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Abstract The atmospheric circulation patterns in the Southern Hemisphere have
had a significant impact on the climate of the Antarctic and there is much evidence
that these circulation patterns have changed in the recent past. This change is thought
to have contributed to the warming trend observed at the Antarctic Peninsula over
the last 50 years—one of the largest trends observed in this period on the planet.
The trends associated with the continental Antarctic climate are less clear but are
likely to be impacted less directly by atmospheric circulation changes. The circulation
changes can be put into the context of longer timescales by considering atmospheric
circulation reconstructions that have been performed using data from Antarctic ice
cores. In this review paper we look at the main body of work examining: Antarctic
climate trends; the understanding and impact of atmospheric circulation of the mid-
to high-latitudes of the Southern Hemisphere; and the usefulness and reliability of
atmospheric circulation reconstructions from Antarctic ice core data. Finally, beyond
several of the more quantitative reconstructions, it is deemed that an assessment of
their consistency is not possible due to the variety of circulation characteristics that
the various reconstructions consider.

1 Introduction

Ice core records from the Antarctic have been used extensively to interpret past at-
mospheric temperature changes. The longest of these records cover many thousands
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of years, indeed the recently drilled core from Dome C (see Fig. 1 for the locations
referred to in this paper) spans at least 740000 years (EPICA community members
2004). These palaeoclimatic observations are of great importance in the scientific
community’s effort to place the current climate in context and to aid predictions of
future climate changes; see Jones and Mann (2004) or Mayewski et al. (2009) for re-
cent reviews of this point. Ironically, though, whilst these ice core records cover very
long periods, Antarctic meteorological observational records are both sparse and
short compared to those from the other continents—see Monaghan and Bromwich
(2008) for a detailed discussion of this point. Furthermore, the observational records
that are available show that one region, the Antarctic Peninsula, has experienced
one of the largest and fastest surface (Hansen et al. 1999; Vaughan et al. 2001, 2003)
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Fig. 1 Map of the Antarctic showing the locations of all the places referred to in the text
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and upper-level (Turner et al. 2006a) temperature increases. This is in contrast to
the climatic regime of the continental interior, which is less clear; this latter point
is well highlighted by the reported widespread cooling claims of Doran et al. (2002)
and the subsequent questioning of the statistical techniques employed in that work
by Turner et al. (2002). Despite the fact that there are many studies of the Antarctic
climate regime, employing various datasets—for example: satellite (Comiso 2000);
re-analysis (Cullather et al. 1997; Marshall 2000); climate model (Turner et al.
2006b); ice pit (Doran et al. 2002; Bertler et al. 2004); and station data (Jacka et al.
2004; Turner et al. 2005; Gillett et al. 2006)—it is difficult to glean a consistent
perspective of continental Antarctic temperature changes (Chapman and Walsh
2007). Recently, however, Steig et al. (2009) have shown that positive temperature
trends have occurred over most of the Antarctic since 1957 by employing a statistical
reconstruction technique that exploits the high spatial coherence of the Antarctic
temperature pattern, which is confirmed by satellite thermal infrared data.

Looking to climate predictions, the Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report (AR4) on the physical basis of climate change
(IPCC 2007) have discussed how the lack of reliable observations also makes future
projections difficult. However, a study of climate model and re-analysis data (Lynch
et al. 2006) has shown a high level of coherence between atmospheric circulation and
Antarctic temperature and precipitation anomalies and trends. Similarly, Monaghan
et al. (2008) have uncovered some potentially reliable trends within the “warm-
Peninsula-cold-continent” pattern that often arises in the literature by reconstructing
near-surface temperature from multiple sources. Furthermore, Orr et al. (2004) and
Marshall et al. (2006) have shown how a circulation regime increasingly dominated
by relatively warm, maritime westerlies can explain much of the western Antarctic
Peninsula warming, Thomas et al. (2008) have uncovered a link between these
westerlies and a doubling in snow accumulation in the western Antarctic Peninsula
since 1850 and Schneider et al. (2006) have shown an anti-phase relationship between
temperature reconstructions from Peninsula and continental ice core sites. This
shows that the impact of atmospheric circulation on the Antarctic is of paramount
importance.

A particular point of concern with respect to the global climate system is the
stability of the Antarctic ice sheets and the ice shelves around the continent. The
collapse of the Larsen B ice shelf from the eastern Antarctic Peninsula in 2002 was
one such event. Examination of sediment in the vicinity of Larsen B confirmed that
such a break up is unprecedented for the duration of the Holocene (Pudsey and
Evans 2001; Domack et al. 2005). The forcing of the collapse is thought to have
been related, in part, to the air temperature changes that occurred above (Rack
and Rott 2004) with the ocean also playing a major role (Shepherd et al. 2003;
Glasser and Scambos 2008). Furthermore, van den Broeke (2005) has shown that
atmospheric circulation anomalies (i.e. an increase in north-westerly and north-
easterly winds recorded by an AWS on the ice shelf) during the melt season of 2001/2
led to increased surface melting of Larsen B prior to its collapse. This highlights
the potential scale of the Southern Hemisphere atmospheric circulation changes on
Antarctica and that our understanding of this dynamic region is lacking and in urgent
need of clarification. This is particularly so given that the Weddell Sea is a very
important region of downwelling in the thermohaline circulation and alteration of
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this would have global consequences. It is also suspected that the increasing strength
of winds over the Southern Ocean has reduced the uptake of CO, (Le Quere et al.
2007).

More generally, it is well established that atmospheric circulation changes have
an important impact on climate (Trenberth 1995). It can also be speculated that
circulation modifications, which will, in turn, affect precipitation delivery mecha-
nisms, will have an impact on the chemical composition and accumulation of the
snow and ice found at Antarctic ice core sites.! Therefore, study of the links between
atmospheric circulation and ice core data is important for two reasons: it will improve
our interpretation of the ice core data; and will increase our understanding of
the atmospheric circulation impacts on Antarctic climate. As such, this paper is
structured to first give an overview of the mid- to high-latitude Southern Hemisphere
atmospheric circulation and its impact on Antarctic climate (Section 2). This focuses
mainly on the Peninsula as it is most strongly influenced by atmospheric circulation
changes. It is also necessary to understand the glaciochemistry of Antarctic ice cores
(Section 3) and the common precipitation sources for the Antarctic (Section 4) in
order to comprehend the work discussed later in this paper . We will then review the
major works of atmospheric circulation reconstructions from Antarctic ice cores in
Section 5. Finally, we will provide a summary and some potential future directions of
this emerging and important field of cross-disciplinary research in Section 6.

2 Current understanding of atmospheric circulation patterns

This section presents an overview of the typical Southern Hemisphere storm tracks
and regions of blocking, as well as the important modes that dominate the mid- to
high-latitude atmospheric circulation of the Southern Hemisphere. As well as having
a strong influence on climate, as discussed in Chapter 3 of the IPCC AR4 (Trenberth
et al. 2007), these modes are of interest in the field of circulation reconstructions
as their relative strength and/or phase are often responsible for driving changes in
atmospheric circulation that are subsequently detectable in ice cores.

2.1 Storm tracks

King and Turner (1997) discuss how the climatology of Southern Hemisphere cy-
clones represents an interesting example of how improvements in the observational
network has led to an evolution of understanding. For example, from data acquired
during the International Geophysical Year (IGY; 1957/8), van Loon (1965) and
Taljaard (1967) agreed that the formation of Southern Hemisphere cyclones gen-
erally occurred in the mid-latitudes. They also thought that, after their cyclogenesis,
these depressions usually migrated south-eastward towards the pole. This picture was
believed to be confirmed via the classification of cloud vortices from early satellite
imagery (Streten and Troup 1973), a method that also suggested that the region south
of 60°S is dominated by dissipating vortices. Indeed, Taljaard (1967) described the

IThis has been investigated and reviewed to a certain degree, from the perspective of isotopic
composition, by Masson-Delmotte et al. (2008).
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Antarctic coast as a “depression’s graveyard”. Physick (1981) reinforced this view
with his analysis of data collected during the 1979 First GARP (Global Atmospheric
Research Programme) Global Experiment (FGGE).

In contrast to these early studies, Jones and Simmonds (1993) applied an auto-
matic cyclone identification scheme to 15 years of Australian Bureau of Meteorology
(ABM) synoptic observations and found two mid-latitude branches of cyclone
movement from the Tasman Sea area and from around South America. The former
of these tends to “merge” with the circumpolar trough (CPT; see region south of
60°S in Fig. 2) near the Drake Passage. However, Jones and Simmonds (1993) also
highlighted a high level of cyclogenesis in the CPT that was not considered to be
important until the 1980s when satellite imagery had reached an adequate level of

081

Fig. 2 MSLP climatology for the Southern Hemisphere derived from the European Centre for
Medium Range Weather Forecasting (ECMWF) 40-year re-analysis dataset (ERA-40) for the period
1979-2001. Contour interval is 4 hPa and bold contours are used for the 1000 hPa and 1020 hPa
contours
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spatial resolution to identify it (King and Turner 1997). Cyclogenesis at these high
latitudes has since been reported by Turner et al. (1998) in their study of Advanced
Very High Resolution Radiometer (AVHRR) satellite imagery, particularly over
the Bellingshausen Sea and in the lee of the Antarctic Peninsula. Indeed, it is in
this region (around 150°W) that we find the “pole of variability” (Connolley 1997),
which has the highest standard deviation of mean sea-level pressure (MSLP) for the
entire Southern Hemisphere, and is, therefore, considered of particular importance
for atmospheric circulation driven climate variability of the Antarctic.

Sinclair (1994, 1995) used a similar method to Jones and Simmonds (1993), but ap-
plied it to the European Centre for Medium Range Weather Forecasting (ECMWF)
operational analysis (EOP) data for 1980-1986 to study cyclone and cyclogenesis
climatologies. The results were similar to Jones and Simmonds’ apart from the lack
of cyclogenesis in the CPT which Sinclair (1995) attributed to the differing schemes
used in the two studies, with Jones and Simmonds (1993) having used the most
reliable (Leonard et al. 1999). Furthermore, Sinclair (1994) reported an increase
in the number of cyclones detected in the EOP data in 1983. This is, however, a
potentially erroneous result as the EOP model changed from a grid-point model
to a spectral model at that time: this highlights the limitations of inhomogeneous
data and the motivation for re-analysis data (i.e. a re-analysis of observations using a
consistent model set-up throughout). Sinclair’s reported increase in cyclone numbers
was not evident in the subsequent investigation by Simmonds and Keay (2000a, b)
into mean Southern Hemisphere cyclone behaviour and the associated variability as
represented by the National Centers for Environmental Prediction-National Center
for Atmospheric Research (NCEP-NCAR) re-analysis (NNR) data (Kalnay et al.
1996) for the period 1958-1997. Simmonds and Keay (2000a, b) also describe some
other interesting features of Southern Hemisphere cyclone behaviour in the NNR,
which can be summarised thus:

— cyclone density increased over the eastern Antarctic Peninsula;

— intensity of systems increased over the Weddell Sea;

— cyclogenesis exceeds cyclosis north of 50°S;

— cyclosis exceeds cyclogenesis south of 50°S;

— average lifetime of cyclones between 50-70°S is 4 days;

— cyclone density generally decreased over the Southern Ocean;

— mean cyclone pressure decreased;

— the combination of these latter two factors (i.e. less frequent but deeper cyclones)
resulted in an overall MSLP decrease over the Southern Hemisphere.

While the NNR has facilitated the development of detailed climatologies for the
Southern Hemisphere, it must be borne in mind that the NNR initially had some
problems associated with the data quality in the high southern latitudes (Hines et al.
2000; Bromwich and Fogt 2004). Because of this, Simmonds et al. (2003) published a
similar analysis to Simmonds and Keay (2000a, b) of the sub-Antarctic region using
the NCEP-Department of Energy (NCEP-DOE) re-analysis-2 (NNR-2; Kanamitsu
et al. (2002); a re-analysis that attempted to eliminate some of the errors in the
original NNR) for the period 1979-2000. The main result of this work, beyond the
findings of Simmonds and Keay (2000a, b), was that a very high level of cyclogenesis
was found over the northern Antarctic Peninsula (in both winter and summer) and
over the Weddell Sea (mainly in winter). They also report that winter cyclones
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generally exceed their summer occurrence. Pezza et al. (2007) also note that around
Anarctica pressure is generally lower (higher) during a positive (negative) phase
of the Pacific Decadal Oscillation (PDO; see Section 2.5) suggesting PDO related
moderation of cyclogenesis at the decadal scale.

2.2 Blocking

The EOP data has also been used to develop a climatology of Southern Hemisphere
anticyclones. For the period 1980-1989, Sinclair (1996) found that the highest density
of anticyclones occurred in the latitudinal range of 25-45°S, which coincides with the
sub-tropical high-pressure zone (STHP; see region around 30°S in Fig. 2). Sinclair
(1996) also showed that there is an appreciable number of anticyclones over the
Weddell Sea, particularly in summer and early winter. The only other region near
the Antarctic coast that experiences a significant occurrence of anticyclones is the
Pacific sector. This is of interest as anticyclones in these regions induce an anomalous
breakdown in the westerlies which has an impact on the precipitation delivery
mechanisms for the western Antarctic and, in particular, the Antarctic Peninsula
because of the associated weak westerly flow.

Jones and Simmonds (1994) performed a similar analysis to Sinclair (1996) and
found, in 15 years of ABM analyses, that the highest anticyclone density was over the
eastern ocean basins at around 25-42°S. They also found a significant anticorrelation
(r= —0.6) between the Southern Oscillation Index (SOI; see Section 2.5) and the
anticyclone density at 120°W i.e. near the Amundsen Sea Low (ASL). This implies
that a more negative SOI will result in blocking over the Amundsen Sea.

To further highlight the importance of blocking to the Antarctic precipitation
regime, Noone et al. (1999) and Masson-Delmotte et al. (2004) have demonstrated
mechanisms by which blocking over the Southern Ocean can force significant pre-
cipitation events to occur over Dronning Maud Land (DML) and the East Antarctic
interior, respectively.

2.3 The southern annular mode (SAM)

The SAM (Limpasuvan and Hartmann 1999) is also known as the Antarctic
Oscillation (Gong and Wang 1999) and the High Latitude Mode (Rogers and van
Loon 1982). In this review, this pattern will only be referred to as the SAM. The
most widely accepted definition of the SAM is that of Gong and Wang (1999):
“the alternation of atmospheric mass between the mid-latitude and high-latitude
surface pressure”. However, the polar vortex that the SAM describes is also present
throughout the troposphere and sometimes into the stratosphere. It can be rep-
resented as the leading Empirical Orthogonal Function (EOF) of the Southern
Hemisphere MSLP—see Fig. 1 from Gong and Wang (1999). Based on an analysis
of the NNR data, Gong and Wang (1999) found that the SAM explains 22.5% of the
Southern Hemisphere MSLP variance. Furthermore, Trenberth et al. (2005) have
shown the SAM is responsible for 10% of the variance of global atmospheric mass
transport and Tietdvdinen and Vihma (2008) have shown that eastward (northward)
moisture transport has a positive (negative) significant, at the 95% confidence level,
correlation with the SAM index at 60°S.
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Gong and Wang (1999) also define a SAM Index based on the difference of the
normalised zonal mean pressure between 40°S and 65°S. This definition implies that
a more positive SAM index will be associated with stronger circumpolar westerlies,
increased cyclonicity and stronger zonal winds. However, the Gong and Wang (1999)
index is based on the NNR data which has anomalous pressure trends in the high
southern latitudes (Hines et al. 2000). Marshall (2003), on the other hand, has
used station data from the Southern Hemisphere at approximately 40°S and 65°S
to present a more reliable SAM index? (Fig. 3). There are noticeable differences
between the Marshall (2003) and the Gong and Wang (1999) indices, especially
in the trends observed. Marshall (2003) found a pronounced positive trend in the
1970s of his index and showed that the overall trend in the NNR SAM index is
exaggerated by a factor of two relative to his index. Also, the greatest positive trend
in the Marshall SAM index occurred in the summer months whereas the NNR data
showed it occurred in winter. Marshall (2002) documented a statistically significant
increase in the circumpolar westerlies over the northern Antarctic Peninsula, which
is consistent with the trends presented by Marshall (2003). Indeed, the SAM is
particularly important to climatic variations observed on the Antarctic Peninsula,
as discussed by Marshall (2007), because the Peninsula extends out to much lower
latitudes than the rest of the Antarctic. It is, therefore, heavily impacted by the
circumpolar vortex and hemispheric westerlies that the Peninsula perpendicularly
bisects. Furthermore, van Lipzig et al. (1999) and van den Broeke and van Lipzig
(2003) have studied this phenomenon using a relatively high-resolution regional
climate model (RCM). They found that the MSLP charts from the model for years
with a positive and negative SAM index showed a 90° change in the direction of the
pressure gradient over the Weddell Sea; it was shown that a positive SAM index
resulted in isobars perpendicular to the Peninsula and parallel to it for periods with
a negative SAM index. These patterns are similar to the first and second EOFs of
Antarctic Peninsula MSLP station data as presented by King (1994) and, given these
points, it seems likely that the SAM exerts a strong influence over the atmospheric
circulation in this region. This idea is developed further by van Lipzig et al. (2008)
who demonstrate, using a high resolution RCM, that changes in temperature with
changes in the SAM are stronger over the eastern AP compared to the western
AP because of lee side compressional warming during periods dominated by strong
westerly (upwind) flows. It is also of interest that, despite projections showing that
the positive SAM trend will continue into the 21st Century, the Peninsula warming
is not expected to continue (IPCC 2007).

There is much evidence for, and debate over, the impact of the SAM on Antarctic
climate and its driving force; the major works are summarized here. Thompson
and Solomon (2002), for example, believe that the positive trend in the SAM is
predominantly responsible for the pattern of circulation and temperature trends that
they showed to be present in radiosonde observations. Schneider et al. (2004) have
also shown that the leading EOF of Antarctic temperature variability recorded by
satellite infrared and passive microwave data correlates well with the SAM, although,
there are limitations in this satellite data as the former only operates in clear sky

2Jones et al. (2009) have produced a similar, seasonal station-derived SAM index reconstructed back
to 1865, calibrated using the Marshall (2003) index.
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conditions and the latter is influenced by snow and ice variations. Kwok and Comiso
(2002b) have suggested that the recent changes in the SAM have led to negative
temperature anomalies over the entire Antarctic continent, except for the Peninsula,
where positive anomalies are seen. Hurrell and van Loon (1994) have argued that
similar—SAM-like—changes in the Semi-annual Oscillation (SAO; see next section)
were responsible for the temperature trends observed over the Antarctic and, like
Thompson and Solomon (2002), they also point out that these circulation changes
have occurred largely in parallel with the ozone depletion in the stratosphere above
Antarctica and hypothesise that they are linked. Furthermore, the largest trends in
the tropospheric SAM index appear to occur after the lower level vortex amplifies
into the stratosphere in November of each year (Thompson and Wallace 2000)
and also after the major ozone loses occur in the Southern Hemisphere summer
(Thompson et al. 2000). Thus, the proposed coupling of ozone depletion with a
positive trend in the SAM index is temporally justifiable on a seasonal timescale as
well as the interannual scale, as discussed by Thompson and Solomon (2002).

Gillett and Thompson (2003) attempted to ratify the link between ozone depletion
and the positive trend in the SAM by employing an atmospheric model forced solely
by stratospheric ozone changes.? This method achieves their goal, in that they model
similar 500hPa geopotential height, 925hPa wind and temperature trends to the
observations. However, their inference that ozone depletion is, therefore, the driving
force behind recent Southern Hemisphere climate changes is largely unsubstantiated
as the simplified model they use shows merely moderate correlation between the two
phenomena, but no causality. Hartmann et al. (2000) presented a causal mechanism
whereby reduced stratospheric ozone and increased greenhouse gases would lead
to a cooler stratosphere, resulting in a greater stratospheric meridional temperature
gradient. This would, in turn, lead to a stronger circumpolar vortex via a greater level
of vertical shear in the zonal wind; Limpasuvan and Hartmann (1999) have used a
CGM to show that this vertical shear occurs at the same time as the variations in the
SAM. However, this mechanism was not discussed by Gillett and Thompson (2003).

Although there is an increasing body of research that supports the theory that
the recent Southern Hemisphere climate changes have been driven by stratospheric
influences, Marshall (2002) and Roscoe et al. (2006) note that much of the warming
on the western Antarctic Peninsula occurred before any significant trends in the

3 A similar model experiment had previously been implemented by Sexton (2001) but was later found
to include erroneous trends in the ozone data used.
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SAM were observed and are, therefore, unlikely to be linked. Furthermore, Marshall
et al. (2004) point out that the trend in the SAM itself began approximately a decade
before any ozone loss occurred in the Southern Hemisphere stratosphere. These
factors are obviously not consistent with the hypothesis presented by Thompson and
Solomon (2002) and other workers.

Marshall et al. (2004) also investigated the influences of natural and anthropogenic
forcings on a GCM in order to assess the relative importance of these forcings to
the changes in the SAM. Their findings imply that the observed trend in the SAM,
despite being unlikely to have been forced solely by internal variations, was consis-
tent with a combined, non-linear interaction of natural and anthropogenic forcings.
Indeed, Marshall (2003) had discussed how the tropics could influence the SAM in
the Pacific region. This connection has also been considered by Fogt and Bromwich
(2006) who found that ENSO is most strongly teleconnected to the Antarctic when it
has an in-phase relationship with the SAM, which was the case in the 1990s but less
so throughout the 1980s.

Despite these contentions, the importance of the SAM in studies of Southern
Hemisphere climate variability is still of great importance, as recognised by the IPCC
in Chapter 3 (Trenberth et al. 2007). Indeed, a number of independent GCM based
analyses have shown that, using scenarios of increasing greenhouse gas and sulphate
emissions, Southern Hemisphere climate changes manifest themselves almost exclu-
sively as changes in the SAM (Fyfe et al. 1999; Kushner et al. 2001; Fyfe and Saenko
2006).

2.4 The semi-annual oscillation (SAO)

The SAO represents a twice-yearly expansion and contraction of the CPT, with it
being deepest and furthest south in the equinoctial (MAM and SON) seasons (van
Loon 1967) as shown in Fig. 4. This pattern occurs as there is a significant difference
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in the levels of heat storage by the Antarctic and the Southern Ocean; the shift in
atmospheric mass described by the SAO resolves to balance this.

The SAO and the SAM describe similar modes of pressure variation in the mid-
to high-southern latitudes so it is worth distinguishing them at this stage. The SAO
is a reflection of the pattern of the annual cycle of pressure at a certain longitude.
In a year when the SAO is strong, two peaks and two troughs (i.e. a y=sin(2x)
curve) will be clearly seen in the annual pressure data. The SAO can, therefore, vary
longitudinally around the region that it affects, both in terms of amplitude and phase.
The SAM index, on the other hand, is a description of the pressure gradient between
40°S and 65°S. The SAM is a hemispheric indication of the strength of the westerlies,
although it also contains longitudinal variability. The data used to calculate this is
normalised and will, thus, have had the SAO signal removed.

It has been suggested that the SAO is responsible for the distribution of warming
and cooling trends that have been observed over the Antarctic. For example, by
analysing temperature observations, van den Broeke (1998a) reported that a signifi-
cant portion of the annual variation can be explained by the second harmonic therein
i.e. the semi-annual variation associated with the SAO. At Faraday/Vernadsky
(western Antarctic Peninsula), almost 80% of the pressure variance is explained
by the second harmonic for the period 1957-1979. For the same period on the
eastern Antarctic Peninsula, this drops to 53% and 37% for Esperanza and Matienzo,
respectively. Further, the amplification of the wavenumber-3 pattern inherent in the
circumpolar circulation (Fig. 2) is also proposed to be an important factor for those
continental stations that have undergone a cooling.

However, a change has occurred in the SAO (Meehl et al. 1998; van den Broeke
1998b) meaning that from the late 1970s and into the 1980s, the SAO has undergone
a significant weakening, with the second harmonic disappearing in the South Pacific
region in the early 1980s (Fig. 4). This change manifested itself as a failure of the CPT
to expand north in the late spring (Hurrell and van Loon 1994) leaving a strong polar
vortex. This is indicative of a more positive SAM index (van den Broeke 1998b) and
consistent with the trends observed in that mode (Marshall 2003). This has also led
to a dramatic drop in the pressure variance explained by the second harmonic for
the period 1980-1996 as reported by van den Broeke (1998b): the figure at Faraday
dropped to just 10% for 1980-1996; and at Esperanza the variance explained changed
to 7%. This is obviously a mode of variability that has important links to the climate
of the Antarctic, particularly for the western coast of the Peninsula.

2.5 The el nino-southern oscillation (ENSO)

ENSO is principally a description of the oceanic and atmospheric conditions over
the Pacific. The atmospheric component—the Southern Oscillation (Walker 1928)—
represents the “seesaw” in atmospheric pressure across the Pacific, operating over
periods of between 2 and 10 years (Trenberth 1984). This variability is most often
described by the Southern Oscillation Index (SOI), which is used to represent the
phase and amplitude of an ENSO event. A negative (positive) SOI indicates a
“warm” (“cold”) ENSO, or El Nifo (La Nifia), event. There are other, more regional
definitions of El Nifio (Trenberth 1997, for example) but the SOI is most often
used in the examples shown below. Over a longer timescale, Quinn and Neal (1992)
have constructed a useful chronology of El Nifio events using data from the logs of
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sailing vessels that traveled to Ecuador and Peru that indicate ENSO phase. This
record starts in 1525 and provides a record for comparison with the atmospheric
circulation reconstructions. Garcia et al. (2001) have also performed a similar El Nifio
reconstruction.

ENSO is teleconnected with the Antarctic climate to a significant degree and these
connections have been comprehensively reviewed by Turner (2004). As such, we
have simply summarized the major reported ENSO signals found in various Southern
Hemisphere high-latitude datasets in Tables 1 and 2. However, of most relevance to
the Antarctic beyond those works listed in Tables 1 and 2 is how the ENSO signal
is transported poleward by the South Pacific convergence zone (SPCZ). The SPCZ
moves north-east relative to its mean position during “cold” (La Nifa) events and
south-west during “warm” (EI Nifio) events (Vincent 1994). This allows the ENSO
signal to propagate to the south-eastern Pacific and has been detected as positive
height anomalies in the 500hPa level over the Amundsen and Bellingshausen Seas
(Houseago et al. 1998; Renwick 2005). Given that the western Antarctic and the
Peninsula face the area where ENSO has its greatest impact (i.e. the Pacific) this
will undoubtedly influence the high latitude atmospheric circulation features that are
detectable.

Table 1 Published links between observations of Antarctic climate and ENSO

Author(s) Data ENSO link

Smith and Stearns (1993) Monthly pressure and Sharp change in sign of temperature
temperature anomalies and pressure anomalies in year
before and after SOI troughs
Harangozo (2000) ABM and SIE Statistically significant links between
SIE and ENSO-like changes in
the meridional circulation
Kwok and Comiso (2002a, b)  Satellite observations Positive SOI trend since mid-1970s
is consistent with retreating sea
ice around the Pacific sector of
the Antarctic

Ichiyanagi et al. (2002) NNR SST and Peninsula  SST for equatorial Pacific is significantly
ice core data negatively correlated with Argentine
Island §'80
Schneider et al. (2004) Satellite observations EOF-2 of Antarctic temperature

correlates with SOI on
annual timescale. EOF-1 correlates

with SAM
Bertler et al. (2004) ERA-40 and snow pit ENSO driven circulation patterns
isotope records over the Ross Sea suppresses
warming over the McMurdo
Dry Valleys
Schneider and Noone (2007)  High resolution ice Co-varying signals in the cores
core data and MSLP (identified by EOF analysis)
observations are consistent with ENSO and
SAM patterns
Schneider and Steig (2008) Isotope data from West ~ Extreme positive anomalies in
Antarctic ice cores 1936-45 strongly teleconnected to

the 1939-42 El Nifio
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Table 2 Published links between Antarctic climate in model data and ENSO

Author(s) Data ENSO link

Cullather et al. (1996) EOP Positive correlation
between precipitation and SOI
pre-1990, negative correlation
post-1990

Gerreaud and NNR Southern Hemisphere SST

anomalies associated with ENSO-
like atmospheric circulation
anomalies

Synoptic conditions for DML
precipitation events showed
ENSO-like variability

Similar findings to Cullather et al.
(1996)

Small, statistically significant
correlation between
Thurston Island precipitation
and ENSO

Links between EOF-1 of
precipitation data and ENSO

ENSO signals in Genthon et al.
(2003) and ERA-40 are
intermittent and unlikely to
last far into the future

Negative correlation between
ENSO and Antarctic
precipitation for 120°W-180°,
positive for 30°-60°W

ENSO teleconnections with the
South Pacific region are
governed by coupling with
the SAM

Battisti (1999)

Noone et al. (1999) ECMWEF 15-year

re-analysis (ERA-15)

Bromwich et al. (2000) EOP and ERA-15

Marshall (2000) ERA-15

Genthon et al. (2003) NNR, ERA-15,
GCM and Satellite
ECMWEF 40-year

re-analysis (ERA-40)

Genthon and
Cosme (2003)

Guo et al. (2004) NNR-2 and ERA-15

Fogt and ERA-40
Bromwich (2006)

Within these ENSO-Antarctic connections there are certain oceanic, or ocean
driven, patterns intrinsically linked to the variability of ENSO, such as the Pacific-
South America teleconnections (Mo and Ghil 1987), the Pacific Decadal Oscillation
(Mantua et al. 1997), the Interdecadal Pacific Oscillation (Power et al. 1999) and the
Antarctic Dipole (Yuan and Martinson 2001). These patterns have been noted to
exert an influence on the Antarctic climate. Additionally, the Antarctic Circumpolar
Wave (ACW) has also been discussed as having a significant impact on the climate
of the high southern latitudes in recent years (White and Peterson 1996). However,
the importance and existence of the ACW has been questioned (Connolley 2002;
Park et al. 2004), although, Fischer et al. (2004) believe that they have uncovered
an ice core signal from DML showing the ACW over the last 2000 years. Whilst
these oceanic patterns do require consideration for a full understanding of Antarctic
climate variability, they are deemed to be beyond the scope of this review of
atmospheric circulation. This omission is justifiable, given that the re-distribution
of energy from the equator to the poles is dominated by atmospheric transport,
especially in the high-latitude Southern Hemisphere (Trenberth and Stepaniak
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2003a, b). However, for further details on the impacts of these oceanic factors and
their links with atmospheric circulation, the reader is referred to Carleton (2003) and
Mayewski et al. (2009).

2.6 Section summary

Throughout this section the conflicts in our understanding of the recent/current
atmospheric circulation regime in the Southern Hemisphere have been highlighted.
Whilst many of these issues are being resolved by current research, it should be
borne in mind that these conflicting ideas cannot help with efforts to reconstruct
past atmospheric circulation.

3 Ice core signal sources

To fully comprehend the mechanisms by which chemical signals are deposited and
can be retrieved from ice cores, it is necessary to understand the processes of evap-
oration from the ocean, transportation through the atmosphere, deposition as snow
and then the different stages that fallen snow goes through before becoming ice. This
considerable topic, however, is chiefly outside the remit of this review; the reader
is referred to Legrand and Mayewski (1997) for a comprehensive glaciochemistry
review and a more thorough coverage of the brief discussion of chemical sources in
ice cores that is presented below. Similarly, ice core dating, via the identification of
layers resulting from significant volcanic eruptions, nuclear weapons tests and the
annual cycle of chemical and isotopic species within the ice, will not be given much
consideration here. Issues relating to the temporal resolution of the data (i.e. the
number of ice samples analysed and the annual accumulation at the ice core site) are
important but cannot be covered here either—see Bradley (1999) for more details
on these subjects.

3.1 Isotopic data

Ice cores are often used to reconstruct past air temperature from the accumulated
ice, i.e. the temperature at the time that the snow formed. Studying the isotopic
ratios of the H,O molecules deposited achieves this; a method that was first discussed
by Dansgaard (1964). The basis of this method lies with the fact that there is a
vapour pressure difference between H,'°O and the less common isotope, H,'3O.
Therefore, water that evaporates from the sea becomes depleted in H,'#O due to
its lower vapour pressure compared to H,'®O. This heavier fraction is also the most
likely to be lost via condensation during transport in the atmosphere. Both of these
depletion effects will be amplified by a cold moisture source or by the moist air being
transported through a cold environment. Subsequently, the amount of '*O in an ice
sample can be calculated as a ratio, '¥0:'°0, and then expressed as a delta (§) value
to give a proxy measure of temperature. This § value incorporates a comparison to a
standard seawater sample, referred to as the standard mean ocean water (SMOW).
The SMOW has its §'30 set to equal zero and the §'80 value of an ice sample being
examined represents the departure from the SMOW §'30 value (Bradley 1999).
Similarly, it is possible to calculate a §D (delta deuterium) value as a heavy isotope
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of hydrogen, H or D, is also found in precipitation as HDO. This isotopic variant
also has a lower vapour pressure than H,O so all of the above regarding H,'*O can
be applied to HDO. Finally, deuterium excess, or d, can be defined as d = §D —
8x8'30. This quantity is particularly pertinent in the context of this review as the
different behaviour of the isotopes of H and O during fractionation allow inferences
to be made regarding the moisture source (Schlosser et al. 2008).

3.2 Chemical data

Considering the aim of palaeoatmospheric reconstructions in the Southern Hemi-
sphere, isotopic details are not of considerable interest: any relationships uncovered
between atmospheric circulation and §'80 (or §D) cannot be assumed to be station-
ary during circulation changes as the temperature of the precipitation sources may be
different. Of greater interest for tracing precipitation sources in the Antarctic is the
information on past atmospheric composition from ice cores. This can be found by
analysing air trapped within pores of the ice and the concentration of various water-
soluble chemicals and aerosols that were taken up by the cloud droplets. Legrand and
Mayewski (1997) considered the typical sources of the chemicals that are often found
in ice cores. They discuss how the oceans, combined with the processes of waves
and wind, are the major source for species derived from sea salt i.e. sodium (Na'),
chlorine (Cl7) and some magnesium (Mg?"), calcium (Ca®*), sulphate (SO,42~) and
potassium (K*). Continental shelves are the primary source of terrestrial salts in
the ice, such as Mg, Ca, carbonate (CO3%~), SO, and aluminosilicates. Their final
source category is biogenic and anthropogenic gas emissions, the primary aerosols
from which are usually transformed during transport in the atmosphere and are
found in ice cores as secondary aerosols: ammonium (NHI); CI; nitrate (NO37); SOy;
methyl sulfonate (CH3SOj;7); fluorine (F~); methanoate/formate (HCOO™); methyl
sulphonic acid (MSA); and other organic compounds. The Legrand and Mayewski
(1997) scheme considers both Antarctic and Greenland ice cores so not all of these
aerosols will be relevant to studies of the Southern Hemisphere. For example,
compared to Greenland, there is very little evidence of anthropogenic emissions at
the Antarctic. The authors concluded that the major ions that should be detectable
at Antarctica are Na, Ca, Mg, Cl, NO; and SO,. In addition to these species, it
is possible to calculate non-sea-salt sulphate (nssSO4>~) by using a relationship
between sulphate and chloride (which is assumed to be exclusively derived from sea-
salt) in ice cores. It is also possible to measure the quantity and particle size of dust
that is trapped in ice cores—these factors can also be used to infer information about
the source of precipitation comprising ice core layers.

Looking specifically at the origins of particular species for the Antarctic, the
source of nitrate is a subject of minor contention. Liss et al. (2004) have suggested
that it sourced from biogenic activity in the southern ocean. However, Legrand and
Delmas (1986), Legrand and Kirchner (1990) and Goodwin et al. (2003) believe that
the major source of nitrate is via transport from the stratosphere in the polar vortex.
It will be important to consider this disagreement in the interpretation of work
presented in the following section. Furthermore, Rankin et al. (2002) and Wolff et al.
(2003) have argued that increases in species derived from sea salt in eastern Antarctic
Peninsula ice cores are likely to be derived from highly saline “frost flowers” that
form on new sea ice and, therefore, are not an indication of increased open water
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nearby as had previously been suggested (Peel and Mulvaney 1992, for example).
Indeed, Rankin et al. (2004) deem that the interpretation of sea-salt concentrations
for all Antarctic and Greenland ice cores need to be revisited—this would affect a
significant amount of work, as we will discuss further in Section 5.

4 Antarctic precipitation source studies

This section considers work that has attempted to identify the source of precipitation
for Antarctica as a whole and for specific sites over the instrumental era. This gives
us some important background information for the next section of this review: the
consideration of atmospheric circulation reconstructions from Antarctic ice core
data. Throughout this section it is worth bearing in mind that Monaghan et al. (2006)
have shown that there have been no significant changes in Antarctic snowfall since
the IGY.

4.1 Precipitation source studies considering the Antarctic as a whole

The ability to establish the sources of Antarctic precipitation is fundamental to
identifying and understanding any atmospheric circulation signals that may be found
in ice core data. Some of the earliest and most basic studies on this subject analysed
the precipitation source for the Antarctic as a whole. For example, Howarth and
Rayner (1986) and Peixoto and Oort (1992) both presented the results from water
balance studies that suggested the water vapour that reaches the Antarctic as
precipitation comes from the approximate region of 8-40°S. Petit et al. (1991) agreed
that the subtropics are an important source of moisture for central and eastern
Antarctica from their models of §'0 and 6D in the Southern Hemisphere. These
findings, however, are hard to justify meteorologically given that storms in the
Southern Hemisphere are unlikely to reach the Antarctic from north of 40°S (see
Section 2). These source study results are also largely in disagreement with the low
resolution GCM (8° x 10°) based findings of Delaygue et al. (2000b), who reported
that moisture from 30-60°S plays a significant role in the precipitation climatology
of Antarctica as a whole. Bromwich (1988), in a paper summarising southern high-
latitude snowfall, importantly notes that sufficient water evaporates in the region
bounded by the 62°S parallel and the mean sea ice extent (SIE) to account for all of
the precipitation that falls over Antarctica. There is obviously a contention here that
requires further investigation.

4.2 Precipitation source studies considering specific Antarctic sites

Studies from individual sites give a different view, for example, Bromwich and
Weaver (1983) investigated the §'30 record for 1974 from the coastal station Syowa
(69°S, 39°E). They inferred, from examining the §'80 relationship with sea surface
temperature (SST) and SIE, that the moisture source was around 55-58°S. Turner
et al. (1995) have examined the precipitation source for the Rothera station, located
on the western Antarctic Peninsula: using meteorological observations and satellite
imagery for a one year period, they concluded that half of the cyclones that deliver
precipitation to Rothera develop south of the 60°S parallel. The importance of such
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understanding is highlighted by Schlosser (1999) who suggested that the variability
of the position of the CPT has had a significant effect on the Neumayer §'3O record;
for the period 1982-1991, the 'O record implied that the temperature varied in
the order of 5°C whereas the observed variability from the station itself was less than
1°C. In addition, Noone et al. (1999) studied the signals from atmospheric circulation
that could be detected in the accumulation of an Antarctic ice core from DML. They
concluded that the glaciological record is connected to global atmospheric circulation
characteristics and could, thus, be used as a tool in reconstructing past atmospheric
circulation changes. This hypothesis will generally only hold for coastal ice cores
sites as these reflect the high variability of the atmospheric circulation in the CPT
much more directly than central Antarctica where the “isotopic thermometer” is
more reliable (Delaygue et al. 2000a). Similar to Turner et al. (1995), Marshall et al.
(1998) tracked cyclones between 45-135°W and south of 50°S in the ERA-15 data to
compile a climatology of precipitation delivery to the southern Antarctic Peninsula.
Of particular interest, given the focus of the following section, they also found that
precipitation events delivered by northerlies were detectable in short ice cores from
the region due to spikes in the acidity of the snow delivered by those cyclones.
McMorrow et al. (2002) successfully applied a similar methodology to identify
precipitation event signals in the Law Dome ice core for a number of events during
the 1999/2000 austral summer. Elsewhere, Ciais et al. (1995) concluded, from a study
of snow deuterium excess data from a South Pole snow pit and a 1-D isotopic model,
that the dominant moisture source was 20-40°S. This result, like those discussed
in Section 4.1, again seems unsound given the prevailing atmospheric circulation in
this region. However, it is not inconceivable when considering the vapour transport
across the Southern Oceans; Bromwich (1988) suggests that water balance studies
“do not describe the behaviour of moist air parcels, but rather the net effect of water
substance change within an atmospheric volume” and a similar observation could be
made of §'80 studies when they are used to identify precipitation sources. Despite
this, Masson-Delmotte et al. (2003) have combined the isotope record for 1934—
1992 from Law Dome with an isotope-GCM to interpret the fluctuation therein. This
method uncovered an abrupt shift in meridional circulation during the 1970s.

In view of the above, it is suggested that the study of air parcels would prove
more fruitful with respect to the aim of identifying precipitation sources for Antarctic
ice core sites. In identifying how far back these air parcels should be tracked, it is
of note that Simmonds and Keay (2000a) have shown that the average lifetime of
depressions around the Antarctic is 3—4 days. Further, Reijmer and van den Broeke
(2001) used back trajectories and associated moisture data from the ERA-15 data to
conclude that most of the moisture uptake for precipitation at DML in 1998 occurred
3-5 days before the event. These are the only published attempts to identify the
location of moisture uptake for Antarctic precipitation events and they imply that the
5 days preceding a precipitation event represents a physically realistic time frame for
identifying precipitation sources via atmospheric analyses such as back trajectories.

Reijmer et al. (2002) have analysed air parcel back trajectories, run for 5 days, for
a number of ice core sites, mainly from eastern Antarctica. Looking at the mean
trajectories associated with “significant” precipitation events, they found that the
main moisture sources for all their sites were located in the latitude range of 50-60°S
from the nearest ocean to the west of the site in question. In a similar back trajectory
analysis, Harris (1992) has also demonstrated the dominance of westerlies for air
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parcels arriving at the South Pole. Simmonds et al. (2003) used back trajectories run
for 4-days from two coastal sites at 90°W and 90°E to show that most air masses
originated from the west and from south of 60°S and 50°S respectively for the two
sites, a result that is in agreement with the observations of Turner et al. (1995).
Whilst these studies are important for beginning to understand the sources of the
precipitation that comprise Antarctic ice cores, they do not examine individual, or
categories of, trajectories delivering precipitation to the sites. That said, much of the
Antarctic precipitation regime is driven by a rather homogeneous westerly circula-
tion related to the CPT. Taking this into consideration, Russell et al. (2004) analysed
ERA-15 driven back trajectories for precipitation events (and over the climatological
timescale) at Dolleman Island, eastern Antarctic Peninsula. The accuracy of some
of these precipitation bearing back trajectories was also investigated and deemed
good via a number of AVHRR image based case studies (Russell et al. 2008). Using
cluster analysis to identify distinct precipitation delivery mechanisms from the back
trajectories, Russell et al. (2004) uncovered two major mechanisms of note (Fig. 5).
Firstly, they demonstrated that westerlies were prevalent under conditions of a deep
circumpolar trough, which, in turn, can be related to a positive SAM index. This
is a result that would have been predictable given knowledge of the prevailing
atmospheric circulation conditions in this region as discussed above. The second
mechanism was related to the southward migration of the South Pacific convergence
zone (SPCZ) during El Nifio events, which leads to blocking west of the Antarctic
Peninsula, thus allowing easterlies to dominate precipitation delivery at Dolleman
Island—this is an unusual direction of precipitation delivery for an Antarctic site and
occurs due to the interaction of the SPCZ and the physical barrier of the Peninsula.
We will discuss later how these precipitation delivery mechanisms can be linked to
ice core data.

Fig. 5 Composite back trajectory (BT) patterns for the Dolleman Island BTs associated with: a the
significant precipitation events; and b the BT climatology. The BT patterns have been numbered
so that BT1 has the most eastern origin and the highest numbered BT has the most western origin.
Source: Russell et al. (2004)
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Over shorter timescales, Helsen et al. (2006) have applied observations, back
trajectory analyses, GCM and isotopic modelling to individual precipitation events at
DML, which were themselves diagnosed using snow pit data. Their primary findings
show that most of the moisture was derived from the southern Atlantic Ocean
and that most of the isotopic depletion occurred during the final day of transport.
However, this work also highlights the ability to perform such analyses for individual
precipitation events and Helsen et al. (2007) have applied a similar method over
larger areas of the Antarctic. Schlosser et al. (2008) have looked at d in surface snow
in relation to its source, which was identified using back trajectories, and found that
the change in moisture source influenced a phase lag between d and §'*O which has
important implications for ice core climate records reconstructed from isotopic data.
Indeed, it is worth emphasising that isotopic composition is sensitive to precipitation
source, a subject that has been reviewed by Masson-Delmotte et al. (2008).

5 Atmospheric circulation reconstructions from ice core data

In this section we present a largely, though not exclusively, chronological review of
atmospheric circulation reconstructions from Antarctic ice core data. Whilst similar
work has been performed for the Northern Hemisphere (Mayewski et al. 1994;
Appenzeller et al. 1998; Fischer 2001, for example), we limit our review here to the
Southern Hemisphere.

5.1 Early reconstructions

Legrand and Kirchner (1988) published one of the first works specifically identifying
atmospheric circulation signals in Antarctic ice core data. They noted that the
concentration of Na (derived from sea-salt) in the winter snow layer of at the South
Pole was indicative of meridional transport and that this had weakened since the
early 1980s. This result is consistent with a more positive SAM index and weaker
SAOQ, as discussed previously. Furthermore, in the same South Pole ice core Legrand
and Feniet-Saigne (1991) found that increases in the record of MSA were concurrent
with El Nifio events over the period 1922-1984. Whilst these studies demonstrated
only a simple correlation between a mode of atmospheric circulation and ice core
chemistry, they set in motion the idea that Antarctic ice cores could be used as a tool
by which to reconstruct more than just proxy temperature and composition records.
Indeed, this train of thought can be traced directly forward to similar work, such
as Meyerson et al. (2002) who performed a very similar analysis to Legrand and
Feniet-Saigne (1991), again, for MSA in the South Pole ice core. Considering the
details of these results, one mechanism often proposed to be the driving force of
the MSA-ENSO link is the impact that El Nifio has on the SIE around Antarctica.
For example, Curran et al. (2003) have shown how the concentration of MSA in
an ice core from Law Dome is clearly correlated with SIE in that region. Wolff
et al. (2003) agreed with this hypothesis—MSA is derived from DMS, which is
released biogenically from the oceans and this link, therefore, appears logical. More
recently still, though, Abram et al. (2007) have shown that the MSA-SIE relationship
breaks down in the Weddell Sea area of Antarctica—they show that when “cold
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offshore wind anomalies” dominant they not only increase SIE production but also
decrease MSA delivery. If, as has been shown by Harangozo (2000, 2006) and Kwok
and Comiso (2002a), SIE is itself linked to ENSO related atmospheric circulation
anomalies, then this completes the connection between MSA and ENSO. However,
there are two points worth bearing in mind: firstly, that Pasteur and Mulvaney
(1999, 2000) and Curran et al. (2002) have shown that MSA can migrate within
ice in both the laboratory and Antarctic ice cores; and secondly, that SIE-ENSO
links have been questioned with these unlikely to be consistent around the entire
coast of the Antarctic (Carleton 1989). Indeed, Fundel et al. (2006) examined the
extreme MSA years found in a core from DML alongside NNR reanalysis fields,
taking into account the potential MSA migration, and found no direct link with
El Nifio events. Nevertheless, they did show that the MSA episodes were likely to
be related to the Antarctic Dipole (ADP), which, as described in Section 2.5, is an
oceanic phenomenon. This link was made because of the clear 13.9 year MSA period
throughout the 2000 year long record—the ADP also has a similar length period.
Furthermore, this work showed that the years 1200-1600AD were distinctive because
of efficient atmospheric transport, which Fundel et al. (2006) believe is linked with a
prominent ADP.

An alternative method of atmospheric circulation reconstruction, pioneered by
Peel and Mulvaney (1992), required individual species or groups of species in the ice
core data to be linked to specific precipitation delivery mechanisms. They used §'%0,
8D, CI and nssSO4 data from the Dolleman Island ice core for the period 1795-1985
to draw inferences regarding the nature of atmospheric moisture transport paths.
Their results, however, could be questioned with respect to one of their assumptions:
that increases in sea-salt derived ions, such as chloride (Cl), are an indication of
increased open sea. It has since been argued that much of the sea-salt in this region is
derived from “frost flowers” that form on new sea ice (see Section 3.2). Despite this,
the work still represents an important methodological advance.

Enomoto (1991), on the other hand, discovered significant correlations between
accumulation data from South Pole, Dome C and Law Dome and SLP observations
from stations located between 40-50°S. This allowed a reconstruction of SLP for this
region to be created for a 100 year window. Spectral analysis of this reconstruction
shows a 20-30 year period, which, it was proposed, is due to an oscillation feature
of the wave-number zero SLP variation but this could equally be related to the
sparseness of the input observations.

5.2 More recent/advanced reconstructions

Kreutz et al. (1997) used the assumption that the concentrations of sea salt ions (i.e.
Na, Mg, Cl and K) are proportional to the level of meridional tropospheric transport.
This was used to infer that circulation of this type reaching the Siple Dome core
site (149°W, 82°S) increased around the start of the little ice age (LIA) i.e. around
1400AD. They also believe that circulation conditions similar to those in the LIA
have persisted into the 20th Century. Again, this is a very simple but conceptually
strong method of inferring past atmospheric circulation characteristics. However,
it should be noted that terms like the LIA and the medieval warm period (MWP)
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are often discussed as being of limited utility due to their temporal and spatial
irregularity (Jones and Mann 2004).

More recently, Goodwin et al. (2004) have found a significant anticorrelation
between the “early winter” (i.e. May, June and July) concentration of Na from the
Law Dome ice core and SAM related MSLP patterns from the NNR and approxi-
mately 60 years of meteorological station data from the south Indian and south-west
Pacific Ocean regions. This Na link is, again, assumed to be driven by changes in
meridional transport. From this simple but relatively robust relationship, the authors
have reconstructed a well calibrated “early winter” SAM for the last 700 years
(Fig. 6). Their record shows that the SAM was more negative before 1600AD than it
has been during the last 400 years. It also includes the recent positive SAM trend
discussed in Section 2. Furthermore, spectral analysis of the proxy SAM shows
periods of variability mainly associated with ENSO but also a strong 10.5 year period
in the early record and 23 year period in the latter. Whilst discussing possible links to
the solar cycle with similar periods of variation, Goodwin et al. (2004) concede that
there is no clear evidence to justify such a link.

The reconstruction of such circulation indices is a particularly powerful tool, as
also demonstrated by Jones and Widmann (2003, 2004) who have produced a SAM
index for early summer, reconstructed from Southern Hemisphere tree-ring (1743-
2000) and station (1905-2000) data. Tree ring data has limitations (i.e. non-SAM
factors cannot be separated out from the data) but both reconstructions capture
recent peaks in the index around 1960 and 2000, a period of high variation between
1880-1900 and show that the current SAM trend is not unparalleled over longer time
scales.

Kreutz and Mayewski (1999) presented a review of the spatial distribution
of glaciochemistry over Antarctica and considered the implications for palaeoat-
mospheric circulation reconstruction. Their main conclusions regarding the circu-
lation characteristics that are associated with different species were that: nitrate
concentration reduces with increased accumulation; Ca, K and Mg are derived from
terrestrial dust or exposed bedrock on the Antarctic or South America (indicating
either changes in atmospheric circulation to incorporate these features or changes
in SIE); and that MSA can be a proxy for SIE (as discussed in Section 5.1), ocean
productivity or ENSO. They were also one of the first to perform an EOF analysis
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Fig. 6 Anomalies from the 1950-1995 mean (dashed line) of the Na early winter data from Law
Dome for 1300-1995. MSLP anomalies for the southwest Pacific region (Campbell Island and
Macquarie Island) are shown on the right-hand axis. Source: Goodwin et al. (2004)
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on Antarctic ice core data* and uncovered five EOFs of note from the Siple Dome
data. They also attempted to assign atmospheric delivery characteristics to each of
these EOFs, albeit quite basically. The EOF analysis worked particularly well for
this ice core and the EOFs show interesting and distinct glaciochemical variability—
this is driven largely by changes to the Amundsen Sea Low (ASL)—and they found
that the majority of sea-salt is transported to the site in spring (SON), depending
on regional circulation strength. This analysis was extended by Kreutz et al. (2000)
to include more detailed examination of atmospheric data (EOP) as well as SIE
and meteorological station data. They found that MSLP from EOP showed a close
relationship with the strength of the ASL, as Kreutz and Mayewski (1999) inferred
it would. As, at the time, there was only a 10 year overlap between the ice core data
and EOP, Kreutz et al. (2000) used station data from the Australia/New Zealand
and South America/Antarctic Peninsula regions to construct a spring trans-polar
index (STPI), similar to the TPI of Pittock (1980), back to 1903. This was done so
that there was a much longer overlap between the ice core and a representation of
ASL for calibration. They found that their EOF1 from the Siple Dome data was
significantly, if not strongly (r=0.32), correlated with the STPI. Therefore, EOF1
was treated as an indicator of Amundsen Sea region MSLP variability over the
past 1150 years. This reconstruction displayed periodicities of 3.3 and 3.7 years,
which implies a link to ENSO and that this relationship changed during the 1400—
1900AD interlude; a similar finding was made by Kreutz et al. (1997). As discussed
in Section 2, an anomalously deep ASL is linked with ENSO variability—albeit to
temporally changeable degrees (Cullather et al. 1996)—so these findings appear to
be sound and justifiable.

A similar method was used by Souney et al. (2002) for a 700 year core from Law
Dome, east Antarctica. This study found a dominant EOF that was linked to some
characteristic of atmospheric circulation, i.e. that sea-salt concentration for the June
layer in the core is related to winter circulation “intensity”. This led them to conclude
that the most intense winter circulation occurred during the 19th Century and the
least intense during the 18th Century. Whilst their meteorological analysis does show
significant correlations with over half of the June datasets from the 20 Antarctic
stations they examined (and some links with meridional pressure gradients from the
NNR), these were quite basic analyses. It is also worth noting that these links rely
on the sea-salt derived species that dominated their EOF1 and that the origin of sea-
salt has been questioned (see Section 3.2). Indeed, Souney et al. (2002) and others
(Legrand and Delmas 1984; Prospero et al. 1991; Whitlow et al. 1992; Mulvaney and
Wolff 1994; Curran et al. 1998; Hall and Wolff 1998; Kreutz et al. 1998; Wagenbach
et al. 1998, for example) all show that sea-salt in ice cores peak in winter when sea-
ice growth is at a maximum. Therefore, it appears that the “frost flower” source of
sea-salt in ice cores is feasible and that many atmospheric circulation reconstructions
should be re-examined, as Rankin et al. (2004) suggested.

Mayewski et al. (2004) examined the Siple Dome ice core data alongside two
other Antarctic cores (South Pole and Law Dome). Their analysis compared the
700 year Siple Dome record with the two dominant patterns (or EOFs) of Southern

4Reusch et al. (1999) also performed an EOF analysis in the same year on a series of cores from near
Byrd.
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Hemisphere atmospheric circulation, as identified by Thompson and Wallace (2000)
and Thompson and Solomon (2002). EOF 1 of the 850 hPa pressure field represents
the SAM (see Section 2.3) whilst EOF 2 describes a pressure “seesaw” between the
South Pacific and Antarctica/South Atlantic. EOF 2 is driven by the ENSO cycle
(see Section 2.5) and impacts on the position and strength of the Amundsen Sea
Low (ASL). Proxies of SLP from the ice cores show that the period 1700-1850AD
departed from the usual pattern seen over the 700 year record studied: they describe
a switch from the “out-of-phase alternation of multi-decadal long phases of EOF1
and EOF2 modes of the 850hPa field” to a lower tropospheric circulation regime
characterised by “in-phase behaviour of the of the ASL component of EOF2 and
the East Antarctic High component of EOF1” during this period. This obviously has
implications for the atmospheric circulation patterns delivering precipitation to these
sites and they were also able to discuss a rise in temperature at Siple Dome during
the 19th Century and its relationship with an increased frequency of El Nifio events
penetrating as far south as the pole during this period.

Given that Russell et al. (2004) demonstrated the utility of back trajectories
for identifying atmospheric circulation characteristics, Russell et al. (2006) updated
this work to using ERA-40 driven back trajectories. As the hydrological cycle
in ERA-40 is a significant improvement over that in ERA-15 (Bengtsson et al.
2004), Russell et al. (2006) examined trajectories associated with all precipitation
events at Dolleman Island, whereas Russell et al. (2004) examined only “significant”
precipitation events to offset a possible overestimation of small events in the ERA-
15 data. Back trajectory patterns were then related to the interannual variation
of chemical data from the Dolleman Island ice core record. They found that, in
particular, the nitrate concentration from the ice core was strongly linked with
the ratio of easterly to westerly back trajectories arriving at Dolleman Island,
as described by a Cross-Peninsula Index (CPI) defined in the paper, with years
dominated by westerlies (easterlies) showing high (low) levels of nitrate in the core.
The main explanation for this relationship is that the major source of nitrate in this
region is transport from the stratosphere via the circumpolar (westerly) vortex with
some input from biogenic sources available during periods of open sea water (see
Section 3.2). Conversely, there is no significant easterly source of nitrate, because
of the higher SIE to the east of the Peninsula. This atmospheric circulation-nitrate
relationship was then used to reconstruct the CPI for the 340-year Dolleman Island
ice core record via a regression analysis (Fig. 7). Principally, the CPI highlights a
period of increased easterlies during 1720-1780AD and an increase in westerlies
for 1950-1980AD, the latter concomitant with a positive SAM trend and western
Peninsula warming. It is worth noting that there are similarities between the MSLP
anomalies presented by Goodwin et al. (2003) and those from Russell et al. (2004)
associated with the westerly precipitation delivery mechanisms, thus indicating that
similar synoptic patterns led to the entrainment of nitrate to Dolleman Island and
Wilkes Land—the site studied by Goodwin et al. (2003). However, a long calibration
was not possible in the Russell et al. (2006) analysis due to a short temporal overlap
between the Dolleman Island ice core data (drilled in 1993) and the reliable period
of ERA-40 data in the high southern latitudes i.e. from 1979 onwards when satellite
data started being assimilated (Bromwich and Fogt 2004; Dell’Aquila et al. 2007).
Furthermore, there are known post-depositional problems relating to the nitrate
concentration in ice cores (Mulvaney et al. 1998, for example). This is less of a
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Fig. 7 The Cross-Peninsula Index (CPI) calculated from: a) the frequency of BT patterns (CPIg7;
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The bars above and below the plot represent the timings of moderate (thin bar), strong (medium bar)
or very strong (thick bar) E1 Nifio events (fop) and SAM years (bottom). Source: Russell et al. (2006)

problem at higher accumulation sites, such as those on the Peninsula, where clear
seasonal cycles remain in nitrate profiles and the re-emission of nitrate accounts
for a loss of only around a third. Considering this data over the annual timescale,
the relative changes year to year will be small but there may still be some
influence on the reconstructed CPI. Even so, the findings of Russell et al. (2006) are
of considerable interest given the very strong correlations over the overlap period:
r=0.74 (—0.75) for NO; concentration versus the frequency of westerlies (easterlies).

Xiao et al. (2004) have analysed a 250 year long ice core from Princess Elizabeth
Land and found that EOF1 of the data described the majority of the variability of
sea-salt. Furthermore, their EOF1 was also shown to be significantly, negatively
correlated with instrumental records of MSLP from two Southern Indian Ocean
(SIO) stations and a reconstruction of MSLP from sub-Antarctic tree-rings (Villalba
et al. 1997). This allowed Xiao et al. (2004) to deduce periods of strong and weak SIO
low linked to a shifting of the polar vortex (Fig. 8). Given that this variability has an
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Fig. 8 Na data from the LGB65 ice core (right hand axis, scale reversed) plotted with the recon-
structed summer transpolar index (STPI; Villalba et al. (1997)) and the first EOF of the LGB65 data
(left hand axis). A 10-year smoothing was applied to all data. The triangles show Na peaks. Source:
Xiao et al. (2004). Reproduced by permission of American Geophysical Union
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approximately 21 year period, the authors speculate that it is linked with the 22 year
solar Hale cycle.

Reusch et al. (1999) have analysed and interpreted a series of 4 short (approxi-
mately 40 years of accumulation) ice cores from near Byrd station, west Antarctica,
that were separated by only 200 km in total. Whilst this multisite technique represents
an interesting methodological advance, the circulation reconstruction presented in
this work was basic: they identified two EOFs of note—marine sea-salt influenced
winter air masses and biogenically and stratospherically influenced summer air
masses. These mechanisms were shown to be consistent between sites despite
average concentration and accumulation not being so. Therefore, over the four
sites, the large scale atmospheric circulation delivering precipitation is assumed to
be uniform and imposed upon the synoptic and mesoscale spatial variability. Again
conducting a multisite analysis, Reusch et al. (2005) used a neural networks technique
in order to define transfer functions between synoptic weather patterns (from ERA-
15 and AWS data) and annual accumulation and major ion chemistry from the same
four relatively short Antarctic ice cores. They present an atmospheric circulation
reconstruction from the short ice cores using this method and, despite noise related
problems, they believe that the results are acceptable and that neural networks
represent a useful tool in the upscaling of ice core data to synoptic conditions.

5.3 Reconstructions using dust

The size and concentration of dust particles found in ice cores have also been used
on a number of occasions to make inferences regarding atmospheric circulation
and climate forcings on a larger scale. Indeed, Fischer et al. (2007) have reviewed
the sources, transport, and deposition of dust in ice cores over glacial-intergalcial
timescales. To give a flavour of such work, we can look to Delmotte et al. (2005) who
have uncovered a 200 year oscillation between layers of course and fine dust in two
eastern Antarctic Holocene ice cores—Vostok and Dome C—albeit, out of phase for
the two cores. The authors justify the assumptions that course dust is derived from
the lower and mid-troposphere, fine dust from the upper-troposphere and that the
overall mass of dust is an indication of mid- to high-latitude Southern Hemisphere
pressure gradient i.e. the SAM. Combining these hypotheses with the observed out
of phase oscillations in dust from the cores, Delmotte et al. (2005) believe that this is
evidence for a gradual reduction in polar vortex eccentricity, driving an atmospheric
circulation dipole over the eastern Antarctic region. It is also speculated that this
200 year mode is related to changes in solar activity. Interestingly, Delmotte et al.
(2004) have reported that dust input was constant during the Last Glacial Maximum
(LGM), implying a change in atmospheric circulation patterns between the LGM
and the Holocene. This conclusion is partly supported by the multi-model climate
simulations of Justino and Peltier (2008).

Over longer timescales, Mayewski et al. (1996) have inferred atmospheric circula-
tion change signals during the last deglaciation recorded in an ice core from Taylor
Dome. They assumed that the amount of terrestrial dust in the core is related to
the “scale” of the atmospheric circulation cell. They concluded that the meridional
circulation necessary to carry this dust to Antarctica was not present during the
period 10000-14600 years before present. It was also proposed that rapid climate
changes had occurred more frequently for the Antarctic than previously thought.
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Narcisi et al. (2005), on the other hand, utilized volcanic eruption derived tephra
layers from the Dome C core to conclude that circumpolar westerlies have prevailed
in the Southern Hemisphere over the past 200000 years. However, these and similar
results (Basile et al. 2001, for example) are potentially of limited use for palaeoat-
mospheric reconstructions as the data is only available for the irregular instances of
volcanic eruptions and are strongly dependant on the eruption strength and location.

6 Summary and future directions
6.1 Overview

In this review we have shown how an understanding of the atmospheric circulation
regimes in the Southern Hemisphere benefits our perspective on Antarctic climate
change. By combining this with knowledge of ice core data, this has allowed us
to not only consider the context of the current Antarctic climate but also to draw
conclusions on how atmospheric circulation may have changed over periods longer
than observations are available. We have reviewed many of these palaecoatmospheric
circulation reconstructions undertaken for the Antarctic; the major findings of which
are summarized in Fig. 9. Furthermore, comparing Fig. 9 with Fig. 10, which is a
similar summary reproduced from Mayewski et al. (2009), gives an insight into the
wider climatic picture that was influencing the atmospheric circulation of the high
southern latitudes. However, we also need to consider all the works reviewed here
together to see how well they agree with one another.

6.2 Consistency of the reconstructions

Assessing the consistency of the literature reviewed and the associated conclusions
concerning reconstructions is not an easy task. Most reconstructions undertaken
have employed different methods and, therefore, attempted to re-create different
aspects of the circulation. Secondly, the Antarctic is a large landmass that, by
virtue of residing over the pole, possesses circum-continental (360°) atmospheric
circulation characteristics. As described in Section 2, these circulation features can
vary considerably around the hemisphere. However, the dominance of patterns like
the SAM and ENSO may be discernable at geographically different points.

Russell et al. (2006) made an effort to contextualise their reconstruction with a
comparison to the extremes from the Marshall (2003), Goodwin et al. (2004) and
Quinn and Neal (1992) reconstructions with some success (see Fig. 8). With that in
mind, how well do the other major reconstructions agree with one another?

As mentioned above, the reconstructions vary in their presentation of results as
qualitative or quantitative. This makes their intercomparison troublesome. There
appears to be some agreement that Southern Hemisphere atmospheric circulation
characteristics were perturbed in some way during the LIA but discussion of what
each analysis found is not easy given the often rudimentary meteorological language
that is used—this is, of course, often forced by the long timescales that are being
considered. Whilst it is disappointing to conclude that a measure of consistency
between studies is almost impossible to gauge, this is hopefully something that
will become more of a focus in the future as meteorologists and glaciologists work
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South Indian Ocean Low shown to be.-strong
during 1790, 1835, 1860, 1900, 1940 and
after 1970. It was weak during 1750, 1795,
1825, 1850, 1870, 1890, 1910 and 1955
(Xiao et al., 2004)

Increased frequency of
easterlies during 1720—
1780 and early 1800s

(Russell et al., 2006)

Increased frequency of
westerlies during 1650— ¥
1700, early 1900s and
1950-1980

(Russell et al., 2006)

More positive SAM index
after 1600AD, particularly
high around 1850 and in
the early and late 1900s
(Goodwin et al., 2004)

Most intense meridional
transport during 1800s;
least intense during 1700s

Periodicity of Amundsen Sea Low
changed around 300 years ago. Was
this related to a change in the
link with ENSO during the LIA? (Souney et al., 2002)

(Kreutz et al., 2000)

Blocking in South Pacific caused
by very strong El Niqo events:
1578, 1720, 1728, 1791, 1828,
1877-78, 1891, 1925-26, 1982-83
and 1997 (Quinn and Neal, 1992)

Fig. 9 Summary of the major palacoatmospheric circulation anomalies as presented in the recon-
structions discussed in Section 5

together more closely, as appears to have started to happen recently, particularly
with the efforts of the Scientific Committee on Antarctic Research—see Mayewski
and Goodwin (2008), for example. However, this inconsistent output perhaps also
explains why palaeoatmospheric circulation reconstructions were almost completely
absent from the discussion within the IPCC AR4 (IPCC 2007).

In this respect it is important to revisit the major questions raised by this review as
these in many ways set the context for future research directions. In summary these
questions are:

— What are the sources of precipitation for different sites? (Section 4)

— How reliable are the datasets being used to analyse the recent atmospheric
circulation? (Section 2)

— How trustworthy are ice core based atmospheric circulation reconstructions
when analyses of recent circulation regimes are relatively uncertain? (Section 2)
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Fig. 10 “Main climatic events of the last 12,000 years: the Antarctic context. NH, Northern Hemi-
sphere; SH, Southern Hemisphere; WA, West Antarctica; EA, East Antarctica; MDV, McMurdo Dry
Valleys.” The reader is referred to the source paper for details on how this summary was compiled.
Source: Mayewski et al. (2009). Modified by permission of American Geophysical Union

— What are the mechanisms driving the SAM and how can our understanding of
its recent state be improved? (Section 2.3)

— What are the sources of aerosol in the ice? (Section 3.2)

—  What is the relationship between MSA, ENSO and SIE? (Section 5.1)

— Isthere any evidence of post-depositional migration of species within ice and can
such problems be worked with? (Section 5)

— How reliable is ice core data, particularly if we attempt to look at seasonal
timescales? (Section 5)
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— How can we resolve issues caused by the spatial variability of ice core data?
(Section 5)

6.3 Future directions

To significantly advance our understanding of Antarctic precipitation sources a
network of ice cores from higher accumulation western Antarctic and Peninsula sites,
that receive precipitation from a wide area of sources, needs to be secured. Such
multisite cores should be analysed at high resolution in order to allow for seasonal
analyses, which are necessary to identify patterns like the SAO within ice core data. It
appears from the analysis of Russell et al. (2004) that the eastern Antarctic Peninsula,
and its southern extent, are good potential sites for such work. It is also suggested that
back trajectory analyses from other sites near the Peninsula should be conducted to
find the best region for new work before drilling is initiated. This also raises the issue
that most of the ice core data that is currently available is from Eastern Antarctica—
a much greater understanding of the Western Antarctica is required and this should
be reflected in the planning of future ice core drilling programmes.

Detailed atmospheric circulation analyses for established ice core sites should be
performed in order to assess the impact of circulation changes on both the isotopic
thermometer for these sites and the potential for reconstructing meteorological
characteristics of the precipitation delivery mechanisms. This is starting to become
more common in isotopic analyses (Helsen et al. 2007; Masson-Delmotte et al. 2008,
for example) but it is important that links are established and maintained between
the ice core and meteorological communities in order to achieve the most robust and
comprehensive results possible from the data that is extracted, at considerable effort,
from future and past ice cores. It is also important that the findings of such work are
discussed in the context of previous reconstructions, something that has not been a
feature of past work, as highlighted in our Section 6.2.

Finally, it is unequivocal that anthropogenic influences on atmospheric compo-
sition are changing global climate (IPCC 2007). However, the non-linear effects
related to circulation changes (Palmer 1999; Corti et al. 1999, for example) are
also of paramount importance, especially in the southern high-latitudes (Marshall
et al. 2006). As such, any rigorous circulation reconstructions that can be deduced
from palaeoclimatic observations will be of importance in the validation of climate
simulations, which are often found wanting in their representation of circulation
changes (IPCC 2007). Modelling studies, such as Fyfe et al. (1999) and Lynch
et al. (2006), have already shown important results derived from such changes in
circulation—it is important that such work is continued and that palacoatmospheric
circulation reconstructions are used as a valuable context for modelling studies.
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