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Abstract. A single isotope ratiodD or §180) of water is 1 Introduction

widely used as an air-temperature proxy in Antarctic ice

core records. These isotope ratios, however, do not solely

depend on air-temperature but also on the extent of distil-Climate records preserved in Antarctic ice cores provide im-
lation of heavy isotopes out of atmospheric water vapor fromPortant clues for the climate history over the several hundred
an oceanic moisture source to a precipitation site. The temthousand years. Among many deep ice cores from Antarc-
perature changes at the oceanic moisture SOUd&o{rcd tica, Vostok (Petit et al., 1999), EPICA Dome C (hereafter
and at the precipitation site\(Tsie) can be retrieved by us- EDC) (EPICA Community Members, 2004; Jouzel et al.,
ing deuterium-excess!) data. A newd record from Dome 2007) and Dome Fuiji cores (hereafter DF) (Watanabe et al.,
Fuji, Antarctica spanning the past 360 000 yr is presented and003) have provided climate and environmental information
compared with records from Vostok and EPICA Dome C covering multiple glacial-interglacial cyclesD and §'°0

ice cores. In previous studies, to retrief@sourceand A Tsite of water are widely used as proxies for air-temperature, al-
information, different linear regression equations were pro_beit with uncertainties in temperature reconstructions arising
posed using theoretical isotope distillation models. A majorfrom possible changes in precipitation intermittency (Steig et
source of uncertainty lies in the coefficient of regressiage @l 1994; Sime et al., 2009; Laepple et al., 2011), ice sheet
which is related to the sensitivity af to ATsje. We show elevation (Masson-Delmotte et al., 2011), or evaporation
that different ranges of temperature and selections of isotopi€onditions (Boyle, 1997).

model outputs may increase the valuefgfe by more than The latter source of uncertainty can be explored us-
a factor of two. To explore the impacts of this coefficient on INg @ second-order isotopic information available through
reconstructed temperatures, we apply for the first time the exdeuterium-excessd(= D —8 x §'%0) (Dansgaard, 1964).
act same methodology to the isotope records from the thredhe d parameter mainly gives access to processes affected
Antarctica ice cores. We show that uncertainties inghg by kinetic fractionation and has been used as a tracer of
coefficient strongly affect (i) the glacial-interglacial mag- evaporation conditions such as ocean surface temperature
nitude of ATsourc (if) the imprint of obliquity in ATsource and relative humidity in moisture source ocean (Merlivat
and in the site-source temperature gradient. By contrast, w@nd Jouzel, 1979). The value of modern atmospheric va-

highlight the robustness @ Tsiie reconstruction using water POr above the Southern Ocean shows a clear dependency on
isotopes records. sea surface temperature and relative humidity at the mois-

ture source (Uemura et al., 2008). The initial information
is then modified by subsequent meteorological processes
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1110 R. Uemura et al.: Source and site temperatures from isotope records of Antarctic ice cores

(e.g. precipitation, snow formation, and cloud microphysics).
The Antarctic precipitationd value is therefore also af-
fected by kinetic fractionation during the snow formation,
whose importance is expressed by a supersaturation function
(Jouzel and Merlivat, 1984; Risi et al., 2010; Winkler et al.,
2012), and by equilibrium distillation at very cold tempera-
tures as well as the amount of rainout from the source to sink.
At first order, past variations ofD andd in ice cores

are assumed to mostly depend on polar temperaturg:f),

moisture source temperaturA Tsourcd, and ocean isotopic e Vostok \
composition §18Dg,, and§180,,). Source and site climatic CA Dome C
information can therefore be extracted from ice céi

and d records, using a linear regression model based on

the Rayleigh distillation isotopic model and/or more sophis-

ticated models (Vimeux et al., 2001; Cuffey and Vimeux,

2001; Stenni et al., 2001, 2010). This dual isotope approach

allows corrections to site temperature estimates for moisture e

source effects. Such site and source temperature inversions 180°
have been conducted using different methodologies (e.g. dif-
ferent adjustments of the linear regression coefficients) for
Vostok (Cuffey and Vimeux, 2001; Vimeux et al., 2002),
EDC (Stenni et al., 2001, 2003, 2010), and EPICA Dronning
Maud Land (EDML) (Stenni et al., 2010) ice cores. These2 Isotope data and modeling
studies reveal the importance of obliquity in modulating Vos-
tok source temperature (Vimeux et al., 2002). It has also2.1 Ice core isotopic data
been shown that source correction enhances the correlation
between VostokA Tsiie and atmospheric COduring glacial ~ We used the three deep ice cores drilled in East Antarctica,
inceptions (Cuffey and Vimeux, 2001), and that glacial mil- DF, Vostok and EDC. The DF data were extended and re-
lennial Antarctic Isotopic Maxima largely reflect changes in vised in this paper (Fig. 1). Two ice cores were drilled at the
site temperature (Stenni et al., 2003). However, there are n®F station (7719 S, 3942 E, elevation 3810 m). The first
common methodologies and are still significant uncertaintie2503 m-depth core (DF1) was drilled in 1996, and revealed
about reconstructing site and source temperatures. the 8180 andsD records back to~340kyr BP (thousands
Indeed, it is not possible to assess the full range of un-of years before present) (Watanabe et al., 2003; Uemura et
known source parameters (source temperature, relative hwal., 2004). A second core (Dome Fuji 2nd, DF2) reached
midity, wind speed) with only two isotope measureme8B ( near bedrock in 2007 at the depth of 3035.2 m (Motoyama,
ands180) (Stenni et al., 2010). To overcome this problem, 2007), and the*80 record from a~130 m-length section
different approaches have been developed to account for th2399.5-2531.5 m depth) core was published (Uemura et al.,
ocean isotope changes and relative humidity effect (Vimeux2010a). Here, we presesid andd records from the-130 m-
et al., 2001; Cuffey and Vimeux, 2001; Stenni et al., 2001, length section of the DF2 core at 10 cm-length sampling from
2003). The largest difference between these studies is agvery 50 cm £ = 265). ThesD data from the overlapping
sociated with the coefficient describing the sensitivitydof — section (2400-2500 m) of DF 1 and DF2 shows remarkable
to ATsite, hereafterfsie (= —9d/3Tsite), for which differ- similarity (Fig. 2).
ent studies have used values ranging freth5 (Cuffey and The DF isotope ratios were measured using an equilibra-
Vimeux, 2001; Stenni et al., 2001) to 1.2 (Salamatin et al.,tion method (Uemura et al., 2007) at National Institute of Po-
2004). In this manuscript, we review the causes for differ-lar Research, Japan. Routine measurements (2006 to 2008)
ences inBsite and the subsequent impacts Mfsource and of a reference water sample show that reproducibilities (1
ATsite reconstructions for the three central East Antarctic iceof this water are 0.3 %o fo§D, 0.04 %o fors180, and 0.4 %o
cores using published isotope profiles from Vostok and EDC for d. Duplicate analyses for 119 ice core samples confirm
and a new deuterium excess record from DF. these estimates. In order to obtain the revigeecord for the
This manuscript is organized as follows: ice-core data andentire DF core, a new data set was made by (1) subtracting
isotope modeling are described in Sect. 2, while causes foartificial isotope offsets from the DF1 record (see below) and
the Bsite differences and their impacts @ilsoyrce@nNd A Tsite, (2) replacing the DF1 data by DF2 data for the overlapping
are discussed in Sect. 3 and site and source reconstructioqgurt (2400-2503 m).
in Sect. 4. First, there are offsets between DF1 and DBgr{ —
Spr2 = 0.8%o for D, and 0.24 %o fors180). In order to

ig. 1. Locations of the Antarctic ice cores used in this study.
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Fig. 2. 8D and deuterium-excess records from the DF ice cqgsiD andd records from DF1 (black lines) and DF2 (blue lines) cores.
(b) Enlarged view of thel records during the overlapping period. He¥es Rsampld Rvsmow —1, andRsampleand Rysmow are the isotope

ratios (D/H andt80/160) of sample and VSMOW, respectively.

assess the potential causes of this offset, we re-cut and meévimeux et al., 2001; Stenni et al., 2010) with a final preci-
sured the archived DF1 ice-60 samples). The re-cut DF1 sion of 0.6 %0 ord. Therefore, the analytical accuracies of the
data are consistent with that of measured DF2 data (i.e. n@ ice cores isotopic records are similar. The temporal resolu-
offset), but lower than that of the old DF1 data. This resulttion, which is estimated a using cutting scale combined with
suggests that only the “old DF1” data are isotopically en-a depth-age scale, however, differs between records. The av-
riched slightly than both “re-cut DF1” and “DF2” data due erage temporal resolution of the DF data~i270 yr, except
to some artifacts. This is probably caused by problems in theor the ~70yr resolution during the Holocene. At Vostok,
storage of the DF1 samples preserved in glass vials as liquidhe average temporal resolutioni220 yr for our period of
Based on our experiment, isotopic enrichment during longinterest (Vimeux et al., 2001). The EDC core shows the high-
term storage may explain hat-Q.1 %o for $180) of the ob-  est temporal resolutiony18 yr for the Holocene;~50 yr for
served off-set between DF1 and DF2. So far, we cannot exMIS2 and~42 yr for MIS5.5 (Stenni et al., 2010). We place
plain the full magnitude of the offset between DF1 and DF2.the ice core isotopic records on a common age scale in order
The offsets ofs values were subtracted from the published to be able to make a comparison. As shown in Fig. 3, sig-
data (Watanabe et al., 2003; Uemura et al., 2004). We shouldificant differences (up te-5 kyr) exist between the glacio-
note that the off-set discussed here is systematic, small comegical age scales established for Vostok (GT4 age-scale by
pared with glacial-interglacial variations (1.3 % of full am- Petit et al., 1999) and EDC (EDC3 age-scale by Parrenin et
plitude), and does not affect magnitudes of events. Thereforeal., 2007) and the &N, orbital age scale for DF (Kawamura
the correction applied here does notinfluence the conclusionst al., 2007). The age-scale difference between Vostok and
of earlier studies. DF is ~1 kyr before 80 kyr BP, and increased up~® kyr
Second, an enlarged view of the records clearly shows thaaround 120 kyr BP, and between EDC and DFiskyr be-
the d data are less noisy for DF2 than for DF1, suggestingfore 80 kyr BP, and increased up-+a! kyr for the older part.
that the precision of the new data is improved by replicateHere, we use the DF age scale as a target and synchronized
measurements of many-80 %) samples (Fig. 2). Thus, we the Vostok, EDC and our new stacked DF record using visual
replaced DF1 record by DF2 for the overlapping period. 3D matching (Fig. 3). We used 21 tie points for DF-Vostok
For Vostok (7830 S, 10654 E, elevation 3488 m), the fitting, and nine tie points for DF-EDC fitting. For the calcu-
data span the past420kyrBP (Vimeux et al., 2001). We lation of ATsjie and ATsource all the data were re-sampled
restricted the ice core comparison over the past 250 kyr bewith 200-yr resolution, which is under-sampling for EDC
cause the deepest part of the data is likely affected by changetata, and slightly over-sampling for Vostok and DF data.
in ice origin due to ice flow (Vimeux et al., 2001). For the  Note that this temporal resolution is the result of the sam-
EDC core (7806 S, 12323 E, elevation 3233 m), we used pling strategy, combined with the depth-age scale, result-
the recently published record spanning over the last 140 kying from changes in accumulation and thinning. The abil-
BP (Stenni et al.,, 2010). Anothef record from EDML ity to resolve past high frequency climatic variations also
(75°00' S, 0009 E, elevation 2892 m) is also available for depends on isotopic smoothing caused by diffusion in firn
the same period but was not considered here because of uand ice. The diffusion length at EDC was estimated at 8 cm
certainties in elevation/ice origin impact (Stenni et al., 2010).for MIS11 (Pol et al., 2011), deeper than for our studied
Precisions of§180 and sD measurements of both the periods. For example, the sampling length of about 165 cm
Vostok and EDC cores are 0.05 %o and 0.5 %o, respectively,

www.clim-past.net/8/1109/2012/ Clim. Past, 8, 1109325 2012
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Fig. 3. 8D and deuterium-excess records from the DF ice cores. Left p@)dheuterium-excessd( records from DF (red line), Vostok

(blue line), and EDC (green line) cores plotted on th2ND orbital age scale for DEb) §D records of the three cores plotted on thg D

orbital age scale for DRc) §D records of the three cores plotted on the original age-scales (see text). Numbers indicate corresponding
Marine Isotope Stage (MIS) (Tzedakis et al., 2004). Right panel: enlarged view of Termination Il. All the isotope ratios are expressed as the
deviations Q) from the present (past 2 kyr average) value.

at EDC (at~1460 m depth~108 kyr BP) corresponding to We used the linear inversion method that is similar to the

200 yr resolution. method used for Vostok (Cuffey and Vimeux, 2001) and EDC
records (Stenni et al., 2001, 2003, 2010; Masson-Delmotte
2.2 Rawd-excess andD data etal., 2004).

There are several differences among the inversion meth-
- ) ods used for various ice cores. First, the coefficients for the
show common low frequency variability- 40 kyr) (Fig. 2). - orection fors180g,, were used as fixed parameters in sev-

There are periods of pronounced minima in the older o5 sqdies (Vimeux et al., 2001, 2002; Cuffey and Vimeus,
sections (200-250kyr BP) at DF and Vostok, and both theyn1 . stenni et al., 2001). This coefficient is calculated as a
records show similar variations. A difference can be fo””dfunction of the isotopic composition of the ice (Vimeux et

during the glacial terminations. From 20 to 10 kyr BP (Ter- al., 2001; Jouzel et al., 2003; Kavanaugh and Cuffey, 2003),
mination 1), the onset ofl increases in DF and Vostok ap- ,< tollows:

pears to lag that of EDC. From 140 kyr to 130 kyr BP (Ter-

mination I1), a similar lag is observed (Fig. 3). Itis difficult ¢ 18 18 (1+6180ice)

to interpret the rawl record because it is an empirically de- & Qcorr =8 Oice — 8 Oswm )
fined second-order parameter. In fact, a different definition of

d parameter can produce different glacial interglacial varia-§D¢orr = §Dice — sDsw—————
tions (see Sect. 3 and Appendix A). Climatic interpretation (1+48Dsw)
of d will be discussed after inferring\ Tsourcefrom isotopic
data (Sect. 4).

The rawd records from the DF, Vostok, and EDC ice cores

@)

Here, 81800 and 8Dcorr are the isotope ratios of the ice
(6180ice and 8Djce) corrected for ocean isotope changes
(6180gy and 8Dgy). An estimate of the global ice volume
component of sea-watét80 (Bintanja and Wal, 2008) was
In order to retrieve the climatic information from the iso- used for thes'®Osy record. ThesDsw is calculated on
tope ratios, we need to evaluate several coefficients usthe assumption thatDsy = 8 x §'®0sy. Thus, thed value
ing an isotope model. Sensitivities 6D andd to ATs,  COrrected for the ocean isotope effeekd) is obtained
ATsource relative humidity (RH), and ocean isotopic com- bY dcorr = 8Dcorr — 8 880corr. Following recent studies
position §80g,,) were estimated using a mixed cloud iso- (€.9. Stenni et al., 2010), we apply this correction before
topic model (MCIM) developed by Ciais and Jouzel (1994). conducting the multiple linear regression.

2.3 Isotope inversion method

Clim. Past, 8, 11094125 2012 www.clim-past.net/8/1109/2012/
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Second,sD andd in polar precipitation preserve source e
effects and therefore depend on climatic parameters affect- , < DF
ing evaporation kinetics, including Tsource but also rela- 207 -
tive humidity (RH) and wind-speed regimes (Merlivat and
Jouzel, 1979; Petit et al., 1991). For Vostok, the RH effect
was explicitly included in the\ Tsoyrceby using a linear rela-
tionship identified in Atmospheric General Circulation Mod-
els (Ah~ —0.4 ATsourcd (Vimeux et al., 2001; Cuffey and §§
Vimeux, 2001). For EDC, the RH effect was not included, &
restricting the analyses of source effectsA@soyrce ONly v’
(Stenni et al., 2001). Here, we adopted the latter approach
for the sake of simplicity. Thus, the results of multiple linear
regressions can be expressed as

EDC

154 Model (case 2)

Model (case 1)

10

AS8Dcorr = ysiteA Tsite — Vsource Tsource (3) 1 7NN -] r
Model (case 3)
Adcorr = — BsiteA Tsite + Bsource Tsource (4) 3
.\
All the y and g coefficients are positive numbers expressed 500 150 400 350 _300 250
in %o per K. TheA represents deviations from the present 6D, (%)

corr

reference values (in this study “present” is defined as the av-

eraged value of the past 2 kyr). Thesite, mean annual tem-  Fig. 4. Isotope ratios of Antarctic surface snow and ice cores. Re-

perature at ground level, is calculated from the mean annuadression curves of surface snow data from various parts of Antarc-
temperature of condensation{¢) by assuming a constant tica (black dashed-dotted line) (Masson-Delmotte et al., 2008), and
relation (AT; = 0.67 ATsite) (Jouzel and Merlivat, 1984) from Japanese—Swedish IPY 2007/2008 traverse covering Syowa-
This is an approximation as the Antarctic inversion strengthDome F route (black dotted line) (Fukui et al., 2010). Simulated

. tiall din ti d with ch . th curves are shown as blue solid line (Case 1), bule double dotted line
varies spatially and in ime, and with changing weather Con'(Case 2) and blue dotted line (Case 3). Each case corresponds to

ditions. Rece”t'Y- a deta"ed_ analysis of the half Centur)/different super saturation functions shown in Table 3. Dots repre-
long meteorological observations at Vostok allowed to esti-sent ice-core data of DF over the past 360 kyr (red), Vostok over the
mate changes in condensation temperature and confirmed thgst 250 kyr (blue), and EDC over the past 140 kyr (green). Here,
validity of this approach (Ekaykin, 2003). 8D andd are corrected fo8180gy, see text for detalil.

Finally, kinetic isotope fractionation occurs during ice
crystal growth because of super-saturation over ice, and

this is parameterized using a linear function of tempera- han th denth 7T
ture tuned to reproduce the spatiélvs. 8 distribution in  than the 10m-depth temperature-57.7°C (Motoyama et

Antarctica (Petit et al., 1991). We used a linear function &+ 2005) and 1-yr observations at 4 m-height-54.8°C

(Si=1.020— 0.003r) which best reproduces the present- (Fujita apq Ab.e, 2.00(.5)' .
day surface snowl vs. §D distribution from various parts The difficulties in simulating present-ddyalues also re-
of Antarctica (Masson-Delmotte et al., 2008), and from flect the difference between annual mean temperature and

the Japanese-Swedish IPY 2007/2008 traverse (Fuijita eqrecipitation weighted temperature (e.g. Masson-Delmotte
al., 2011) covering the Syowa-Dome F route (Fukui et et al., 2011), and/or differences in prescribed surface air-
al., 2010) (Fig. 4). In this study, all the simulations (ex- pressures. In fact, the air pressure at DF is the low-

cept for Table 3) were conducted using this fixed super€St @mong the coring sites due to its high elevation
super-saturation function. (3810 ma.s.l.), compared with the Vostok (3488 ma.s.l.) and

EDC (3233 ma.s.l.). Lower air-pressure results in smaller
2.4 Present-day isotope tuning distillation in the model, and thus produces higher simulated
J values.

The first step for estimating the sensitivity coefficients is to We therefore have two options. Either we use a “realis-
fit the model output to the present-day snow isotopic distri-tic” DF temperature and perform regressions in an isotope
bution (Fig. 4). An important problem of this tuning is the range that is not sufficiently depleted when compared to the
difficulty to simulate present-day snow isotope ratios by us-data; or we use colder than observed temperatures (and asso-
ing the MCIM. At the DF site, the present-day (past 2 kyr ciated fractionation coefficients) to perform the regressions
average *&) isotope ratios aré80=—-55.09+0.16%0, on the isotopic model results. Here, we explore the impacts
3D=-426.3+1.4%0, andd =144+0.3% . With our of the second option of an “isotope fitted” procedure. We
MCIM tuning, these isotope ratios can only be reached withnote that, as calibration targets, averaged isotope ratios are
a very cold site temperature (i.e. annual mean air temperaturmore reliable than Antarctic annual-mean temperature data
at the surface snow);61.0°C, which is significantly lower  due to the short instrumental records for instance at DF.

www.clim-past.net/8/1109/2012/ Clim. Past, 8, 1109325 2012
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30

—— the d-8D slope increases with isotopic depletion and colder
o o Sulated DF fsatope vale used for regression temperature ranges.

% o 39 MO Traitory (-~ Present-doy ——~-~ Full dlacia To test thepfsite Sensitivity to temperature changes, the
) source and site temperatures at DF were changed without
o changing any tuning parameters (Table 2). We tuned the

’ j)/@- 2 MCIM to simulate present-day snow isotope ratios (“Isotope

T

20

fitted"), as described in Sect. 2.4. Two additional simulations
) were conducted to reproduce the present-day temperature
,\' 062 (—55°C). The first case usebiource= 18°C (“Temperature

o 7 fitted 1”) and the second case uskdyrceas 11°C (“Temper-
e ature fitted 2”). The lattefsoyrceValue was estimated using
- water tagging in a GCM simulation (Delaygue et al., 2000)
o o, % T and adopted for Vostok reconstruction (Vimeux et al., 2001).
ol o 08 i With these hypotheses on moisture source, the simulated iso-
N tope ratios were systematically higher than the values ob-
L 1 1 1 | served in the DF ice core. This prevents us from selecting
-500 -450 -400 350 -300 the model results compatible with the DF ice core data (see

8Dgorr (o) Sect. 3.2). Instead, we performed sensitivity tests by vary-

ing ATsite and ATsource by £2°C, and performed multiple

Fig. 5. SimulatedsD andd values in Antarctica. Trajectories of

present-day (black dotted line) and glacial conditions (red dottedregrrebslsu;nsl on Ia” trf:e dat;’:\. - he simulated
line) are shown. Each point (solid or open circles) represents the _1apPI€ 2 clearly shows thdlsie decreases as the simulate

simulated snow isotope values at DF site under a specific site andD Increases. Changes figie are the largest¢130 %) com-
source temperature setting, shown A8, ATsource in °C . The pared to the smaller changes in the other coefficients (from

DF ice core data (blue dot), and data used for regression analysis-20 to 30 %). This is explained by the increasiftgD slope
were shown as black solid circle. Linear regressi¢dD slopes of ~ simulated in response &bD depletion. Figures 4 and 5 illus-
a constani Tsource(= —6.0°C ) obtained for the filled circles and  trate the non-stability of the linear slope betweeandsD.
all circles are shown as green solid and chain lines, respectively. Note that theBsite estimation (0.6) of “Temperature fit-
Here,sD andd are corrected fo$180g, see text for detail. ted 2" is comparable to the values (0.5) used in previous
ice core reconstructions. Thus, we conclude that most of
the discrepancy found between previous studies can be ex-
The temperature range in Central East Antarctica and fracplained by the choices of different methodologies: whether
tionation coefficients are extrapolated from values measureghe model is tuned to reproduce the observed ice core iso-
in laboratory experiments (with the coldest temperature oftope ratios (Salamatin et al., 2004), or is driven by realis-
—40.0°C and —33.4°C for deuterium (Merlivat and Nief, tic air-temperatures (Cuffey and Vimeux, 2001; Stenni et al.,
1967) and oxygen-18 (Majoube, 1971b), respectively). Thes@001). Our approach accounting for large slopes at cold tem-
fractionation coefficients are thus not precisely known for peratures allows us to explore this source of uncertainty on
very low temperatures and associated uncertainties should b@constructing site and source temperatures.
kept in mind. We tested the8sire Sensitivity to different supersaturation
functions, corresponding to the upper and lower bounds com-
patible with present day data (Table 3, Fig. 4). These simu-

3 Uncertainty on the sensitivity ofd to temperature lations were conducted with super saturation function (Si),
1.020-0.002% and 1.020-0.0035, respectively. In such
3.1 Sensitivity of Bsite €Stimation a sensitivity test, it is difficult to reproduce correctly the

present-day surface snow isotopic values , and we cannot se-
In the multiple linear regressions (Eqgs. 3 and 4), a majorlect data for regression analysis based on ice core data (see
source of uncertainty lies in the coefficient of regression,Sect. 3.2). Consequently, we performed regression analysis
Bsite (= 0d/9 ATsiie) Which is related to the sensitivity of by varying ATsite and ATsourceby £2°C. The results show
d to ATsite. Table 1 shows thaBsje values from previous that the impact of different super-saturation functions on the
studies are significantly different, ranging frow0.5 (Cuf- value of Bsite is about 20 %, and that of the other parame-
fey and Vimeux, 2001; Stenni et al., 2001) to 1.2 (Salamatinters is marginal (Table 3). Therefore, the super saturation af-
et al., 2004). Note that some recent studies used Hew fects thegsiie parameters, but the impact is small compared
excess data to tune the MCIM and obtained lagjgesvalues  with its sensitivity to different site and source temperatures
(Landais et al., 2009; Risi et al., 2010; Winkler et al., 2012). conditions (Table 2).
In principle, Bsite depends on the isotopic depletion as the
temperature is almost linearly relatedsid. Figure 4 shows
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Table 1. Comparison of the tempearature inversion coefficients.

Site Bsite Bsource Bsw Ysite  ¥source ysw Reference

DF 1.3 1.6 - 7.7 3.2 —  This study

Vostolé 0.5 13 2.8 7.1 3.7 4.8 Cuffey and Vimeux (2001);
Vimeux et al. (2002)

Vostok 09,1.2 11,12 30,29 68,69 28,3.6 45,47 Salamantin(2004)

Vostok:€ 1.0 14 3 Landais et al. (2009)

VostoK 1.1 1.5 - - - — Risietal. (2010)

Vostok 1.4 1.6 - 7.7 3.1 —  This study

EDC? 0.5 1.3 2.6 7.6 3.5 5.0 Stennietal. (2001);
Masson-Delmotte et al. (2004)

EDC 0.5 1.3 - 7.6 3.6 — Stenni et al. (2003)

EDC 1.2 15 - 7.8 3.4 —  This study

East Antarcticd® 1.29t02.04 1.31t01.5 3 - - —  Winkler et al. (2012)

2 Corrections for ocean isotope changes were estimated Asinandysw: Ad = —Bsite ATsite + Bsourced Tsource— BswA5180sy, andAsD =

YsiteA Tsite — Vsource Tsource+ yswA8180gy. See the Sect. 2.3 for detdil Condensation temperature at precipitation deposition aifg)used in original paper was
converted to tempearature at ground level§jie) using a linear relatiom 7c = 0.67 ATjte (Jouzel and Merlivat, 1984). Thus, thél: slopes (1.7 and 1.4 for 2 different
trajectories) correspond to the values of 1.2 and 0.8{gg. ¢ Variations of relative humidity was estimated as an independent parameter.

Table 2. Test of Bgjte SeNsitivity to the source and site temperatures.

Simulated DF isotope ratio (%) Temperatut€} Sensitivity coefficient (%6/C)
Tuning strategy sD 8180 d DF site  Source  fsite Bsource Vsite ¥source
Isotope fitted —422.7 —-54.6 145 —61.0 18.0 1.3 1.6 7.7 3.2
Temperature fited 1 —377.1 —48.2 8.5 —55.0 18.0 0.8 1.3 7.6 3.4
Temperature fitted 2 —351.1 —43.9 -0.2 —55.0 11.0 0.6 1.2 7.9 4.1
3.2 Data selection for regressions These results suggest that our methodology, using the

_ MCIM model with deliberately cold conditions and selected
Another methodology that affects tifiie value is the data  data, should be seen as an upper end approach f@sihe

selection criteria used for establishing the multiple linear coefficient, compared to previous approaches which did not

regressions coefficients. In previous studies, the regressiogufficiently account for the large slope at cold temperatures.
analyses were performed on the simulasedalues in re-

sponse to a wide range of randomly changed climate condi3.3 Different sensitivity coefficients

tions (A Tsite, ATsourcd (€.9. Masson-Delmotte et al., 2004).

The large range of results obtained for DF with this approachThe isotope inversion was performed to retrieve ftifsie

is illustrated in Fig. 5 as open circles. and A Tsourceinformation using the method described above

In contrast, we propose to restrict the range of site andSi=1.020—0.003"", and presenTsjie and simulated val-

source conditions for which the modeled isotopic results areu€s are shown asotope fittedn Table 1). The linear rela-

consistent with the glacial-interglacial ice core data. Notetions obtained for the DF ice core are

that_ our model _resu.lts_agcount for_ sea water isotopic c_om-MDCorr — 7.7A Tt — 3.2A Tsource

position corrections; this is a marginal source of uncertainty ~

in the model-data comparison. We therefore selected a subséf” = 0.999 n = 14, p<0.001) ®)

of the modelled isotope values (and correspondifigie and

ATsource displayed as black circles in Fig. 5, and performed Adcorr = —1.3ATsite + 1.6 A Tsource

the mult?ple_linear re_gression analysi_s on this data_set. We il g2 — 0,089 n = 14, »<0.001) (6)

lustrate in Fig. 5 the importance of this data selection for the

d-8D slopes, which increase with isotopic depletion and tem-The linear correlations are strong, thus the statistical uncer-

perature ranges. Generally, excluding highBrdata results  tainty of each coefficient due to multiple regression analysis

in largerd-sD slope and thus largefsite coefficient. Our ap-  is very small (0.03 to 0.05). The uncertainty caused by the

proach results in a largessite coefficient compared to the data selection for the regression analysis (Sect. 3.2) is also

previous approaches. small. In fact, if we remove several (1 to 5) points located
around the “corner” of data subset (Fig. 5), the uncertainties
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Table 3. Test of Bjte SENSItivity to the super saturation function.

Simulated DF isotope ratio(%o) Temperatuf€j Coefficient (%o C)
Super saturation functiorsy) sD 8180 d Site  Source Bsite  Bsource Vsite Vsource
1.020-0.0030 (case 1) —422.7 —-54.6 14.5 —-61.0 18.0 1.3 1.6 7.7 3.2
1.020-0.002% (case 2) —403.6 —-52.2 13.9 —58.0 18.0 1.2 14 7.7 3.3
1.020-0.003% (case 3) —441.3 -57.0 14.3 —64.0 18.0 1.1 1.6 75 3.0
of the linear coefficients are 0.01 to 0.04. Such statistical re- ,+; e 2 Y

gression error analysis, however, does not represent the total
uncertainties on the estimated sit.e aNAA Tsource It does not 0 o]
account for uncertainties on MCIM parameterization tunings ¢ _, 1
(e.g. supersaturation), and on climate parameters not taken<—1g o]
into account (precipitation intermittency, inversion strength,
changes in wind speed and/or relative humidity). For exam- ‘Bi
ple, Winkler et al. (2012) show that tifj,e depends on the

tuning of supersaturation, and an error range was estimated 4|
as 1.29 to 2.04. 2

We have also applied the exact same methodology for
EDC and Vostok, using the same tuning of MCIM and per-
forming the linear analyses on the range of model outputs S
consistent with each ice core isotopic dataset. Table 1 com-
pares our results with previous regressions. Among four co-
efficients in the equations, onBg;we is significantly different
from previous estimate, which is now 2.5 times larger than
previous one{0.5). As discussed in Sects. 3.1 and 3.2, dif-
ferences found irBsjte between previous studies can be ex-
plained by the different methodologies: whether the model is
tuned to reproduce the isotope ratios or air-temperature.

The value offsjte, Which seems high for East Antarctica
sites, is actually very dependent on theefinitions and on . o e e o ao
the range of temperatures studied. To understand the influ- Age (kyr BP)
ence of the historical linear definition af on the Bsjte, We
tested a logarithmic definition ef (see Appendix A for de-

tail). The results conflr.n.] that the Valuep;ite S'gmf',ca_‘r_]tly based on the coefficientgdj;e = 1.3) obtained by isotope-fitting
depends on the_deflnltlon af. A Ioganthm_d def_lnlfuon (this study). Blue line represents the7/9% . record of DF core
can remove the influence &f7sie On d spatial variations,  pased on the coefficient8ge = 0.5) used for Vostok reconstruc-
and thus significantly reduce the valuefafie. But this new  tion (temperature-fitting) (Cuffey and Vimeux, 2001; Vimeux et al.,
definition does not change the temperature reconstruction®002). Numbers indicate Marine Isotope Stades.Black line is
becausessite acts as a correction factor for the empirically the ATsourceof DF core, same a&), but with a stacked southern
definedd parameter. SST record of ocean sediments (Barrows et al., 2007) (red line).
(c) The ATije record based on the coefficients of this study (black
line), ATIOW (blue line), and previous Tsjte reconstruction of DF
core (temperature-fitting) (Kawamura et al., 2007).

24

0

source CC)

-2

-4

-6

Fig. 6. Different ATsource and ATsjte Of DF and a stacked SST
records.(a) Black line represents thA Tsourcerecord of DF core

4 ReconstructedA Tsource and A Tite

4.1 ATsourceand AT of DOome F

2.6+£0.3°C and 2.9+0.3C higher than present. A glacial
The new coefficients obtained in this study (Egs. 5 and 6)minimum at 19 kyr BP is-5.9+£0.3°C. Here, temperatures
were applied to the DF ice core data to estimate past variare based on the average ana #df 1 kyr duration around
ations in ATsource @and ATsite (Fig. 6). The newWATsource  the maximum or minimum point. Thid Tsourcereconstruc-
ranges from—5.9°C to 2.9°C over the past 360kyr. The tion remains high when Tsj,e and$D drop during glacial in-
record shows maxima ok Tsoyrce OCCUrring during Marine  ceptions, linked with higlt values during the onset of glacia-
Isotope Stage (MIS) 5e and MIS 9e with values respectivelytions. The DFA Tsiie derived from the new coefficients ranges
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from —7.8+0.2°C to 4.8+0.5C over the past 360 kyr.
Maximum ATsje Occur during MIS 9e, with temperature
4.8+ 0.5°C warmer than that of present-day average.

In order to show the importance of the value @i,
other A Tsource and A Tsite records which were obtained us-
ing the smaller values ofsjte (0.5) and other coefficients
used in Cuffey and Vimeux (2001) (Table 1) are shown
in Fig. 6a. For clarity, we labeled thi& Tsource and A Tsite
records based on the smalfggie coefficient asA T.9%. .and

ATQ%", respectively. Two major differences are identified for

the source temperature records. First, the glacial—interglacialg 0

amplitude of the nevA TsourcelS approximately twice larger
than that ofAT9% . Second, the timing of the interglacial-
glacial inception maxima is strongly affected: smlte co-
efficients induce a maximumT7,9%, . at the onset of glacia-
tions (MIS 5d), while largessijie coefficients placeA Tsource
maxima in phase with Antarctic warmth (MIS 5e). With the
exception of glacial inceptions, the neMTsoyrcereconstruc-
tion is also much more similar ta Tsiie. Note that a very
similar result is obtained by changing only the valuesgfe

from 1.3 (this study) to 0.5 (smaller value) because among

four coefficients, only th@sie is significantly different from

previous estimates. Figure 6a, therefore, shows the fact that

the Bsite coefficient directly affects the glacial-interglacial
magnitude ofA Tsoyrce

In contrast to the sensitivity af Tsourceto the uncertainties
in regression coefficients, th&Tsiie Shows much less sen-
sitivity (Fig. 6¢). Indeed, the difference betweaTsj,e and
AT/9% is ~0.6°C, which is within typical error£10-30 %)

site
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Fig. 7. The ATsjte, ATsource and the temperature gradient derived
from the three cores. Temperature records reconstructed from the
DF (red line), Vostok (blue line), and EDC (green line) cores using
the isotope-fitting methoda) A Tsource (b) ATsite, (C) Temperature
gradient & ATsource— ATsjte) @nd annual mean insolation gradient

of temperature estimations (Jouzel et al., 2003). Published@etween 50 and P7 (W2, black dotted line).

DF ATsie (Which corresponds ta7/%%) estimates MIS 9e
to be warmer than the present by 4.0 +0C3(Kawamura et
al., 2007) (Fig. 6¢). Our revised estimate of 4.8 +UW5is

slightly warmer than previous MIS 9A&Tsjie Values, but it

the 1kyr average #i), which is cooler than previous esti-
mates of~—4°C (Vimeux et al., 2002). For the EDC, the

remains within the uncertainty range. For MIS 5e, previous A Tsource decrease t6-8.1+0.3°C at 19 kyr BP, which is

and our DFA Tsje estimates are 3.5+ 0°C and 3.7 £ 0.4C,
respectively. The\ Tsjie records from six Antarctic ice cores
also show similar degree of warming during interglacial pe-

much lower than the previous estimation 68 to —4°C
(Stenni et al., 2010). This large ED&Tsoyrce Variation re-
sults fromgsite Value, which results in a larger proportion of

riods (Masson-Delmotte et al., 2011). A GCM study, basedéD added to the raw record.

on increased C®projections, however, suggested that MIS
5e isotope temperature may have been 6 t6Cl@varmer

The glacial-interglacial changes T are close to the
previous estimations. The VostakTsie estimations based

than present day (Sime et al., 2009). This estimate is signifion this study decreased to abeu?.1°C at 19 kyr BP and
cantly larger than any of our reconstructions. Thus, these rereached the minimum at7.8°C at 21.7 kyr BP. These values
sults suggest that moisture source effects cannot explain thare almost the same as the previous estimates (Vimeux et al.,

model-data discrepancy.
4.2 Comparison with the other cores

The methodology used to obtalXTsjte aNd A Tsoureeat DF is

2002). For the EDC, ouATsjie estimate decreases to about
—9.9+£0.2°C at 19 kyr BP, slightly lower than the previous
estimate of-8 to —9°C at 20 kyr BP without accounting for
elevation corrections (Stenni et al., 2003, 2010). The lower
ATsjte results from combination of relatively larger varia-

also used on Vostok and EDC data (Table 1). Figure 7 showsion in D and largerysiie Values. In summary, as for DF

the ATsource ATsite, and the temperature gradient records.
The glacial-interglacial changes inTsoyrce are signif-

case, the newATsiie estimations of Vostok and EDC cores
are consistent with the previous estimates within typical er-

icantly larger than the estimates using previous MCIM ror (—10-30 %) (Jouzel et al., 2003). Interestingly, at glacial
tuning. For Vostok, the newATsoyrce decreases to about inceptions, all theA Tsje records show warmer values than
—6.0£0.1°C around 19 kyr BP (temperatures are based onclassicabD-temperature estimates, and thus the co-variation
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of ATsjie and CQG found in Vostok core (Cuffey and Vimeux, Our ATsource Variation based on isotope-fitting is there-
2001) is generally supported. fore only compatible with the largest SST amplitude esti-
Our reconstructed\ Tsiie and ATsourceare lower at EDC mates. However, the moisture source likely moves between
than other east Antarctic stations (Fig. 7). This is consistenglacial and interglacial periods, as suggested by water tag-
with a largersD depletion at EDC. A GCM simulation sug- ging in atmospheric models (Delaygue et al., 2000) or abrupt
gests that differences tcan be explained primarily by vari-  shifts of d (Masson-Delmotte et al., 2010a). During glacial
ations in the palaeothermometer gradient @&o7T), rather  periods, northward shifts of the mean evaporation locations
than in temperature (Sime et al., 2009). Note that their studyare expected to compensate the impact of SST cooling into
does not include correction for moisture source, but used eiATsource While associated with uncertainties on the ac-
thersD or 5§80 value. Our study revealed that the moisture tual moisture sources and the proxy-based SST reconstruc-
source correction based drvalue does not explain the iso- tions, this comparison suggests that our largBsource re-
topic differences, because offTsjte estimate at EDC is still  construction is at the upper limit of compatibility with SST
colder than the others. data. Note that theA Tsource €Stimated using MCIM indi-
The temperature gradienta (source— A Tsite) Of DF, EDC cates ocean surface temperature averaged (vapor amount
and Vostok show a strong 40-kyr cycle (Fig. 7). Such markedweighted) by different moisture sources. Thus, separating the
40-kyr periodicity has not been found in previous reconstruc-source-areas requires additional information (i.e. chemical
tions of temperature gradient at Vostok (Vimeux et al., 2002)composition, backward trajectory analysis, and general cir-
and EDC (Stenni et al., 2010) as the gradient was stronglculation model, etc.). There are also several limitations for
correlated withA Tsie (2 = 0.9) (Stenni et al., 2010). The the ATsource Feconstruction caused by uncertainties on su-
glacial-interglacial variations of the gradient of this study persaturation and precipitation intermittency in different past
ranges from—2 to 4°C . These variations are smaller than climate conditions.
the previous by~2 to 3°C (~40% smaller). The ampli-
tude of temperature gradient ranged fref@ to 6°C at Vos- 4.4  Obliquity and deuterium-excess
tok (Vimeux et al., 2002), and-2 to 6°C at EDC (Stenni

etal., 2010). A strong 41-kyr Earth’s obliquity periodicity is detected in
many paleoclimatic SST records, in both hemispheres (Cor-
4.3 Comparison with SST records from ocean tijo et al., 1999; Sachs et al., 2001) including ice cores
sediments (Jouzel et al., 2007). Based on this paleoclimatic evidence,

obliquity was suggested to be a key driver of glacial-
Which (low versus high coefficient) approach is most con-interglacial dynamics (Vimeux et al., 1999, 2001; Khodri et
sistent with independent information? Here, we use sea sural., 2001; Raymo and Nisancioglu, 2003; Loutre et al., 2004;
face temperature (SST) estimates obtained from ocean proxiduybers and Wunsch, 2005; Lee and Poulsen, 2008; Davis
records, and compare these to our reconstrustdg;ce We and Brewer, 2009).
are aware that different marine proxies can lead to signif- The rawd record from Antarctic ice cores also shows a
icant uncertainties in reconstructions, which can also havestrong 41-kyr obliquity periodicity (Stenni et al., 2001, 2003,
seasonal biases (e.g. MARGO project members, 2009). Th2010; Vimeux et al., 1999; Uemura et al., 2004). Previous
recent synthesis of LGM SST data depicts a latitudinal tem-studies suggested that the obliquity component of the Vostok
perature gradient in the Southern Hemisphere oceans. Backt record could be related to the contrasting impact of oblig-
ward trajectory models suggest that the present-day maimity on annual mean insolation and temperature at low and
moisture source for DF is located around the 40-F@cean  high latitudes (affecting SST), amplified by changes in the
(Reijmer et al., 2002; Sodemann and Stohl, 2009). In themoisture transport induced by the annual insolation gradient
42.5-52.8 S latitudinal band, the LGM minus present-day between low and high latitudes (Vimeux et al., 1999; Loutre
anomaly is-3.8°C (MARGO Project Members, 2009). Fig- et al., 2004). In previous reconstructioms7 9% . .was sim-
ure 6b shows a stacked Southern Ocean mid-latitude SSifar to the raw deuterium excess signals and showed a large
record (Barrows et al., 2007) that was made by combiningobliquity imprint.
the ocean sediment records from the MD97-2120 325S, Interestingly,6D andd are anti-correlated in the 40-kyr
17456 E) from east of New Zealand (Pahnke and Sachsband (Fig. 8). As a result, small differenceife have large
2006) and MD88-770 (4®1 S, 9627 E) from the In-  impacts on the obliquity signal i\ Tsource Spectral analy-
dian Ocean (Labeyrie et al., 1996). The stacked SST recordis shows that our newu Tsoyrce reconstruction indeed has
shows a relatively large SST shift6°C ) during Ter-  a weak obliquity signal (Fig. 9). It cannot therefore be ruled
mination |. Another sediment core (MD07-3076) retrieved out that the strong obliquity signal found in the rawecords
in the Atlantic sector of the Southern Ocean @4 S, of DF and Vostok cores is an artifact of site temperature. This
14°13 W) shows a glacial-interglacial temperature changedoes not apply to EDC where the obliquity imprint in the raw
of ~7°C both during Termination | (Skinner et al., 2010) d is less clear.
and Termination V (Mzquez Riveiros et al., 2010).
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2) 25 is an antiphase of obliquity) is 1.3+0.4 kyr. The gradients
240 T of EDC and Vostok also lag the obliquity by 1.9+0.7 and
\/ 2 & 0.9+0.5kyr, respectively. This differs from the observed 5
L225 3 kyr lag between EDGD and obliquity (Jouzel et al., 2007).
18+ The processes responsible for the observed lags remain elu-
R b) o & . SR sive, and likely involved the interplay between ice sheets
g "1 ; . g and ocean circulation. Further investigations of the mecha-
144 r o ; nisms linking obliquity and site-source temperature gradient
. : gt € are required, in order to use such information for orbital dat-
1 Fitered 507 Il ing of ice cores. It will provide independent evidence to test
~ 14 2 Filterec L 10 - the length of MIS 11, in which the accuracy of the EDC3
§ . 5 :;f age scale (Parrenin et al., 2007) was questioned (Masson-
T 0 0 g Delmotte et al., 2010b; Pol et al., 2011).
= 1 =5 <
= -1 - : \/-—10 g
-400- ]
X 10 T
27 5 3 5 Conclusions and perspective
2 -440-] ro %i
—460 3 e We obtained a new record from DF ice core spanning the
. S O S e : . a0 past 360 000 yr and compgred this with records from Vos-
Age (kyr BP) tok and EDC ice cores. To interpret thieand$D records as

ATsource@nd ATsite information, we used an isotopic inver-
Fig. 8. Obliquity components of the DF isotope recor@ig.Earth's  sjon methodology based on the MCIM model as previously
obliquity, (b) the rawd record of DF (black dotted line) and its fil- performed by Vimeux et al. (2002); Stenni et al. (2001) on
tered signal (red solid line). The filtered obliquity component was the Vostok and EDC ice cores respectively. A major source
obtained by Gaussian filters with. the .Analyseri.es program (Pail-Of uncertainty lies in the coefficient of regressi@ie which
lard et al,, 1996). A band-pass filter in the obliquity band= is related to the sensitivity of to A Tsiie. We showed that dif-

0.025+0.005) was calculated (red solid lin€)) Filtered compo- ) . .
nents in the DR/ (red solid line) andD (black solid line),(d) the ferent ranges of temperature and selections of isotopic model

5D (black dotted line) record of DF and its filtered signal (black OUtpUts increase the value fdie by a factor of two. The re-
solid line). sults suggests that the differenceggf. from previous stud-

ies are due to the isotopic model tuning for the present-day,
and thesD ranges selected for regression analyses. We have

As a result of our new reconstruction, spectral propertiesshown that thessiie depends on the range of temperature or
of our temperature gradiem\ [ source— A Tsite) from DF, Vos- isotopic depletion used.
tok and EDC cores appears mainly modulated by obliquity For the first time, we applied the exact same temperature
(Fig. 9) and without 100 kyr cycles. A recent modeling study inversion methodology to the three Antarctica ice cores data
(Antico et al., 2010) supports a large control of obliquity on sets (DF, Vostok, and EDC). A\ Tsoyrcefecords were sensi-
latitudinal moisture transport. tive to the inversion method, with our new approach (isotope-

Compared withsD, the strong imprint of obliquity is re- fitting) leading to amplitudes oA Tsoyrcevariation~2°C to
duced in ourA Tsjie reconstruction (Fig. 9), suggesting that it 4°C larger compared to the previous estimations. For DF, the
can be partly affected by moisture origin effects. The oblig- ATsource€Stimates yields values betweeb.9°C and 2.9C
uity signal, however, remains inTsite. Thus, the moisture  over the past 360 kyr, Comparisons with proxy-based SST
source effect cannot fully explains the fact that climate mod-records suggest that our largelsoyrce reconstruction is at
els display a negligible impact of obliquity on the simulated the upper limit of compatibility with SST data. In contrast
annual mean Antarctic temperature, suggesting that it mayo the significant modification ith Tsoyrce the A Tsie records
result from model biases, such as a lack of austral sea ice iwere not modified significantly and therefore appear robust.
control simulations (Masson-Delmotte et al., 2010b). The differences between the current and previous studies are

Furthermore, our synchronized age scale is based on theithin published uncertainty-{10—-30 %) ofA Tsjte estima-
imprint of precession on DF N2 and is independent from tions. The newA Tsorce€Stimates showed only weak 41-kyr
orbital properties of the stable isotope records. In our highobliquity periodicity, but the obliquity signal was found in
Bsite Case, the site-source temperature gradient mainly exthe temperature gradiem (source— A Tsite). The temperature
hibits obliquity periodicities, which is a requested character-gradient records of the three cores show a systematic anti-
istic for orbital tuning. Cross spectrum analysis shows thatcorrelation with obliquity, providing new evidence for the
the mean lag of this reconstructed temperature gradient bemportance of the Earth’s obliquity as a driver of water cycle
hind the annual mean insolation gradient (Fig. 7c; whichand climate dynamics. Such properties offer the perspective
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Fig. 9. Power spectra of DF core isotope records. Power spectra of DF (red), Vostok (blue), and EDC (gyéen)p) 4, (c) Ocean isotope
change §180s) over the past 360 kyr (Bintanja and Wal, 2008), ATsite, (€) ATsource and(f) temperature gradien?\Tsource— ATsite)-
Spectral analysis is performed using Blackman-Tukey analysis with 50 % of series lag (for DF, Vosték®@ag) and 70 % (for EDC)
with the Analyseries software (Paillard et al., 1996).

of using this obliquity imprint as a synchronization tool for Appendix A
dating ice cores.

The isotope inversion method involves simplification, and Logarithmic definition of d and meaning of Bsjte
the procedure is challenging, in particular in Antarctica
where isotope ratios are extremely depleted. Analyzi®d  The interplay of artifacts caused by the empiri¢alefinition
an event basis in modern condensing vapor and precipitagng py physical kinetic processes (evaporation and snow for-
tion is useful when combined with moisture tracking analymsmation) restricts precise physical understanding of meaning
(Sodemann and Stohl, 2009) and isotopic modeling, to idenyq the value of two coefficientsBéite and Bsourc in EQ. (4).
tify hypotheses and parameterizations in distillation mod-1pe empirical definition (i.e. the constant slope of 8)dof
els regarding the controls af. Our results depend on the jself induces changes i because any process that does
prescribed fractionation coefficients. It is also necessarily tohqt follow thesD/s80 slope of 8 alters thé value. Indeed
improve the quantification of isotopic fractionation coeffi- he sp/5180 slope can deviate from the mean value of 8 be-
cients of under kinetic conditon (Luz et al., 2009; Uemura cayse of the combination of the nonlinearity of the ratio of
et al., 2010b) and equilibrium condition at very low temper- gqujlibrium-fractionation factors and the crude approxima-
atures (Ellehoj et al., 2012). Triple isotope ratios of 0xygention of In(14-8) ~5. In contrast to the historical linear defi-
(i.e. 17O-excess) in water molecules (Landais et al., 2008,pjtion of d, recent studies of triple oxygen isotope study of
2011; Luz and Barkan, 2010; Winkler et al., 2012) would ater have used the logarithmic framework for defining the
also provide independent evidence for moisture source imi7g_excess parameter (Barkan and Luz, 2007). Here, we ex-
print on isotopically depleted snow. Finally, extensive field gmine how the historical definition afaffects the ice coré
observation ofd and *’O-excess in clouds over Antarc- yecord andsie by introducing a logarithmic based definition
tica may provide better constraints on supersaturation funcyf geuterium excess.
tion, and will allow to improve our understanding of the | the normals plot, the slope of Global Meteoric Water
mechanism underlying the changes/iand!’O excess. Line (GMWL) apparently keeps a constant value “8” along
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Fig. A1l. Normal versus log plots for global meteoric water. Condensation temperature (°C)
(@) GMWL data from GNIP and Antarctic surface snow. GNIP
data is based on 308 stations whose data contains/ thata .
longer than 2yr. The GNIP data weighted by amount of pre- Annual mean air-temperature (°C)
cipitation give a recession lineS) =8.18x §180+11.2 RZ = %5 %0 40 28 -1 8 13
0.991)). (b) Same agqa) but plot on the log plot. All the data b)
give a regression curve (GMWC):(th+38D) = —2.85x 102 x (In
(1+5180))2 +8.47x In (1 +8180) + 13.3 €2=0.999).

with isotope distillation (Craig, 1961). However, it is difficult
to understand the physical meaning of this constant slope be- e -10
cause the ratio of equilibrium fractionation-factors of hydro-
gen and oxygerup —1)/(a18d —1), which corresponds to the . -9
8D/5*80 slope, increases from 8.7 to 9.6 when the tempera-
ture decreases from 20 td’G (e.g. Jouzel, 1986). In prin- . -8
ciple, the increasing slope should be observed only in the
log (1-+3) plot. This point was clearly described in the his- 777/
toric GMWL paper (Craig, 1961) as “it is actually log{%) -60 -5 -40 -30 -20 -10 O
which should be plotted for such a process.... The linear re- In (5180 +1) (%eo)
lation observed in Fig. 1 simply reflects a coincidence...".
Recently, the limitation of normal diagrams is discussed Fig. A2. Normal versus log plots for global meteoric water.
in Miller (2002). In Antarctica,~50.0 and—400%. in§ no- 1" 3DI5180 SZ'Ope is callgulated using a differential of Eq. (7)
tation (eithes80 orsD) corresponds te-51.3 and-511%, (= —2:70x 107" xIn(1+4770) +8.47). Kinetic fractionation dur-
in log (1+5) notation, respectively. Thus, In{35) cannot be ing snow formation was considered using a super-saturation func-
. tion (see text).

approximated a8.

In order to show the differences of normal and logarith-

mic plot, global isotope data from Global Network of Iso- ypjike a constant slope of GMWL, the slope of this Global
topes in Precipitation (GNIP) database (e.g. Rozanski et al.\jeteoric Water Curve (GMWC) increases fron8.5 to 12
1993) and a recent compilation of Antarctic surface snowgg In(1+5180) decreases. Figure A2 shows the slope and
data (Masson-Delmotte et al., 2008) are shown in Fig. Al|n(1+880) with corresponding annual-mean surface air-
Although, the GMWL appears to represent average isOtemperature. This slope generally agrees with the one ex-
topic composition, the slope is, in reality, non-linear. The pected from¢p— 1)/(x15— 1). There is a clear gap between
data shows parabolic curve againsfO with a minimum  the transition of equilibrium fractionation factors for liquid-
(~negative values iw) at ~—30%o in 6'%0, and maxima  yapor and ice-vapor fof80 (Majoube, 1971a, b) and for D
(~15-20%o ind) at~0 %o (equatorial) ané-—60 %0 in8'%0  (Merlivat and Nief, 1967). The gap was narrowed after in-
(Antarctica) (Fig. Ala). Figure Alb shows the same data buicorporating the super saturation effect (Jouzel and Merlivat,

on natural logarithmic plot. The data clearly show non-linear 1984) (here, we used ti% function described in Sect. 2.2.
relationship between In@@sD) vs. In(1+5'%0). A simple  \yas used).

quadric fitting gives sufficiently good representation as

IN(1+68D) = —2.85x 10 2 x (In(1+ §180))?
+8.47 x In(1+ §80) + 13.3(R? = 0.999). (A1)
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changes. ThesDsw can be calculated on the assump-
tion that INeDsw+ 1) =—2.85x 102 x (In(1+ 8180gw))2+
8.47x In(1+ 5180gy). Thus, thed), value corrected for the

F ocean isotope effectlf,_corr) can be obtained by substitut-
Y ing (14 880)corr and (14 8D)corr to the Eq. (A2). Then, the

b isotope inversion was performed to retreive th&s;,e and
ATsourceinformation. The relations obtained for the DF ice

Ad, (%)

R core are
EDC r
1" [ A In(l + 8D)corr = 135A Tsite - 55A Tsource
(R?=0.999 n = 14, p<0.001) (A5)

Aln (8D + 1) (%0)

Adin_corr = -0.4ATsite + 1.8 ATsource
(R?=0.996 1 = 14, p<0.001) (A6)

° 50 100 150 200 250 We should note that we only modified the notation of
Aoe (lorB7) and the definition ofi. The two primary data set$ and

Fig. A3. Logarithmic defined deuterium-excess aidi records of 5180) and inversion methodology are the same. Therefore,

Antarctic ice cores(a) Deuterium-excess based on logarithmic ex- the ATsite and ATsource Obtained based on the Egs. (A5)

pression §jn) records from DF (red line), Vostok (blue line), and and (A6) are identical with those of obtained based on the

EDC (green line) cores plotted on the/@, orbital age scale for  Egs. (5) and (6). The values of coefficients of the Egs. (A5)

DF. (b) In (3D +1) records of the three cores plotted onthg\»  and (A6) differ from those of Egs. (5) and (6). The coeffi-

orbital age scale for DF. cient Bsite (0.4) is significantly smaller than our estimation
(1.3). This result clearly shows the fact that the value of

Based on the GMWC, a deuterium-excess paramter baseésne significantly depends on the definitio_n of deuterium ex-
on logarithmics, hereafter denoted af,, is defined as cess. In other wordBsiie act as a correction factor for the

empirically definedd parameter. Detailed and comprehen-
din =In(1+ D) — (—=2.85x 1072 x (In(1+ 6%0))? sive analysis ofj, (€.g. other Antarctic sites, Greenland ice
+8.47 x In(1+ §80)). (A2) cores, and golobal precipitation) is beyond the scope of this
manuscript. At least for the case of DF, the smaigg value

Isrlgg)rl;razz(t; :‘ga:’hécng zmvr\]'zﬁqgg;bg;c (ler\é()e aN%’C:::St indicates that thei, is better representation of source ef-
» ¢ P 9. : fect. In generald), would be suitable for comparison with

thatd),, is defined. _baged on phenomenolc_)gicgl datalset. Thussimilarly defined parametel’O-excess.
not only the equilibrium effect but also kinetic fractionation
(like snow formation effect) is also eliminated.

Figure A3 shows thelj, records of Antarctic ice cores. AcknowledgementsiVe thank DF ice core group, Maki Nakada,
The din ranges from about-15 to 5% . The glacial- Hironobu Yamada and Satoru Kikuchi for supporting isotopic mea-
interglacial amplitude is, thus, about two times larger thansurement. We also thank Alexey Ekaykin and Frangoise Vimeux
the normald variation. Unlike rawd records, thel;, records  for comments. We thank Dae-Yeol Baek for drawing the map.
does not shows distinet40 kyr cycle nor the lag found in  This research was supported by JSPS Postdoctoral Fellowships
the glacial terminations. These results show that glacial—for Research Abroad and by a Grant-in-Aid for scientific research
interglacial variations of! record are sensitive to its def- (5)(21221002) from the Ministry of Education, Science, Sports and
inition. Thus, great care should be taken to interpret suchCUlture. Japan and the French ANR Dome A project.
second-order parameter.

With the same methodology used for thehed), data can
be converting to the\ Tsiie and A Tsource FOr the correction
for ocean isotope changes, InH{d) gives simpler formula
than the case for normal

In(1+ 8*80)corr = IN(1+ 6*80ice) — IN(1+ 880sy)  (A3)

Edited by: N. Abram
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Here, In(1+8%0)or and In(1+8D)corr are the iso-
tope ratios of the ice corrected for ocean isotope
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