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Abstract. Ice core data from Antarctica provide detailed in- 1 Introduction
sights into the characteristics of past climate, atmospheric

circulation, as well as changes in the aerosol load of the

atmosphere. We present high-resolution records of squiA‘tmOSpherIC aerosol production, mobilization, long-range

ble calcium (C&*), non-sea-salt soluble calcium (ns&Ch aeolian tranlsport, and deposition respond to past cIimatip
and particulate mineral dust aerosol from the East Antarc-cggr;gel\‘;' (hFljvcf;gr ?t |a|”202(§)f§) b Irl;erg:a?r(]d gndt M:gevrsk'r’
tic Plateau at a depth resolution of 1 cm, spanning the pas% , viahowald et al., a). €turn, dust ang othe

800000 years. Despite the fact that all three parameters ar%erospls affect radlgnve forcmg, thus climate, thrqugh ab-
largely dust-derived, the ratio of nsstato particulate dust sorption and scattering of incoming shortwave radiation (Ma-
is dependent on the particulate dust concentration itself. \W ?Wellgjggt al.(,j 2?O6b’ l\/:|||er and ('jl'egent,_ 1998; l'l'_eggn et
used principal component analysis to extract the joint cIi-at" | 202)3?_”8 p;]ay ? rolgg? C?l_?] e:]stalm? nuc E' (. ajsetn
matic signal and produce a common high-resolution recor al, ; Sehwartz, )- 'he fotal atmospheric dus
of dust flux. This new record is used to identify Antarc- oad as well as physical (e.g. size, shape) and mineralog-
tic warming events during the past eight glacial periods cal characteristics are important factors for the radiative bud-
The phasing of dust flux and GQhanges during glacial- get of the atmosphere (Tegen, 200.3)’ and for the micron_u-
interglacial transitions reveals that iron fertilization of the tr;enlt slugpgplly tghterrr]estrlt?ll a_ndtrr]n?rme ;cosgstemsl (Mfgrtm
Southern Ocean during the past nine glacial terminations wa a. ). The hypothesis that a re uced supply ot iron
not the dominant factor in the deglacial rise of £@ncen- o the Southern Ocean could be responsible for a substan-

trations. Rapid changes in dust flux during glacial termina—tlal part of the 80100 ppmv COincrease from the Last

tions and Antarctic warming events point to a rapid responseGIaC'al Maximum (LGM) to the Holocene has been previ-

of the southern westerly wind belt in the region of south- ously discussed (Martin et al., 1990; Watson et al., 2000).

ern South American dust sources on changing climate conEStimates for the coqtnbuuon_ of this iron fertilization to the
tal glacial/interglacial C@ difference range from<20 %

ditions. The clear lead of these dust changes on temperaturlg <40% (Bopp, 2003; Mafhez-Garcia et al., 2011; Ridg-

rise suggests that an atmospheric reorganization occurred iﬁ) A .
the Southern Hemisphere before the Southern Ocean warmégﬂel.l' 2003; R)thllsber_ger_et al., .2004)' ..It 'S commonly
elieved that a combination of iron fertilization, carbon-

significantly. . .
9 y ate compensation feedback, and Southern Ocean ventilation
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610 F. Lambert et al.: Centennial mineral dust variability in high-resolution ice core data from Dome C

changes together with changes in ocean temperature drive&ntarctica (EPICA). The calcium to particulate dust relation-
the glacial-interglacial C® changes (Bouttes et al., 2010; ship is investigated during glacials and interglacials. Using
Fischer et al., 2007b; &hler and Fischer, 2006; Sigman et principal component analysis (PCA), we produced a com-
al., 2010). Accordingly, documenting the centennial to mil- mon dust flux signal that extracts the joint features of all our
lennial variability in dust input into the atmosphere and into three dust proxy records. These new dust flux data are used
the Southern Ocean is of great importance to constrain théo analyse millennial variability in the past eight glacial pe-
impact of dust on the radiative budget and iron fertilization. riods. We also investigate the possible causes and effects
Insoluble mineral dust particles and soluble ionic aerosolof dust variations and stepwise dust changes during glacial
constituents such as &aare transported through the atmo- terminations.
sphere to remote polar areas, like the central East Antarctic
plateau (Fischer et al., 2007b; Wolff et al., 2006). Many of
these aerosol species (such as mineral dust) are non-volati

and irreversibly deposited onto the ice sheets (Legrand ancf.he EPICA Dome C (EDC) ice core was drilled in

Mayewskh 1997). Thus, they are rggularly mea.sured.m POEast Antarctica (7®6'S; 12321 E) and covers the last
lar ice cores and allow for conclusions concerning climatic

800000 years (Jouzel et al., 2007). From a depth of 24.2m

processes in the aerosol source region and during transpo&towrl t0 3200 m, a Continuous Flow Analysis (CFA) system
of the past. ’

In the case of mineral dust, long-term changes have beeﬁBlgler etal,, 2006, 2010; &hlisberger et al., 2000) was ap-

. ) . plied to measure, among others, insoluble dust particles and
documented during the last 800 .000 years in Iow-.resolut|ongoluble C&t and N&. The data gathered with this method
dust records from the Dome C ice core, Antarctica (Lam-

bert et al., 2008), showing extraordinarily high dust fluxes h_ave_a nominal depth r_esolutlon oil cm, taking disper-
. : . . ; .~ sion in the CFA system into account, which corresponds to
during glacial conditions. Strontium and neodymium iso- .
. ) o ; a formal sub-annual temporal resolution at the top and up to
topic analyses identified southern South Americ8% S) as ; .
. . -~ . ~25 years at the bottom of the ice core. Practically, surface
the primary source for dust deposited onto the Antarctic ice " : o i .
. L . snow mixing and dispersion in the ice result in a lower effec-
sheet during recent climatic periods (Delmonte et al., 2004),. }

. : o : .~ "“tive temporal resolution.
with a stronger relative contribution from possibly Australian
sources during recent interglacials (Delmonte et al., 20085 1 calcium and non-sea-salt Calcium
Revel-Rolland et al., 2006), and a possible additional source
in the Puna-Altiplano in Argentina during glacials (Delmonte For the ionic constituents the detection limit was about
et al., 2010; Gaiero, 2007). The contribution of the exposed).2 ngg? for C#t and 3ngg? for Na™ (Bigler et al.,
continental shelves during glacial times is unclear (Bigler et2006). The mean error for both €aand Na is estimated
al., 2006; Maher et al., 2010); however, comparison of theto be lower thant10 % (Bigler et al., 2006; Bhlisberger et
temporal evolution in dust aerosol tracers and sea level dural., 2000).
ing the last termination rules out that flooding of the previ- |n contrast to particulate dust, €ahas, apart from ter-
ously exposed Argentinian continental shelf was the domi-restrial, also marine sources (Bigler et al., 2006; Legrand
nant factor for the dust changes during that time (Wolff et and Mayewski, 1997). Although the marine aerosol ratio of
al., 2006). _ _ ~ Ca* toNa' is well-known (Bowen, 1979), few studies have

Because calcium was more rapidly measurable at highinvestigated the continental &ato Na* ratio of terrestrial
resolution in polar ice cores than particulate dust, it hasaerosols from specific regions (i.e. southern South America)
routinely been used uncorrected tcpor corrected for its  (Bigler et al., 2006). However, these ratios are needed to cal-
sea salt contribution (nss&) as a proxy for mineral dust culate the exclusively terrestrial non-sea-salt calcium based
aerosol deposited in central Greenland (Fuhrer et al., 199%n C&£*+ and Na& measurements. The sea salt (ss) and non-
Mayewski et al., 1994) or in central Antarctica (e.g. Fischer sea-salt (nss) contribution to Nand C&* can be calculated
et al., 2007a; Bthlisberger et al., 2002). Particulate insolu- using the system of linear equations
ble dust volume has been measured by the Coulter counter
technique (e.g. Delmonte et al., 2002) at low-resolution.[ssNa | = (Rt - [Na"] — [Cé”]) - (R — Rm) ™t
Laser absorption was additionally used for high-resolution
particulate dust measurements (Ruth et al., 2002); howeve"
size calibration of the absorption measurements is still amat[nssc§+] = R - ([Ca2+] — Ry - [Na+]> - (Rt — Rm)~ L
ter of discussion.

In this study we present for the first time the completewith R; and Ry being the terrestrial and the ma-
datasets of G4, nssC&t, and insoluble dust records (based rine C&*/Na' ratio, respectively (Bigler et al., 2006;
on laser absorption measurements) from the Dome C ice corRothlisberger et al., 2002). Traditionally, the rafy, was
at 1 cm resolution spanning the entire past 800 000 years, otassigned to the marine bulk sea water ratio of 0.038 &nd
tained in the frame of the European Project for Ice Coring into the average crustal value of 1.78 (Bowen, 1979). However,

% Methods
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sources other than sea spray, such as frost flowers, may had&.2 um. Within this size range the LPD counts the num-
contributed significantly to the marine ion concentrations in ber of particles in 32 different size channels. The sum of all
central East Antarctica (Wolff et al., 2006). Based on thesechannels is then converted into an analogue voltage signal. In
assumptions, aRmy, value of 0.044 was proposed for Antarc- the Bern dust data this voltage signal was converted to num-
tic ice core data (Rankin et al., 2000). A study by Bigler et ber of particles per millilitre as described in Bigler (2004).
al. (2006) that estimated these ratios empirically using high-The first 769.5 m were measured with a custom-made LPD
resolution CFA data from Dome C fourith, =0.043 &9 %) from the University of Copenhagen featuring 4 channels
and R;=1.06 -8%) for the East Antarctic plateau. The only, and are referred to in the following as CPH dust data.
lower R; value, compared to Bowen (1979), most likely re-  In principle, the particle size channels can be calibrated
flects the local crustal composition in southern South Amer-with spherical latex particles. In practice, however, this cal-
ica. We used the marine and terrestriaf&la* ratios from  ibration proved insufficient, as mineral dust particles come
(Bigler et al., 2006) in this study. Note that the difference in in all shapes. Therefore, only the total dust particle number
these parameters only marginally affects the calculation ofwas used in this work, and an empirical calibration of dust
nssC&* in contrast to ssN&, which is not discussed here. mass fluxes was performed (see below) using low-resolution
Calcium and sodium data below the detection limit were dis-Coulter counter (CC) data (Lambert et al., 2008). Note that
carded. Values below 0.1 ng§ (including all negative val-  this calibration does not allow for a quantitative interpreta-
ues) in the nssCd record were also discarded to avoid ar- tion of dust size changes derived with the LPD. The error of
tifacts introduced by exceptionally high sodium concentra-the LPD dust particle number data is estimated te<t€ %
tions, as the ratio®: and Ry are, in principle, only valid on  (Ruth et al., 2002).
average and might not apply to single data points. Assuming The lowest part of the ice core (below 3000 m) had many
an error of 10% for C&", Na", Rm, andRy, the uncertainty  cracks and breaks, bearing the risk of contamination with
of the nssC#&" record amounts te-0.2ng g * (30 %) during  drill fluid, whereas the rest of the core up to the end of the
interglacials and-5.4 ng gt (10 %) during glacial maxima.  brittle zone (at~950m) was essentially break free. Con-
An additional analytical concern may be the amount of tamination with drill fluid compromises both LPD and CC
C&* being leached from particulate dust after the ice sam-measurements. They have caused either saturation of the
ple has melted. This amount may be dependent on the acid-PD signal or were clearly recognizable based on unrea-
ity of the sample. Anomalously high €&/dust ratios were  sonably large size distribution data. In addition, the stratig-
found, coinciding with volcanic eruptions (Ruth et al., 2002) raphy of the ice below 3190 m was disturbed and the cli-
in Greenland ice samples with very high®aconcentra-  matic relevance of data collected in that part is strongly ques-
tions. However, these occurrences are very localized andioned (Jouzel et al., 2007). Therefore, only the data down to
rare, and do not influence the long-term signal. In addition,3190 m depth are considered in this study.
the very good correspondence of?Caconcentrations mea-
sured by CFA and traditional ion chromatography (IC) (Ruth 2.3  Principal component analysis
et al., 2008) excludes that a systematic offset is introduced
during the CFA measurements. In the case of IC measureThe C&" and nssC& concentrations, as well as the Bern
ments, the melted sample gets in contact with the acidic ICand CPH dust particle number data are presented in Fig. 1.
eluent, which would lead to a higher solution ofit&rom The light grey curve shows the 1 cm high-resolution data and
particulate dust, if this were to be an important effect. Only the superimposed black curve shows discrete 55 cm median
for very low C&" concentrations do the IC data divert to values. Note that the Bern and CPH particulate dust data
somewhat higher concentrations. However, this is due to thdiave separate y-axes. All three species are considered prox-
higher analytical blank of the discrete IC analysis. Accord- ies for atmospheric mineral dust concentrations, each with its
ingly, the CFA measurements can be regarded as reliable datawn advantages and limits. Calcium has a low uncertainty,
of C&* concentrations in ice core melted water. Note thatbut is “contaminated” with ssG4 during interglacials. The
this does not exclude a potential temporal variation i&'Ca correction to nssCd removes the sea salt part at the cost of

leaching of dust aerosol during atmospheric transport. a lower accuracy due to the choiceRfand R and a larger
scatter at low concentrations. LPD particle number data have
2.2 Insoluble dust a low uncertainty for most of the record, but are not eas-

ily calibrated to mass concentration units. Principal compo-
Insoluble dust concentration and size distribution belownent analysis (PCA) (e.g. Abdi and Williams, 2010) provides
769.5m (from 44 to 800 kyr BP) were measured by laser-the means to extract the common climatic signal from all of
absorption particle sensors (Abakus from Klotz, Germany)these datasets. The low accumulation rate at Dome C and the
(Ruth et al., 2003), in the following denoted as Bern dustlog-normal distribution of dust proxy data make the logarith-
data. The particle size detection limit of these laser particlemic values of fluxes most representative for changes in atmo-
devices (LPD) is approximately 1 um of equivalent spheri- spheric dust aerosol changes (Fischer et al., 2007b). There-
cal particle diameter. The upper measuring limit was set tofore, all datasets were multiplied with the accumulation rate

www.clim-past.net/8/609/2012/ Clim. Past, 8, 60823 2012



612 F. Lambert et al.: Centennial mineral dust variability in high-resolution ice core data from Dome C

200 300 400 500 600 800

100 |-

Ca (ng g)
= 3l
=
‘}
=
——
"
§
T—
_—
jgi;_;
= =i

-

o

o
T

nssCa* (ng g)
N =
—T T
—
— L
e
—_—
=
—

e
-

A

-

o
o

e
-

CPH Laser (V)
| 5=
=
fé_‘
—
| =
=
=
=
=
g“}g
a 2
Bern Laser (P ml)

il
-
o

™

0 1000 2000 3000
Depth (m)

Fig. 1. Calcium, non-sea-salt calcium, and dust data at 1 cm resolution (grey), overlaid with 55cm median values (black) from EPICA
Dome C CFA on the depth scale. The EDC3 time scale in kyr is indicated on top. Dust was not measured between 100 and 358 m depth.
Note that the CPH and Bern dust data have different y-axes.

and logarithmised prior to the PCA. Note that the accumula-when analysing variability in the youngest part of the PCA-
tion rate is only available at 55 cm resolution (Jouzel et al.,derived data.
2007) and that values in between were linearly interpolated. |n a second step we performed PCA using the three com-

In a first step, the CPH and Bern dust data had to be fuse@lete datasets (logarithmised £a nssC4", homogenized
to one dataset. The CPH and Bern devices had different serflust particle numbers). The first principal component (PC1)
sitivity, which resulted in different variability in the two data eXplains over 92% of the variance in the records, and we
sections. To homogenize the two datasets, both were sepéiterpret it as the mineral dust signal common to all three
rated in a high-frequency and a low-frequency part by sub-species. The rest of the variance stems from measurement
tracting a smoothed record (we used a 1 kyr running mearyncertainty, sea salt influence, and noise. Gaps in theé Ca
with co€ shaped weights) from the logarithmised flux data, N'sSC&", and LPD datasets were linearly interpolated prior
essentially removing all glacial/interglacial variations from to performing the PCA. The linear interpolation is a good ap-
the high-frequency datasets. The high- and low-pass filtere@roximation of the average value, thus, the level of the PC1
CPH datasets were then standardized (i.e. centred and déata is not particularly affected. However, if there is a gap in
vided by the standard deviation) using their respective mear®ne or two of the original records, the variance in PC1 will
and standard deviation, and rescaled using the mean and stalpe decreased in that section (Fig. 2a). One has therefore to be
dard deviation from the respective high- and low-pass filtereacareful when using the PC1 data to study dust flux variabil-
logarithmised Bern data in the section 120—165 kyr BP. Thisity in sections that feature large gaps in any of the original
time section was chosen, because it is similar to the CPH datgecords.
section in length and also encompasses both glacial and inter-
glacial values. The resulting high and low frequency dataset®.4 Calibration
were then added together and appended to the Bern data.
We justify this procedure with the fact that both®aand  To calibrate the PC1 data to dust mass flux units, we used a
nssC&+ show similar means and standard deviations (withintwo-sided regression analysis between PC1 and the logarith-
20 %) in high and low frequency bands in these two data secmised dust flux data from Coulter counter measurements. CC
tions. Nevertheless, one should keep this procedure in mindneasurements were performed on discrete 7 cm long samples

Clim. Past, 8, 609623 2012 www.clim-past.net/8/609/2012/



F. Lambert et al.: Centennial mineral dust variability in high-resolution ice core data from Dome C 613

25

a) L} L} L} L} L} L} L}
) ' | by e A ]
! J“Wtu«’"‘\W”k'v‘ww%‘\m‘mmuﬂl‘M‘q\W"V'MRVWWW“(M‘I"W\fﬁrwmvk*r“\” URALR “'W i M "

N
o

LPD

it it M\ bt b Uw'w“““h kuf”*“f“‘\‘f‘ﬂ“ W [ ‘[\”t‘M' i s

m [ MM A« “ *\ N WW“W MMW W.MW% MWMM Y

std=0.33 std=0.25 std=0.32
0 N I I 1

-
o

arbitrary unit
‘o‘

o

19.5 20 20.5 21 21.5 22
Age (kyr BP)

b)

PC1
cc

Dust Flux (mg m2 yr-)

0 200 400 600 800
Age (kyr BP)

Fig. 2. (a) Example section featuring @4, nssC&t, and particulate dust data and the first principal component. Only where gaps are
present in all three original datasets does the PC1 also feature a gap. The yellow band shows a section with reduced variability in PC1 due
to a data gap in the nss€arecord.(b) The first Principle Component (PC1) from the PCA (in black) has been calibrated with the Coulter
counter dust flux data (in red) (Lambert et al., 2008).

at least every 6 m, but mostly every 55cm over the wholeflux data. We therefore also calibrated the CPH and Bern

EDC ice core. CC data and method are described in detaiLPD data individually, in a similar fashion with the CC con-

in Delmonte et al. (2002). The fit of the PC1 to the CC datacentrations (in ngg'), in order to compare particulate dust

was performed with averaged PC1 data of all 7cm sectiongoncentrations to calcium concentrations. The regression be-

where CC measurements were available. tween logarithmic CC concentration and logarithmic Bern
To estimate the error in the two-sided regression, we used &PD data is

Monte Carlo approach, where we created 1000 ensembles of

data points that scatter around the regression line with a dis/©910 (CC mass concentratipr= (0.9084 + 0.0309

tribution defined by the residuals of the original data points

with the regression line. Note that the derived errors in the

regression parameters reflect only the uncertainty in the re- with 2 = 0.85, n = 519

gression itself due to the scatter of the entire dataset (as is

the case for standard one-sided regression), but not the meghere CC mass concentration is given in ng gnd the Bern

surement error in each individual data point. This led to a| PD data in particles mi*. The regression between the loga-

Monte Carlo regression between logarithmic CC fluxes andrithmic CC concentration and rescaled logarithmic CPH LPD

- log;o (Bern LPD data — (1.3276+ 0.1076

PC1 according to datais

log;o(CC flux) = (0.4925+ 0.0124 - PC1 log;o (CC mass concentratipn= (1.633 £ 0.089)
+ (0.1069+ 0.0065 with 2 = 0.83, n = 1028 - log; (CPH LPD data + (3.136 + 0.128

where CC flux is given in mg méyr—1. This translates to with r2 = 0.80, n = 273

a relative calibration error 0£10 % for the dust flux values

in the measured range between 0.1 and 50 mgyn L. The where CC mass concentration is given in nggnd the

calibrated PC1 and the original CC data are plotted in Fig. 2brescaled CPH LPD data in particlesthl This translates
Note that with this calibration we avoided the issue of sizeto a calibration error in the range of 30-40 %, and 40-50 %

calibration of the laser dust sensor. On the other hand, wéor the entire range of dust concentrations (approximately 3—

cannot interpret differences in the evolution of soluble and1500 ng g*) for the Bern and CPH dust data, respectively.

particulate dust fluxes any more using our PC1-derived dust

www.clim-past.net/8/609/2012/ Clim. Past, 8, 60823 2012
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nssCa?* to insoluble dust ratio

concentration (ng g') Ca* to insoluble dust ratio

Insoluble dust

0 200 400 600 800
Age (kyr)

Fig. 3. Insoluble dust concentrations in ngYwith ratio of C&t and dust (in black), and nss€aand dust (in grey) concentrations, using
100yr median values on a logarithmic scale. Ratios have been smoothed by a 2500 year running average.

3 Results and discussion also been derived from He isotope measurements on mineral
dust aerosol from the EPICA Dronning Maud Land ice core
3.1 Long-term trends in the insoluble dust to calcium between the last glacial period and the Holocene (Winckler
ratio and Fischer, 2006).

Substantial discrepancies between the two ratios occur
Calcium and insoluble dust both follow the major cli- during periods with intermediate dust concentrations (yellow
matic cycles with higher concentrations during cold times. shaded areas in Fig. 3), which correspond to mild glacial con-
We recorded typical interglacial concentration values ofditions. The elevated G4 to insoluble dust ratios, compared
1-2ngg?! for C&t, 0.5-1ngg! for nssC&", and to nssC&" to dust values during these time periods, indi-
200 particles mit? for insoluble dust (Fig. 1). During glacial cate a higher ss€4 content and therefore suggest a stronger
maxima, average insoluble dust particle number concentratransport of ssCa from coastal areas to the East Antarc-
tions increase by over two orders of magnitude, whilé'Ca tic Plateau than during interglacial or full glacial conditions.
and nssC& average mass concentrations increase by a facThis is also supported by the rather constantly high glacial
tor of about 30 and 60, respectively. The particulate dust fluxsea salt aerosol fluxes (ssNalespite nssC4 fluxes chang-

changes by a factor of 25-30. ing by a factor of 5-10 from glacial inception to late glacial
Figure 3 (bottom panel) shows EDC insoluble dust massconditions (Fischer et al., 2007a).
concentrations during the past 800kyr, with 2Caand It is interesting to note that the calcium to insoluble dust

nssC&* to insoluble dust ratios in black and grey, respec-ratio changes its pattern before 700 000 yr BP. Taken at face
tively (top panel). The Ca and nssC& to insoluble dust  value, these changes in the bottom part of the core point to
mass ratios fluctuate between about 0.03 and 0.2. Low and change in the crustal composition of dust transported to
high ratios are generally related to glacial maxima and inter-Antarctica during the climatic reorganization that happened
glacials, respectively. The size of dust particles is unlikely during the mid-Pleistocene revolution. Note, however, thatin
to have played a role, as it stayed fairly constant over thethis depth interval, single dust particles were agglomerated,
record, with glacial-interglacial changes of only 5% (Del- possibly due to ice recrystallization and shear deformation
monte et al., 2004; Lambert et al., 2008). The higher in-processes (Lambert et al., 2008). This could potentially af-
terglacial values could have been related to a different minfect the leaching of CGa from these aggregates.

eral composition due to an additional dust input from Aus-

tralian or even local Antarctic sources that had become in-3.2 High-resolution dust flux changes

significant relative to the total dust deposition during glacial

times. Alternatively, interglacial Antarctic dust may have In Fig. 2b we show the calibrated PC1 dust flux dataset. It is
been subjected to a greater amount ofCéaching due  shown in black with the Coulter counter dust flux data (Lam-
to a change in weathering conditions on the way from itsbert et al., 2008) overlaid in red. As the common signal found
source, or was affected by changing ice alkalinity (Ruth et al.,in the high-resolution particulate dust, €a and nssC&
2002). Interestingly, a clear change in dust composition haslata, PC1 can be interpreted as the best representation of
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high-resolution atmospheric mineral dust variability. Being events. All negative sections in the difference record that
empirically calibrated against dust mass fluxes from CC meawere longer than 700 years and had an arés were de-
surements, the amplitude of the changes reflects that of insofined as warming events. The four parameters of the detec-
uble particulate dust fluxes. The dataset ranges from 400 ttion algorithm (length of the window and percentile value of
801 000yrBP with a resolution of 1 cm. This correspondsthe running percentile (we also tried other values other than
to a formal three-month resolution at the top~+@5 years the median), length and area of the section in the difference
at the bottom of the core. Average dust flux values vary berecord) were calibrated for the last glacial period so as to de-
tween 0.2-0.6 mgm?yr—1 and 10-30 mgm?yr—1 during tect all and only the AlMs.

interglacials and glacials, respectively. The detection method appears to produce very good re-
sults. All major and almost all minor events in the dust record
3.2.1 Dust imprint during Antarctic warming events are detected. There are two possible exceptions at 261 and

366 kyr BP where potential events were missed by the algo-

Antarctic warming events like the ones reported in stable waxithm. There are also some events (6.2, 6.12, 12.3, 16.4, 18.1)
ter isotopes as intermittent Antarctic Isotope Maxima (AIM) that appear dubious to the eye and may be false positives. We
during the last glacial period (Blunier and Brook, 2001; have compared our warming events with the predicted occur-
EPICA community members, 2006) are interpreted as perence of DO events based on EDC isotopic data (Barker et
riods of accumulating heat in the Southern Atlantic Ocean,al., 2011). The predicted DO events have been marked with
most likely related to a weakening of the Atlantic Meridional a triangle in Fig. 4. Dating back to 310 kyr BP the predicted
Overturning Circulation (AMOC) during stadial conditions DO events coincide very well with the imprint of Antarctic
in the North Atlantic, and a rapid restart of the AMOC at warming events in the dust data. However, before 340 kyr BP
the onset of Dansgaard-Oeschger (DO) events (Stocker anghe time resolution of the isotope data drops quickly to more
Johnsen, 2003). A recent study suggested that, during theghan 300 years per 55 cm, and some smaller potential events
last glacial period, every DO event had a corresponding AlMare only found in our data.
(EPICA community members, 2006). Similar millennial fea-  |n summary, millennial variability in the Southern Hemi-
tures have also been recorded in previous glacial periods iBphere was a persistent feature during all glacial periods in
Antarctic water isotope records and @Ebncentrations de-  the past 800 kyr. The centennial to millennial climate vari-
rived from the Dome C ice core, suggesting that millennial ahijlity in the Southern Ocean region prior to 340 kyr BP was
scale variability was a persistent feature during glacial peri-somewhat higher than derived by Barker et al. (2011), and
ods (Jouzel etal., 2007; Loulergue et al., 2008; Martrat et al. more DO events are likely to have taken place at that time in
2007). the North Atlantic region. The rate of occurrence of Antarc-

Antarctic dust flux and temperature variations are verytic warming events is fairly constant around 2-3 events per
well correlated during glacial times (Lambert et al., 2008). 10 kyr. We confirm prior findings with a tendency towards
This tight link between dust and climate allows us to use ourmaximal variability during intermediate climatic states and
dust flux record as a first order indicator of Southern Ocearlow variability during climatic extremes (Wolff et al., 2009).
millennial climate variability. In Fig. 4 we present a 25- However, small events did happen regularly also during
year average of the dust flux during glacial periods in black,glacial maxima just prior to each termination, which suggests
underlain with the EDC isotope temperature (Jouzel et al.that the bipolar seasaw was not completely inactive during
2007) in grey. Note that the lower resolution of the EBIZ  those times.
data, as well as the smoothing of the isotope record by dif-
fusion in the ice, limit the recognition of warming events in 3.2.2 Dust changes during transitions
the deeper core. Our high-resolution dust mass flux record
is not subject to these limitations. Even before 740 kyr BP, The unprecedented resolution of our dataset allows also for a
where aggregation of dust particles in the ice occurred, weprecise analysis of the timing of dust changes and of leads
see no major effect of this process on the dust mass flux reand lags with other parameters during climate transitions.
construction. A comparison of the EDED data with our  Figure 5 highlights the behaviour of mineral dust during the
dust flux record during the last glacial period shows that alllast nine glacial terminations. Dust flux is shown in brown at
the AlMs can also be seen in the dust record. Using our dusé 25 year resolution during all transitions, with the 1 cm data
flux data, we can identify the potential Antarctic warming in grey in the background. We compared our dust record to
events during every glacial period back to Marine Isotopicthe EDC isotope temperature record in black (Jouzel et al.,
Stage (MIS) 18 and name them according to the MIS they2007) and the EDC and Vostok GQtack in red (lithi et
occurred in. The identification was performed by subtractingal., 2008).
a 3kyr running median from a 1 kyr running mean withcos Against common practice, dust has been plotted on a lin-
shaped weights using centred logarithmic dust flux valuesear scale to emphasize at which point in time the flux had
This essentially represents a band-pass filter for variationslropped to levels close to the interglacial minima, where sub-
in the dust flux of the typical length of Antarctic warming sequent changes should not have significantly affected iron
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Fig. 4. 25 year mean dust flux data in black underlain with the EDC temperature data at original 55 cm depth resolution (Jouzel et al., 2007)
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Fig. 5. Evolution of dust flux (on an inverted axis at 1 cm resolution in grey overlaid with a 25 yr mean in brown), EDC temperature (Jouzel
et al., 2007 in black) and Cfconcentrations (lithi et al., 2008 in red) during the past nine glacial terminations. The dashed line marks the
time when dust flux reaches interglacial conditions. Vertical arrows mark the rapid dust jumps.

fertilization in the Southern Ocean. This time value has beersmaller CQ increases concurrent with the dust decrease.
marked with a dashed vertical line. Although the precise mo-Previous studies have postulated a link between the aeolian
ment when dust reaches interglacial levels can be argued, it ison influx into the Southern Ocean and €@vels through
clear that in all glacial terminations this moment was reachedhe biological productivity of micronutrient limited regions

in dust flux well before temperature and €€@ached inter- (Maher et al., 2010; Martin et al., 1990). Mamtz-Garcia et
glacial levels. This dust lead on temperature ang G@x- al. (2009) inferred an exponential relationship between ex-
ima is surprisingly consistent around 4 kyr and much largerport productivity and atmospheric G@evels, with the high-
than the uncertainty in the gas age-ice age difference. Ilest sensitivity occurring during glacial maxima. Such an ex-
is also easy to see that even whenCGind dust flux start  ponential relationship is reminiscent of the connection be-
changing at approximately the same time, Qévels con-  tween atmospheric dust and climate and one could imagine
tinue rising steadily long after dust has reached interglacial direct link between dust-borne micronutrients and biolog-
values. In addition, during every termination, £@vels ical productivity. However, Fig. 5 shows that although dust
were still rather low (200-240 ppmv) by the time the dust- and CQ changes were simultaneous during the last glacial-
borne iron supply to the Southern Ocean had been reduceisterglacial transition, this was not necessarily the case dur-
to interglacial levels. This shows that the continuing increaseing earlier terminations. Many terminations show large re-
in CO; after the dust drop cannot be related to a reduction inductions in dust influx (see arrows in Fig. 5) that have no
iron fertilization. Termination | and V show the largest €O counterpart in the C®record. We conclude that during
concentration rise of30 ppmv at the time dust reaches in- glacial maximum conditions, the biological productivity was
terglacial levels, which corresponds to about 30 % of the totalnot necessarily limited by aeolian-borne micronutrients. We
glacial-interglacial change. Other terminations show muchcan therefore confirm the conclusion of previous studies that
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iron fertilization of the Southern Ocean is unlikely to have surface temperature (Lamy et al., 2010). During cold con-
played a dominant role in CQOconcentration changes dur- ditions, the region of high westerly wind may expand north-
ing the last termination (Bopp, 2003; Fischer et al., 2010;ward (as is the case for recent winter conditions), making cy-
Ridgwell, 2003; Wthlisberger et al., 2004), and extend it to clonic influence in southern South America less episodic and
glacial terminations in general. zonal winds more steady. In addition, the dryer conditions
A special feature of the dust flux is that in most cases itduring glacial times connected to a constant replenishment
did not gradually change from glacial to interglacial levels of fluvial dust sources by enhanced glacial outwash, lead to
as temperature and G@id. During most terminations the a combination of high dust supply and strong wind uptake at
dust flux data show one or more sudden, very fast drops thathat time. As temperature rises, the wind belt contracts while
happen within a few centuries (indicated by vertical arrowsthe wind intensity in the core may increase (as observed in
in Fig. 5). These sudden jumps occur during all transitions,summertime today). Also, precipitation in Patagonia may in-
although they are not as pronounced during terminations trease again, suppressing dust mobilization and prompting
and V, when the dust flux falls more gradually towards inter- vegetation to grow on previously dusty soil.
glacial levels. Clearly, the amplitude of these jumps is notas As illustrated in Fig. 5, the rapid stepwise dust increases
marked when using logarithmic dust flux data (as justified byoccurred very early during the deglaciation, i.e. when tem-
the approximately log-normal distribution of dust fluxes for peratures were still low and glacier extent in Patagonia still
constant climate conditions), but the jumps are still promi- close to its maximum. Therefore, a thermodynamic effect on
nent with respect to the rapidity of the step-like changes.  precipitation rate and washout of aeolian dust at that time is
A recently proposed reason for the early drop in duststill expected to be small. However, at this time*Neon-
export from Patagonia during the last termination is thatcentrations in the ice core also started to decline, pointing
glaciers retreated into proglacial lakes (Sugden et al., 2009)to a reduction in sea ice and/or storminess in the South-
Before 20 kyr BP, glaciers discharged onto outwash plainsern Ocean (Bigler et al., 2010; Wolff et al., 2006). Ac-
and dust mobilization was consequently high. In contrast,cordingly, we conclude that the strong stepwise change in
it is suggested that glaciers terminated in glacial lakes af-dust mobilization and transport to the Antarctic ice sheet ob-
ter 18 kyr BP trapping dust provided by glacier outwash. Weserved in our record at the beginning of the terminations is
cannot rule out that the abrupt dust drops observed during thenore likely connected to a rapid atmospheric reorganization
transitions may have been caused by this process. Howevest that time. This is also supported by the fact that many
it is unlikely that all proglacial lakes were repeatedly formed large Antarctic warming events show a similar fast dust re-
within a few centuries of each other. sponse, with drops of 50 % or more of the initial level within
Another more likely reason for the fast decline of dust a few centuries (vertical arrows in Fig. 4). There is no obvi-
flux during glacial terminations is a sudden change in at-ous threshold in temperature or sea-level that would provoke
mospheric circulation and the hydrological cycle over the such fast changes in dust mobilization, especially since dust
dust source regions. Increased moisture in previously aricchanges always lead changes in temperature. It would there-
regions may have allowed vegetation to grow quickly, which fore appear that Southern Hemisphere atmospheric changes
would have significantly hindered the dust mobilization into preceded the main rise of temperature in the Southern Ocean
the atmosphere. In addition, an enhanced hydrological cycleluring terminations and Antarctic warming events.
would have reduced the lifetime of airborne dust particles
during transport by increasing washout, thus, reducing the3.2.3 Glacial/interglacial changes in dust distributions
amount of dust exported to far away regions (Lambert et al.,
2008). We investigated the distribution of the dust flux during se-
One possible reason for such a sudden change in the hyected 5 kyr time periods. For the Holocene very little LPD
drological cycle of southern South America could be a lati- data exist (Fig. 1). Moreover, the CPH LPD data over the
tudinal shift or change in extension of the westerly wind belt last 42 kyr were rescaled to the Bern LPD data, and hence
connected to the deep pressure trough and the region of irdo not allow for an independent estimate of the dust flux dis-
tense cyclonic activity in the Southern Ocean. Dust mobi-tribution. Accordingly, we only discussed the nséCalis-
lization in southern South America today is mainly occur- tributions over the entire 800 000 year record using 25 year
ring during summer, when precipitation is low and individ- averages of the logarithmised and detrended riSs@ata.
ual high wind events can pick up dust aerosol. High wind Note however that the overall glacial/interglacial change in
speeds are connected to cyclones passing the Drake Passdbe variability of the data discussed below is also seen in the
and thus episodic in charactergssig et al., 1999). Further LPD data as illustrated in Fig. 1. The distributions were sep-
to the north, zonal wind conditions crossing the Andes leadarately plotted for the interglacials (Fig. 6a) and the glacials
to fohn conditions (Zonda wind) lee sides of the mountains(Fig. 6b).
(Lassig et al., 1999), connected to high wind speed and po- In all studied sections, the distributions of the logarith-
tentially dust uptake. It has been suggested that the positiomic nssC&" fluxes are well fitted by a unimodal Gaussian
of the Westerlies over South America varies according to sealistribution with its mean shifted to higher values in glacial
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Fig. 6. Distribution during 5 kyr sections @) interglacials andb) glacials using detrended and logarithmised 25 year mean fsafzda.
The standard deviations shown are derived from the Gaussian fit.

conditions. This indicates that dust mobilization, transportwhile cold periods have a markedly narrower one, indicating
to, or deposition (or any combination of the three) in Antarc- a higher dust variability around the mean level for warm cli-
tica during glacials were acting on a stronger level thanmate conditions, confirming findings by Bigler et al. (2010).
for modern conditions, but that the key processes behindMIS 16, which is thought to have been one of the coldest
them were never fundamentally different. In particular, ex- glacials in the past million years (Lisiecki and Raymo, 2005),
traordinary dust storm events that cannot be described bghows the narrowest of all distributions, whereas the highest
the background distribution did not occur during glacials, variability is featured during MIS 11, which was the longest
and are therefore not responsible for the very high glacialinterglacial.

fluxes. However, there is a distinct difference in the width of The narrower g|acia| distribution agrees favourab|y with

the distributions between climatic optima and glacial max- higher, but steadier wind speed in South America when com-
ima. Warm periods are characterized bya broad diStribUtionpared to interglacials. Once again, we can link this to a
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latitudinal shift or extension of the westerly wind belt in and in the hydrological cycle in the source region, possibly
South America. As has been proposed in Sect. 3.2.2, duringinked to changes in the latitudinal extension of the Wester-
cold times, intensive and steadier westerly winds are foundies, may have provoked the sudden drops in dust production
in southern South America. This results in a higher andand transport. Although not quite as rapid as the decadal
more regular dust mobilization. Vice versa, a stronger spo-atmospheric response to Dansgaard-Oeschger events in the
radic cyclonic activity in this region could explain the higher North Atlantic (NGRIP community members, 2004; Stef-
dust variability for warmer climate conditions. In conjunc- fensen et al.,, 2008), the centennial jumps in dust flux in
tion with a longer glacial atmospheric residence time due tocentral Antarctica indicate quite drastic reconfigurations in
a weaker hydrological cycle, these changes could explain &ghe wind regime also in the Southern Hemisphere, linked to
large part of the factor of 25 change between glacial and inclimatic changes during the transitions, and leading to sub-
terglacial dust flux (Lambert et al., 2008). stantial dust mobilization changes at that time. Their clear
lead on temperature changes suggests that atmospheric reor-
ganization in the Southern Hemisphere occurred before the
4 Conclusions Southern Ocean had warmed up significantly.
Both glacial and interglacial dust distribution are uni-
The C&*, nssC&" and insoluble particulate dust data from modal and can be well described by a log-normal distribu-
the EPICA Dome C ice core are presented at 1 cm depth resajon. Glacials display a narrower standard deviation than in-
lution, corresponding to a formal sub-annual time resolutionterglacials, which we interpret as reflecting the steadier at-
at the top and-25 years at the bottom of the core. mospheric conditions in South America during glacial times.
The calcium to insoluble dust ratio varies by up to a fac- We conclude that the processes responsible for dust uptake
tor of 6 between glacials and interglacials, with higher val- and transport were not significantly altered from glacial to
ues during interglacials. These variations could be a resulinterglacial conditions. However, replenishment of dust sup-
of the additional soluble G& leached by the more acidic ply, e.g. by glacial outwash, in parallel with higher mean
atmosphere during warm times and/or of differenfC#  wind speeds, reduced precipitation, and vegetation can ex-
insoluble dust ratios of the dust sources during both time in-plain a largely increased glacial source strength in southern
tervals. Lower nssCa/dust ratios during early glacial times South America. Together with the larger atmospheric res-
reflect the earlier increase in sea salt aerosol concentratioriience time connected to lower precipitation en route, this
at that time. may explain a large part of the 25 times higher dust fluxes in
Using the C&", nssC&" and insoluble dust records, a Antarctica during glacials.
new dust flux dataset was created using principal component
analysis. The new record reflects the variability common toAcknowledgementsThis work is a contribution to the European
all three datasets and represents the best high-resolution e§toject for Ice Coring in Antarctica (EPICA), a joint European
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