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Abstract. We measured!’O ands'0 in two Antarcticice 1 Stable water isotopes in the hydrological cycle

cores at EPICA Dome C (EDC) and TALDICE (TD), respec-

tively, and computed’O-excess with respect to VSMOW. The stable isotope$H/H and 80/1°0 ratios of water
The comparison of out’O-excess data with the previous molecules inice cores have been used for several decades as
record obtained at VostoK_&ndais et al.20083 revealed  Pproxies for past temperature over the polar regions and have
differences up to 35 ppm i O-excess mean level and evo- permitted the reconstruction of past climate Changes over the
lution for the three sites. Our data show that the large in-last 800 ka (ka=thousand years before present) in Antarc-
crease depicted at Vostok (20 ppm) during the last deg|aciatica (Jouzel et a].2007). Their link with temperature results
tion is a regional and not a general pattern in the temporafrom isotopic fractionation of water at each phase transition
distribution of1’O-excess in East Antarctica. The EDC data in the water cycle and especially along the water mass tra-
display an increase of 12 ppm, whereas the TD data show nictory from the region of evaporation to the final polar pre-
significant variation from the Last Glacial Maximum (LGM) Cipitation site. The combination 6#H ands*#0 leads to the

to the Early Holocene (EH). A Lagrangian moisture sourcesecond order parametérexcess= §°H-8 §'80 (Dansgaard
diagnostic revealed very different source regions for Vostok1964. It has been shown thatexcess in ice/snow from po-
and EDC compared to TD. These findings combined with thelar regions is mainly a function of temperature at the oceanic
results of a sensitivity analysis, using a Rayleigh-type iso-moisture source region (OSRJigis and Jouzell994 Petit
topic model, suggest that normalized relative humidity grRH €t al, 1991, but it also depends on normalized relative hu-
at the oceanic source region (OSR) is a determining factofidity (RHn) at the OSR Jouzel et al. 1982, the surface

for the spatial differences df O-excess in East Antarctica. 0cean isotopic composition, wind speed and finally the tem-
However,17O-excess in remote sites of continental Antarc- Perature at the precipitation site (e3fenni et al.2001and

tica (e.g. Vostok) may be highly sensitive to local effects. 2010;Vimeux et al, 2009. The dependence aFexcess on
Hence, we Considéﬂo-excess in coastal East Antarctic ice these different parameters is variable from one site to another

cores (TD) to be more reliable as a proxy for Rbt the  (Masson-Delmotte et al2008 Vimeux et al, 1999, and it
OSR. is thus difficult to infer quantitative information on climatic

conditions at the evaporative regions frakhgexcess alone.
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2 R. Winkler et al.: Deglaciation records of’O-excess in East Antarctica

Angert et al.(2004 suggested that another second order pa-water as well as an overview of the different fractionation
rameter provided by the combination &0 ands80 in  effects in the hydrological cycle. Then, we presentf@-
170-excess = It8170+ 1) — 0.528In(8180 + 1) of ice cores  excess profiles obtained on the EDC and TD ice cores. A
would provide additional information on humidity conditions statistical analysis is performed to test the significance of
of the OSR. The expected signal frotfO-excess is very glacial/interglacial shifts (Appendik). To help with the in-
small, of the order of 10—40 ppm, and thus difficult to mea- terpretation of the different water isotopic profiles, we use
sure accurately. Note that in previous studies, the unit perthe classical simple isotopic model adapted to the descrip-
meg instead of ppm was used, but here we use ppm to bton of water isotopes in Antarctica (Mixed Cloud Isotopic
consistent with the Sl syster@¢plen 2011). Progressinan- Model, hereafter MCIM -Ciais and Jouzell994). We per-
alytical devices have allowdiarkan and Luz2005 to mea-  form sensitivity studies with various configurations of the su-
sures1’0 ands180 with a sufficiently high precision to cal- persaturation parameter of the MCIM to discuss the differ-
culate!’O-excess of water samples. Their laboratory studyent influences oh’O-excess on coastal and continental East
also showed that’O-excess should not depend on OSR tem-Antarctic ice cores over the last deglaciation.
perature. Extending the theoretical approach developed by
Craig and Gordoif1969 andMerlivat and Jouze{1979 to ) ) ) o )
link d-excess and conditions prevailing at the OSR, one carf Fractionation processes in the triple isotopic
derive that!’O-excess and RHof the OSR are linearly re- composition of oxygen in meteoric water
lated with decreasing’O-excess for increasing RH This I L

i . : .2.1  Equilibrium fractionation
expected negative correlation has recently been monitored in
situ (surface water vapour) over the Southern Oceabldsy

During each phase-change in the water cycle, fractiona-
mura et al(2010.

: ) . _ & tion of stable water isotopes occurs. Two different kinds
Landais et al(20083 identified an increase of O-excess ot fractionation are distinguished. The first one is called

from 20 to 40ppm between the Last Glacial Maximum gqyiliprium fractionation: for water molecules containing
(LGM, 21ka) and Early Holocene (EH, 8ka) in the VOStok peayy oxygen or hydrogen isotopes, the water vapour pres-

ice core in East Antarctica. They attributed this 20 ppm in- g6 s Jower than for the abundant (light) water molecules.
crease to a decrease in Rif 20 % over the Vostok OSR.  £q; this reason. water molecules which cont&l®. 180

However, a 20% decrease in Ribver the ocean (from geyterium stay preferably in the condensed phase com-
LGM to EH) appears large and is not supported by atmo-p,req to the lightest 30 molecules. To quantify iso-

spheric general circulation models (GCM), which simulate yqic fractionation, the equilibrium fractionation factegq
unchanged ocean surface Rever glacialfinterglacial peri- - pag peen introducedueq varies with temperature and was
ods Risi etal, 2010). _ o theoretically determined for the different water isotopes by
The work ofLandais et al(20083 raised the question if the . H180 o
deglacial increase at Vostok AfO-excess is a local signal vVan HOok (1968. In addition, aeq for Hz_ﬁo for liquid-

or if it is a more regional pattern that could be observed atyapour é8aeq_"q_vap) was measured bivajoube (19713
other sites in Antarctica. Here, we address this question byfor temperatures between 0 and 2@ The equilibrium
analysing the temporal variations bi0-excess over the last  fractionation coefficient for Sond'VapO'le(aecrsolfvap) was
deglaciation (21 to 9ka) at two other sites in East Antarc-also determined experimentally for temperatures between
tica with very different climatic conditions: EPICA Dome C 0 to —33.4°C (Majoubg 19718. The equilibrium frac-

(EDC.) and Talos Dome (TD). . ) tionation factor associated WitHzTﬁﬂ’ was measured by
The ice cores of EDC and TD provide both continu- i o or 1h H3%0 f
ous and high quality information about the past climate, Merlivat and Nief(1967 for the temperature range of 0

EDC (7506'S, 123 E) is characterised by continental cli- 0 —40°C for ice-vapour and of 0 to-15°C for liquid-
matic conditions (present-day annual mean temperature/aPour. The equql?bnum fractionation factoleq-tiq-vap)
—54.5°C) and a very low accumulation rate of about associated With:f—eg was measured byarkan and Luz
25kg r_Wz a~!. The geographical location and the climatic (2005 for liquid-vapour over the temperature range of 11.4
conditions at the drilling site of EDC are comparable to those, 41 5°c. For negative temperature, we rely on theoreti-
at Vostok (78 27'S, 106 50'E), although Vostok is slightly 5| cajculations performed byan Hook (1968 of the ra-
colder and drier with a temperature €655.3°C and an ac-

tio between It ae D/In(18y ): he obtained
. 1 0-vap—so eq-vap—sol);
cumulation rate of about 21.5 kgTha (Masson-Delmotte a5 of 0.529 to 0.5285 for temperatures between 0 and
et al, 2011). TD (72 49 S, 159 11 E) is situated in the

) i ] —40°C. Recent measurements of water vapour and precipi-
coastal area of East Antarctica and is marked by higher temeiion in GreenlandL@andais et a].2011) provide confidence

peraturez(—4(1).1°C) and much higher accumulation rate of i, ye application of these fractionation factors for polar re-
80kgm <a * (Stenni et al.2017). gions

In this article, we first give a short summary of the defini-

tions used for the triple isotopic composition of oxygen in

Clim. Past, 8, 146, 2012 www.clim-past.net/8/1/2012/



R. Winkler et al.: Deglaciation records of 1’O-excess in East Antarctica 3

2.2 Kinetic fractionation 2.4 Evaporation

The second kind of fractionation is due to the different During the process of evaporation over the ocean, equilib-
molecular diffusivities and is called kinetic fractionation rium and kinetic fractionation contribute simultaneously to
(Mook, 1994). The fractionation factor for kinetic fractiona- the lower value 081’0 ands'®0 of the water vapour with
tion axin is a function of molecular diffusivityD of the con-  respect ta31’0O ands80 of the ocean. The ratio between
sidered isotopes. The ratid8D/®D and Hp/16p (where  the fractionation factors differs for equilibrium fractiona-

18D and”HD refer to the diffusion constants of the heavy wa- tion (In*areq/In*Bareq = 0.529) and for kinetic fractionation
ter isotope HBO and?HH®0 in the gaseous phase, respec- (|n1;—g/|n1§—g =0.518). Relatively stronger kinetic fraction-
tively) were measured bilerlivat (1978 andCappa et al.  ation leads to an increase biO-excess in the water vapour.
(2003, who obtained significantly different resultBarkan  The relative contribution of kinetic fractionation to the total
and Luz(2007) andLuz et al.(2009 confirmed the results of  fractionation process at evaporation is negatively correlated
Merlivat (1978 and performed the first experimental mea- to RH, at the site of evaporation. As a consequence, varia-
surements of the relative diffusivity off40 vs. H°O inair.  tjons of!70-excess in the evaporate over the OSR are directly

o related to changes in RHat the ocean surface with:
2.3 Definition of ’O-excess
70-excess= —In(*ogy?(*Pofiz 81— RHy) + RHy))
For a triple isotopic system, the relationship between the iso- 18 18
topic ratios!’R and®R (*R = fe—%, * referring to'’0 or 180, +0.528In"areq(edift (1 — RHn) +RHn) - (4)

respectively) is governed by a power law (B3 j(Mook and  \yhere the exponent-coefficients of 0.518 and 0.529, are re-

Grootes 1973 Craig 1957): spectively based on the experiments Rdrkan and Luz

7R 185\ * (2005 2007). Bugi = (%)", where the exponent varies

Tsz 5 s (1) between 0 (turbulent wind regime) to 1 (laminar wind
Rr Rr regime) Mook, 1994 Merlivat and Jouzel1979. 8uix

where the subscripts s and r refer, respectively, to the sampl\évas determined in wind tunnel experiments Merlvat

18, . _ i
and reference. Starting from EdL)( Miller (2002 intro- and Jouze{1979 (et = 1.006) and inferred byJemura

o 2 et al. (2010 from isotopic measurements in water vapour
g:c;(goa_loganthmm definition for tH€O -anomaly, denoted above the surface of the Southern OceHdy  1.008).

RHy, is the relative humidity normalized at the ocean sur-
IN(AT’0O+1) =In(61"0+1) — AIn(5180+1). 2) face temperature (e.@at and Mook 1994. Note that a
similar influence of RH at evaporation or/-excess of the
The advantage of this Iogqrithmi<:7 notation is th?é fractiona-evaporate is predicted because of the strong differences be-
tion I|ne§ are straight lines in altt’o+1) vs. Ins80+1) tween(zHaeq— 1)/(18aeq_ 1) (~8) and @ _ 1)/(12_D ~1)
plot, while they are curved in &70 vs.$80 plot (Luz and ~0.88) wh King theerlivat (197 HdD.]cf D i
Barkan 2004. Moreover, although the absolute value of the (.N -88) when taking thévlerlivat (1978 diffusion coeffi-
170 -anomaly, using the above definition, depends on the isogems'
topic composition of the reference material, the slopéthe
fractionation line in a 81’0+ 1) vs. IN6180+-1) plotdoes 3 Method
not.
Meijer and Li(1998 analysed the triple isotopic composition 3.1 Experimental method
of many different natural waters and determined the exponent
x of Eq. (1). They found a value of 0.52820.0015. This In order to measure both*’O ands'80 in ice core sam-
number seems to be valid for all meteoric watdvieijer and ples from EDC and TD, we used the water fluorination tech-
Li, 1998 and thereforéd’O-excess was defined Barkan ~ nique as introduced bgarkan and Lu£2009. 2 pl of water

and Luz(2007 as: are injected, under a continuous helium flux (20 miT
17 17 18 into a heated (37%C) nickel-tube, which is filled with Cof-
O-excess=In(67'0+1) —0.528In(6"0O+1). (3)  where the water-molecule is split into,@nd hydrofluoric

acid (HF). HF is trapped with liquid nitrogen at the exit of
the nickel tube. The gaseous @ then trapped in a stain-
less steel manifold which is immersed in a liquid helium
tank. After 40 min the manifold is connected to a Dual In-
let Mass-spectrometer (ThermoFisher Delta V) wh#rf®©
ands'80 are measured at the same time. Each IRMS mea-
surement contains two runs. During each run, the ratio
between the sample and the working standarg-g@x) is

The number of 0.528 in Eq3) is called the slope of the
global meteoric waterline for the system of(4h’O + 1)

vs. In(880+1). An analogy can be drawn with thi#H

vs. 8180 system where the slope of the global meteoric wa-
terline is 8: 2H=85180+ 10 %o (Craig 1961) — and leads

to d-excess definitiond-excess $2H — 85180) (Dansgaard
1964).

www.clim-past.net/8/1/2012/ Clim. Past, 8, 116, 2012



4 R. Winkler et al.: Deglaciation records of’O-excess in East Antarctica

determined 16 times. We also measure daily our laboratory
water-standard, which is calibrated against VSMOW, using 50~
the same fluorination- and IRMS-methods. The analytical L
uncertainty associated with each sample (3 to 4 replica) cor-
respond to the pooled standard deviation

uncertainty = +/- 6 ppm

T
1
T
..

w
S
T
I
L ]
t i
s .
——— t

(n; — 1)sl.2

I~

OEXCESS (ppm)

N
o
T
+

®) — ..
(n;—1) T 11 o
i L 1 +. 1 1.F :I: :
wheren; is the number of replicas of thieth sample (3 to ok - TS
4), s; is the standard deviation of theh sample and k is : :
the total number of samples. The pooled standard deviation
is 6.4 ppm for the 58 EDC data-points and 6.2 ppm for the o
44 TD data-points. — T
Since measurements 6fO-excess are of magnitude ppm, 150 200 250 300 350 400 450
small peculiarities of the water fluorination technique or Depth ()
the IRMS may result in significant inter laboratory offsets.
We thus compared 5 working standards spanning the entir

range of our measurements between our laboratory (LSCEJ o4 a1 | SCE (blueh?0-excess of 12 samples of the Vostok ice-
and the !nSt'tUte (_)f Earth Sciences in Jerusalem (IES). _Th%ore, previously measured by Landais et al. (2008a) at IES (red).
largest difference iA’O-excess between the two laboratories Apart from two data points, the replica conducted at LSCE match
was observed for the two extreme standards VSMOWQ (within the uncertainty of-6 ppm) the previously obtained data.
=0%o) and Dome F {180 = —58.2%0). We observed in- The blue lines represent the mean levels of the replica for EH (5
creasing differences (max. 22 permeg) between the two labsamples) and LGM (7 samples), respectively. The red lines are
oratories for decreasin}®0 . By definition, VYSMOW has a  the corresponding mean values previously obtained at the IES. At
170-excess of 0 ppm. The Dome F internal standard, which id-SCE, we measured a glacial/interglacial shift of 12 ppm, which
made of surface snow from the site of Dome Fuii in Antarc- corr_esponds very yvell to the increase (14 ppm for this data-subset)
tica (made by Osamu Abe), was measured With-excess ~ depicted by Landais et al. (2008a).

= 1 ppm at the IES (Luz and Barkan, 2009) and witH@-

excess of 23 ppm at LSCE (during the course of our measure-_ . ] . ) )

ments). Since the fractionation coefficients associated wittflifferent laboratories will be discussed in a technical paper,
5170 were measured at the IES, we decided to correct outVhich is in preparation.

170-excess measurements performed at LSCE with respect

to the results obtained at the IES using the inter calibration3-2 Mixed Cloud Isotopic Model (MCIM)

of our working standards. We shifted otflO-excess results

by 22 permeg for the EDC data and by 15 permeg for the TDIn order to compare the different mean levels and evolution
data. of ’0O-excess (and-excess) in continental (Vostok, EDC)
In order to ensure the reliability of the applied correction, we and coastal (TD) Antarctic regions, we performed several
remeasured a selection of samples of the of the previously agensitivity experiments with the mixed cloud isotopic model
IES analysed Vostok record. Figuteshows this comparison (MCIM) (Ciais and Jouzel1994. Among other models
between measurements (12 samples) performeldabgais ~ (Kavanaugh and Cuffe2003 Johnsen et al1989 Noong

et al. (20083 at IES and the same samples remeasured a2008, we chose this model because up to now, itis one of the
LSCE. Most (10 out of 12 samples) measurements are conost efficient in simulating the evolution 6t80 , d-excess
sistent within the analytical uncertainty &6 ppm. Evapo- and'’O-excess in remote Antarctica. It has been widely used
ration during storage (samples at IES were not stored’&, to interpretd-excess and'®0 variations in ice coresStenni

but at 0°C) is likely the explanation for the two outliers. Al- et al, 2010 Masson-Delmotte et al2004 Vimeux et al,
though we compared only a small number of samples, we200% Stenni et al.2001). This model has been extended
still depicted an increasinfO-excess trend during the last to include fractionation factorS'e for Ho1’O and was used
deglaciation, which corresponds well to the trend observeddy Landais et al(20083 to interpret the variations of'O-

by Landais et al(20083. Therefore, we feel confident to excess over the last deglaciation on the Vostok ice core as a
reliably compare out’O-excess records obtained at LSCE change of RH at the OSR.

with the previous ones published irandais et al(20083. The MCIM is based on a Rayleigh distillatioMérlivat and
The details of inter calibration of working standards betweenJouze] 1979 Jouzel and Merlivat1984). It describes the

17

I~

-]

ig. 1. Comparison of-’O-excess measurements conducted at the
nstitute of Earth Science (IES) in Jerusalem and LSCE. We mea-
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R. Winkler et al.: Deglaciation records of 1’O-excess in East Antarctica 5

isotopic composition of the condensed phase (liquid water oused the same method as in previous studiesstft®, §180
ice) and the water vapour at each step between the OSR arahds?H (Landais et al.20083 Masson-Delmotte et 22005
the precipitation site on the ice sheet. To determine the isoVimeux et al, 1999 2001, Stenni et al.2001 Stenni et al.
topic composition of the first water vapour over the ocean2003 Stenni et al.2010. We adjusted the tuning parameters
surface, the assumption that all the evaporated water wilto obtain the best simulations of théD-excess and-excess
return to the ocean as rain (“closure assumption”) is madeevolution with§180 over an Antarctic transect (Terra Nova
This assumption is true in nature, but only globally. Locally, Bay — Dome Cjlandais et a].20083. The second constraint
one can not assume that all evaporated water will return tdor our tuning was to reproduce t#&%0, d-excess and’O-
the same ocean basin (elRelmotte et al.200Q Jouzel and  excess values of the EH for the 3 sites on which we concen-
Koster, 1996. However, a more sophisticated model study trate here. For this, we performé&®0, d-excess and’O-
(Risi et al, 2010 using a single column model in the evapo- excess simulations for each of the sites (Mostok, EDC and
rative regions, instead of the closure assumption, showed thaD) taking into account their different OSR with different
the dependency df'O-excess in polar ice on RHemains  RH, and temperature. This second constraint was not used
the same as with the MCIM and does not challenge the interin previous studies because they concentrated only on one
pretation of the'’O-excess variations in the Vostok ice core site. Such tuning with one single supersaturation function
proposed by andais et al(20083. for all the different sites is a compromise to best fit most of
During the formation of liquid, only equilibrium fractiona- the data and we are aware that this leads to model-data mis-
tion occurs. Depending on temperature, the MCIM allows inmatches in some areas (e.g. TD). In a second step, we also
the zone of “mixed cloud” the coexistence of liquid droplets performed sensitivity studies using different supersaturation
and ice crystals. In this zone, the Bergeron-Findeisen procesiinctionsS and increased reevaporation of the liquid phase
associated with kinetic fractionation effects is taken into ac-(y) in the cloud (Fig. 3a and b and Table 1).
count Ciais and Jouzell994). The formation of snow crys-
tals is a non-equilibrium process and the fractionation factor3.4 Lagrangian moisture source diagnostics
is a function ofeq andakin:

The moisture sources for precipitation at the drilling sites
& = Ceqkin 6)  \ostok, EDC and TD have been determined from the La-

The relative proportion of kinetic fractionation is governed grangian moisture source diagnostic 8édemann et al.

by the supersaturation function in the cloud, whichliszel ~ (2008 using data from a 5.5-yr Lagrangian simulation with
and Merlivat 1984: 1.4 million particles filling a global domain and covering the

S period October 1999 to April 20055fohl and Sodemann
(7)  2009. The simulation was conducted with the Lagrangian
1+ aeq(25)(S—1) particle dispersion model FLEXPARTS{ohl et al, 2009,

D and*D correspond to the diffusion constants for the light wh_ich has the advantage over conV(_antionaI trajectory calcu-
and the heavy isotopes, respectively. As in previous studielations that turbulent air parcel motions are represented by
(Landais et a].2008a Petit et al, 1991, Jouzel and Merlivat parametr|§at|ons. Evaporatlor} mtq _and preC|p|tgt|0n .from
1984, we describeds as a linear function of temperature: tracked air parcels'have b'elen |dept!f|ed 'aIc.Jng their trajecto-
S = p+qT., whereT, is the temperature in the cloud fC ries from changes in specific humidity within and above the

for every time step of the distillation procesg.andq are boundary layer, and have been made quantitative by weight-
tunable parameters (see Sec8). ing according to the evaporation-precipitation sequence as

described irSodemann et a(2008. Here, moisture sources
3.3 Forcing and tuning of the MCIM for the Vostok, EDC and TD ice core sites are based on

particles precipitating within a 200 km radius around each
The model is prescribed by initial parameters such as thesite. Since Central Antarctica is one of Earth’s most arid re-
temperature Tsourcd, RHn, Wind speed and pressure of the gions, all specific humidity changes in the vicinity of each
source region as well as the isotopic composition of the oceasite larger than 0.02 g kg within 6 h have been assumed to
and the condensation temperatufg @ssumed to be linearly be due to precipitation. The threshold to identify moisture
related to the surface temperatukkaykin and Lipenkoy  uptakes is the same as $tohl and Sodeman{2009, with
2009 and pressure at the precipitation site. There are sev0.1gkg ! within 6h. Due to the sparsity of observational
eral tuning parameter£{ais and Jouzell994) such as the data and the very dry conditions, the moisture diagnostic is
dependence of supersaturation on temperatisef+qT¢), at its limits of applicability here, in particular for SH winter
the fraction of condensate remaining in the cloud, the tempereonditions and for individual ice core sites. Seasonal aver-
ature range where liquid and solid water can coexist, a coeffiaging over the period of the simulation, however, results in a
cient (v) that determines the proportion of the re-evaporationsufficiently robust simulation result to assume that the identi-
of liquid phase, and the parameter that controls at what temfied moisture source patterns are meaningful. Note that clear
perature the first ice forms. For the tuning of the model, wesky precipitation (diamond dust), a special feature of high

Qkin =

www.clim-past.net/8/1/2012/ Clim. Past, 8, 116, 2012



6 R. Winkler et al.: Deglaciation records of’O-excess in East Antarctica

Table 1. Output of the MCIM model, using the tuning that best fits #©-excess and-excess datad), obtained on the transect from
Terra Nova Bay to EDC (Landais et al., 2008a) and the isotopic values of EH at Vostok, EDC afé=TID-0.00337¢ (figures in brackets

show an example of an alternative tuning with+ 1-0.0047¢) corresponds to the supersaturation function. OSRs were determined using
the results of the back trajectory study (AppenBixSodemann et al., 2008 and Sodemann and Stohl, 2009). The modeligpdtand

RHp for the three different sites were obtained by the use of NCEPHttpp/www.esrl.noaa.goviThe analytical uncertainty for thg-80
measurements is 0.05 %o and 0.7 %o doexcess (EPICA Members, 2004; Stenni et al., 2010, 2001 and Vimeux et al., 1999). The uncertainty
for the 170-excess measurements is 6.4 ppm for EDC and 6.2 ppm for TD, respectively.

Model Measurements
Tsite (°C)  Tsource(°C) RHn 5180 (%)  7O-ex (ppm)  d (%) 5180 (%0)  170-ex (ppm) d (%)
\Vostok -5b5.3 17 0.8 —53(-51) 50 (37) 15 (11) —56 40 15
Dome C —-545 17 0.8 —51(-50) 50 (38) 13 (10) —-50.7 23 9.3
Talos Dome -40.1 15 0.9 —38(-37.5) 38 (35) -3(-2) —36.6 2.6 2.6
[ tainty = +1- 6 pp or Hainty = +/- 6 pp 30; uncertainty = +/- 6 ppm
50 uncertainty = +/- m F uncertainty = +/- m
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Fig. 2. Upper panel: record of’O-excess during the last deglaciation for the ice core sites of Vga)dkom Landais et al. (2008a), EDC

(b) and TD(c). The thick red lines represent a 5 point moving average. The temporal resolution of the data corresponds to about 2 data
points per 1000 yr. Lower panel (blue): Here we preﬁéﬁo values which were measured earlier by equilibration method; the Vostok data

are from Vimeux et al. (1999), while the EDC data were published by EPICA-Members (2004) and more recently the TD data by Stenni
et al. (2010). Oub180 measurements done by the fluorination method are not presented here, but are in agreemehadvithirwith

previous measurements (most of the difference is explained by a storage effect).

latitude precipitation that may be a seasonally relevant con4 Results

tributor to accumulation at Vostok and EDC, is not taken into

account in the underlying model simulations. AppenBix 4 q Temporal distribution of 7O-excess at Vostok,
discusses the results of the moisture source diagnosticinde-  gpjcaA Dome C (EDC) and Talos Dome (TD)
tail.

Figure 2a to c displays the records8D-excess and'€0
during the last deglaciation from Vostok, EDC and TD
ice cores §180-references:Vimeux et al, 1999 EPICA-
Members 2004 andStenni et al.2001; Stenni et al.2003.

The 1’O-excess data from Vostok were obtained at IES and
published inLandais et al(20083. Thel’O-excess records

Clim. Past, 8, 146, 2012 www.clim-past.net/8/1/2012/
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from EDC and TD were obtained at LSCE. The thick lines

represent a 5 point moving average. During the period from
LGM to EH, ’O-excess increases by about 20 ppm for the
Vostok site. Out’O-excess results of EDC show an increase
of 12 ppm. For TD we do not evidence any clear trend over
the last deglaciation an’O-excess stays around a mean

level of 5 ppm for the whole period.

90

80 5=1-0.002T c

5=1-0.0033T_c

60 —

4.2 Statistical analysis

At first sight, it is not evident to draw robust conclusions on
the temporal evolution of’O-excess at EDC and TD, since
the scattering of the data is quite large. We performed a sta-
tistical analysis of our data in order to check if the mean
170-excess levels for LGM and EH significantly differ. For
simplicity, we mention in this section only the conclusions
of this analysis. The detailed description being given in the
AppendixA.

First, we compared th€O-excess mean values of LGM and
EH for the sites of EDC and TD. Significance was tested by
computing the two-sample confidence bounds, which yielded
a higherl’O-excess mean level for EH compared to LGM
for the site of EDC, but not for TD. Since this test contains
only a limited number of data points (which correspond to
the period of LGM and EH, respectively), it does not pro-
vide a tool to reproduce the trend fO-excess during the Fig. 3. Dependency oft’O-excesga), upper panel on supersat-
complete period. So, in a second step we performed a regregiation S as a function ofs180 (with fixed climatic parameters,
sion analysis which includes all data points of the considered?Hn. TsourceandTsite). The different coloured lines represent dif-
records at EDC and TD (58 data points for EDC and 44 forferentS. The dashed lines represesit but with 10 times more
TD). Several fit functions with different degrees of freedom re-evaporation (gamma) of the liquid phase in the cloud. The filled

were tested (F-tests) and the most robust one was obtainet T? ols are the EH V"’!'“es and th(.a empty ones are th_e LGM values

h . i functi Th It of the Ii fit f of ~'O-excess (analytical uncertainty+6 ppm). The light grey
when using a linear ur_]C lon. eresuito g inéar i Qr dots are the data of the transect study from Terra Nova Bay to EDC
the EDC-data was an increase of 12ppm during the perioq| anqais et al., 2008aJb) (lower panel): dependency dfexcess

from LGM to EH. In contrast, no significant temporal gra- gn § as a function o180 (with fixed climatic parameters, R

dient of 1’O-excess was obtained for TD (Figla and bin  7g,uceandZsie). The coloured lines represent different Data

AppendixA). points (star-symbols) for EH stem from (EPICA Members, 2004;
Stenni et al., 2010, 2004, 2001; Vimeux et al.,1999)
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4.3 Results and limits of the MCIM

Table 1 displays the results of MCIM simulation for the three
sites of our studies after adjustment of the tuning parameters
to best fit thes180 , 170-excess and-excess on the transect

TD. The modelled’O-excess is 20 to 30 ppm too high
for EDC and TD, compared to the data.

Terra Nova Bay — Dome C and the mean isotopic values of 4.

Modification of the supersaturation functigh(e.g. S

EH at Vostok, EDC and TD.
We can make the following statements:

1. The 8180 data are well reproduced by the MCIM for
EDC and TD. The difference between data and mod-
elled 8180 for Vostok is higher (3 %o) than the differ-
ences at EDC and TD, respectively.

. The modelledi-excess corresponds rather well to the
data and the relative variation for the sites of Vostok and
EDC. Howeverd-excess is 5.6 %o too low for TD.

. The MCIM reproduces well th&O-excess level at Vos-
tok as well as the relative variation between EDC and

www.clim-past.net/8/1/2012/

=1-0.004T¢) can improve the agreement between, e.g.
modelled and measured d-excess (EDC and TD), and
can also lead to a better fit t60-excess data for Vostok
and EDC (Tablel). However, such a tuning would pro-
duce almost the sanéO-excess (35 to 38 ppm) for all
three sites, which is not consistent with the evidenced
relative variation between the different sites. Further-
more, only the tuning witt§ = 1—0.00337¢ is compat-

ible with the stablé’O-excess on the Antarctic transect
(Fig. 3a).

It is not surprising to obtain such a discrepancy between
some observations and the MCIM outputs. Indeed, the

Clim. Past, 8, 1t6, 2012
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MCIM (Ciais and Jouzell994 has first been dedicated to (§=1-0.004T;) to +6 ppm § =1—0.0027;), hence
interpret water isotopic profiles at Vostok, and previous stud- 15 ppm difference. In contrast, for TD, the shift varies
ies (Masson-Delmotte et al2008 Vimeux et al, 200)) al- from —0.5 ppm to +6 ppm, which is not more than our
ways used different tunings for different sites. We thus ex- analytical uncertainty. The above sensitivity BO-
pect that the MCIM, with one single tuning configuration, excess to supersaturation tuning highlights the impor-

cannot capture the different patterns of isotopic distillation tance of mapping’O-excess spatial variations for dif-
all over Antarctica. Yet our goal was not to reproduce very ferent periods (LGM, EH, ...) to help constrain isotopic
precisely the absolute values of the data, but to better under-  fractionation during snow formation.

stand the influence of the climatic parameters {RH;. and

Tsourcd ONd-excess and’O-excess to interpret their changes We carried out no studies concern_ing t_he sensitivity of the
over the deglaciation. Therefore, we chose one single supefl-€xcess and’O-excess to the fractionation factdrs, *
saturation function in order to disentangle the influence of@nd "a. If we would have used the ratio of the diffusion con-
the climatic parameters (R Tsite and Tsourcd ON the mod- stants (see Se@.2) obtained byCappa et al(2003 instead
eled170-excess from the influence 6t In a second step, of Merlivat (1978, it would mainly affect the sensitivity of
we varied different tuning parameters (FRa and b) in or- ~ d-excess to climatic conditions. Below we summarize the
der to investigate quantitatively the change of sensitivity of output of our sensitivity studies in a linear equation, which

the isotopic ratios to the climatic parameters. We give somg€presents the span of the sensitivities of each climatic pa-
examples of these sensitivity studies below: rameter. Only the supersaturation has been strongly tuned,

as described above.

1. We performed dozens of sensitivity studies varying the

following tuning parameters: fraction of condensate re- & O—excess=—(86 to 110ARHN

maining in the cloud, the temperature range where lig-—(—0.2 to 05) ATsjte+(0.34 to Q61) ATsource (8)

uid and solid water can coexist, and 'Fhe parameterwhlchAd _ excess= —(4.5 to 95)ARHnN

controls at what temperature the first ice forms. We

found that they do not change the sensitivityleéxcess  _ (129 to 204) A Tsjte+ (1.31 t0 15)ATsource

and1’O-excess to the climatic parameters (RHisite

andTsourcd Significantly. Note also that wind speed has —3A8®0gcean

no significant impact on our findings. . ) -
The dependency old-excess on the isotopic composition

2. We increased the proportion of re-evaporatiohgfthe  of the ocean {80qcea) has been obtained as depicted in
liquid phase in the cloud by a factor of 10. The dashedjouzel et al(2003. This coefficient depends only on the
lines in Fig.3a show that this test decreases the levelisotopic compositions80 ands2H) of the polar site of in-
of 17O-excess by 10 to 18 ppm, which brings in bet- terest. Its absolute value increases with decreasthgor
ter agreement the data and model output. In tandemgl80, A§180,ceandoes not chang¥O-excess due to its log-
it leads to an increase of the sensitivity 'dD-excess  arithmic definition Landais et a.2009).
to Tsourceand RH, by almost 100 % and 20 %, respec- The coefficients obtained in EgB)(are rather close to what
tively, but no change in the sensitivity 6f0-excess to  was obtained previously yandais et al(2009 or Risi et al.
local climatic conditions Tsite). In contrast, the same (2010 for the Vostok site. 1’O-excess mainly depends on
change of the re-evaporation scheme of the low latitudesDSR RH;; the relatively high sensitivity of’O-excess to
does not influence the sensitivity adfexcess (WhiCh is Tsourceis 0n|y obtained in an unrealistic case of very h|gh re-
strongly affected byTsii) to source climatic parame-  evaporation of the liquid phase in the cloud. The modelled
ters Tsource@nd RH,. This test is not necessarily real- variations ofd-excess with climatic conditions at the source
istic, but it shows that’O-excess of ice is recording are also comparable with the previous studiesvisheux
climate changes in the low latitudes more directly than et al. (2001) and Stenni et al(2001). However, as already
d-excess. discussed inLandais et al(2009 andRisi et al.(2010, the

sensitivity ofd-excess withTsjie increases especially on the

central Antarctic sites, because of the tuning of the supersatu-
ration imposed by the stability 6fO-excess on the Antarctic
transect.

3. We found that the sensitivity ot’O-excess andi-
excess toTsiie depends almost entirely on the tuning
of the supersaturation functiof, which we adjusted
as for the transect study (Terra Nova Bay — EDC):
S =1-0.00337;. Figure 3a shows that the tuning
of supersaturation with temperatusdf0) is more im- 5 Discussion
portant for the remote sites of Vostok and EDS280
between—50 to —62 %), where supersaturation is ex- 1. From the comparison of the three Antarctic profiles, we
pected to be higher. At Vostok and EDEO-excess conclude that the Antarctit’O-excess evolution over
glacial/interglacial shift can be as different a® ppm the deglaciation displays strong regional differences. In

Clim. Past, 8, 146, 2012 www.clim-past.net/8/1/2012/
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Vosktok JFM (b)

evaporation contribution (mm/yr)

Fig. 4. Seasonal mean moisture sources for the ice core drilling sites

Vostok ASO 3 .

Vostok during(a) JanuaryFebruary-March (JFM) aio) August-
September-October (ASOjc) EPICA Dome C during JFM and
(d) ASO, (e) Talos Dome during JFM and) ASO. Shading shows

the contribution of surface evaporation to precipitation in the target

area in units of mmyr?.

particular, the strong increase at Vostok is not observed
with the same magnitude at the site of EDC and no
shift is detected at the more coastal site of TD. The first
conclusion from this study is that tHéO-excess sig-
nal recorded at Vostol &ndais et a].20083 is a signal
with regional peculiarities that cannot be generalized to
all Antarctica.

4

. From the three sites presented here, we note a clear
modern spatial gradient of tHéO-excess mean level at
EH from the more coastal site (TD, 2.6 ppm) to the most
remote one (Vostok, 40ppm), EDC being associated
with an intermediaté’O-excess level (23ppm). This
evolution from the coast to the East Antarctic plateau is
different from the'‘O-excess evolution measured over a
transect on the same region of Antarctitarfdais et al.
20083, which does not exhibit any clear trend from the
coast to central East Antarctica.

www.clim-past.net/8/1/2012/
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We propose an explanation for the unequal mean lev-
els of1’O-excess at EH and for the different trends over
the deglaciation for the 3 sites based on the MCIM de-
tailed above. From the MCIM outputs (E@), we can
exclude unequalspyrce@s an explanation for different
170-excess mean levels and trends. In contrast, source
RH, can have a strong influence.

The large difference if’O-excess (up to 35 ppm) be-
tween the continental sites of Vostok and EDC com-
pared to the coastal one at TD can partly be explained
by site specific OSRs with different RHor the two re-
gions (Mostok- and EDC-Rk+ 80%, TD-RH,= 90 %),

as indicated by the findings of the back trajectory model
(Fig. 4 and AppendixB). The difference of 17 ppm be-
tween 1’O-excess mean levels at Vostok and EDC is
more compelling. The sparsity of precipitation events
makes it difficult to distinguish (using the back trajec-
tory model) the moisture origin of Vostok from the one
of EDC. Still, we propose that highdrexcess and’O-
excess at Vostok may be due to different OSRs and
moisture trajectories. Indeed, the Lagrangian moisture
source diagnostics revealed stronger influences of the
Pacific and Atlantic sectors for Vostok, compared to
EDC, where moisture is mainly coming from the west-
ern Indian Ocean sector (Fig; Appendix B; Sode-
mann and Stohl2009 Scarchilli et al, 201Q Werner

et al, 2001). TD shows a completely different pat-
tern, with moisture sources shifted towards the Pacific
sector of the Southern Ocean compared to Vostok and
EDC (Fig. 4 and AppendixB). Moreover, especially
for Vostok and much less for EDC, the back trajectory
model diagnosed apparent moisture sources over the in-
terior of Antarctica. These continental moisture sources
are probably due to the passage of air masses over the
Antarctic interior where they potentially gain moisture
from sublimating surface snow and may increa%e-
excess at Vostok compared to EDC and TD.

. Different seasonality of precipitation at Vostok and

EDC may change mean level and evolution60-
excess during the deglaciation. IndeRési et al.(2010
showed that a change in the seasonality can have a
significant influence ofA’O-excess because of a mix-
ing effect. Today, for both sites, the precipitation oc-
curs all year roundGallee and Gorodetskay@201Q
Ekaykin et al, 2004 and the back trajectory analysis
(Appendix B) revealed similar seasonalities for both
sites. Another possibility, based on the MCIM, to ex-
plain the different’O-excess levels is to invoke a strong
change in the supersaturation dependency on tempera-
ture between Vostok and EDC. We have indeed men-
tioned in the last section thafO-excess mean level
and the dependency on local temperature are very sen-
sitive to the tuning of the supersaturation through ki-
netic fractionation. To explain a difference of 17 ppm

Clim. Past, 8, 1t6, 2012



10

Clim. Past, 8, 146, 2012

R. Winkler et al.: Deglaciation records ofl’O-excess in East Antarctica

between!’O-excess at Vostok and EDC, the supersat-
uration dependency on temperature should be smaller
than the one used in Eg){ S =1—0.0017 instead of
1—0.00337;. This explanation of site-specifi€ over

the Antarctic plateau is rather tempting, since it also bet-
ter explains, regarding the given tuning of the MCIM,
the difference ini-excess observed between Vostok and
EDC: it predicts a change afexcess by 3.3 %0 (instead

of 2%o which are given in Table 1) and is therefore in
better agreement with the measured difference of 5.7 %o.

. Furthermore, Vostok may be affected by loddD-

excess inputs such as clear sky precipitation (diamond
dust) or stratospheric water vapour inpug&tdhl and
Sodemann 2009 Miller, 2008 Zahn et al. 1998.
From the available results dfranz and Rckmann
(2005 reporting al’O-anomaly of Gt 1800 ppm in
lowermost stratospheric water vapour over Antarctica,
stratospheric influence on tropospheric precipitation hass
been considered negligiblegndais et al.2008Hh). Still,
due to the large uncertainty of this result, th&D-

10 % does not necessarily mean that the same OSR un-
derwent such a change, since moisture origin of one site
may be geographically different for EH and LGM. An
increasing number of studieM¢ Glone et al, 201Q
Lamy et al, 201Q Putnam et a).2010 suggest major
shifts in intensity and location of the southern wester-
lies during the last deglaciation. These changes may
have modified the climatic conditions at the ocean sur-
face as well as the location of the more important evap-
oration zones. Such effect could also explain the rapid
d-excess shift, observed at EDC, at the end of Termina-
tion 2 (Masson-Delmotte et al2010 and has probably
also an influence oh’O-excess. The lack of present-
day equivalent for LGM conditions at Vostok, EDC and
TD remains a limitation for solid interpretation of iso-
topic signals in these regions.

Summary and conclusion

We obtained’O-excess records spanning the last deglacia-

anomaly of water vapour from the stratosphere maytion for the sites of Dome C (EDC) and of Talos Dome (TD)

be greater than zero and therefore may influeHe

(East Antarctica) and compared these results with the first

excess of precipitation at Vostok significantly. More profile previously obtained from the Vostok ice coteidais
studies should be performed to test the strength ofetal, 20083. The data depict two important results:

stratospheric influence in Antarctica.

. The stability of 1’O-excess observed at TD over the

deglaciation is in agreement with the interpretation
given by the MCIM. Over the deglaciatios®O in-
creases from-40.5 t0—36.5 %o and within this range

1. EH mean levels of’O-excess are different for all three

Antarctic ice core sites.

2. The three sites are marked by different evolutioh’a-

excess during the last deglaciation.

17 :
O-excess does not depend on the choice of the SUpeix; Epc, which is marked by continental climatic condi-

saturation function (Fig3a). Following the interpreta-
tion of the MCIM, decreasing’O-excess at TD would
be attributed to an increase in REt the OSR. The low
170-excess at TD thus reflects high latitude OSR in the;

tions, we observed an increasing trend-{®-excess, from
11 (LGM) to 23 (EH) ppm, hence smaller than the 20 ppm
(LGM =20 ppm, EH =40 ppm) rise at Vostok. At TD, which
is a more coastal site, a staBl®-excess of 5 ppm was mea-

Austral Ocean, a finding which is supported by the backg o throughout the last deglaciation.

trajectory model (AppendiB). High latitude OSR, near
the Antarctic coast, are marked by high R¢#90 % for
present-day, source: NCHRtp://www.esrl.noaa.goy/
and therefore we do not expect decreasing, RHthe
OSR of TD during the deglaciation. FurthermoRasi

The different levels oft’O-excess between Vostok, EDC
and TD at EH are consistent with unequal modern,Rifl

the OSR, as expected from our current understanding of
170-excess in polar regions. The lowEO-excess for TD,
compared to the one at EDC, reflects the influence of OSR

etal.(201Q found, based on model outputs from PMIP2 o1 higher latitudes and therefore higher RtAppendixB;

(http://pmip2.Isce.ipsl.f)} nearly unchanged distribu-

Sodemann and Stqt009 Scarchilli et al, 2010.

tion of RH, in the Austral ocean between LGM and \yq gypiain the unequal evolution &f0-excess for Vostok,

EH. Still, we did not explore the possible influence on EDC and TD respectively,

RH, due to a shift of the sea ice margins.

with a different glacial/interglacial

change in R at their respective OSRs. Following this inter-

For the 1’O-excess increase over the deglaciation atpretation, RH of the OSR for TD remained almost constant,
EDC, the MCIM would suggest a decrease of the sourcewhereas for EDC it decreased by 10 %. A change in humidity
RH, by 10 %, withS =1—0.00337; (§=1-0.001T, conditions of the OSR for EDC may be linked to the modifi-
would require a 20 % decrease of Rhvhich is far too  cations of strength and location of the westerlige Glone
important). The OSR for EDC is situated at lower lati- etal, 201Q Lamy et al, 2010.

tudes than the OSR for TD, so an unequal variation ofFrom the MCIM (tuned for the transect study from Terra-
RH,, for two different OSRs in the Austral ocean during Nova Bay to EDC) results, we conclude th&D-excess can
the deglaciation can not be excluded. A shift in R serve as marker of RHof the OSR in the coastal region of

www.clim-past.net/8/1/2012/
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Antarctica. For the remote continental sites of East Antarc-the period from 20 to 25 ka with data poirftg, Lo, ..., L.

tica, we found that the dependenceldD-excess on local We estimated the unknown mean valygsand . by the
temperature is highly sensitive to the choice of the supersatsample mean& =n=1Y"_ E; andL=m=13" | L;, re-
uration functionS. Such effect is also true faf-excess. It spectively. WithSg and S| denoting the corresponding sam-
follows that local effects may significantly contribute to the ple standard deviations, one can compute the following two-
170-excess and-excess signals at Vostok and to a lesser de-sample confidence bounds fog— :

gree at EDC.

Finally, our work has two important consequences. First,z_j 4 [ntm S tysm—2:0975 (A1)

it demonstrates that the previotddO-excess profile mea- nm

sured at Vostok (during the last deglaciation) is a regional
signal and should therefore not be interpreted as a decreasg— \/(” —DSe+m-DS (A2)
in RH, of the Southern Ocean, as it has been suggested in n+m-—2

Landais et al(20083; local effects such as changes in su- heres corresponds to the estimated standard deviation of
persaturation or stratospheric inputs may be at play. Therez single measurement, and.»_2.0.975 denotes the 97.5 %-

fore, reconstructing past Ribf the OSR is more reliable g antile of student's-distribution, e.gPapula(2003), with
from coastal ice cores. Second, the particular sensitivity ofm+n_2 degrees of freedom. With 95 % confidence we may
170-excess to supersaturation should not be seen as a disadsnclude that the unknown differenge=—u. is between
vantage for paleo climatic reconstructiddO-excess spatial these two confidence bounds. Using EALY, we end up
distributions for different periods could help to constrain the it the confidence bounds 7.01 and 15.13 for EDC, so there
_supersatur_atiorj dependency on temperature and thus help {9 avidence thae—u is strictly greater than zero. For TD,
interpret climatic signals of*®0 andd-excess. the confidence bounds are10.04 and 5.19, so there is no ev-
idence forug—u being different from zero. In other words,
the computation of the two-sample confidence bounds evi-
denced a significant increase if0-excess at EDC during

170-excess measurements on other sites, such as EPICIRE last deglaciation. For TD, the observed differefice L
Dronning Maud Land, Law Dome and Berkner, will expand Was not significantly different from zero. Tabld summa-
the spatial distribution of’O-excess records in Antarctica 'zes these results for EDC and TD.

and therefore could give constraints on the accurate tunin
of the supersaturation function in the MCIM. The analysis
of surface snow and of snowpits from Vostok will let us

: . . T _
?ﬁplct seasenal ;gg Inter an(r;utal V?”at'O_nSl]f@ e>f[(r:]es\s/. excess at EDC (as well at TD), we performed a regression
¢ ke C_E)mpetrrl]sen “excess ?a’ stertnmn;]g rom ? C;S.' analysis using the open source softw&¢R Development

ok site, with ice core proxies for stratospheric inputs (tri- Core Team2019).

tium, 19Be), can help to quantify the influence of non-mass-
dependent fractionation effects 8f0-excess. Isotopic anal-
ysis of surface snow and at the same time of the water vapo
of the lowest atmosphere layer in polar regions should aI-While i runs from 1 to 58 for EDC and from 1 to 44 for
low us to get information about post-deposit isotopic frac- TD. Assuming a certain type of, we estimated it via least
t!onation_ processes, such as local recycling due to evaporas—quares ag, and this fitted funct’ion yielded the residuéls
tion/sublimation. =Y; — f(X;). Scatter plots of the pairé;( ¢;+1) showed no
correlation, so we assumed the uncertaintiés be indepen-
dent. Moreover, a normal QQ-plot of the residuals supported

7 Outlook

%\2 Regression analysis

To obtain a statistical tool to depict a possible trend’@-

Generally we assume that théh measurement equals =
(X;) +¢; for an unknown regression functiof and mea-
urement errorg;, whereX; corresponds to the age in ka

Appendix A ’ ot i -
the assumption of the uncertainties being Gaussian, so we
Statistics applied standard methodology for regression models.
First, we assumed a linear trend’ifO-excess for the con-
Al Two sample confidence bounds sidered period of the last deglaciation. That means we con-
sidered the family of all linear functiongfji, (x) =a +b x,
In order to compare the two mean levels andyu. of 17O-  to explain our data of’O-excess, where is the ordinate

excess for EH and LGM, respectively, we computed a twointercept (=17O-excess at present), the gradient oft’O-
sample confidence interval for their differenag—u, for excess during the period from LGM to EH ands the age

the data of EDC and TD separately. For both ice core sitesin ka. In order to check if nonlinear functions with more
we took samples of data points corresponding to the sameegrees of freedom would fit our data more accurately, we
period: The epoch of EH spans the period from 9 to 12 kaperformed F-tests of a linear trend versus the alternative hy-
with data pointsEq, E>, ..., E,; the epoch of LGM contains  pothesis of a (i) quadratic functiofy, (ii) a cubic functionf
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Fig. Al. (a) (left for EDC) and(b) (right for TD) show the results of linear regression analysis of the LGMLEBtexcess data (blue lines).
The red lines are the point-wise and simultaneous 95 % confidence bounds.

Table Al. Result of the performed two-sample confidence bourtisnd L are the estimated sample means of the data corresponding to
EH and LGM, respectivelySg and S| denote the corresponding sample standard deviations @odresponds to the estimated (common)
standard deviation of the single measurementandm are the number of samples taken into account for the periods of EH and LGM,
respectively. The last column corresponds to the upper and lower confidence bounds, respectively: with 95% confidepgelies
between the lower and upper value.

Two-sample confidence bounds

E L S S n o m HE— ML

Dome C (EDC) 23 119 365 598 13 12 781. <15.13
Talos Dome (TD) 2.6 4.7 6.7 83 13 6-10.04<..<5.19

and (iii) a cubic splinef with four knots. The high p-values Appendix B
of these F-testsp((i) =0.35, p(ii) =0.51 andp(iii) =0.84)
indicate that there is no evidence for a nonlinear trend ofResults of the Lagrangian source diagnostics
170-excess at EDC. The same conclusion is true for the re-
gression analysis df O-excess at TD, where we obtained the Figure4 shows the seasonal mean moisture sources as contri-
following p-values of the F-testsp(i) =0.61, p(ii) =0.72  pution to precipitation in the target area in units of mmYr
and p(iii) = 0.44. identified from the Lagrangian moisture source diagnostic of
TableA2 displays the result of the linear regression analysis.Sodemann et a(2008 for the ice core drilling sites Vos-
There, the p-value is for the null hypotheses of no trend at alltok (a, b), EDC (c, d), and TD (e, f) for January-February-
i.e. a constant level of'O-excess anéd =0. The very low  March (JFM, left column) and August-September-October
p-value at EDC indicates that there is a significant linear in-(ASQO, right column). Seasonal variation of the moisture
crease of 12 ppmfiin (EH) — fin(LGM) =0.72(-9+25 = origins is most pronounced between the time of minimum
11.52) during the last deglaciation. For TD, the regression(JFM) and maximum (ASO) sea ice covitgsson-Delmotte
analysis yields no significant temporal gradient during theet al, 2011); hence, composites for these seasons are re-
period from 25 to 9ka. ported here as well. A & 3 degree smoothing has been ap-
plied to more clearly show the main characteristics of the
moisture source pattern.
During SH summer, Vostok has most moisture sources in
the Indian Ocean and the corresponding sector of the South-
ern Ocean (Figda and b). However, the moisture sources
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Table A2. Result of the most robust regression function. The temporal gradiérfOsexcess is reproduced by the linear functions with
the ordinate intercept and the gradient. Explanation of significance level: very high (p-vaki®.001), high (p-value: 0.01), significant
(p-value< 0.05), perhaps (p-value0.1), not significant (p-value 0.1).

Linear regression functions

a b p-value significance level

Dome C (EDC) 27.33.76 0.72:0.24 0.005 high
Talos Dome (TD) 3.8&14 -0.14+0.07 0.797 not significant

span a wide longitudinal range, and include significant con-Norway, Sweden, Switzerland and the United Kingdom. The Talos
tributions from the Southern Atlantic Ocean and the PacificDome Ice core Project (TALDICE), a joint European programme,
Ocean, and the corresponding sectors of the Southern Oceaid. funded by national contributions from lItaly, France, Germany,
are qualitatively similar, but with markedly lower contribu- 'RMS) done at LSCE is funded by the ANR CITRONNIER. We

tions from the Pacific and Atlantic sectors. At both sites thank Francoise Vimeux for providing samples from the Vostok ice
during SH winter the overall amount of adve:cted moisture i’score, Eugeni Barkan for helping with the inter calibration between

hiah d . fined to | T the IES and the LSCE, Ryu Uemura for the fruitful discussions and
Igher, and moisture sources are more confined to loca ONMartin Miller for the cross-read of the manuscript. Thanks also

gitudes (Fig4 right panels). Being a lower-altitude site near yq 15 the Marie Curie Initial Training Network INTRAMIF (FP7),
the coast, TD has a different diagnosed pattern of moisturgynich has funded R. Winkler's PhD at LSCE-IPSL-CEA. This is
sources (Figde and f). Moisture sources are shifted towards LSCE-publication No. 4706 and TALDICE publication No. 15.
the Pacific sector of the Southern Ocean compared to Vostok
and EDC. The overall magnitude of diagnosed evaporatiorEdited by: V. Rath
contribution is higher due to the lower elevation of the site.
There are notable apparent moisture sources for Vostol
over the Antarctic continent and at coastal locations in Eas
Antarctica (Fig.4a). The moistening of air masses identi-
fied over the interior of Antarctica can be explained by the
advection of moist air masses across West Antarctica to the
Vostok site. Inspection of individual trajectories reveals that,
in particular, moisture from the Atlantic and Pacific sectors The publication of this article is financed by CNRS-INSU.
is advected over the continental areas and experiences some
moistening of the relatively dry air. It is not possible to de-
cide whether the diagnosed moistening is a model artifact or
whether it represents moisture fluxes from sublimating snowReferences
However, the transport path associated with these air masses
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