure 1. Polar stereographic shaded relief map of Antarctica showing the location of ice cores used in this study. Cores marked by stars are used

to construct the NAMI proxy. Inset: Antarctic location map. Area denoted by yellow dashed line indicates geographic location of boxes shown

below. Boxes: decadal contour plots showing the spatio-temporal distribution of normalized nssCa concentrations from the suite of 19 cores.

Black dots within each contour box indicate which ice cores were used to construct the plot. Note: 1990 contour box is smaller because the 03-1

core is not used for that decade. EAIS, East Antarctic ice sheet; WAIS, West Antarctic ice sheet; RIS, Ross Ice Shelf; FRIS, Filchner—Ronne
Ice Shelf; RS, Ross Sea; AS, Amundsen Sea; BS, Bellingshausen Sea; WS, Weddell Sea.

Copyright © 2011 Royal Meteorological Society Int. J. Climatol. (2011)



ICE-CORE PROXY FOR NAMI INTO WEST ANTARCTICA

(storms) into West Antarctica, and by association the
strength of the SH westerlies and the ASL that is the
graveyard for many of these storms. Hereafter, we will
refer to this as the northerly air mass incursion (NAMI)

Proxy.

2. Methods and results

Previous work demonstrates that statistically significant
correlations exist between glaciochemical concentrations
and instrumented climate records in and around Antarc-
tica. Examples include strong associations between ice-
core Na' concentrations and the ASL pressure sys-
tem (Kreutz et al., 2000; Kaspari etal., 2004), ice-
core methanesulphonic acid concentrations and sea ice
extent (Welch et al., 1993; Meyerson et al., 2002; Curran
et al., 2003; Abram et al., 2007), ice-core stable isotopes
and temperature (Schneider et al., 2004, 2006), and ice-
core non-sea-salt-Ca>* (nssCa) concentrations used as a
NAMI proxy in this study. A previous ice-core nssCa
study (Yan et al., 2005) established that a statistically sig-
nificant positive relationship exists between the strength
of SH westerlies and nssCa concentrations in two West
Antarctic ice cores (SDM-94 and 00-1) from 1948 to
2002. In this study, we expand these findings using an
array of 19 ice-core nssCa records that include the orig-
inal SDM-94 and 00-1 sites (Figure 1) and expand the
significance of the proxy based on investigation of the
sources and transport pathways of nssCa.

The 19 ice cores used to produce our NAMI proxy
range in depth from 21 to 150 m and span the time
period 850—2000 AD (Table I). The majority of the cores

(99-1, 00-1, 00-3, 00-4, 00-5, O1-1, 01-2, 01-3,
01-5, 02—4, and 03-1) used in this study were collected
during seven US ITASE (International Trans Antarctic
Scientific Expedition) field seasons (Mayewski et al.,
2005; Mayewski et al., 2009). The US ITASE cores were
melted using the University of Maine continuous melter
system (Osterberg et al., 2006) and are sub-annually
sampled (except for 03-1) for their entire depth (see
Table I for more information). This sampling resolution
captures the clear seasonal signal present in several of
the glaciochemical series and allows determination of
a relative dating accuracy of better than 1 year (Dixon
et al., 2004; Steig et al., 2005).

All samples were measured for Nat, K+, Mg?*, Ca’*,
Cl—, NO;~, and SO, using a Dionex® DX-500 ion
chromatograph coupled to a Gilson® autosampler. To
determine anion (Cl-, SO42~, and NOs~) and cation
(Nat, Ca?t, Mg?*, and K*) concentrations we used
an lonPac AS-11 hydroxide-selective anion-exchange
column and an IonPac CS-12A cation-exchange column,
respectively. Ca’* concentrations have an accuracy of
better than 0.1 pg/l. The nssCa concentrations were
calculated using the standard seawater ratio (Holland,
1978) of Nat, K+, Mg?*, Ca’*, Cl~, and SO4>~ after the
method outlined by O’Brien et al. (1995) that performs
an iterative test against each species to determine the
most conservative sea-salt indicator per sample.

The chemical concentration of each sample is reported
rather than flux (flux = concentration x accumulation
rate) because dry deposition rates for inland Antarctica
are not well constrained and there is no significant cor-
relation between nssCa concentration and accumulation

Table 1. Data for ice cores.

Location Latitude Longitude = Elevation = Depth Core age Mean acc. rate References
(core) CN) (E) (m) (m) (year AD) (cm weq)

99-1 —80.6200  —122.6300 1350 58 1713-1988 13 Dixon et al., 2004
00-1 —79.3831 —111.2390 1791 105 1651-1997 21.8 Dixon et al., 2004
00-3 —78.4330 —115.9172 1742 60 1888-1999 389 This study

00-4 —78.0829 —120.0764 1697 58 1799-1999 19 Dixon et al., 2004
00-5 —77.6830  —123.9950 1828 60 1708-1995 13.6 Dixon et al., 2004
01-1 —79.1597 —104.9672 1842 73 1857-2000 33.7 This study

01-2 —77.8436  —102.9103 1336 71 1890-2000 429 Dixon et al., 2004
01-3 —78.1202 —95.6463 1620 71 1859-2000 32.6 Dixon et al., 2004
01-5 —77.0593 —89.1376 1239 114 1781-2000 389 Dixon et al., 2004
02-4 —86.5025 —107.9903 2586 72 1593-1997 11 This study

03-1 —86.8400 95.3100 3124 21 1800—1982 4.6 This study

SP-95 —90.0000 0.0000 2850 71 1487-1990 7.3 Meyerson et al., 2002
SDM-94  —81.6480 —148.7900 620 150 1890-1995 (850) 11.9 Kreutz et al., 1997
UP-C —82.4391 —135.9719 525 28 1870-1996 12.1 This study

CWA-A  —823671 —119.2855 950 93.5 1934-1994 (1741) 132 Reusch et al., 1999
CWA-D  —81.3723 —107.2750 1930 50.5 1952-1994 (1851) 19.9 Reusch et al., 1999
RIDS-A  —78.7300 —116.3300 1740 150 1831-1996 (1507) 23.3 Kreutz et al., 2000a
RIDS-B —79.4600 —118.0500 1603 60 1925-1996 (1691) 15 Kreutz et al., 2000a
RIDS-C  —80.0100 —119.4300 1530 60 1905-1996 (1594) 11.2 Kreutz et al., 2000a

Note that ice core ages in brackets show full core age including multi-annual data (2.5-year), numbers without brackets in this column indicate
the part of the core that is sampled sub-annually. Mean acc. rate = mean annual accumulation rate for the length of each sub-annual record (cm

weq = cm of water equivalent depth).

Copyright © 2011 Royal Meteorological Society
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rate to justify a flux correction (Dixon et al., 2004). Fur-
ther, the use of a flux calculation would only serve to
enhance the observed signal because nssCa concentra-
tions are already higher close to the coast and would be
higher still if multiplied by coastal accumulation rates (as
coastal values are higher than those inland).

To better assess the spatio-temporal variability of
the nssCa concentrations at each site, all nssCa time
series were normalized and the results contoured by
decade from 1790 to 1990 (Figure 1). The contour maps
highlight the relative magnitude of the nssCa variability
from site to site through time. Each decadal value is the
mean of the 5 years either side of it, for example, the
1990 decadal value is calculated from all values between
1985 and 1995. As Table I shows, some cores do not
have data all the way up to 1995 (03-1, SP-95, CWA-
A, and CWA-D). For these cores, we calculate the 1990
value using the available data for each core between 1985
and 1995. For the 03-1 core, we use the available data to
calculate a 1980 value and do not use the core in the 1990
contour plot. Two of the cores (99-1 and Up-C) contain
data gaps. In the case of Up-C, the gaps are less than
1 year and temporally distributed enough that we do not
consider them to alter the decadal values significantly.
However, in the case of 99-1, the data gaps are more
extensive with values missing for the following time
periods: 1995-1988.4, 1963.7-1962.4, and 1957—-1943.
This results in ~6.6 years of data missing from the 1990
decadal value calculation, ~3.3 years missing from the
1960 value, 2 years missing from the 1940 value, and no
value at all for 1950. For construction of the contour plots
we use all available 99-1 data for the decadal values, but
could not use the core for the 1950 plot.

Many of the ice-core records exhibit nssCa concentra-
tion increases during the last century (Figure 1). In the
last two to three decades, nssCa concentrations in several
of these cores (in particular, 00—1, 00-3, 00-4, 01-1,
and SDM-94) increase more than 100% above their mean
1800—-1900 values (Table II). These sites are located in
central and western West Antarctica directly inland from
the Ross Ice Shelf and the Amundsen Sea embayment.
Three cores further inland also show similar concentra-
tion increases (02—4, CWA-A, and CWA-D). Cores from
the East Antarctic interior (03-1 and SP-95) and the east-
ern segment of West Antarctica (01-3 and 01-5) exhibit
no significant change throughout the 1900s. Several sites
inland between the main West Antarctic ice divide and
the Ross Ice Shelf (00-5, RIDS-A, -B, -C, and 99-1)
exhibit a fairly high degree of concentration variability
throughout the 1900s with no apparent trends.

The major source of nssCa in polar ice is crustal-
derived dust (Legrand and Mayewski, 1997). Previous
work has shown that the sources of nssCa to West Antarc-
tica are the circum-Antarctic SH continents and ice-free
regions within Antarctica (Shaw, 1979; Gayley and Ram,
1985; Tuncel et al., 1989; Bertler er al., 2005). How-
ever, only ~2% of Antarctica is ice-free and the majority
of these ice-free areas are located in the Transantarctic
Mountains. The Ellsworth Mountains contain a signifi-
cant ice-free area, but only two of our cores, 01-5 and
01-3, are located close enough for this source to be con-
sidered of potential significance.

The Pacific sector of the West Antarctic coastline
contains only a tiny ice-free fraction. Tropospheric storm-
track pathways into West Antarctica pass over only
a limited section of the aforementioned ice-free areas.
Because change in the extent of these ice-free areas has

Table II. Relative nssCa concentration rise.

Core 1990 1980 1970 1960 1950 1940 1930 1920 1910 1900
03-1 - 1.3 0.8 1.0 1.2 0.5 1.0 0.5 1.3 1.0
02-4 4.6 32 54 23 29 1.7 1.1 1.6 1.0 0.5
01-1 22 1.0 1.3 1.3 1.4 1.6 1.2 1.0 0.9 0.8
01-2 1.7 1.3 1.7 1.1 0.7 0.7 0.7 0.6 0.7 1.0
01-3 0.9 0.9 0.7 1.5 0.9 1.1 0.9 0.8 0.7 0.6
01-5 0.9 1.2 0.9 1.5 1.5 1.5 0.8 0.9 1.3 1.4
00-1 3.7 3.6 2.6 1.1 0.9 0.9 1.2 2.0 2.1 1.6
00-3 39 34 2.6 2.6 2.6 2.6 3.0 2.2 1.3 1.0
00-4 2.1 1.9 1.8 1.5 1.3 1.0 1.2 1.1 1.1 1.0
00-5 1.2 1.0 1.8 24 1.3 1.6 1.5 0.5 1.1 1.1
99-1 0.5 1.5 24 2.1 - 1.3 1.7 1.0 1.0 1.1
RIDS-A 0.9 1.7 1.3 0.9 0.9 1.3 1.6 1.3 0.9 1.1
RIDS-B 1.8 1.7 1.4 1.6 3.0 2.0 22 0.7 0.8 1.2
RIDS-C 1.8 1.3 1.8 1.4 1.6 22 1.8 1.2 2.0 1.1
CWA-A 104 8.8 24.6 7.7 5.6 6.7 1.7 0.3 04 0.6
CWA-D 4.8 33 23 23 1.5 1.1 1.5 2.0 1.6 1.2
SDM-94 1.9 22 2.1 2.0 1.5 1.6 1.6 1.3 22 1.7
UP-C 1.6 1.1 0.7 1.1 0.5 0.8 0.7 1.2 1.0 0.7
SP-95 0.7 0.7 1.0 0.8 1.0 0.5 1.2 1.4 1.1 1.0

Decadal nssCa concentrations where each decadal value is divided by the 1800—1900 mean value for that core.

Copyright © 2011 Royal Meteorological Society
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not been reported and they offer a minimal source region,
we do not consider the coastal West Antarctic ice-free
areas to be a significant contributor to dust loading over
the region encompassing the majority of cores used in
this study.

The primary SH dust source regions feeding West
Antarctica, in order of importance, are Australia, South
America, and South Africa (Prospero et al., 2002; Li
et al., 2008; De Deckker et al., 2010; Mahowald et al.,
in press) We calculated 30-day forward trajectories (FT)
originating from the southernmost dust source region on
each of these SH continents, except Antarctica (Figure 2)
using the NOAA Hysplit Model v.4.8 (Draxler and
Rolph, 2003) in conjunction with the NCEP/NCAR
global atmospheric reanalysis datasets archived on the
READY website (ftp://www .ready.noaa.gov/pub/
archives/reanalysis/). The Hysplit model control file
included: (1) starting locations = 7 (each location with
a slightly different latitude and longitude, up to =+2°
from the centre of each dust source area), (2) altitude
of each starting location = 100 m, (3) top of the model
= 30000 m (agl), and (4) vertical motion = data (default
value, uses meteorological model’s vertical velocity
fields). The FT was run for each of the four seasons
for four different years (1980, 1989, 1996, and 1999)
with seasonal starting times as follows: 15 December, 15
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March, 15 June, and 15 September. These years were
chosen to represent the last three decades whilst overlap-
ping the most highly resolved model data.

In each model run, the dust-laden air parcels gener-
ally circulate southward from each dust source where-
upon they are incorporated into, and circulate around
Antarctica embedded in the ACV. Only Australia and
South America commonly spawn air masses that reach
the Antarctic continent within 30 days of transport from
source. We show the 1996 model output for representa-
tive SH air mass transport pathways (Figure 2).

As a check on the reliability of the FT trajectories,
30-day back trajectories (BT) from the SDM-94 and
00-1 ice-core sites were also calculated using the same
NOAA Hysplit model in conjunction with NCEP/NCAR
atmospheric reanalysis (Figure 2). The BT are based on
identical model control file setups to the FT runs, the only
difference being the start times: 15 January, 15 April, 15
July, and 15 October, in order to cover approximately the
same 30-day period as the FT. The BT runs demonstrate
that 30 days prior to arrival, air masses approaching
SDM-94 and 00—1 frequently travel in a broadly similar
pattern; the air masses originate somewhere within the
ACV and circulate around the Antarctic continent until
they are diverted inland, as synoptic storms, across the
Ross, Amundsen, and Bellingshausen Seas. In some
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Figure 2. Thirty-day FT for 1996 originating from the southernmost dust source in Australia, South Africa, and South America. Thirty-day
BT for 1996 originating from the SDM-94 and 00-1 ice core sites in West Antarctica. Trajectories calculated using the NOAA Hysplit Model
(version 4.8) in conjunction with the NCEP/NCAR atmospheric reanalysis (ftp://www.ready.noaa.gov/pub/archives/reanalysis/).

Copyright © 2011 Royal Meteorological Society
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cases, the air masses reach West Antarctica after being
diverted across the Weddell Sea and travelling over the
Filchner—Ronne Ice Shelf. After moving inland, the air
masses can circulate over the continent for some time
before arrival at the core sites and in rare cases circulate
randomly over the continent for 30 days or more before
arrival. These FT and BT model runs show that dust
reaching the West Antarctic ice-core sites in this study is
not directly related to a single dust source region. It is a
blend from all SH sources that feed into the ACV.

Some site-to-site variability of nssCa concentrations
results from the relatively chaotic behaviour of air masses
during their transit, via storm incursions, from the ACV
to the ice-core sites. To reduce the effects of this
variability a NAMI proxy was developed by stacking
annually averaged and normalized 02-4, 01-1, 01-2,
00-1, 00-3, 00-4, CWA-A, CWA-D, SDM-94, and Up-
C nssCa concentration records. We chose these sites for
a number of reasons, in order of importance: (1) they
all correlate positively to the NCEP/NCAR reanalysis,
January to December, 850 mb zonal wind field in the area
of the ACV, (2) they exhibit recent nssCa concentration
increases with 1980-1990 values >100% above their
1800—1900 means (except Up-C and 01-2), and (3) they
are directly in line with lower tropospheric air mass
pathways into West Antarctica (except 02—4).

The Up-C and 01-2 cores exhibit slightly weaker
recent nssCa concentration increases, 60 and 70%,
respectively, and the 02—4 core is not directly in line
with lower tropospheric air mass pathways into West
Antarctica. However, all three correlate positively to the
NCEP/NCAR reanalysis, January to December, 850 mb
zonal wind field in the area of the ACV and were included
primarily for this reason. Ten cores are used to con-
struct the NAMI proxy and their nssCa records begin
and end on different years. We consider the NAMI proxy
valid as long as 50% or more of the cores are being uti-
lized for a given year. When constructed from sub-annual
nssCa data alone, the NAMI proxy spans 1870-1997
(Figure 3(a) and (b)). For a longer perspective we can
use 2.5-year nssCa data, the resulting NAMI then spans
1800-1995 (Figure 3(c)).

Of the 19 cores used in this study, 10 are suitable for
constructing the NAMI proxy (they all exhibit positive
associations in addition to the main reasons outlined
above), thus highlighting the importance of using a suite
of ice cores. The remaining cores (03-1, 01-3, 01-5,
00-5, 99-1, RIDS-A, -B, -C, and SP-95) were not used
for the NAMI proxy for a number of reasons, the most
important being their lack of correlation to the NCEP
zonal wind field. The signals of interest in these cores
are likely confounded for a number of reasons. Sites 03-1
and SP-95 are located high on the East Antarctic Plateau,
far from the influence of lower tropospheric storms. Sites
01-3 and 01-5 are located in the eastern sector of West
Antarctica, near the Ellsworth Mountains and probably
receive a confounding dust input from there. Site 00—5
is protected from incoming storms by its location behind
the Executive Committee Mountains, which tend to divert

Copyright © 2011 Royal Meteorological Society
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Figure 3. (a) and (b) Annual NAMI proxy 1870-1997 (red).

(c) 2.5-year NAMI proxy 1800—1995 (red). Also shown, (a) total
column ozone concentrations (inverted) above Halley British Antarc-
tic Station 1956-1997 (black; (Shanklin, 2009)). SAM 1957-1997
(blue; (Marshall, 2003)) (b) Eastern Australian dust 1960—1999 (black;
(BoM, 2005)). (c) SH relative dustiness data 1870—2000 (black = SH
dust stack, blue = Eastern Australia, purple = South America, orange
= South Africa, green = North Africa; (Mahowald erf al., in press)).

storms away from the site. Sites RIDS-A, -B, -C, and
99-1 are situated leeward of the main West Antarctic ice
divide, in a storm shadow zone, and as a result receive
less consistent precipitation input than core sites located
windward of the ice divide. The CWA-A, SDM-94, and
Up-C cores are also located leeward of the main West
Antarctic ice divide; however, the elevation and location
of these three ice-core sites are such that they still receive
input from storms travelling inland across the Ross Ice
Shelf.

The NAMI proxy for West Antarctica (Figure 3)
reveals intensification starting between 1960 and 1970
with an abrupt increase in the rate of intensification, well
above the range of natural variability, around 1980. The
NAMI proxy exhibits an increasing trend similar to both
the SAM (Marshall, 2003) from 1957 to 1997, and the
total column ozone record (inverted) from above Hal-
ley station, Antarctica (Shanklin, 2009) from 1956 to
1997 (Figure 3(a)). Thus, the timing of the NAMI proxy
increase coincides with recent intensification of the SH
westerlies attributed to changes in the thermal gradient
produced by modern ozone depletion and also GHG rise
(Randel and Wu, 1999; Thompson and Solomon, 2002;
ACCE, 2009).
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The increases observed in our NAMI proxy are likely a
product of changes in transport and/or emission strength
(dustiness at source). To demonstrate which of these
processes might dominate, we compared the NAMI proxy
to an instrumental record of dust from Eastern Australia
(BoM, 2005) and to several SH dust time series extracted
from a global reconstruction of dustiness (Mahowald
et al., in press).

Two major dust pathways have been identified from the
eastern and south-eastern seaboards of the Australian con-
tinent (McTainsh et al., 1998; Ekstrom et al., 2004; Marx
et al., 2005). One pathway is associated with a strength-
ened mid-latitude westerly airstream coupled with a
synoptic deep-low-pressure system over south-eastern
Australia and the Tasman Sea that is typically related to a
negative SAM climate pattern. This synoptic type trans-
ports dust east and south-east across the Tasman Sea and
deposits Australian provenance dust in New Zealand, par-
ticularly the South Island (Marx et al., 2009). The second
pathway is associated with a weakened westerly circula-
tion over the mid-latitudes in the Australian region, with
a poleward sub-tropical ridge and embedded high pres-
sure system over south-eastern Australia, the southern
Tasman Sea, and New Zealand. This produces northerly
winds over south-eastern Australia and transports Aus-
tralian dust southwards towards the drifting low-pressure
systems in the westerlies and is typically associated with
positive SAM circulation patterns (De Deckker et al.,
2010). These dust transporting synoptic types are partic-
ularly dominant in the Austral summer and spring, and
the FT analyses shown in Figure 2 support these obser-
vations.

An Australian Bureau of Meteorology dust record
(BoM, 2005) from 1960 to 1999 comprises days per
month of dust activity. We summed the monthly dust
activity data to generate annual time series for 1960—
1999, data are shown in Figure 3(b) for the combined
eastern Australia Mulga and Darling River basins. The
eastern Australian dust trend generally declines since
the 1960s, dips in the 1970s, and then rises into the
1990s. As evidenced also by the FT, factors affecting
dust entrainment and transport (Ekstrom et al., 2004)
from continental Australia are extremely variable, and
correlations between the eastern Australian dust records
and the NAMI proxy are not statistically significant.
Despite lacking a statistically significant correlation, it
should be noted that the trend of eastern Australian dust
activity flips in the middle 1970s and from that point
onwards both it and the NAMI proxy exhibit a positive
trend. This is consistent with the observed increasing
pressure anomaly associated with increased blocking high
activity over the Tasman Sea and New Zealand region
during spring (Streten, 1977). This is a major anomaly
in the first empirical orthogonal function (EOF) of the
SH pressure field over the past few decades, described
by the SAM (Hall and Visbeck, 2002) and has also
been identified in GCMs as a signature of anthropogenic
climate change (Cai et al., 2003).

Copyright © 2011 Royal Meteorological Society

Mahowald et al. (in press) use a combination of
model provenance and geochemical provenance studies
to produce a global dataset of dustiness from 1870 to
2000. Four dust time series from the Mahowald et al.
dataset representing North Africa, South Africa, South
America, and eastern Australia appear in Figure 3(c).
North Africa is included because the inter-hemispheric
transport of dust from the Northern Hemisphere to the
SH is significant, particularly for dust reaching Antarctica
(Li et al., 2008). The latter three overlap the locations
covered by the FT used in this study. A fifth time series
is constructed by averaging the four aforementioned dust
time series. This averaged series is used to represent
relative dustiness in the SH atmosphere (Figure 3(c)).
None of the dust series exhibit comparable variability
to the NAMI proxy. This lends further support to the
idea that the NAMI proxy is dominated by atmospheric
circulation and storm intensity rather than change in dust
source conditions or emissions.

A separate study of dust concentrations from a north-
ern Antarctic Peninsula ice core (McConnell et al.,
2007) suggests dust concentrations starting to rise around
1900, coincident with Patagonian warming. However,
this increase occurs ~60 years before any such rise in
the NAMI proxy. Li et al. (2008) conduct a model-based
investigation of dust transport in the SH using the GFDL
atmospheric model. They suggest that Patagonian dust
is transported primarily through the boundary layer of
the atmosphere and dominates the half of the hemisphere
comprising the Atlantic and Indian oceans, thus making
it highly unlikely to be a significant source for most of
West Antarctica. Further, Li et al. show that Australian
dust is transported primarily through the mid-troposphere,
dominates the Pacific sector, and is the most significant
dust source for West Antarctica and for the whole SH in
general.

De Deckker et al. (2010) reinforce the conclusions
of Li et al. (2008) by using atmospheric observations
and model runs to show that Australia is the primary
source of dust to West Antarctica, particularly during
interglacial periods. Whilst we cannot break the NAMI
proxy record down into seasonal components, due to lack
of significant seasonality in the nssCa signal, it is possi-
ble that increasing frequencies of mid-latitude blocking
highs in association with an expanded Hadley circula-
tion (a signature of anthropogenic climate change in the
Australian/South-West Pacific region, as shown in AR4
(IPCC, 2007) models), particularly in austral summer, are
increasing dust transport to the high latitudes.

The NAMI proxy curve exhibits a significant (r =
>0.45, p = <0.01) correlation with the NCEP/NCAR
reanalysis 1948-1997, January to December, 850 mb
zonal wind field in the area of the ACV (Figure 4(a)).
We use 850 mb because it is a good approximation to the
lower troposphere over the study region. Using the more
recent period of the NCEP record (1980—1997), which is
considered to be more reliable (Hines et al., 2000), results
in a similar correlation field, although reduced in strength
and with lower significance (r = >0.4, p = <0.1) due to
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Figure 4. Correlation field between the annually averaged composite nssCa time series and the NCEP/NCAR reanalysis for (a) 1948—1997, and

(b) 1980—-1997, January to December, 850 mb zonal wind field (r-values above 0.37 and 0.59 represent significance above 99%, respectively).

September, 850 mb vector wind composite mean for (c) 1990s minus 1950s, and (d) 1990s minus 1980s. (Images provided by the NOAA-ESRL

Physical Sciences Division, Boulder Colorado from their Web site at http://www.cdc.noaa.gov/). Upper scale represents r-values for (a) and (b).
Lower scale represents winds speeds for (c) and (d).

the reduced number of samples (Figure 4(b)). The spatial
distribution of the r-values in Figure 4(a) and (b) (annu-
lar bands arranged more-or-less latitudinally) imply that
westerly wind speeds around Antarctica increase concur-
rently with West Antarctic nssCa concentrations. Investi-
gation of atmospheric circulation around Antarctica using
the 850 mb vector wind from the NCEP/NCAR reanal-
ysis [subtracting the 1980s from the 1990s (Figure 4(d))
and subtracting the 1950s from the 1990s (with the caveat
that the record is more reliable since 1980 onwards)
(Figure 4(c))] reveals, in recent decades, an increase in
the strength of onshore winds along the West Antarctic
coastline. These onshore winds impact the NAMI ice-
core proxy sites inland by increasing their exposure to,
and hence concentration of, SH dust.

West Antarctica is a region impacted by cyclonic
storm incursions. The sub-annual nssCa time series that
ultimately comprise our NAMI proxy do not display a
particular seasonality, hence our proxy represents relative
intensity related to storms entering West Antarctica
throughout the year.

Copyright © 2011 Royal Meteorological Society

To further determine the relative significance of com-
peting influences on our NAMI proxy, we conduct EOF
analyses using three different time series representing
various aspects of SH climate. EOF analysis compares
multiple variates simultaneously and provides an orga-
nized description of the dominant patterns of variability
among them. We use the SAM (Marshall, 2003) to rep-
resent the strength of westerly wind around Antarctica,
the second principal component of 850 hPa geopotential
height anomalies south of 20°S (Thompson and Wallace,
2000) to represent the dominant behaviour of the ASL,
and the four Mahowald ef al. (in press) dust records,
averaged, to represent relative dustiness of the SH atmo-
sphere. We run two separate EOFs, one using non-
detrended and another using detrended data. We run the
latter EOF, with detrended data, to specifically exclude
time series associations caused by long-term trends. In
each case we use annually derived data.

Using the non-detrended data, ~75% of the NAMI
proxy is represented by EOF 1 along with ~26% of the
SAM and ~67% of the SH dust, all positively associated
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Table III. EOF tables for non-detrended and detrended data.
Non-detrended EOF 1
% Variance 42.4
NAMI 74.6
SAM 25.6
ASL -2.0
SH dust stack 67.4
Detrended EOF 2
% Variance 29.4
NAMI 77.1
SAM 0.0
ASL —35.8
SH dust stack —4.9

% Variance, percent variance explained of total data.

(Table III). Plotting the EOF 1 loading pattern next to the
SAM, SH dust, and NAMI reveals a similar increasing
trend exhibited by all. However, the trend of SH dustiness
reverses during the mid-1980s and decreases into the late
1990s. This declining trend in SH dustiness since the
mid-1980s is not mirrored by the NAMI or the SAM
(Figure 5(a)).

Using the detrended data, ~77% of the NAMI proxy
is represented by EOF 2 along with ~36% of the ASL
(Table IIT). The ASL is negatively correlated with the
NAMI indicating that as the ASL deepens, more dust
is transported into West Antarctica (Table III). Plotting
the EOF 2 loading pattern with the NAMI and ASL
highlights this association (Figure 5(b)). These results
support our suggestion that the majority of the dust
reaching central West Antarctica is transported through
the lower atmosphere by storms.

(a)

(]

0.8

0.7

NAMI

-1 T T T v T T d
2000 1985 1990 4985 1980 1975 1970 41965 1960 1955

Year (A.D.)

SH Dust

NAMI

3. Conclusions

Understanding the anthropogenic impact on Antarctic
climate is critical for the accurate assessment of future
change. Our ice-core nssCa records provide a unique
perspective on SH atmospheric circulation over the
past 200 years. It is probable that large variations in
dustiness at the primary SH dust source areas, particularly
Australia, impact West Antarctic nssCa concentrations.
However, as demonstrated above, our findings suggest
that SH westerlies and ASL storm intensity are the
dominant factors influencing annual variability in nssCa
concentrations at the central and western West Antarctic
ice-core sites used in this study.

The decadal trend in the SAM, since the 1950s,
is reflected by the trend of the non-detrended NAMI
proxy. However, the detrended NAMI proxy is more
closely associated with the annual variability of ASL.
Turner et al. (2009) find that the trend towards stronger
cyclonic circulation over the Amundsen Sea since the
late 1970s is primarily a result of strengthened autumn
wind speeds around the continent caused by stratospheric
ozone depletion. Despite the ozone hole being an austral
spring phenomena, its impact on lower atmospheric
flow is greatest during summer and autumn (Turner
et al., 2009). Supported by our EOF results, this finding
highlights the fact that nssCa concentrations in central
West Antarctica are primarily influenced by changes in
SH atmospheric circulation intensity as opposed to dust
source emissions.

The ice-core nssCa-based NAMI proxy suggests that
the recent intensification of the SH westerlies and asso-
ciated increase in ASL storm intensity are unprecedented
for at least the past 200 years, underscoring the impact
of CFC-induced ozone destruction. The implications of
ozone recovery on an already warming Antarctic conti-
nent are worrisome (Perlwitz et al., 2008). The modern
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Figure 5. EOFs of (a) non-detrended, and (b) detrended data. In both cases the EOF is the dashed black line with circles. (b) Top EOF is inverted.
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ozone hole over Antarctica acts to increase the ther-
mal gradient between the Pole and the mid-latitudes
by cooling the polar stratosphere. The ozone depletion-
induced thermal gradient increase strengthens the west-
erlies and shields interior East Antarctica from the bulk
of SH warming, and in addition cools East Antarctica
by reducing heat flux into the surface via weakened
katabatic winds. Anderson et al. (2009) link intensifica-
tion of the SH westerlies at the end of the last glacial
period to an increase in atmospheric CO, concentrations
through upwelling of CO,-rich deep ocean water. This
mechanism, although currently weak, is likely to further
enhance rise of atmospheric CO,. Mayewski et al. (2004)
propose changes in temperature and atmospheric circu-
lation over coastal West Antarctica coincident with the
rise in CO, that may mark the earliest impact of human
activity on the climate of Antarctica

Ozone recovery will likely weaken the SH westerlies,
particularly during the Austral spring—summer. Conse-
quently, Antarctica could lose one of its best defences
against SH GHG warming. This potential consequence is
similar to the impact of humans in the Northern Hemi-
sphere where sulfate aerosols temporarily reduced the
warming effects of GHG rise from 1940s to 1970s.
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