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Abstract. The many different proxy records from the Euro- the temperature has reached a particular threshold, approxi-

pean Project for Ice Coring in Antarctica (EPICA) Dome C mately 3C below present day temperatures (corresponding

ice core allow for the first time a comparison of nine glacial to asD value of—420%o). This reflects to a large extent the

terminations in great detail. Despite the fact that all termi- limited sensitivity of the sea ice proxy during very cold pe-

nations cover the transition from a glacial maximum into anriods with large sea ice extent. At terminations where this

interglacial, there are large differences between single terthreshold is not reached (TVI, TVIII), ssN&lux shows no

minations. For some terminations, Antarctic temperature in-changes. Above this threshold, the sea ice proxy is closely

creased only moderately, while for others, the amplitude ofcoupled to the Antarctic temperature, and interglacial levels

change at the termination was much larger. For the differentare reached at the same time for both ssEadsD.

terminations, the rate of change in temperature is more simi- On the other hand, once another threshold at approxi-

lar than the magnitude or duration of change. These tempemately 2C below present day temperature is passed (cor-

ature changes were accompanied by vast changes in dust anesponding to @D value of —402%0), nssC&" flux has

sea salt deposition all over Antarctica. reached interglacial levels and does not change any more, de-
Here we investigate the phasing between a South Amerispite further warming. This threshold behaviour most likely

can dust proxy (non-sea-salt calcium flux, ns$Qaa seaice  results from a combination of changes to the threshold fric-

proxy (sea salt sodium flux, ssNpand a proxy for Antarc- tion velocity for dust entrainment and to the distribution of

tic temperature (deuteriundD). In particular, we look into  surface wind speeds in the dust source region.

whether a similar sequence of events applies to all termina-

tions, despite their different characteristics. All proxies are

derived from the EPICA Dome C ice core, resulting in a1 Introduction

relative dating uncertainty between the proxies of less than

20 years. The climate of the late Quaternary has been marked by re-
At the start of the terminations, the temperatutB)(in- peated changes between glacial and interglacial periods. The

crease and dust (nss%faﬂux) decrease start Synchronous|y_ reasons for such Changes are still not entirely understood, al-

The sea ice proxy (ssNaflux), however, only changes once though it seems clear that orbital forcing and internal feed-
back mechanisms involving greenhouse gases play a vital

o role (Huybers, 2006; Khler and Fischer, 2006 and refer-
Correspondence taR. Rothlisberger ences therein). There are various processes that are influ-
m (rro@bas.ac.uk) enced by and that exert an influence on the evolution of
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Fig. 1. Overview of entire data set. Shown are 0.55 m averagéb ¢freen) and 100 year averages of the logarithm of né5@ad ssN&
flux (grey) overlaid by a 11-point running average (blue, red). Y-axes of Hgsfax and ssN& flux have been reversed in order to facilitate
comparison with$D.

temperature and atmospheric £01In high southern lat- 2 Methods
itudes, the impact of sea ice extent and its connection to

Southern Hemisphere winds and other factors that may con, 1 pata
tribute to ocean upwelling are of particular interest (Le Quere
et al., 2007; Toggweiler et al., 2006).

The ice core from Dome C, Antarctica, that has been
drilled in the framework of the European Project for Ice . . . .
Coring in Antarctica (EPICA), provides a record of the last 6.“ 55¢m res_olut|on. The ana_IyS|s of the soluble impuri-
nine glacial — interglacial terminations in terms of changestles e.g. sodium (N#) and calcium (C&) has been done

in high latitude temperature (Jouzel et al., 2007), changes ill?y seven European laboratories with different methods, and

greenhouse gases (Siegenthaler et al., 2005; Spahni et allgw-resolut|on data along most of the core, using a previ-

2005) and various aerosols (Lambert et al., 2008; Wolff etoUs age-scale, have already been published (Wolff et al.,

al., 2006). Here we look into the pattern and phasing at ter—2006)' In this study, we used the data obtained by contin-

minations in different parameters, namélp representing uous ﬂOW. analy_sis (CFA), @hlisbergeret al., 2000), which
Antarctic temperature, nss&aflux, a proxy for aspects of resulted in a high-resolution record (of the order of 1cm,

South American climate @hlisberger et al., 2002; Wolff _corresponding o less than a year in the I_—|o|o_cene, approx-
et al., 2006), and ssNaflux, which is related to the sea ice imately 3 years at 410ka BP during marine isotope stage

extent around Antarctica (Wagenbach et al., 1998; Wolff etg\]/”?) 1L, ?ng t20 4);3&::5 E‘:"; S(t)r? ka de tdurmg '\é”S 20). I? d
al., 2003). The aim is to identify robust pattern and phase—t ezgp part ( OI i ab )’. eiﬁ a a&/yere fcmvnsdar{\pg
relationships at glacial terminations between Antarctic tem- 0 years resoiution by using the median of the data in

perature, South American conditions and the sea ice base ch 20-a interval n order to reduc_:e_the computlng_tlr_ne.
on the ice core record from Dome C. elow that, computing time was within reasonable limits

for the high-resolution data, so that 1cm data were used
for further analysis. Fluxes, being representative of atmo-
spheric concentrations at sites where dry deposition is as-
sumed to dominate, were calculated using the accumulation
rates derived from the EDC3 timescale (Parrenin et al., 2007)
(Fig. 1). Compared to nss€a and ssNa flux, the ac-

cumulation rate changed independently during terminations,

The ice core was drilled from 1996 to 2004 and has been
analysed for stable water isotopé®( (Jouzel et al., 2007))
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thus the uncertainty in reconstructing accumulation rate will 360 . | .
translate into the ssNaand nssC&" fluxes. However, in T
view of flux changes of the order of a factor of 2 to 4 in -380 200 o
ssNa fluxes and 7 to 30 in nss€h fluxes over the nine S
glacial-interglacial terminations, the 30% uncertainty in ac- Zz -400 - 100‘—5 .
cumulation rate is relatively small. a é 0 &
Both C&* and N& in the ice core originate from sea salt 420 - R
aerosol and terrestrial dust. However2€is predominantly I > 0 x2 —>
of terrestrial origin, while N& derives mainly from sea salt. 440 i te |
We calculated the non-sea-salt fraction ofCaf terrestrial 460 , ! . ! . ! .
origin (nssC&") and the sea-salt fraction of Na(ssNa") 124,000 128,000 132,000 136,000 140,000
as in Rothlisberger et al. (2002), using a &#Nat weight Age (aB.P.)

ratio of 1.78 for terrestrial material (Rt), and 0.038 for sea

water (Rm). The contribution from crustal material to total Fig. 2. Example of RAMPFIT results fosD at Termination II.

Na™ depends on the composition of the dust source materialThe black line represents the ramp that best fits the data based on
and higher ratios Rt of the terrestrial source material couldweighted least-squares regression. Arrows indicate the levels

be used (Bigler et al., 2006), resulting in lower s3Nzon- andx2 and_ the change points andz.2. Thg histograms_ show_the
centrations during glacial periods, but hardly any changes fophange_ points for 400 boot_strap S|mulat|ons._ The dlst_rlbutlon of
interglacial periods. The effect of choosing different values eS¢ Simulated change points is used to derive an estimate of the
for Rt on nssC&" is negligible. For the aim of this study, uncertainty of the change points.

the exact amplitude of glacial-interglacial changes in SsNa

does not affect the timing of the changes, and the results re-

main within error bars regardless of which values are used t¢2* @ndx2*. This procedure is repeated 400 times, and the

calculate ssNB and nssC& . standard deviation of these 400 values is used as boot-
All parameters were measured along the same core, i. trap standard error for (see histograms in Fig. 2). The

the records are all on the same timescale (EDC3, Parreni ootstrap standard errors fof, 12 andx2 were calculated

et al., 2007). The uncertainty in matching the three paramegnalogously. . . o

ters is always much smaller than the resolutioddf There- While the algorithm of RAMPFIT provides an objective

fore, the data offers excellent control of the relative timing €Stimate for the change points in a given data set, there are

between the proxies. However, the uncertainty of the abnévertheless some parameters that need to be chosen sub-

solute age is estimated 3ka at 100 ka BP and approximatelgﬁCt'VeW in thg fitting procedure (e.g. the s_electlon of the fit

6 ka for older sections of the ice core. In terms of event dura nterval) that influence the result. For this study, we nor-

tions, the accuracy of the chronology is estimated to be 2094nally chose 2ka beyond either end of the termination. In

back to 410 ka BP and possibly 40% for older sections (ParSOme instances, we chose shorter intervals in order to ex-

renin et al., 2007). clude sections of the data that had large deviations from a
constant level and would thus distort the ramp. The pa-
2.2 RAMPFIT rameters used for each termination are listed in the supple-

mentary material (Table Shttp://www.clim-past.net/4/345/

In order to estimate the exact timing of a glacial termina- 2008/cp-4-345-2008-supplement.pdf
tion in an objective way, we used a regression approach RAMPFIT minimizes the systematic deviations from con-
(RAMPFIT, (Mudelsee, 2000)). RAMPFIT is a weighted stant glacial and interglacial levels and from the assumed lin-
least-squares method that fits a ramp to the data. It estimatesar change from glacial to interglacial conditions. However,
the level of a parameter for glacialZ) and interglacialX{1) a glacial termination does not necessarily conform to this
conditions and a linear change between the change pdints simplified shape. For example, the interglacial levels need
andr2 (Fig. 2). A measure of the uncertainty of these esti- not be constant, or the termination may not progress linearly,
mated change points is based on a set of 400 bootstrap sinbut may change slope over time. This is illustrated in Fig. 3,
ulations for each parameter and each termination (Mudelseayhere the Termination IV in nss&a flux is shown. As-
2000; Politis and Romano, 1994). suming a linear change over the entire termination results in

A simulated time series is generated by adding a sequencehange points that deviate from the change points that result
of successive residuals to the fitted ramp. The length of thdrom the assumed two-step termination. Alternatively, the
sequence of residuals is defined by the persistence of the datdacial or interglacial levels are not constant, as for example
(four times the persistence time), thus preserving the autorethe interglacial levels idD in Termination Il and 1V, which
gressive properties of the original data in the simulated timereach high values early in the interglacial, but drop after a
series. The ramp fitting is then repeated on the simulatedew thousand years (Fig. 4). This impacts the resulting levels
data, giving a set of simulated ramp parametets, x1*, and thus change points that RAMPFIT estimates. In other

www.clim-past.net/4/345/2008/ Clim. Past, 4, 3356, 2008
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In order to study the sensitivity of the westerly winds to
changes in sea surface temperature, a series of experiments
using different prescribed SST patterns were made (Fig. 7).
The SST patterns were designed as follows: One set of ex-
periments, labelled GLO in Fig. 7, was run with SST being
reduced globally by IC to #C. A second set of experiments
(EXT) was run with only extratropical (3Go pole) SST be-
ing reduced by 4C to 4#C, with a linear reduction of the

cooling towards 0C at 20 and no cooling over the trop-
S R R H R ics. In another set of experiments (GRA), SST cooling in-
334,000 336,000 338,000 340,000 342,000 344,000 creases linearly from the equator to the polar regions. And
Age (aB.P.) experiments with increasing extensions of sea ice (ICE) with-
out changes to SST were made to separate the effect of SST
Fig. 3. Example of RAMPFIT results for nss€& flux at Termina-  from sea ice. Further details of the model experiment setup
tion IV. The y-axis has been reversed. The orange line correspondare given in Sime et al. (2008).
to a ramp fitted over the entire section; the black lines correspond to
two separate ramps. The estimated change points are given for the
single ramp (1, :2) and for the corresponding two-step ramp*( 3 Results and discussion
12%).

N

t2: 341,632 + 297
t2*: 341,130 + 116

log nss-Ca?* flux
ug/m?/a
N

[ t1: 336,250 + 294
: t1*: 336,390 + 358

The final ramps as calculated using RAMPFIT are shown in
Fig. 4 and the estimated change points and error estimates

words, the choice of the fit interval used for RAMPFIT had 50 given in Table 1. A schematic of a termination is shown

some influence on the resulting change point estimates.  j, rig 5. Across all terminationsD and nssC&" flux start
While we are aware of the limitations of the ramp model, 1, change synchronously (within error estimate, indicated by
we still think it provides valuable insights into the phasing at .o\, () in Fig. 5), while ssNiaflux shows a delayed on-
glacial terminations. A model is supposed to bring out thegq; o the glacial termination by a few thousand years (arrow
major properties of a system rather than reflecting the full(b) in Fig. 5). On the other hand, the end of the termination
complexity of the data. Additional parameters in a model thatiS normally synchronous between ssNiux andsD (arrow
would lead to a better fit between model and data do not NeCTd) in Fig. 5). Interglacial levels of nss&aflux are either
essarily i'mprove thg understan'ding of 'Fhe §ystem. In the casg,ached at the same timesis and ssNa flux (Terminations
of quantifying phasing at glacial terminations as presenteq y; v/ |, viil) or several thousand years earlier (Termi-
in this paper, we decided that a ramp, and in Some €ases ghigng |, |11, 1V, IX; arrow (c) in Fig. 5). In Terminations
two-step ramp, provides a sufficiently complex description ofy; gng v/j1, the amplitude of the temperature change was
the data, especially for the main purpose of defining changgg|atively small. In these terminations, ssNfux did not

points. change significantly.
TheéD in the ice core record is used primarily as a proxy
for Antarctic temperature. However, especially at glacial ter-

Experiments using the HadAM3 model (Pope et al., 2000)Minations, other factors that have an influencesbnsuch
were made in order to investigate the relationship betweerfS iSotopic composition of seawater, moisture source region
climate parameters in South America and Antarctica. [nand local topography changes potentially changed quite sig-
particular, we looked into the response of westerly windshificantly too. Therefore, the timing of the change in tem-
to changes in sea surface temperatures (SST), and how tfRerature compared to the changesih may be different.
changes in winds relate to changes in Dome C temperature However, the change point estimates with RAMPFIT were
The atmospheric model HadAM3 has a regular lati- &!S0 done on the reconstructed Dome C temperduiggnot
tude longitude grid with a lower horizontal resolution of Shown), which takes changes in moisture source region into
2.5 x3.75 , and 19 hybrid coordinate levels in the vertical. account (Stenni et al., 2003). Estimates for the beginning of
The model climatology is similar to that observed. Addition- interglacial periods:(l) tend to be a few hundred years later
ally, where run in its coupled state, the model produces reali? Tsie than inéD, however, considering the uncertainty in
istic simulations of coupled wind-dependent |0W_frequencythe estimates, the change points were not significantly differ-
variability e.g. El Nino Southern Oscillation and North €ntfrom the change points estimated based[@n
Atlantic Oscillation events (Gordon et al., 2000; Collins et  While the time difference between the start of the deglacia-

al., 2001), suggesting its suitability for investigating the be-tion in 6D and the change point in ssNdlux tends to vary
haviour of the westerlies. between 1 and 5ka, the level 8D (—420+5%o) at the be-

ginning of the termination in ssNaflux (¢2) seems to be
nearly constant over all terminations (Table 2). Similarly,

2.3 Model experiments

Clim. Past, 4, 345356, 2008 www.clim-past.net/4/345/2008/



349

Glacial terminations in the EPICA Dome C ice core record

R. Rothlisberger et al.:

xnj} ,.e9-ssu Boj xnyy ,,e9-ssu boj

XN}y ,.eQ-ssu boj

000°952

('d'g e) aby
00082

e |
«©
N
xn|} .eN-ss Boj

000°9€}

('d"g e) aby
000'8Z1

(‘d"a e) aby
000°9}

000°ZL

0000v2
l z¢

-ss Boj

+BN

xnjp}

Xnj} ,.eD-ssu boj

ssu bo|

XN} 4z~

XNy ,.eD-ssu Boj

ST

S

X4

Sl

000°'9€S

('d"g e) aby
000825
|

00002
1 z¢

E _

T
T T
.
.
.
-
bd

>
.

\s.e.c.z?

OOOQ.PO.PC.}V’

o

-18¢

xny} ,eN-ss boj

-1¥e

ovy-

Tl

0cr- o
o

_YIH 00~

, 000°ZEY

('d"g e) aby
000'vZ¥

08¢-

000'9L¥

P

e

8¢

v'e

xn}j .eN-ss Boj

oy

0~ o
o

00%-

('d'g e) aby
000°8€E

08¢-

000°0€€

N
©

«
o

~
N
xnj} .eN-ss 6oj

xnjy ,;ed-ssu Boj|

xnj ,;ed-ssu 6o|

K4

g1t

000962
|

('d"g &) aby
000°88.

000082

< @« N
N N ™
xny} ,eN-ss Boj

o
<
N

<)
I
b

ag

00~

000°9v.
|

(d'g e) aby
000'8€L

08¢-

000°0€.

A L

N

000°'9€9

('d"g e) aby
000829

000029

lx.{;.\é.
o

IINL

{

xny} ,eN-ss Bo|

N
™

N
o

ovy-
0cy-

ae

00~

08¢-

Fig. 4. Glacial terminations and ramps (black) estimated by RAMP#DIin %o(green), nssCa (blue) and ssN& fluxes (red) img/mzla.

Y-axes for ssN& and nssC&" have been reversed.
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Table 1. The timing of glacial terminations iaD, log(nssC&™ flux) and log(ssN# flux). ¢1 corresponds to the time when interglacial

levels are reached? to the time when the first deviation from glacial levels is observed. In some instances the analysis with RAMPFIT
was done over two subsections in order to take account of a two-step shape of the termination. See methods for details regarding RAMPFIT.
The uncertainty il and¢2 for 8D is likely underestimated by RAMPFIT for Terminations VI, VII, VIII, IX due to the coarse temporal
resolution of the data. For these terminations, the values in brackets are derived by RAMPFIT. The values in italic correspond to the average
spacing of the data at that age, which is used as an estimate of the uncertainty.

Term. | 8D nssC&* ssNa
|1 + 12 + 11 + 12 + 11 + 12 +
11686 235 12350 252 10990 620 13970 548 11330 186 13370 239
14796 147 17630 150 14150 132 17630 86
1] 129459 82 135402 110 132091 190 135371 110129731 192 133731 103
Il 242 867 111 246528 148 245491 354 246871 339 242891 455 246451 202
248 293 641 251915 718 248111 347 252091 30
\Y 334103 301 341121 403 336392 358 338752 3583334792 313 338732 198
339872 114 341132 11
\% 425813 471 430693 617 425053 201 430833 151 425973 426 429013 405
\| 529157 (246840 531284 (23340 | 529055 234 531405 20
Vi 626073 (83)/20 629486 (58)1320 | 625922 218 629886 203 625715 158 627438 129
VIl 737354 (225p80 740867 (214p90 | 737784 184 741171 19
IX 787298 (221p40 796449 (106Y040 | 789788 325 796937 346787083 96 788270 70
789590 128 792007 115
Table 2. Levels of $D at the change points of glacial sea salt ~ -360
(2ssNafiluX and interglacial dust{nsscafiu. Missing values in r zzggz:zx_ 16
t25sNaflux@nd values in parenthesestithsscafiuxrepresent termi- -380 -
nations where the thresholds for ssiN#iux and nssC&" flux were 3D 2 )
not reached. a 400 - 1T N Y 1,4 é
1 =
Termination 3D (%o) t2ssNafiux 8D (%o) t1nssCaflux A0 - - - - — H28 =2
I —412.6 —-392 - 32
I 4162 4011 LR
[ ~426.8 —413.2 " " 4 N 10
\Y% —419 —400.4 Age (ka)
\ —426.4 —392.8
Vi - (—416.6) Fig. 5. Schematic of a glacial termination. Arrows indicate change
VI —419 —405.3 points in nssC&" flux and ssNa flux (Y-axis for log fluxes re-
Vil - (—417.4) versed). Dashed lines indicate the threshold levef®in
IX —420.2 —407.2
Average —420 —402
Standard deviation 5.1 7.6 - - .
he timing of the end of th rmination in n lux
atandard error To ,o  the timing of the end of the terminatio s€caflu

Clim. Past, 4, 345356, 2008

(1) andsD varies considerably (0 to 2.5ka), but the level

of §D (—402+8%o0) is more or less constant (Table 2). In
other words, there are threshold level$ihthat correspond
to the onset of changes in ssNdlux and to the end of

www.clim-past.net/4/345/2008/
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3.6

32 -
28 -

24

log ssNa* flux (ug/m?/a)
log nssCa?* flux (ug/m?/a)

-460  -440 -420 -400 -380 -360 -460 -440 -420 -400 -380 -360
3D (%o) 3D (%o)

Fig. 6. Sea salt(@) and dust flux(b) versuséD over glacial terminations. The thresholds are indicated by a vertical dashed line. They
are reflected in the different slopes in the relationship between sea salt (dust) atdve and below the thresholds. The data from each
termination are plotted in a different colour.

changes in nss@a flux. These thresholds give rise to the  Based on various transport models, changes in long-range
apparent phase lags at the start or end of terminations. Afransport (e.g. shorter transport times due to stronger winds)
glacial inceptions, the same threshold value seems to holdre unlikely to account for a large proportion of the observed
for ssNa flux (not shown). However, nss€aflux tendsto  changes (Krinner and Genthon, 2003; Lunt and Valdes,
build up more gradually at glacial inceptions. Nevertheless,2001), in line with evidence based on the size distribution of
the threshold found for glacial terminations defines the levelthe dust particles (Lambert et al., 2008). Based on the com-
below which the millennial-scale variability in nss&aflux parison of the dust records from the two EPICA ice cores,
correlates withD. Fischer et al. (2007) conclude that transport and lifetime ef-
These thresholds are illustrated in Fig. 6. While therefects have changed dust fluxes in Antarctica by less than
seems to be a fairly close relationship between n&s@ax a factor of 2, while Lambert et al. (2008) suggest that ap-
and éD during glacial periods up téD of approximately  proximately a factor 5 of the glacial-interglacial change in
—402%o, the relationship vanishes beyond this point anddust flux might be explained by changes to the atmospheric
nssC&* flux seems to be unrelated 6®. For ssNd flux, lifetime while another factor of 5 is due to changes at the
there is a good correlation wittD for values higher than ap- source. However, the change in atmospheric lifetime due to
prox. —420%o, however, below that, the ssNflux seemsto  a reduced hydrological cycle is difficult to quantify. Results

stay more or less constant. from a dust tracer model forced by a GCM showed only a
_ _ . marginal increase in lifetime, although with considerable un-
3.1 Coupling of South America and Antarctica certainty due to a poorly constrained scavenging ratio (Lunt

and Valdes, 2002). The model produced a greatly increased

The generally close coupling between South American duspaagonian dust source during the LGM, mostly due to a de-
flux and Antarctic climate during cold glacial conditions has crease in soil moisture, with some contribution of decreased

been discussed recently based on the dust particle numbers\')%getation and increased land area during periods of low sea
the Dome C ice core compareddd (Lambert et al., 2008), |oyel.

gnd si_milar thresh(_)ld levels below which the cqupling Man- pased on results from an atmospheric general circulation
ifests itself are d_erlved. The factors that could influence themodel (HadAM3), we looked into the relationship between
dust deposition in Antarctica are various parameters at th%hanges in temperature at Dome C and various parameters of

source (size of source area, conditions _at the source, i.e. SOgouth American climate. The model provides a good repre-
moisture, surface wind speed, vegetation, snow cover), at:

heric | ) ind dwi qs“entation of the present-day westerlies (Sime et al., 2008) and
mospheric long-range transport (i.e. wind systems and wind,, 41 Antarctic climatology (Connolley and Bracegirdle,

speed) as well as the atmospheric lifetime of the dust parti-2007). In order to study the sensitivity of the South Amer-
cles. The implication of the threshold is that there isapointinican climate to changing conditions, several model experi-

the evolution of the climate system (represented by Antarc-ments were run with the present-day setup but with imposed

tlg:”:emperaturf:) bﬁyond which onetor rzore of ;hes;e factorssea surface temperature (SST) anomalies (Sime et al., 2008).
elther ceases fo change or ceases o Infiuence dust. A robust result from the Sime et al. study is the weakening
of the westerly winds over southern high latitudes associated

www.clim-past.net/4/345/2008/ Clim. Past, 4, 3356, 2008
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most relevant latitudes could lead to a strong change in dust
entrainment. This could therefore provide a link between
the dust entrainment and the temperature at Dome C. The
effect of changes in SST on dust entrainment may also be
oExT, influenced by associated changes in precipitation. Increas-
ing Southern Hemisphere SST leads to increased precipita-
tion over Patagonia, therefore reducing the potential dust up-
: , lift due to raised soil moisture. Increased precipitation also
promotes vegetation cover, as the major limiting factor for
e, vegetation growth in Patagonia is precipitation (Markgraf et
al., 2002), which further reduces dust uplift. Additionally,
changes in South American topography due to ice cap disin-
T N . tegration at glacial terminations may have had an influence
19 ‘ i | ‘ i ‘ on wind pattern over the South American dust source.
-63 -62 -61 -60 -59 -58 -57 -56 -55 . . e .. .
Dome C temperature [°C] From this analysis it is difficult to distinguish between
the possible impacts of wind changes over dust source re-
Fig. 7. Relationship between South American wind speed and tem-gions and of non-linear processes involved in dust entrain-
perature at Dome C for a set of experiments with the Hadley centrenent. It is likely that the threshold velocity for dust en-
atmospheric general circulation model HadAM3. Each data pointtrainment was reduced during glacial periods due to less
represents annual average wind speeds over South American langhrecipitation and therefore less vegetation cover. Addition-
masses south of 4® against modelled temperature at Dome C for a"y, the average wind Speed was increased during g|acia|
different model experiment. GLO experiments have uniform SSTperiodS, and potentially also the gustiness (i.e. the likeli-

COO_"SQ frtor(;wbprtta;ent-cti)ay _c&:mgi(c_)rns which ratng;]a form # T@A'SSThood of substantially higher than average wind speeds over
as Ihdicated by the SUDSCTIpL. =41 experiments have uniiorm short periods of time). Due to the non-linear relationship
cooling from present-day conditions over latitudes poleward 8f 30

with a linear reduction towards’C cooling at 20 and no cooling between_dust entrainment and wind SPeed’ espe_C|aIIy near
over the tropics. GRA experiments have a zonally uniform ssTan éntrainment threshold, even small increases in average
cooling which linearly increases from the equator to the Polar Re-Wind speeds and gustiness could have a significant impact on
gions. ICE experiments have increasing extensions of sea-ice. Fudust entrainment. The combination of the changes in wind
ther experiment details are available in Sime et al. speed distribution and threshold velocity could qualitatively

explain the observed threshold behaviour in the Dome C

nssC&" flux record. The low dust flux levels during mild
with a warming at Dome C. This weakening appears to de-stages could thus reflect average wind speeds falling below
pend on a reduction in the meridional surface temperaturehe entrainment threshold, possibly in combination with re-
gradient across the Southern Hemisphere; the gradient itduced gustiness and higher threshold velocities due to in-
self is generally dominated by changes in Antarctic temper-creased soil moisture and vegetation cover. However, in or-
ature. The weakening simulated is liable to cause changes idler to make a quantitative assessment of the causes for the
dust transport. However, Lunt and Valdes (2001) note thathreshold found in the nss€a flux record at Dome C, a
changes of this type cannot be responsible for more than anodel with a higher resolution that includes tracer uplift and
small fraction of the dust changes seen in the Dome C recordransport is required.
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Over the South American dust entrainment region, the3.2 Sea salt — sea ice relationship
wind speed also decreases in response to Dome C warming.
Figure 7 shows that for simple zonally uniform SST anomaly In Antarctica, a large proportion of sea salt aerosol originates
experiments, the mean annual wind speed over South Amefrom sea ice surfaces rather than open water (Rankin et al.,
ica depends almost linearly on Dome C temperature. Thi2000; Wagenbach et al., 1998; Jourdain et al., 2008). There-
is partly dependent on latitudinal shifts in the belt of the fore, sea salt fluxes at Dome C have been used to infer past
westerlies, but changes in the intensity and width of the windchanges in sea ice extent in the Southern Ocean sector close
band also play a significant role (Sime et al., 2008). Furtherto Dome C (Wolff et al., 2006; Wolff et al., 2003). As a
experiments in Sime et al. (2008) indicate that the magni-first order approximation, one would expect to see a cou-
tude of the decrease is dependent on zonal variations in SSpling between Antarctic temperature and sea ice extent. This
anomalies (not shown here). However, the general windshould manifest in a general agreement indbeand ssN&
speed decrease is robust over the range of realistic experflux records from Dome C. While there indeed seems to be a
ments performed. strong correlation betwedD and ssNa during mild stages

Dust entrainment is non-linearly related to surface wind (r=—0.80, significant at the 95% confidence level (Mudelsee,
speed, so that a modest decrease in surface wind speed at tA@03), using 55cm averages for sSN#ux and sD and
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Table 3. Rate of change iAD over terminations.
Termination Duration Change rate +

0.03 (years) (%olyear)
§ - N la 664 —0.025 0.0170
2 002 | Ib 2834 —0.011 0.0011
Y Il 5943 —0.011 0.0003
g - s N Ila 3661 —0.013 0.0009
5 o e T T £ - ] Ilb 3622 —0.003 0.0011
; ' - AR SN SR S S \Y, 7018 —0.010 0.0009
& - 3 . \Y 4880 —0.008 0.0016
0 | | | | ) ) ) ) ) VI 2127 —0.007 0.0015
I m VoV VI VI X Vil 3413 —0.010 0.0029
Termination Vi 3513 —0.007 0.0011
IX 9151 —0.005 0.0004

Fig. 8. Rate of change calculated based on termination ram§i3.in

For T I and T IlI, two ramps were fitted to the data (see Fig. 4 and
Table 1), and the rate of change has been calculated for each ramp
separately. Error bars correspond to one standard error. The black In view of this, the delayed onset of changes in ssfax
diamond at T | corresponds to the short warming around 12 ka BPWith respect to the start of the warming at glacial termina-

It seems as if this warming was exceptionally fast, however, theti n nb n as the time when th : roxv starts t
uncertainty is large due to the short duration compared to the un- ons can be seen as the €whe € Sea ice proxy starts to

certainty in the determination ofl andz2. The early part of Ter-  '€SPONd to changes in sea ice again, i.e. when sea ice has re-
mination 11l seems to be exceptionally slow (black diamond) com- treated far enough so that further changes leave an imprintin
pared to the other terminations (see also Fig. 4). Also, Terminathe sea salt aerosol flux at Dome C. The end of the termina-
tion IX seems to progress slower than average. However, the untion is synchronous iaD and ssN&, reflecting the expected
certainty of the rate of change is most likely considerably underes+elationship between Antarctic temperature and sea ice. A
timated. The horizontal lines represent the average rate of changeonsequence of the reduced sensitivity of sea salt flux as a sea
of 0.0091-0.0025%/year , calculated from all data except the two jce proxy during full glacial conditions is that we cannot infer
black data points. the timing of sea ice changes in relation to changes in &0

the start of a glacial termination based on the ice core record
alone. Conclusions made in earlier paperéttisberger et

al., 2004; Wolff et al., 2006) require confirmation based on
independent sea ice reconstructions.

all data withdD>—420%o), the relationship seems to break
down during cold glacial conditiong£—0.19, still signifi-
cant at the 95% confidence level, for data with< —420%o).
Obviously, during this time, one expects large sea ice eX-33 Rate of change

tent around Antarctica, extending to over a thousand kilo-

metres from the coast into the Southern Ocean (Gersond¢pe resuits from RAMPFIT can also be used to calculate the
et al,, 2005). Sea salt aerosol produced at the distant magyie of change over each glacial termination. The glacial
gin of the sea ice cover will need to be transported over_ jnerglacial amplitude is estimated as the difference be-
such long distances before reaching Dome C. However, ityeenx1 andx2, while the duration of a termination and
has been shown that the atmospheric sea salt aerosol concgps uncertainty were calculated directly by RAMPFIT. The
tration rapidly decreases with increasing transport diStanceuncertainty in duration, as well as i andr2 for 5D (see

with only a small percentage of the original amount remain-5p|e 1), is likely underestimated by RAMPFIT for Termina-

ing after 500 km of transport (Minikin et al., 1994). Increas- (ions v, Vi1, VIII, IX. This is caused by the coarse temporal
ingly colder conditions will likely be accompanied by ad- resolution of thesD data. For these four terminations, the
ditional sea ice at the outer edge, at a distance of Severaéverage spacing between data points is used as an estimate

hundred kilometres. But despite_ adding_a considerable segs ihe uncertainty of the change points and the duration, but
salt source area, the transport distance is so large that only,s may still underestimate the true uncertainty.

a small fraction of this extra sea salt aerosol makes itto the g geen in Fig. 8, the rate of change B was rather
East Antarctic plateau (Fischer et al., 2007). Although thiSgjnijar for all terminations, of the order of 0.01%lyear,
requires confirmation, it appears likely that eventually, the,,.-h is equivalent to approximately°@/ka. Only for
effect of additional sea ice cannot be discriminated any morgy, o early part of Termination Il and for Termination IX

in the sea salt records. In other words, the sensitivity of seqy,o temperature seemed to rise at a slower rate (see Ta-
salt flux at Dome C as a proxy for sea ice was decreased sulj;o 3). This was also observed in the rate of change in
stantially during times of very large sea ice extent. nssCA" flux (Fig. SL:http:/www.clim-past.net/4/345/2008/
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cp-4-345-2008-supplement.pdfThe second warming step extent. One result of this analysis is that we are no longer
in Termination I, on the other hand, may have been excepsafe in suggesting that sea ice responded late in terminations
tionally fast, as previously identified based on an indepen-and using this to apportion causes of £€hange; this con-
dent analysis of the same data set (Masson-Delmotte et alglusion was probably an artefact of the apparent threshold in
2006). However, the uncertainty of this large rate of changeresponse to sea ice changétRisberger et al., 2004; Wolff

is substantial, and the average rate of change observed durirej al., 2006).

the other terminations lies well within the error bar. Gen- The rate of change over glacial terminations as determined
erally, rates of change for ssNaand nssC&" flux over  from the duration and the amplitude of the changesDn

the corresponding intervals were also rather similar for allseems to be rather similar over all glacial terminations. This
terminations. The first step in nss&dlux change at Termi-  suggests that once a glacial termination is triggered, the cli-
nation 1V was faster than average, however, it was followedmate system progresses at its own pace. An exception with
by a period of rather constant nsgCalux (which was not  regard to this is a 3000 a period early on in Termination Il
seen iD), before resuming the change into full interglacial where the rate of change seemed to be reduced significantly
conditions (see Fig. 4). Averaged over the entire Termina-compared to the other terminations. It remains to be seen
tion IV, the rate of change in nss€aflux was very similar ~ what caused this period to progress more slowly.

to the one observed at other terminations.

This implies that regardless of the final amplitude of the
glacial — interglacial temperature change, the climate syste
kegps ghanglng ata Stead}’ pace. The duration qf the terr_nairogramme, funded by the EU and by national contributions from
nation is therefore shorter in the case where the interglaci elgium, Denmark, France, Germany, Italy, The Netherlands,
temperatures were cool compared to the cases where rathiorway, Sweden, Switzerland and the UK. The main logistic
warm interglacial temperatures were reached. This could bgupport at Dome C was provided by IPEV and PNRA.
viewed as an external trigger (orbital forcing) timing the start
of a glacial termination, but internal amplifiers and feedbacksEdited by: G. Lohmann
(e.g. seaice —albedo — temperature feedbacks or temperature
— CQ;, feedbacks) governing the rate of change; the factors
that determine at what point (in time or climate) the termina- REferences
tion ends remain uncertain.
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