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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 transport, and deposition respond to past climatic

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. Wi ?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- g_et of the aimosphere (Tegen, 200.3)’ and for the micron_u-
interglacial transitions reveals that iron fertilization of the trient supply to terrestrial and marine ecosystems (Martin

Southern Ocean during the past nine glacial terminations wa tal., 1991). The hypothesis that a redut_:ed supply of iron
not the dominant factor in the deglacial rise of £@ncen-  © 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

Published by Copernicus Publications on behalf of the European Geosciences Union.
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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
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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
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