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googlemail.com (R. Röthlisberger), lambert@climate.uni
ac.uk (E.W. Wolff), emiliano.castellano@unifi.it (E. Castel
stocker@climate.unibe.ch (T.F. Stocker), hfischer@climate

0277-3791/$ – see front matter � 2009 Elsevier Ltd.
doi:10.1016/j.quascirev.2009.09.009
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Along the EPICA Dome C ice core, we measured concentrations of different water-soluble aerosol
constituents and deduced total depositional flux records. Here we present high-resolution sodium,
calcium, ammonium and nitrate data covering the last 173,000 years. The first three of these species are
passive tracers and reveal source and long-range transport changes whereas nitrate is deposited
reversibly. However, it can be used to check isotope-derived accumulation rate estimates, a prerequisite
to calculate total depositional fluxes. During the last two transitions from glacial to interglacial periods,
changes in the total depositional flux differ strongly for different aerosol species. The largest changes are
observed in the terrestrial aerosol proxy non-sea salt calcium, only moderate changes occur in the
marine sea salt indicator sodium, while ammonium, a proxy for marine bioproductivity, remains rather
constant. In agreement with previous studies, we find that only considerable glacial–interglacial changes
at both, the terrestrial and the marine sea salt aerosol source can explain the observed pronounced
changes. The unprecedented high-resolution of our data allows for the first time the examination of
decadal variability back to the penultimate glacial period. On the one hand, we find occasional fast shifts
occurring within a few years; here we present such an event in the calcium record from the penultimate
glacial period. On the other hand, we examine variation coefficients and pairwise correlation coefficients,
both determined in 200-year windows. They generally reveal only moderate changes. During glacial
periods, slightly lower variation coefficients are found, concurrent with slightly higher correlation
coefficients, which points to a more uniform and stronger coupled atmospheric long-range transport of
the different aerosol species to the East Antarctic Plateau and less influence of cyclonic activities during
cold periods. The opposite is observed for interglacial periods with probably even reinforced importance
of cyclonic influences during the Last Interglacial period, the Marine Isotope Stage 5.5. This period reveals
no evidence for abrupt climatic changes in any of the species, however, the marine sea salt aerosol
indicator sodium shows a distinct minimum followed by a pronounced increase. This pattern is
explained by significantly reduced sea ice production in the Indian Southern Ocean sector, which is
believed to be the dominant source of sodium deposited in Dome C during warm periods.
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1. Introduction

1.1. Atmospheric circulation over glacial and interglacial periods

The centred position of Antarctica around Earth’s South Pole
and the lack of significant landmasses in a broad longitudinal band
enable a well-developed westerly circulation, driven primarily by
strong pole-equator sea level pressure gradients (King and Turner,
1997). It shows a present-day near-surface wind maximum at
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Fig. 1. Antarctica with the deep ice core drill site Dome C (among others) and the surrounding southern hemisphere for (a) present-day and (b) LGM. Ice sheets (with 500 m height
contour lines) and coast lines are according to Huybrechts (2009), winter and summer sea ice extent from Gersonde et al. (2005). The potential southern South American (SSA)
source region of terrestrial aerosol to East Antarctica is hatched (Iriondo, 2000).
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around 50�S leading to the Antarctic circumpolar ocean surface
current (Shulmeister et al., 2004). An important mode of pressure
variation in the westerly circulation is the Antarctic Annular
Oscillation (AAO)1 (Thompson and Wallace, 2000). It is mainly
considered sub-decadal, but exists also on decadal and longer time
scales (Simmonds, 2003; Shulmeister et al., 2004), and it seems to
be connected to the interannual variation of storm tracks in the
Southern Hemisphere (Rao et al., 2003). These cyclonic activities
play an important role in the atmosphere–ocean–sea–ice-interac-
tions and the poleward transport of heat and moisture (Simmonds,
2003).

Over glacial–interglacial cycles, topographic conditions (Fig. 1),
such as extent and shape of the Antarctic ice sheet and exposed
continental shelves (due to the lower sea level), did not change very
much (Huybrechts, 2009). In contrast, glacial–interglacial winter
and summer sea ice extent varied markedly, though, in the Indian
sector of the Southern Ocean (SO) mainly the winter extent (Ger-
sonde et al., 2005). However, the general circulation pattern in
terms of atmospheric transport paths and transport times most
likely did not change fundamentally: Shulmeister et al. (2004)
examined past westerly circulation patterns in the Australian sector
of the SO based on different terrestrial and marine records and
found evidence of some strengthening during the Last Glacial
Maximum (LGM), followed by some weakening in the early Holo-
cene and a return to stronger circulation afterwards. In contrast,
South American proxy data lead to inconsistent conclusions
regarding position and strength of the westerlies at the LGM in this
sector of the SO (Wolff et al., 2010, and references therein).
Modelling results of aerosol transport support the assumption that
changes in the meridional transport were only moderate between
LGM and Holocene, however, again showing somewhat inconsis-
tent results. While Lunt and Valdes (2001) find a lower transport
efficiency and small interannual variations during the LGM
compared to present-day (based on analysis of back trajectories
initialized in Dome C), Krinner and Genthon (2003) state that long-
1 Also referred to as High-Latitude Mode (HLM) or Southern Annular Mode
(SMA).
range transport occurred preferentially in the mid-troposphere and
was slightly faster during the LGM (based on general circulation
model simulations). Yet, both models simplify deposition processes
during transport, as they consider solely dry deposition of aerosols
en route. Based on the joint use of ice core data from opposite sites
of East Antarctica and a simple conceptual transport model, Fischer
et al. (2007b) found that transport effects accounted for maximal
a factor of two changes in aerosol fluxes between glacial and
interglacial periods with most of the effect due to the change in
precipitation, hence, wet deposition en route.
1.2. Marine Isotope Stage 5.5

The characterization of the Last Interglacial period along with
the related transitions is of great interest (Broecker and Henderson,
1998), as it is often used as an analogue for a possible warmer
future climate. It corresponds to Marine Isotope Stage (MIS) 5.5,
approximately simultaneous to the Eemian period in European
Pleistocene stratigraphy. The onset of MIS 5.5 has been defined as
the stratigraphic limit between the Middle and the Upper Pleisto-
cene (Gibbard, 2003). Although other interglacial periods may
show a greater similarity to the Holocene in terms of their orbital
parameters (Loutre and Berger, 2003), the MIS 5.5 plays a key role
in paleoclimatology due to better availability and resolution of
different records (van Kolfschoten et al., 2003). However, data
covering MIS 5.5 are still not abundant enough to draw a complete
picture, especially for southern high latitude areas, a region which
acts as an important player in global climate change involving
different feedback mechanisms. Global model simulations together
with local paleorecords suggest that MIS 5.5 was on average
warmer compared to the modern preindustrial climate (Jansen
et al., 2007), while relative sea levels were at least 3 m above the
present level (Stirling et al., 1998). In Antarctica, the temperature
offset was probably even higher (Overpeck et al., 2006), especially
during the early MIS 5.5, estimated to be þ4.5 �C based on water
isotope measurements on the Dome C ice core (Jouzel et al., 2007).
Of particular interest are investigations whether the MIS 5.5
climate was smooth (like the Holocene) or experienced abrupt
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cooling events as indicated in marine sediment records from the SO
(Ninnemann et al., 1999; Bianchi and Gersonde, 2002); moreover, if
there is evidence for an Antarctic cold reversal-like event during
Termination II into MIS 5.5, which would be the counterpart of
a Younger Dryas-like event as found in some stratigraphic records
from the Northern Hemisphere (e.g. Sánchez Goñi et al., 1999).
1.3. Scope of this study

Reconstructions of glacial–interglacial and millennial-scale
changes in terrestrial and sea salt aerosol emission, transport and
deposition to East Antarctica have been carried out, e.g. by Röth-
lisberger et al. (2002a), Wolff et al. (2006), including nssSO4

2�,
a tracer related to marine bioproductivity, Fischer et al. (2007a,b),
and Lambert et al. (2008), the latter with respect to water-insoluble
mineral dust particles. In a recent study, Röthlisberger et al. (2008)
additionally examined glacial–interglacial terminations in detail.
Here we aim at complementing the picture by examining for the
first time the decadal variations considering high-resolution ice
core records of aerosol constituents from Dome C, namely sodium
(Naþ), calcium (Ca2þ) and ammonium (NH4

þ), which are all irre-
versibly deposited passive tracers. Their use as climatic proxies is
described in the following part of the introduction.
1.4. Sea salt aerosol

An obvious proxy for sea salt aerosol is the water-soluble
sodium ion (Naþ), but since Naþ also has terrestrial sources, it is
more appropriate to use calculated sea salt sodium (ssNaþ), espe-
cially during glacial periods, where the atmospheric load of
terrestrial aerosol was high. Seasonal maxima of the present-day
Naþ deposition onto the Antarctic ice sheet are observed in winter
and spring (Sommer et al., 2000; Hara et al., 2004; Weller and
Wagenbach, 2007) when the sea ice extent is largest and the open
ocean is furthest away. As the source of sea salt aerosol is usually
attributed to the open ocean, where it is formed by wind-induced
bubble bursting of breaking waves, this would require a strongly
enhanced meridional transport during winter which is neither
observed nor supported by models in such a degree (Section 1.1).
Therefore, an alternative mechanism was proposed, where sea salt
aerosol production is related to sea ice processes, such as brine and
frost flower formation (on freshly formed or submerged sea ice)
and blowing snow (Wagenbach et al., 1998; Rankin et al., 2000;
Wolff et al., 2003; Yang et al., 2008), thus linking the deposition of
sea salt aerosol onto the ice sheet to the sea ice production rate. The
two different sources can be distinguished, as the open ocean
source causes no significant fractionation regarding the ionic
composition of sea water, whereas the sea ice related process is
accompanied by significant SO4

2� and, to a lesser extent, Naþ

depletion due to mirabilite precipitation at low temperatures.
Indeed, such depletion events have been reported also for the East
Antarctic plateau (Hara et al., 2004; Jourdain et al., 2008), however,
the quantitative contribution to the ssNaþ deposition at these sites
remains still unclear (Bigler et al., 2006), as a non-linear relation-
ship between ssNaþ and sea ice extent is expected. Additionally, it
has been shown that ssNaþ fails as a quantitative proxy for sea ice
extent during glacial periods (Fischer et al., 2007b; Röthlisberger
et al., 2008; Röthlisberger et al., 2010) because it becomes
increasingly insensitive to the glacial expansion of sea ice due to the
increased transport time for sea salt aerosol to reach the high East
Antarctic plateau. Thus, we interpret ssNaþ here as a sea salt proxy
which is influenced by both possible source processes, however
restricted to the closest source area, the Indian sector of the SO, as
indicated by back trajectory calculations (Reijmer et al., 2002) and
by the limited atmospheric lifetime of the sea salt aerosol (Fischer
et al., 2007b; Röthlisberger et al., 2010).

1.5. Terrestrial aerosol

Southern South America (SSA) is in a distinct position as
southernmost continental landmass. Based on geochemical
evidence (strontium and neodymium isotope ratios) and modelling
results, it is believed to be the most important supplier of glacial
terrestrial aerosols to Antarctica (Gaiero, 2007; Delmonte et al.,
2008), whereas Australia may also play a significant role during
interglacial periods (Revel-Rolland et al., 2006 and references
therein; Li et al., 2008). Therefore, ice core records of the terrestrial
aerosol flux are related to the evolution of the SSA climate during
glacial periods, whereas for interglacial periods such a clear attri-
bution is not possible. In contrast to sea salt aerosol, the terrestrial
aerosol source rather has the characteristic of a point source, or
better a set of point sources. Even within one main source area,
such as SSA, different sub regions can contribute, like Patagonia or
the Puna-Altiplano plateau (Delmonte et al., 2010; Gaiero, 2007).
High surface wind speeds, vegetation cover, soil texture and
humidity, and chemical and physical weathering are important
factors to produce terrestrial aerosols. Sugden et al. (2009) for
instance found, that Antarctic dust peaks can be related to periods
with glacial melt water deposition onto outwash plains in Patago-
nia, whereas dust availability may be reduced when the glaciers
end in pro-glacial lakes. Again, the prevailing transport between
the source regions and the ice sheet is included as well in the
terrestrial aerosol ice core signal. Apart from water-insoluble
mineral dust particles (e.g. Delmonte et al., 2002; Lambert et al.,
2008) the water-soluble calcium ion (Ca2þ) is an ice core proxy for
terrestrial aerosol. However, in some cases the contribution of Ca2þ

from sea water has to be deducted by calculating non-sea salt
calcium (nssCa2þ), especially during interglacial periods, where the
terrestrial aerosol load of the atmosphere is rather low compared to
the sea salt contribution. Seasonal maxima of the present-day Ca2þ

deposition onto the ice sheet are observed in winter (Whitlow et al.,
1992; Sommer et al., 2000). In summary, nssCa2þ from East
Antarctic ice cores is a valuable proxy for SSA climate and envi-
ronment in glacial periods, yet, its interpretation for interglacial
periods is not straightforward.

1.6. Marine bioproductivity

Marine biogenic emissions can be examined based on different
proxies in East Antarctic ice cores (Wolff et al., 2006; Kaufmann
et al., 2010). Here we focus on the irreversibly deposited water-
soluble ammonium (NH4

þ) ion (Silvente and Legrand, 1993; Legrand
et al., 1999). The emission of ammonia (NH3) related to natural
biogenic production in marine environments (Johnson and Bell,
2008) is followed by neutralization with mainly sulphuric acid
resulting in ammonium sulphate. Therefore, NH4

þ develops from
secondary aerosol processes involving gas-to-particle conversion
and transport of sub-micrometric particles. From coastal Antarctic
stations it is known that summer maxima of NH4

þ coincide with
peaks of non-sea salt sulphate (nssSO4

2�) originating from remote
marine biogenic emissions of dimethyl sulphide (DMS; Legrand
et al., 1998, 1999). The summer peak of both, NH4

þ and nssSO4
2� is

also observed further inland on the plateau (Kohnen), probably
slightly earlier for NH4

þ (Sommer et al., 2000; Weller and Wagen-
bach, 2007). Modelling results point to a present-day mean source
of nssSO4

2� for the East Antarctic plateau (Vostok) at around
55–65�S (Cosme et al., 2005), however, for NH4

þ it is presumably
located even further north (Kaufmann et al., 2010). Thus, we
assume the small amount of NH4

þ deposited on the East Antarctic



Fig. 2. Continuous high-resolution records of NH4
þ, Naþ, Ca2þ and NO3

� concentrations c (on log axes) in 0.5 cm sampling resolution (thin lines) and low-pass filtered with a 20 m
cutoff length (thick black lines) from the EPICA Dome C ice core down to 1960 m depth and covering the time span back to approximately 173 ka BP. The two horizontal bars
highlight NO3

� maxima discussed in Section 3.1.
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plateau to be derived from marine biogenic production in the
seasonal sea ice zone and further north in the SO.

2. Data and methods

2.1. Data acquisition, performance and dating

In the frame of the European Project for Ice Coring in Antarctica
(EPICA) several field campaigns have been carried out at Concordia
Station between 1995 and 2005 to retrieve a deep ice core reaching
as far back in time as possible (EPICA community members, 2004).
The 3260 m long core is around 800,000 years old at a depth of
3200 m; below it is apparently subject to anomalous flow, pre-
venting an unambiguous age assignment (Jouzel et al., 2007). It is
denoted EDC ice core and consists of two parts, EDC96 and EDC99,
because the drilling had to be restarted after the drill got stuck in
1999. The Dome C drill site is located on the East Antarctic Plateau
at 75�060S, 123�210E and 3233 m above sea level, at least w1100 km
away from the coast (Fig. 1). The site is characterised by a mean
annual surface temperature of �54.5 �C and a present-day accu-
mulation rate of 25 kg m�2 a�1.

Apart from drilling, some analyses were performed already in
the field, e.g. measurements of the water-soluble ion mass
concentrations c (in ng g�1 or ppbw) of sodium (Naþ), calcium
(Ca2þ), ammonium (NH4

þ), nitrate (NO3
�) and other aerosol

constituents. For this, a continuous flow analysis (CFA) system was
used which produces high-resolution c data with a sampling
resolution of 0.5 cm or less (Röthlisberger et al., 2000b; Kaufmann
et al., 2008).2 Because of signal dispersion in the CFA system, the
effective depth resolution is found to be between 1 cm and 1.5 cm
for the different aerosol species (Bigler et al., 2006). Measurement
errors are estimated to be generally below 10% (Röthlisberger et al.,
2000b). Limits of detection (LOD, defined as three times the
2 The ice from 585 m to 788 m depth and below 3139 m was measured by the
Bern CFA at the Alfred Wegener Institute in Bremerhaven, Germany.
standard deviation of blank measurements) are 3 ng g�1 for Naþ,
0.2 ng g�1 for Ca2þ, 0.1 ng g�1 for NH4

þ and 2 ng g�1 for NO3
�,

respectively. Especially for Ca2þ and NH4
þ this is one order of

magnitude better than what can be typically achieved in discrete
ion chromatography (IC) measurements. Thus, for NH4

þ CFA repre-
sents the only technique to derive reliable ice core records from
Antarctica. In the case of Ca2þ it provides reliable data also from
interglacial ice where concentrations are too low to obtain good
data by the standard IC method (Littot et al., 2002; Wolff et al.,
2006). In this study we use only CFA data although samples for IC
and FIC (fast IC) were taken in parallel and analyzed subsequently
(Wolff et al., 2006, 2010). Yet, their resolution is not sufficient
enough and the combination of the data sets achieved by different
laboratories was quite difficult in order to use them for decadal-
resolution studies.

For the age determination of the ice, the EDC3 timescale was
used (Parrenin et al., 2007a,b). Ages are given in 1000 years before
present (ka BP) whereas 0 ka BP corresponds to 1950 AD. Maximal
age uncertainties are 1 ka at 18 ka BP (LGM), 3 ka at 100 ka BP and
6 ka at 130 ka BP (Parrenin et al., 2007b). Time markers used in this
study to distinguish between glacial, interglacial and transition
periods are based on distinctive features of our data and the
deuterium isotope record (dD), a proxy for the temperature at the
drill site (Jouzel et al., 2007). They are not claimed to be strati-
graphic markers in a narrow sense. Applying the EDC3 time scale to
both cores, EDC96 and EDC99, results in a little inhomogeneity in
the short, overlapping part, as both cores have their own depth
scale. Thus, they have been aligned in a way that the peak patterns
match on the common EDC3 timescale.

As we aim at discussing decadal variability in this study, we only
consider data down to the depth of 1960 m (w173 ka BP) within the
penultimate glacial period and thus including two warm periods
(the Holocene and the MIS 5.5), two glacial maxima (the Last
Glacial Maximum (LGM) and MIS 6), three transitions (Termination
I between LGM and Holocene, Termination II and glacial Inception I,
both framing MIS 5.5) and several Antarctic isotope maxima (AIM;
according to EPICA community members, 2006; Fischer et al.,
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2007b). Fig. 2 gives an overview of the high-resolution c records on
the depth scale. To highlight general features, we added a low-pass
filtered version to the figure (finite impulse response (FIR) on an
80 m Hamming window with a 20 m cutoff length). Additionally,
a detailed section is shown in Fig. 3 from around 1832 m depth
(w148 ka BP) to emphasise the high-resolution of our data.

2.2. Data treatment and representation

By linearly interpolating between the given depth-age points of
the coarser resolved EDC3 timescale we calculated annual mean c
values from the high-resolution CFA data. Considering the analyt-
ical depth resolution of our measurements, the very low accumu-
lation rate and post-depositional reworking of snow surface layers,
annual layers are not preserved at the site. Thus, the calculated
annual means have only a formal character. To account for the least
resolved data used in this study (i.e. between approximately
1750 m and 1960 m depth), we applied a low-pass filter (FIR on
a 31 year Hamming window) with a 10 year cutoff period. Previ-
ously, we interpolated data gaps up to 3 years length. By this
interpolation and filtering procedure we achieved a homogenous
decadal-resolution of all records over the whole depth range
(hereafter denoted decadal-resolution data) allowing for proper
variability comparisons back in time. In order to highlight long-
term patterns, we finally also applied a low-pass filter with a 1 ka
cutoff period (FIR on a 3 ka Hamming window).

Concentrations c are always positive but generally show an
asymmetry towards large values; therefore, they are better repre-
sented by a log-normal than a normal distribution (Yiou et al., 1997;
Castellano et al., 2004). Quantile–quantile-plots of our c data
(Supplementary Fig. I) confirm this behaviour for different time
intervals and different aerosol species. Therefore, we use exclu-
sively log scales to present and discuss our data. However, mean c
and variance s2

c of log(c) data can be back-transformed to the
median ~c (which is more robust than the mean regarding outliers)
and the variation coefficient nc in concentration units ng g�1,
respectively, to be more easily accessible; this applies similarly to
total depositional fluxes f (see Section 2.3):

~c ¼ 10c; nc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10s2

c � 1
p

(1)
Table 1
(a) Mass concentration medians ~c and variation coefficients nc, and (b) total deposition
resolution data in distinguished and stable time intervals Dt.

(a)

Dt (ka) Period ~c in ng g�1 (nc in %)

Ca2þ nssCa2þ

0.0–3.0 Late Holocene 1.6 (18) 0.6 (64)
3.0–8.0 Mid Holocene 1.4 (19) 0.6 (55)
10.0–11.5 Early Holocene 1.0 (22) 0.3 (66)
18.0–23.0 LGM 43 (18) 41 (19)
124–127 Mid MIS 5.5 1.7 (21) 1.2 (33)
128–130 Early MIS 5.5 1.0 (28) 0.7 (45)
139–146 MIS 6 42 (17) 40 (18)

(b)

Dt (ka) Period ~f in mg m�2 a�1 (nf in %)

Ca2þ nssCa2þ

0.0–3.0 Late Holocene 42 (18) 15 (64)
3.0–8.0 Mid Holocene 37 (19) 15 (55)
10.0–11.5 Early Holocene 30 (22) 11 (66)
18.0–23.0 LGM 535 (18) 502 (19)
124–127 Mid MIS 5.5 53 (21) 37 (33)
128–130 Early MIS 5.5 40 (29) 26 (46)
139–146 MIS 6 541 (16) 508 (17)
Based on decadal-resolution c data, ~c from some distinguished
periods are given in Table 1a.

Later in this study, variation coefficients n (according to Eq.
(1)) will be used to calculate the relative variability of the
decadal-resolution data within 200-year windows. Similarly,
correlations between different records (Naþ, Ca2þ and NH4

þ)
within 200-year windows will be discussed using empirical
linear correlation coefficients r (Pearson correlation). To test the
significance of positive correlations r by a single-sided t-test, we
have to account for the fact that the data points are not statis-
tically independent and thus show some autocorrelation, e.g. due
to the filtering procedure leading to decadal-resolution. There-
fore, the effective number of data points neff is considerably
smaller than the window size n ¼ 200 and is calculated according
to Quenouille (1952) by

neff ¼
n

1þ 2r1r01 þ 2r2r02 þ/þ 2rkr0k
; (2)

where r1 is the lag-1 autocorrelation of the one data series and r01 is
the lag-1 autocorrelation of the other data series; r2 and r02 are the
corresponding lag-2 autocorrelations of both time series and so on
to the maximal lag-k.
2.3. Reconstruction of atmospheric signals

Concentrations c can be directly measured in ice; however, they
are not only influenced by the atmospheric aerosol load prior to the
deposition. For sites where clear sky precipitation prevails and dry
deposition is dominant, as it is the case in Dome C with its very low
present-day and even lower glacial accumulation rate, the snow
accumulation significantly dilutes dry aerosol deposition (Legrand,
1987; Wolff et al., 2006; Fischer et al., 2007a). Therefore, it is more
appropriate to discuss total depositional fluxes f because they are
more representative of initial atmospheric concentrations.

Accumulation rates result directly from the EDC3 timescale
(Parrenin et al., 2007a,b) and are given in cm ice-equivalent per
year in coarser resolution than CFA data. Hence, they had to be: (1)
transformed to kg m�2 a�1 water-equivalent by using an ice density
of 917 kg m�3; and (2) linearly interpolated between given values.
Multiplication with c then led to the total depositional flux f in mg
al fluxes medians ~f and variation coefficients nf calculated on the basis of decadal-

Naþ ssNaþ NH4
þ NO3

�

23 (16) 22 (16) 0.7 (19) 13 (16)
18 (17) 17 (18) 0.8 (19)
14 (15) 14 (15) 0.7 (19) 17 (17)
101 (12) 60 (23) 1.8 (13) 53 (25)
12 (18) 11 (21) 0.6 (20) 23 (11)
7.6 (23) 6.6 (28) 0.4 (23)
98 (11) 58 (24) 1.7 (12) 38 (22)

Naþ ssNaþ NH4
þ

598 (15) 576 (16) 18 (19)
461 (17) 443 (18) 21 (19)
421 (15) 409 (15) 20 (19)
1246 (12) 740 (23) 23 (13)
359 (18) 319 (21) 17 (20)
289 (23) 249 (28) 15 (23)
1249 (10) 739 (24) 22 (12)



Fig. 3. Detailed section of the continuous high-resolution measurements of NH4
þ, Naþ,

Ca2þ, NO3
� and water-insoluble dust particle concentrations c (on log axes) in 0.5 cm

sampling resolution from a 6 m depth interval around 148 ka BP. The shift in the Ca2þ

and dust particle levels happens within 1 cm and is also reflected (more gradual) in the
NO3
� data. Naþ and NH4

þ show no significant shift at the same depth.
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m�2 a�1. Fig. 4 shows the calculated decadal-resolution and 1 ka
cutoff, low-pass filtered f records of irreversibly deposited Ca2þ,
Naþ and NH4

þ (but not NO3
�, see Section 3.1) on the EDC3 timescale

along with similarly filtered dD, reflecting changes of their sources
Fig. 4. Calculated records of the total depositional flux f (on log axes) of NH4
þ, Naþ and Ca

calculated from the high-resolution data in order to homogenize all data to the least resolved
variations (thick black lines). For comparison, the similarly filtered dD record (Jouzel et al., 20
Glacial Maximum (LGM), some Marine Isotope Stages (MIS), the glacial maximum of the pe
members, 2006; Fischer et al., 2007b).
and/or atmospheric transport to the drill site. Based on decadal-
resolution f data, medians ~f and variation coefficients nf were
calculated according to Eq. (1) (Section 2.2) for some distinguished
and stable time intervals. They are given in Table 1b.

2.4. Reconstruction of source-separated signals

Both water-soluble ions, Naþ and Ca2þ, have a marine and
a terrestrial source. Based on our high-resolution Naþ and Ca2þ

data, mean ion mass ratios were deduced for water-soluble
terrestrial and sea salt aerosol over East Antarctica in an earlier
publication (Bigler et al., 2006). The resulting terrestrial ion mass
ratio (Naþ/Ca2þ)nss ¼ 0.94 points to a substantial role of halide
terrestrial aerosols and is in agreement with the source properties
of SSA. Thus, it is significantly higher than the elemental ratio of
mean crust of 0.56 (Bowen, 1979) which has been used for source-
separation in many previous ice core studies (although it includes
also the water-insoluble fraction of dust and does not necessarily
reflect the composition of the terrestrial aerosol from this very
specific source region). In contrast, the resulting sea salt ion mass
ratio (Naþ/Ca2þ)ss ¼ 23 (Bigler et al., 2006) is in the range predicted
for both, aerosol from wind-induced bubble bursting of breaking
waves over the open ocean and sea ice brine derived aerosols,
respectively. Based on these two ratios we calculate sea salt sodium
(ssNaþ) and non-sea salt calcium (nssCa2þ) according to the
equations given in Bigler et al. (2006). This procedure can, however,
only be applied to coarser resolved, filtered data and not to the
decadal-resolution records, as the ratios are mean values and may
not apply on a short-term base. The calculations of decadal-reso-
lution ssNaþ and nssCa2þ records would entail artificial variability
and hence, mask the true signal variability. The results are shown in
Fig. 5, along with uncorrected Naþ and Ca2þ f records. Some figures
of ~c and ~f derived from ssNaþ and nssCa2þ are given in Tables 1a,b,
2þ on the Dome C ice core timescale EDC3. Decadal-resolution data (thin lines) were
data at the deepest depth. A 1 ka cutoff low-pass filter was applied to show millennial

07) is shown as well. Denoted in the panel are the Antarctic cold reversal (ACR), the Last
nultimate glacial period (MIS 6), and the Antarctic isotope maxima (EPICA community



Fig. 5. Calculated source-separated records of the total depositional flux f (on log axes) of ssNaþ (blue) and nssCa2þ (red) low-pass filtered by a 1 ka cutoff filter. Filtered total Naþ

and Ca2þ records (black), dD, timescale, and labels are similar to Fig. 4.
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respectively. From there, it is obvious that the source-separation
has only significant effects for ssNaþ during glacial maximum
periods (where the decisive (Naþ/Ca2þ)nss ratio is well defined) and
for nssCa2þ in interglacial periods (where (Naþ/Ca2þ)nss is not well
defined but insignificant for the correction). Errors, introduced by
this separation, are likewise restricted to the corresponding
periods.

3. Results

3.1. Interglacial accumulation rates reflected in the nitrate record

Nitrate NO3
� (Figs. 2 and 3) is difficult to interpret because it is

reversibly deposited. Ice concentrations c are strongly affected by
the local temperature, accumulation rate and the coinciding
terrestrial dust content (Röthlisberger et al., 2000a, b).

During cold glacial periods (e.g. 167–139 ka BP and 70–17 ka BP)
c of NO3

� and Ca2þ are co-varying on long-term timescales (Fig. 2),
whereas in detail this co-variation is weaker (Fig. 3), pointing to
a certain complexity of the governing processes. In general, lower
temperatures and the reaction of NO3

� with terrestrial dust aerosol
(here represented by Ca2þ) reduce or prevent NO3

� losses despite
lower accumulation rates (Röthlisberger et al., 2000a). This leads to
higher levels and higher variability during cold glacial periods. Such
an increase in decadal variability during cold glacial periods is
unique compared to the irreversibly deposited aerosol constituents
(Ca2þ, Naþ and NH4

þ) which show a slight decrease or remain
constant (see Section 3.4 and Table 1a). Additionally, post-deposi-
tional dislocation of NO3

� ions in the ice might be responsible for the
weaker co-variation of the high-resolution data (Fig. 3) leading to
more gradual shifts and misfits of single peaks. Despite similar Ca2þ

levels (as well as similar local temperatures and accumulation
rates), NO3

� is significantly lower in MIS 6 than in the LGM. We
speculate that this could indicate different NO3

� source strengths.
As main sources for central East Antarctica, stratospheric produc-
tion, tropospheric lightning and organic origins are discussed
(Röthlisberger et al., 2000a; Wolff et al., 2008).

During warm periods, when Ca2þ concentrations are low,
accumulation rate and temperature control the NO3

� preservation
(Röthlisberger et al., 2000a). However, because the temperature
difference between MIS 5.5 and Holocene (present-day mean
annual surface temperature of �54.5 �C) probably did not exceed
2–4.5 �C (Jouzel et al., 2007), the temperature effect is assumed to
be negligible and different NO3

� levels are therefore qualitatively
explained with effects related to the accumulation rate. NO3

� c data
(Fig. 2) are significantly higher during the whole MIS 5.5 compared
to the available Holocene data, even the NO3

� peak related to an
accumulation rate maximum in the early Holocene does not reach
MIS 5.5 values; a similar peak in the early MIS 5.5 reaches twice the
value of the early Holocene. This result may be an independent,
qualitative indication for higher accumulation rates during the
whole MIS 5.5, in agreement with the commonly used dD-derived
accumulation rates. This is further discussed and presented in Wolff
et al. (2010) covering the warm periods of the last 800,000 years.
The evaluation of our NO3

� record revealed additionally, that due to
the likely post-depositional dislocation of NO3

� (as mentioned
above), such accumulation rate estimates cannot be extended to
high-resolution data and are only possible in coarse resolution.
However, to estimate the accumulation rate quantitatively, the
understanding of the air–snow-transfer of NO3

� needs further
improvements with regard to measurements and modelling
(Röthlisberger et al., 2002b; Wolff et al., 2008). Although dD-
derived accumulation rates have been questioned (Udisti et al.,
2004; Wolff et al., 2010) and the error is estimated to be up to 30%
during glacial periods (Schwander et al., 2001; Fischer et al.,
2007b), it remains the best guess, especially regarding its avail-
ability over the whole data set.

Within Termination II (namely 135–130 ka BP), Inception I, the
early last glacial period (namely 119–70 ka BP), and Termination I
(namely 14.5–11.5 ka BP) our NO3

� c data show minima: the
terrestrial aerosol level is already low and the accumulation rate
still low, so that NO3

� losses are pronounced. In summary, the NO3
� f

record does not represent an unambiguous atmospheric signal and
is not further considered in this study.

3.2. Measurements on a replicated ice core section

Within the overlap of the two EPICA Dome C ice cores, EDC96
and EDC99, located 10 m apart from each other, a section of
w17.4 m length was measured twice (Fig. 6a). These data can be



Fig. 6. Overlap of the EDC96 (red) and EDC99 (black) ice cores around 45 ka BP: (a) High-resolution records of NH4
þ, Naþ, Ca2þ and NO3

� concentrations c (on log axes) in 0.5 cm
sampling resolution on the respective depth scales synchronized according to Wolff et al. (2005 and personal communication). (b) Calculated records of the total depositional flux f
(on log axes) of NH4

þ, Naþ and Ca2þ in decadal-resolution, both shown on the EDC3 timescale.
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used to check: (1) measured levels; (2) the degree of common
signal variability; and (3) the robustness of the variation coeffi-
cients nf and pairwise correlation coefficients rf (see Section 2.2).
The two cores were synchronized according to Wolff et al. (2005
and personal communication) and the outcome was confirmed
with high-resolution electrolytic melt water conductivity
measurements (also performed by CFA, but not shown here) and
NO3
� dips, which appear coincident with the input of volcanic acids.
Measurement levels agree well, which is obvious from the high-

resolution c data (Fig. 6a) and the decadal-resolution f data (Fig. 6b),
but also from calculated 200-year median values (Supplementary
Fig. IIa). There are two exceptions: (1) the reversibly deposited NO3

�

(only given in Fig. 6a) which shows noticeable differences between
773 m and 780 m depth; and (2) some of the Ca2þ measurements
around 778 m (w44.8 ka BP) and 785 m (w45.4 ka BP) depth,
which were slightly distorted due to baseline fluctuations. This
problem was occasionally observed in measurements from 585 m
to 788 m, comprising particularly the AIM 8 event. It alters also nf,
but not rf in this depth interval.
Apart from that, our data reveal a high degree of common signal
variability within the overlap, similar to other measurements
(Dielectric Profiling, Wolff et al., 2005; Barnes et al., 2006). Both, nf

and rf, agree generally well (Supplementary Figs. IIb,c), compared to
the observed range in the whole data set. Therefore, they can be
used to describe decadal variability (Sections 3.4 and 3.5).

3.3. The long-term deposition flux records

The total depositional flux f of Ca2þ shows pronounced glacial–
interglacial changes starting from equally high LGM and MIS 6
levels, but leading to distinctively lower Holocene than MIS 5.5
levels (Fig. 4, Table 1b), while c levels were similar for both (Table
1a). This leads to a factor of 18 � 5 changes between the LGM
(w18–23 ka BP) and the early Holocene (w10.0–11.5 ka BP) and
14 � 5 between MIS 6 (w139–146 ka BP) and the early MIS 5.5
(w128–130 ka BP), respectively (Table 1b). During glacial periods
strong millennial-scale Ca2þ variations occur in anticorrelation to
the Antarctic isotope maxima (AIM) events (Röthlisberger et al.,
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2002a; EPICA community members, 2006; Fischer et al., 2007b).
The exclusively terrestrial nssCa2þ shows higher variations than
Ca2þwith unchanged levels in cold but lower ones in warm periods
(Fig. 5). Therefore, change factors (but also their errors) are further
increased to 48 � 33 and 19 � 9, respectively (Table 1b). Addi-
tionally, reinforced millennial-scale variations can be observed
within MIS 5.5 prolonged into Inception I and also in the Holocene.
They are less pronounced in uncorrected Ca2þ (see Figs. 4 and 5)
and are probably amplified through the calculation of nssCa2þ

based on very low interglacial values of Ca2þ and Naþ close to the
detection limit. Thus, we refrain from discussing these short-term
fluctuations as climatic signals.

Naþ f generally reveals only moderate glacial–interglacial
decreases, e.g. by a factor of 3.0 � 0.6 from the LGM to the early
Holocene, and by a factor of 4.3 � 1.1 from MIS 6 to the early MIS 5.5
(Table 1b). It remains almost stable on maximal glacial levels (e.g.
after 68 ka BP in the last and during the penultimate glacial period)
with surprisingly similar LGM and MIS 6 levels and almost invisible
AIM events, with the exceptions of AIM 21 and AIM 23/24. However,
f levels are distinctively lower in the MIS 5.5 than in the Holocene as
also observed in the EPICA Dronning Maud Land ice core (Fischer
et al., 2007b), with minima during early warm periods followed by
pronounced increasing trends (Fig. 4, Table 1b). Notable differences
between Naþ and the exclusively marine ssNaþ f are observed
under glacial maximum conditions (LGM, around w65 ka BP and
during MIS 6) with lower levels in ssNaþ (Fig. 5). This leads to less
pronounced glacial–interglacial f decreases by factors of 1.8 � 0.5
and 3.0 � 1.1, respectively (Table 1b), however, due to the source-
separation calculation accompanied with larger errors.

In contrast, NH4
þ f shows generally only very small glacial–

interglacial changes, especially between the early Holocene and the
LGM by a factor of only 1.1 � 0.3, whereas it is 1.5 � 0.4 between
MIS 6 and early MIS 5.5 (Table 1b). NH4

þ f is almost stable during
glacial periods, thus AIM events are essentially invisible. LGM and
MIS 6 levels are equal, whereas MIS 5.5 levels are slightly lower
than Holocene ones (Fig. 4, Table 1b).

In summary, we find that the two last glacial maxima (LGM and
MIS 6) appear very similar, whereas the two last interglacials
Fig. 7. Variation coefficients nf (thin lines) of NH4
þ, Naþ and Ca2þ calculated in adjacent 200-

filter (thick black lines) was applied and the overall median value is given (thin black line, C
are similar to Fig. 4).
(Holocene and MIS 5.5) are remarkably different, yet show a rather
smooth behaviour regarding aerosol deposition. Over the two
terminations, changes in f differ strongly for different aerosol
species. Note that the change factors are larger for Naþ, ssNaþ and
NH4
þ during Termination II than during Termination I, while the

opposite is true for Ca2þ and nssCa2þ.

3.4. Decadal variability

Additional information to the previously discussed long-term f
level changes can be gained from the high-resolution of our data,
which allows for the examination of decadal variability in general
or focused on singular events.

An example of such an event is shown in Fig. 3. The prominent
shift in the Ca2þ concentration c by a factor of w2 (and similarly in
f) occurs within 1 cm at the depth of 1831.66 m around 148 ka BP.
This corresponds to a mean time interval of less than 2 years
according to the interpolated EDC3 timescale. It is also reflected in
the NO3

� record, as expected during dusty glacial periods, however,
slightly more gradual due to post-depositional effects (see Section
3.1). Although distinctively visible in our high-resolution water-
insoluble dust particle c record too (measured by a CFA laser sensor
according to Lambert et al. (2008) and shown in Fig. 3), the coarse-
to-fine particle ratios (derived from the same, but lower resolved
size distribution measurements) do not show any concurrent
significant shift. Coevally, Naþ and NH4

þ reveal no such signal at the
same depth (Fig. 3). Similar fast shifts were so far only reported
from Greenland ice cores (Steffensen et al., 2008).

To examine the general decadal variability, we calculated vari-
ation coefficients nf (in % according to Eq. (1) in Section 2.2) on
adjacent 200-year windows over the entire homogenous decadal-
resolution f records of Ca2þ, Naþ and NH4

þ, allowing for comparisons
between different time intervals. In contrast, the variability of the
high-resolution c raw data (Fig. 2) decreases with depth due to
decreasing layer thickness and data resolution. The results are
shown in Fig. 7. To highlight long-term patterns, we additionally
applied a low-pass filter with a 5 ka cutoff period. As seasonal
signals are not preserved in the EDC ice core, it is not possible to
year windows over the whole decadal-resolution flux f records. A 5 ka cutoff low-pass
a2þ 15%, Naþ 12%, NH4

þ 13%) to highlight long-term variations (dD, timescale, and labels
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reconstruct accumulation rates in high-resolution (Legrand and
Mayewski, 1997). Due to linear interpolation between given data
points of the EDC3 timescale (see Section 2.3) the accumulation
rate estimates are rather smooth compared to our decadal-reso-
lution data, yielding almost similar results for both c and f records,
thus there is no spurious variance introduced by this interpolation.
Such behaviour can only be expected for sites with dominant dry
deposition and uniform dilution of the aerosol deposition
throughout the year. As we are using narrow 200-year windows to
examine decadal variability, the result is furthermore not influ-
enced by long-term variability over terminations or AIM events.

Although f of the different aerosol species differ markedly, the
amplitudes of nf are rather similar for all, however slightly higher
for Ca2þ than for Naþ and NH4

þ, and show only moderate changes
(Fig. 7). They are generally higher during interglacial periods,
especially during MIS 5.5, and to a certain extent also during AIM
events. The curve shape is independent from the window width
chosen between 50 years and 500 years, however, overall nf

medians of the complete records increase slightly with this
parameter (for 200-year windows they are 12% for Naþ, 13% for NH4

þ

and 15% for Ca2þ). Due to the use of conservatively filtered decadal-
resolution data we are confident to capture true atmospheric
variability, not influenced by measuring errors which could play
a role for data from warm periods revealing levels closer to the limit
of detection; one exception is probably Ca2þ around AIM 8 (as
discussed in Section 3.2).

3.5. Correlations of different aerosol constituents

A second approach to examine decadal variability and the
interplay of different aerosol species is to calculate correlation
coefficients rf (see Section 2.2) on adjacent 200-year windows over
the entire decadal-resolution log(f) records for Naþ and Ca2þ, Ca2þ

and NH4
þ, as well as Naþ and NH4

þ. Note that these correlations are
representative of the decadal variability in a 200-year window only,
and thus are independent of long-term climatic trends, potentially
Fig. 8. Correlation coefficients rf (thin lines) pairwise between Naþ and NH4
þ, Ca2þ and NH

decadal-resolution log(f) records. Dashed black lines are 90% confidence levels (for details se
long-term variations (dD, timescale, and labels are similar to Fig. 4).
resulting in covariance between the records. The results (low-pass
filtered with a 5 ka cutoff period) are shown in Fig. 8. Using c
records gives a similar result (see discussion in Section 3.4). To
account for autocorrelation in the filtered data, neff (according to
Eq. (2) in Section 2.2) was calculated in all 200-year intervals
without gaps for each of the three different correlations. The
median of each of the rather uniform series was taken yielding in
one overall neff for each of the three correlations. However, the
three results were very similar and moreover almost independent
of the chosen maximal lag-k between 20 and 100. Overall we found
26 � neff � 33. Transferring this into an rf value for which the
positive correlation is significant on a 90% confidence level, yields
0.23 � rf � 0.26, thus roughly 0.25.

Again, amplitudes of the different rf series appear to be rather
similar at first sight. A significant positive correlation is generally
found during cold glacial periods, somewhat less during AIM
events. However, rf between Naþ and Ca2þ shows slightly lower
positive correlations during cold glacial periods than rf from Ca2þ

and NH4
þ and from Naþ and NH4

þ, respectively. During interglacials,
the correlation decreases; during MIS 5.5, it disappears even
completely for all three series. Simultaneously low correlations are
also found during AIM 21, whereas the situation remains ambig-
uous throughout the Holocene. As the parameter r2

f describes the
proportion of the common variance shared between the two f
series, we find maximal 60% for Naþ and NH4

þ, 40% Ca2þ and NH4
þ,

and 30% for Naþ and Ca2þ (considering the filtered series in Fig. 8)
under glacial maximum conditions.

4. Discussion

4.1. Variability and atmospheric transport

As pointed out in the introduction (Section 1.1), atmospheric
transport in the southern SH has probably not changed substantially
between glacial and interglacial periods. This result is supported by
our f record of NH4

þ (Section 3.3) which shows only very small
4
þ, as well as Naþ and Ca2þ calculated in adjacent 200-year windows over the whole
e text). Additionally a 5 ka cutoff low-pass filter (thick black lines) was applied to show
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glacial–interglacial changes and also almost no AIM signals. Given
the different amplitudes of changes, e.g. in the temperature proxy dD
(Fig. 4), it is unlikely, that enhanced transport always counteracted
marine bioproductivity of the SH oceans which is believed to be the
only significant source for NH4

þ deposited onto the East Antarctic
plateau (Section 1.6). Thus, both transport and marine bio-
productivity have not changed a lot over glacial–interglacial cycles
(Kaufmann et al., 2010) as also supported by constant marine
biogenic sulphate fluxes (Wolff et al., 2006).

While for ssNaþa f level change of a factor of w2–3 is found
during the last two terminations (Section 3.3), virtually no
changes are observed over AIM events under colder glacial
conditions, although there might be reasonable alterations of the
source strength at the time considering, e.g. the EDC temperature
proxy dD or a sea ice history from the Indian sector of the SO
(Crosta et al., 2004). Fischer et al. (2007b) and Röthlisberger et al.
(2008, 2010) explained the constancy on centennial timescales
by the larger distance between the deposition site and the source
area of ssNaþ due to the larger sea ice extent (Fig. 1; Gersonde
et al., 2005). Obviously, the same argument holds for decadal
variations in ssNaþ flux which could not be restored by those
authors. Thus, the sea salt aerosol proxy becomes insensitive to
source changes under colder glacial conditions, independent of
whether the open ocean or the sea ice surface source is
considered.

On the other hand, nssCa2þ shows pronounced changes in f over
glacial–interglacial cycles as well as during AIM events (Section
3.3). Although the deposition and transport seasonality is probably
similar to ssNaþ (Section 1.5), the nssCa2þ source is much further
away, thus co-transport is limited. Similar to previous research
(Röthlisberger et al., 2002a; Wolff et al., 2006; Fischer et al., 2007a,
b) we attribute nssCa2þ f changes mainly to source effects. This is
corroborated by events such as the observed fast and persistent
shift in Ca2þ (and also in the dust particle flux, Section 3.4 and
Fig. 3), as it is hard to explain that such an event should be a feature
of atmospheric transport, that is, not reflected in other long-range
transported aerosol constituents, such as Naþ and NH4

þ, nor in the
coarse-to-fine particle ratio (Section 3.4).

Despite the decidedly different glacial–interglacial flux level
changes, the decadal variability of the different aerosol species is
generally rather uniform around 12–15%, although slightly lower in
glacial periods and higher in interglacials, especially in MIS 5.5
(Section 3.4, Fig. 7). But also the ‘‘warm’’ AIM 21 shows enhanced
variability. This new result can be explained by processes either at
the source, during atmospheric transport or deposition. Deposition
effects can probably be excluded due to irreversible deposition of
the considered aerosol species and prevailing dry deposition at
Dome C. Source effects as well seem to play a minor role because
long-term flux levels reveal huge differences while the decadal
variability remains almost constant for all, Ca2þ, Naþ and NH4

þ.
Therefore, we assume that mainly transport effects are imprinted in
the decadal variability which leads to the conclusion that transport
variability was slightly higher in interglacial periods. The observed
slightly decreased decadal variability during MIS 6 and LGM is in
agreement with modelled similar or lower interannual variations in
the transport (Lunt and Valdes, 2001) and can be explained by
a northward expansion of the Antarctic vortex due to larger sea ice
extent under glacial maximum conditions. As a result, storm
genesis would be reduced (Watkins and Simmonds, 1995) or single
storm tracks would penetrate less frequently onto the East
Antarctic plateau, thus, shielding inland sites more strongly from
storm intrusions compared to interglacial periods. This is in
agreement with model results showing that during LGM the
frequency and/or the intensity of storms did not increase in the
interior of the ice sheet (Krinner and Genthon, 1998). Similar
conclusions were drawn from Dome C water-insoluble particle size
distribution characteristics, showing smaller particles in LGM ice
samples (Delmonte et al., 2002), however, dust aerosol size distri-
butions from other Antarctic sites show different temporal changes
(Delmonte et al., 2004). A final interesting feature of the observed
decadal variability is that Ca2þ shows generally slightly higher
values than both, Naþ and NH4

þ (Section 3.4), presumably related to
the longer transport path.

The interplay of different aerosol constituents is reflected in
their pairwise correlation. Similar to the variability discussed
above, correlations are as well rather uniform at first sight.
However, correlation coefficients are high when variability is low
and vice versa. Significant positive correlations are thus generally
found during cold glacial periods with common variance up to 60%
for Naþ and NH4

þ, up to 40% Ca2þ and NH4
þ, and up to 30% for Naþ

and Ca2þ (Section 3.5, Fig. 8). It is important to bear in mind that
a correlation between two variables can be attributed to either their
close relationship or their simultaneous dependence on a third
variable. In our context, we assume no direct relationship, as
sources and maybe also the seasonality differ (Sections 1.4–1.6), but
rather a dependence on an external factor. This could be either the
long-range transport of the aerosols or coeval large-scale climatic
influences on their sources. The high common variance related to
glacial maximum conditions points to enhanced co-transport and
thus a well mixed atmosphere over the East Antarctic with
a predominant background aerosol at that time. This is inline with
the argumentation of a more isolated Antarctic continent under
glacial maximum conditions due to a northward shift of the
Antarctic vortex and reduced storm genesis or frequency as
mentioned above. Under such conditions transport and deposition
would increasingly happen through large-scale subsidence over the
East Antarctic plateau. By contrast, correlations are reduced under
warmer climate conditions, e.g. during AIM 21 and the Holocene.
This points to reduced isolation of the continent and a larger
influence of cyclonic activity, i.e. increased storm genesis and
frequency (Section 1.1) on the deposition of aerosol constituents in
central East Antarctica compared to glacial maximum periods.
As correlations vanish during the early MIS 5.5 this effect seems
even reinforced, which is quite plausible during this significantly
warmer interglacial period (Section 1.2).

Surprisingly, Naþ and Ca2þ show slightly lower positive
correlations than the other correlation pairs (Na and NH4

þ, Ca2þ

and NH4
þ), although not corrected for their respective common

source portions in the decadal-resolution data (see Section 2.4).
Therefore, we would assume even lower correlations considering
ssNaþ and nssCa2þ. The reason for this observation could be the
large distance between the two sources, e.g. SSA during glacial
periods in the case of nssCa2þ (Section 1.5) and for ssNaþ the
Indian sector of the SO (Section 1.4). Because the source of NH4

þ,
our proxy for marine bioproductivity, is located within the
seasonal sea ice zone and further north of the sea ice edge
(Section 1.6), it shows larger correlations to both neighbouring
sources, to the SSA terrestrial Ca2þ and even stronger to Naþ

which is also of SO origin.
Considering the decadal-resolution of our records back to the

penultimate glacial period, they provide an excellent means to
examine whether an Antarctic Oscillation (AAO) signal is reflected
on decadal and longer time scales or not. Based on power spectra
and wavelet analysis, we could, however, not pin down prominent
and persistent periodic signal components in the decadal to
centennial range. This is probably due to the fact that Dome C lies
on the East Antarctic plateau remote from the coast, where the
largest variations would be expected. Furthermore, probably more
than one ice core record with appropriate data resolution is
required to clearly reveal AAO signals.
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4.2. Marine Isotope Stage 5.5

The importance of the Last Interglacial period MIS 5.5 with
regard to paleoclimatic reconstructions is briefly described in the
introduction (Section 1.2). In our records its duration spans from
w132 ka BP to w117 ka BP (�6 ka BP; Section 2.1). A straightforward
result based on our continuous decadal-resolution EDC ice core data
and the very different proxies considered is that unlike, e.g. Nin-
nemann et al. (1999) or Bianchi and Gersonde (2002) we find no
evidence for any abrupt climatic event during MIS 5.5 (Section 3.3).
Moreover, there is no evidence for an Antarctic cold reversal-like
event during Termination II as a counterpart of a Younger Dryas-like
event found in some Northern Hemisphere records (e.g. Sánchez
Goñi et al., 1999). In addition to this and the previously discussed
observation of decadal variability in MIS 5.5, we discuss in the
following some complementary aspects based on single proxies.

Unfortunately, nssCa2þ is not an unambiguous ice core proxy for
SSA interglacial climate due to probably significant contributions of
Australian terrestrial aerosol (Section 1.5). Therefore, we cannot
attribute the higher flux levels observed during MIS 5.5 compared
to the Holocene to the evolution of a specific source alone.

By contrast, ssNaþ is a reliable proxy for sea salt aerosol, espe-
cially during interglacial periods where it is not affected by addi-
tional errors due to the source-separation (Section 2.4) or by
insensitiveness to the expansion of sea ice (Section 1.4). It is
probably mainly related to the annual sea ice production rate at
that time. Compared to glacial periods, the ssNaþ f in Dome C is
lower during interglacial periods and shows minimum values
during their early parts. This is in agreement with findings from
marine sediment records obtained in the Atlantic sector of the SO,
where early parts of interglacials exhibit low ice-rafted debris, high
foraminiferal abundance, and diatom evidence indicating relatively
warm sea-surface temperatures and reduced sea ice influences
(Kanfoush et al., 2000, 2002; Bianchi and Gersonde, 2004). Similar
effects are reported in the Indian sector of the SO (Crosta et al.,
2004; Röthlisberger et al., 2010), which is rather the source region
of ssNaþ transported to Dome C (Section 1.4). During early MIS 5.5,
ssNaþ f is even 40% lower than in early Holocene (Table 1b), which
goes along with significantly higher temperatures at Dome C
(þ4.5 �C, Jouzel et al., 2007). This observation points to a lower total
annual sea ice production rate at that time supporting results from
marine sediment cores, which reveal distinctively higher summer
sea-surface temperatures (SST) and lesser diatom winter sea ice
indicators for MIS 5.5 (Bianchi and Gersonde, 2002). After
minimum levels at the beginning, ssNaþ f shows a gradual increase
in the course of both interglacials, indicating a growing total annual
sea ice production rate and a return to colder conditions. The same
pattern is found in marine sediment cores from the Atlantic sector
for both, Holocene and MIS 5.5 (Hodell et al., 2001; Bianchi and
Gersonde, 2002; Kanfoush et al., 2002), and for the Indian Ocean
sector (Crosta et al., 2004).

5. Conclusions

In this study we focused on decadal-resolution ice core data of
aerosol constituents deposited at Dome C on the East Antarctic
plateau from preindustrial Holocene back to 173 ka BP to gain
insights in the climate evolution of the southern South Hemisphere
beyond the Last Interglacial period MIS 5.5.

Using the accumulation rate dependent influence of post-depo-
sitional losses on NO3

�, we were able to support the dD-derived
higher accumulation rates during interglacial periods. Accumulation
rate estimates are used to calculate total depositional flux records
which are more representative for atmospheric concentration. In
agreement with previous studies, we find that glacial–interglacial
flux changes differ largely for different aerosol constituents. The
terrestrial aerosol proxy nssCa2þ, which is related to southern South
American climate during glacial periods, shows the largest changes,
especially during Termination I, while the sea salt proxy ssNaþ

changes only moderately, however more pronounced during
Termination II. NH4

þ, a proxy for marine bioproductivity remains
almost unchanged over glacial–interglacial cycles, especially during
Termination I. Mainly based on NH4

þ, we support previous studies,
which attributed large parts of the observed flux changes to the
respective sources and not to changed transport conditions over
glacial–interglacial cycles.

Replicated measurements on the overlap of the two EDC ice
cores confirm the representativeness of variation coefficients and
correlation coefficients to describe decadal variability within
200-year windows. We observed slightly lower variability and
higher pairwise correlations during glacial maximum periods
which is in line with only little changes in transport conditions
pointing to a northward shift of the Antarctic vortex due to the
larger sea ice extent and less storm activity at that time, thus,
subsidence of background aerosol seems to be more important. The
opposite holds for the Holocene and even more so for MIS 5.5, which
shows a stronger influence of cyclonic activity on transport and
deposition of aerosols at this site. However, we found no persistent
periodic signal components in the decadal to centennial range.

In all examined parameters, such as flux levels, variability and
pairwise correlations, we found that the LGM and the MIS 6 are very
similar while the Holocene and the MIS 5.5 are different. It seems that
glacial maximum conditions represent a more uniform atmospheric
mode than interglacial periods. Nevertheless, our high-resolution
data point to relatively smooth climatic conditions during the MIS 5.5
interglacial period without any abrupt climatic events. At that time,
and in agreement with marine sediment records, ssNaþ seems to be
a reliable proxy for total annual sea ice production rate in the adjacent
Indian sector of the Southern Ocean, showing distinct minima during
early Holocene and even 40% lower during early MIS 5.5, in both cases
followed by a pronounced increasing trend. In contrast, it would be
interesting to correlate our nssCa2þ record, which seems to be
a reliable proxy for SSA glacial climate, to proxy records derived
directly from this area, especially for time periods beyond the LGM,
however, such data are currently scarce (Kaplan et al., 2008).
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