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[11 The conventional interpretation of ice core deuterium and oxygen 18 isotope profiles
based on the use of present-day observations (spatial slope) underestimates glacial-
interglacial surface temperature changes in Central Greenland by up to a factor of two.
This likely results from changes in the seasonality of the precipitation due to the
particular location of the Greenland ice sheet next to the highly variable northern polar
front. In this regard the situation is much simpler for central Antarctica and this should be
reflected in the temperature interpretation of ice core isotopic records. With this in mind,
we closely examine all relevant information, focusing on the East Antarctic Plateau
where both model and empirical isotope-temperature estimates are available. We point to
the fact that correctly accounting for the influence of ocean isotopic change is important
when interpreting deuterium profiles from ice cores in this region. The evidence
presently available indicates that, unlike for Greenland, the present-day spatial-slope can
probably be taken as a surrogate of the temporal slope to interpret glacial-interglacial
isotopic changes at sites such as Vostok and EPICA Dome C. Corresponding temperature
changes are within —10% to +30% of those obtained from the conventional interpretation
based on the use of the spatial slope.  INDEX TERMS: 1040 Geochemistry: Isotopic composition/
chemistry; 1827 Hydrology: Glaciology (1863); 3344 Meteorology and Atmospheric Dynamics:
Paleoclimatology; 9310 Information Related to Geographic Region: Antarctica; KEYWORDS. water isotopes,

temperature estimate, Antarctica, deuterium, oxygen 18
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1. Introduction

[2] Past temperature estimates from polar ice cores have
long been limited to the interpretation of the isotopic
composition of the ice in HDO or H,'®O (expressed as
8D or 6'®0 with respect to the Standard Mean Ocean Water,
SMOW). This method is based on the existence of a linear
relationship between the mean annual values of the present-
day isotopic content of the precipitating snow &p (6 stands
either for 8D or §'%0) and of the temperature of the site,
particularly well obeyed over Antarctica [Lorius and Mer-
livat, 1977] and Greenland [Johnsen et al., 1989]. It also
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relies on a variety of isotopic models which provide a
theoretical basis for this observation (Dansgaard [1964],
Jouzel et al. [2000], and Hoffimann et al. [2000] for recent
reviews). Recently, this method has been challenged by two
other approaches. First, borehole paleothermometry uses the
inverse modeling of heat diffusion from the surface into the
ice, enabling estimates of recent and long-term temperature
changes (glacial-interglacial timescale). Second, the isotopic
composition of the air is slightly modified during firnifica-
tion by physical processes such as gravitation and thermal
diffusion, and this property can be exploited, in particular in
the case of rapid changes which cause a detectable anomaly
in the isotopic composition of nitrogen and argon [Jouzel,
1999, and references therein].

[3] Those two methods have now been extensively ap-
plied to deep ice cores from central Greenland for which
they are particularly well suited. First, at these sites accu-
mulation is relatively high which limits the smoothing by
diffusive heat flow and allows access to the temperature
conditions prevailing at the Last Glacial Maximum (LGM)
20 kyr BP (thousands of years before present) both at GRIP
[Johnsen et al., 1995; Dahl-Jensen et al., 1998] and GISP2
[Cuffey et al., 1995]. Second, central Greenland experienced
large and rapid climatic fluctuations during the last glacial,
typically 10°C or more in one hundred years or less, and the
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Figure 1.

Influence of the change in the deuterium content of seawater in Antarctica. This map shows

the difference in the deuterium content of the precipitation between two experiments performed with the
NASA/GISS isotopic GCM for a modern climate [Delaygue, 2000]; one with 8D = 4%o (modern
conditions) and the other with 8D = 13.6 %o (glacial composition). Also reported on this map are the main

drilling sites in Antarctica.

resulting isotopic anomalies can thus be well documented
[Severinghaus et al., 1998]. These two complementary
approaches allow temperature to be estimated at certain
times in the past, and provide a way to calibrate the
continuous record that can be inferred from the isotopic
composition of the ice. This calibration clearly demonstrates
that the slope observed between the present-day mean
values of the isotopic composition of the snow and of the
surface temperature at the site, T, cannot be used to
interpret quantitatively Greenland isotopic records (hereaf-
ter the spatial slope, Sgpa, generally defined at a large
regional scale using at each site isotopic values averaged
over a few years and 10 m deep temperatures). In other
words, the spatial slope and the temporal slope, Siemp (the
relationship describing the variation of isotopic concentra-
tions with temperature through different climates over time,
at a single geographic location) are not similar. Hereafter,
the ratio of the spatial to the temporal slope is denoted as
Ryiopes = Sspat/Stemps €.€-, Wwhen Rgjopes > 1 the true temper-
ature change is larger by a factor Rygpes than the one,
ATy(spar), estimated by the conventional approach, and vice
versa (A denoting the difference between two different
periods). Indeed, all of the studies mentioned above (bore-
hole paleothermometry and isotopic anomalies) unambigu-
ously show that using the spatial slope as a surrogate for the
temporal slope, a method referred to as the ‘“isotopic

paleothermometer,” underestimates Greenland temperature
changes by up to a factor of 2 [Jouzel, 1999, and references
therein].

[4] In Antarctica (Figure 1), both paleothermometry and
the use of nitrogen and argon isotopes pose some problems.
First, the low accumulation that prevails at East Antarctic
inland sites such as Vostok erases the glacial-interglacial
surface temperature signal at the depth of the Last Glacial
Maximum (LGM). This prevents accurate estimation of the
glacial-interglacial temperature change by borehole paleo-
thermometry at Vostok [Rommelaere, 1997]. In fact, to be
applied this method requires additional assumptions [Sala-
matin et al., 1998]. Second, unlike central Greenland,
central Antarctica did not experience abrupt temperature
changes, and gas isotopic anomalies due to thermal diffu-
sion are, in principle, difficult to detect. Thus, there is no
perfect alternative with which to calibrate the isotopic
paleothermometer there. Still there are useful arguments
coming from the isotopic composition of the air bubbles
[Caillon et al., 2001], and from constraints with respect to
ice core chronologies [Parrenin et al., 2001]. They con-
verge toward the idea that the observed present-day spatial
slope can be used to interpret Antarctic isotopic profiles
[Petit et al., 1999; Jouzel et al., 2001]. This idea is also
supported by atmospheric General Circulation Models
(GCMs) as shown by Krinner et al. [1997] and by isotopic
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Figure 2. This figures illustrates the influence of the source temperature on the isotopic content of the
Antarctic precipitation. Line B corresponds to the observed present-day spatial slope between Dumont
d’Urville and Dome C expessed with respect to the temperature of snow formation (i.e., above the
inversion layer). Line A represents the temporal slope assuming that the temperature change at the
oceanic source is half that at the Dome C site. See color version of this figure at back of this issue.

GCMs which include the explicit modeling of water stable
isotopes [Jouzel et al., 1994; Hoffmann et al., 2000;
Delaygue et al., 2000; Werner et al., 2001].

[s] Our main objective here is to put these various
arguments together in order to quantify the uncertainties
associated with the conventional interpretation of isotopic
records from Antarctic cores. This article complements, for
Antarctica, the review published by Jouzel et al. [1997]
which focused on Greenland ice records. We begin by
briefly summarizing how simple isotopic models can
easily be used to illustrate that spatial and temporal slopes
can differ, pointing in particular to the possible influence
of the origin and seasonality of precipitation. Examining
these two aspects separately, we show that they are not
likely to cause large differences between the spatial and
temporal slopes in Antarctica. We then discuss other
arguments linked to ice core chronologies [Parrenin et
al., 2001], isotopic measurements in air bubbles [Caillon
et al., 2001] and paleothermometry [Salamatin et al.,
1998].

[6] We note here that the notion of temporal slope covers
different timescales. The seasonal slope is deduced from the
comparison of the isotope and temperature yearly cycles at a
given site as derived, for example, by van Ommen and
Morgan [1997] for the Law Dome near coastal site in East
Antarctica (Figure 1). The short term (interannual) slope is
based on the comparison of mean annual isotope and
temperature values at sites where temperature records are
available [see, for example, Jouzel et al., 1983], whereas the
long term slope mainly refers to glacial-interglacial changes.
As discussed by Jouzel et al. [1997], these three types of
slopes generally differ (see discussion below). In this article,
our assessment deals with the comparison between the
spatial slope (defined in the region where the site is located)
and the long term temporal slope. It is also important to note
that some uncertainty is associated with the estimation of
the spatial slope for a given region and that this spatial slope
may vary from one region to another in Antarctica. For
example, slopes of 6.04%0/°C for 6D and 0.75%0/°C for
§'"%0 (defined with respect to surface temperature, Ty) are

used for interpreting Dome C and Vostok isotopic profiles.
Recent estimates [Delmotte, 1997] suggest that those values
are not defined to better than +10%; they clearly may be
higher in other regions of Antarctica, e.g. up to 1%./°C for
6'°0 in some areas.

2. Main Factors Influencing the Isotope/
Temperature Temporal Slope

[7] The main features of the distribution of water isotopes
can be understood with a simple Rayleigh model that takes
into account the isotopic fractionation processes occuring in
an isolated air parcel traveling from an oceanic source
toward a polar region [Dansgaard, 1964]. Such fractiona-
tions take place during most phase transitions experienced
by water during its atmospheric cycle. They arise from
differences both between the saturation vapor pressure of
HDO or H,'®O with respect to H,'°O (the equilibrium
effect), and between their molecular diffusivity in air (the
kinetic effect). These simple models explain present-day
observations over Antarctica well provided that the strong
temperature inversion which characterizes central Antarc-
tica [Robin, 1977] is taken into account [Jouzel and Merli-
vat, 1984]. As noted by many authors [see Jouzel et al.,
1997, and references therein], these Rayleigh models first
point to the combined influence of the temperature of the
oceanic source (Ty,) and of the temperature of condensation
(T.) on the isotopic content of precipitation. For example,
(Figure 2) a parallel change in T, and T,, will result in an
increase of Ryjopes [Aristarain et al., 1986; Boyle, 1997]. To
illustrate this point, we use the formulation derived by
Stenni et al. [2001] for the EPICA Dome C site in central
East Antarctica. We assume [Jouzel and Merlivat, 1984]
that the snow is formed just above the inversion layer which
allows one to relate AT, and AT, through AT, = 0.67 AT,.
Using the mixed cloud isotopic model [Ciais and Jouzel,
1994] allows expression of the deuterium change at the site,
AdD as :

ASD = 7.6AT, — 3.6ATy + COrTocean



ACL 6-4

where Cotfoeeay 1S @ correction due the change in the
isotopic content of the oceanic source (see discussion
below). A deuterium change of 60%o (including the oceanic
correction), typical of the glacial-interglacial transition in
central Antarctica, will be interpreted as a ATy(spay 0f 7.9° C
if the dependence on the source temperature is neglected, as
is done in the conventional interpretation. In contrast, we
illustrate in Figure 2 a case for which the change in AT is
accompanied by a concurrent change in AT,, of half its size.
We thus assume a polar amplification of the oceanic change
by a factor of two roughly consistent with glacial
interglacial climate simulations performed in the frame of
the Paleoclimate Model Intercomparison Project [Pinot et
al., 1999]. The resulting estimate of AT then increases to
10.3 °C (Rgiopes = 1.31 as illustrated in Figure 2). In quite
the same way, the seasonal change in the origin of the
precipitation has an impact on the seasonal slope. This
impact may be large in particular for coastal sites (e.g., V.
Masson-Delmotte et al., Recent climate variability in coastal
eastern Antarctica from 1930 to 1990: An abrupt atmo-
spheric circulation change in the 1970s archived in Law
Dome DEO08-2 ice core deuterium excess record, submitted
to Climate and Dynamics, 2002) and, for this reason, the
seasonal slope should not be used to estimate long term
glacial-interglacial climatic changes.

[s] Many other factors obviously can influence Rgjopes.
These can be linked to other source characteristics control-
ling the evaporation kinetics such as relative humidity and
wind speed [Merlivat and Jouzel, 1979] or to the micro-
physical processes prevailing in clouds such as the satura-
tion value at snow formation [Fisher, 1991]. They can result
from changes in the seasonality and intermittency of pre-
cipitation fallout which both bias the temperature sampling,
or to wind erosion [Gallée et al., 2001] which can affect the
isotopic signal differenly for an interglacial than for a
glacial. Also, as the spatial slope is defined with respect
to Ts, any change in the strength of the vertical inversion,
for example, between a glacial and an interglacial, will
influence Ryjopes. Changes in cyclonic activity [Holdsworth,
2001] and in the ratio between advection by the mean
circulation and eddy transport [Eriksson, 1965; Hendricks
et al., 2000, Noone and Simmonds, 2002] can also play a
role, suggesting, in particular that the temporal slope can
increase inland Antarctica [Hendricks et al., 2000; Kava-
naugh and Cuffey, 2003]. The influence of most of these
parameters has been systematically investigated for Green-
land snow [Jouzel et al., 1997], pointing out the key role of
the moisture origin and of the precipitation seasonality. We
now successively examine the influence of these two
parameters for Antarctica.

3. Influence of the Origin of the Antarctic
Precipitation

[0] There are two complementary methods to assess the
influence of the origin of a precipitation on its isotopic
content. First the combined measurement of both 6D and
§'%0 enables the calculation of a second order isotopic
parameter, the deuterium excess (d = 8D — 8 x §'*0) which
depends on the temperature and relative humidity of
the evaporative source (and, to a lesser degree, on the
wind speed) controlling the kinetics of the phase change

JOUZEL ET AL.: TEMPERATURE SCALING IN ANTARCTICA ICE CORES

[Merlivat and Jouzel, 1979]. In turn this parameter contains
information about conditions prevailing in these source
regions. Second, it is possible to perform GCM experiments
in which the origin of the precipitation, and in most experi-
ments its isotopic composition, is tagged and then followed
from its source to the precipitation site. This approach has
now been applied in several experiments addressing the
relationship between the origin and the isotopic content of
present-day antarctic precipitation [Koster et al., 1992;
Noone and Simmonds, 2002] and glacial climates [Delaygue
et al., 2000; Werner et al., 2001]. Both methods suggest that
the moisture origin has limited impact on the interpretation
of glacial-interglacial isotopic changes observed in inland
Antarctica.

[10] To illustrate the first approach, we compare the
Vostok temperature records reconstructed respectively by
Petit et al. [1999] and Vimeux et al. [2002]. Petit et al.
[1999] applied the conventional approach for calculating
AT(spary 3 (AOD — CorTocean)/6.04. Corrogean is the correc-
tion applied for the change, A8Dycean, in the deuterium
composition of the ocean resulting from the waxing and the
waning of the continental ice sheets during the last four
climatic cycles. It is calculated as Corroeean = 8 X
A8"®0,cean using the §'®0 oceanic record from Bassinot
et al. [1994] after appropriate scaling. Vimeux et al. [2002]
used a modeling approach based on a Rayleigh type model
[Ciais and Jouzel, 1994] and on the availability of both
deuterium and oxygen 18 profiles. This approach is essen-
tially a linear inversion procedure that directly accounts for
the oceanic correction. It allows for the extraction of both
AT, denoted hereater ATginy), and AT,, from the set of
isotopic parameters (see Cuffey and Vimeux [2001] and
Stenni et al. [2001] for a detailed description of the
inversion method, which differs slightly between the two
articles). Unlike the “isotopic paleothermometer” which
relies on present-day observations, this inversion is thus a
purely model based approach.

[11] At this point it is worth noting that the oceanic
correction was incorrectly applied in Petit et al. [1999]
and in previous estimates of the Vostok temperature record.
It did not account for the fact that the influence of isotopic
change at the ocean surface weakens as an air mass
becomes isotopically depleted. In a Rayleigh model
describing the isotopic behavior of an air mass from its
oceanic origin to the precipitation site, the isotopic content
of precipitation (here 6D;..) can be written 1 + 8Dj = F X
(1 + 8Dgcean), Where F is a function of climatological
parameters and fractionation coefficients only. Applying
this equation for present-day (8Dgcean(o)) and for a certain
period in the past, 8Doceanty = ODocean(0) T AdDocean, Shows
that Corryeean €quals AbDgeean X (1 + 0Djee)/(1 + AdDgcean)
and not A8Dceqn as previously used in the interpretion of
Vostok records. Independently, Kavanaugh and Cuffey
[2003] have recently pointed out to such an incorrect
estimation of the oceanic correction, and have proposed a
similar approach. As illustrated in Figure 3, this would have
only a minor impact if the temperature record had been
inferred from the 8'%0 ice record 1+ 880, is very close
to 1). This is not the case for the deuterium correction as 1 +
0D is between 0.5 and 0.6 in Central East Antarctica.
Consequently, the glacial-interglacial deuterium oceanic
correction, which in Petit et al. [1999] is slighly below
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Figure 3. This plot illustrates how the oceanic correction can be estimated from a simple linear
relationship directly derived from a Rayleigh type model. The points represent the oceanic correction as
calculated from the difference between two GCM experiments performed by Delaygue [2000], one
corresponding to the Last Glacial Maximum (8D = 13.6%o; 6'%0 = 1.7%0) and the other to modern
conditions (8D = 4%o; 6'*0 = 0.5%o). The differences between thes two runs are calculated for each model
grid point and reported as 6D anomaly (in blue, left scale) and §'*0 anomaly (in red, right scale). The two
lines are directly derived from a Rayleigh type model applying the formula derived in section 3 to
calculate Corryeeq, (see text). See color version of this figure at back of this issue.

10%0 for the Vostok site, decreases to ~5.5%0 when
correctly calculated (Figure 3).

[12] Our reasoning, which is based on a simple model, is
fully confirmed using an isotopic GCM, as shown by
Delaygue [2000] who performed, with the isotopic version
of the NASA/GISS GCM [Jouzel et al., 1987a], two
experiments which differed only by a change in the
deuterium (9.6%0) and oxygen 18 (1.2%o0) content of
surface oceanic waters. As fully discussed by Jouzel et
al. [1987a], this GCM correctly simulates present-day
Antarctic climate as well the spatial and temporal 6D and
6'"%0 The resulting deuterium contours (Figure 1) show that
the difference between the predicted 0Dj.. of these two
experiments weakens poleward with lowest deuterium
changes in Central East Antarctica. These GCM estimates
are reported in Figure 3 as a function of either 6D;.. or
§"%0;ce. Values are quite similar to those calculated from the
above formula (Figure 3), which in this diagram lie
practically on a straight line. This similarity is as expected
because all atmospheric fractionation processes are inde-
pendent of the isotopic concentrations themselves (small
departures with respect to this line are due to the contri-
bution of water vapor evaporating over continents). The
simple model estimation can thus effectively be used to
estimate COITocean-

[13] For the sake of the comparison between the two
methods for estimating Vostok temperature changes, this
correct approach has been followed in the present work, and
we apply it to calculate ATgpar) (Figure 4, thick continuous

line). The inferred record only slightly differs (by no more
than 0.6°C) from the temperature record (not shown)
presented in Petit et al. [1999]. The estimate obtained by
the inversion procedure is also reported in Figure 4. The
inversion procedure in which there is an attempt to account
for the moisture source changes [Vimeux et al., 2002] and
the conventional approach in which the influence of those
changes is ignored, provide results very close to each other.
For example the amplitudes of the successive glacial-
interglacial changes are slightly larger when estimated by
the conventional approach but by no more than ~10% on
the average (with some differences from one cycle to
another). As previously noted by Cuffey and Vimeux
[2001], the most noticable difference occurs during glacial
inceptions with the consequence that applying a deuterium-
excess correction improves the degree of co-variation be-
tween carbon dioxide and temperature.

[14] The correction due to source temperature changes
alone increases the glacial - interglacial change at Vostok by
up to 2°C [Vimeux et al., 2002]. Indeed the spatial slope
derived from the inversion (7.1%0/°C) is higher than the
observed one (6.04%0/°C) used by Petit et al. [1999]. This
difference, roughly compensating for the source correction,
explains the smaller difference observed in Figure 4
between ATgpar and ATgny). Note that glacial-interglacial
estimates of AT inferred from the EPICA Dome C core are
also quite similar (i.e., ~9°C between the LGM and the
Holocene optimum) if obtained either by the conventional
approach [Jouzel et al., 2001], or by accounting for changes
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Figure 4. Vostok temperature changes from present-day values back to 420 kyr BP, estimated either
(ATgspay in red) by the conventional approach based on the 8D profile alone [Petit et al., 1999]
accounting correctly for the oceanic correction (see text), or (ATginy) in green) by the inverse method
based on the use of deuterium-excess to account for moisture source changes [Vimeux et al., 2002]. See

color version of this figure at back of this issue.

in source temperature [Stenni et al., 2001]. The explanation
given for Vostok also applies to EPICA Dome C (the model
derived spatial slope for Dome C is 7.6 %0/°C, see equation
given in section 2).

[15] Experiments performed with the isotopic version of
the NASA/GISS model lead to a similar conclusion
[Delaygue et al., 2000]. Unlike simple models that gener-
ally consider a unique source, the GCM enables the
explicit tagging of the moisture provided by multiple
sources (19 in each hemisphere in this particular study).
This approach confirms the simple model result that
moisture originating from warmer sources provides precip-
itation with a lower Op. It also shows the impact of
atmospheric circulation on &p, which also depends on the
distance between the source and the precipitation site.
However, due to changes in the contributions from those
various sources, the Antarctic mean source temperature
does not significantly change between modern and glacial
climates, being 2°C warmer than for present-day when
using CLIMAP SST reconstruction and almost unchanged
when the tropics are cooled with respect to CLIMAP
[Delaygue et al., 2000]. This results in a relatively limited
increase of Rgjopes (10 to 30%). Note however that glacial
simulations do not show a good agreement with deuterium
excess observations in these GCM experiments. This may
arise from unrealistic latitudinal SST and sea ice recon-
structions, which would then add some uncertainty to this
estimate of Rgjgpes.

4. Influence of the Seasonality of the Antarctic
Precipitation

[16] There are only limited data on the seasonality of
present-day precipitation for inland Antarctica [Ekaykin et
al., 2002] and practically no information available for a
period such as the LGM. This information can only be
derived from GCM experiments as first closely examined
by Krinner et al. [1997]. For this purpose, these authors
implemented the LMDz stretched-grid GCM adapted to
have a high resolution in polar regions. They calculated
the condensation temperature as the precipitation weighted

temperature of the model layers where the precipitation
forms. The difference between the glacial-interglacial
change in the condensation temperature and AT gives thus
an indication of the bias introduced by seasonality and
inversion when interpreting the isotopic signal of polar
precipitation. The bias due to seasonality is large for Green-
land where the model does not simulate a clear seasonality
of present-day precipitation, a feature also inferred from pit
studies [Shuman et al., 1995], but shows a clear summer
precipitation maximum for the LGM. These seasonality
changes can largely explain the fact that using the present-
day spatial slope for interpreting GRIP and GISP2 isotopic
profiles underestimates glacial-interglacial temperature
changes by a factor of two [Krinner et al., 1997; Werner
et al., 2000]. On the East Antarctic Plateau, however, the
condensation temperature seasonal cycle remains close to
the modern level and there is only a weak bias due to
seasonality, and little influence of other local parameters
such as the intermittency of the precipitation and the
strength of the inversion.

[17] Using the same diagnoses, Delaygue et al. [2000]
arrived at a similar conclusion for the GISS model in which
present-day Antarctic precipitation is characterized by a
weak seasonal cycle. Glacial conditions decrease the winter
contribution to annual precipitation inducing a limited 15%
decrease in Rgjgpes. Overall the combined influence of the
origin (increase of 10 to 30%) and seasonality of the
precipitation does not exceed ~15% in this NASA/GISS
model. Werner et al. [2001] also noted that, in the ECHAM
model, glacial-interglacial changes in the seasonal distribu-
tion of precipitation are much smaller for Antarctica than for
Greenland, and have thus less influence on Rgjopes. We
attribute this difference to the particular location of the
Greenland ice sheet next to the highly variable polar front
and to the influence of the Laurentide at the LGM. In
contrast, Antarctica boundary conditions are much less
affected for and around Antarctica which keeps its overall
circular symetry between LGM and present-day conditions.
In turn, whereas seasonality changes are the main explana-
tion of the underestimation of glacial-interglacial Greenland
temperature changes [Krinner et al., 1997; Werner et al.,
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2000], all available GCM experiments point to a limited
impact of these processes on central Antarctica.

5. [Estimating the Temporal Slope From
Isotopic GCMs

[18] Experiments and diagnoses designed to identify
separately the influence on Rgjopes 0f specific factors such
as the origin and seasonality of the precipitation have been
performed only recently. One initial objective of isotopic
GCMs was to provide a direct comparison between spatial
and temporal slopes by simulating different climatic periods.
This appraoch was pioneered by Joussaume and Jouzel
[1993] from present-day and LGM simulations using the
LMD isotopic model. However, the simulation was limited
to a perpetual January and July which did not enable a
reliable estimate of Ryjqpes at the yearly scale.

[19] Various present-day and LGM experiments covering
several years were then performed using both the NASA/
GISS [Jouzel et al., 1994] and the ECHAM Hamburg
[Hoffmann and Heimann, 1997] isotopic models. As far as
Antarctica is concerned, the NASA/GISS model predicts
spatial slopes lower than temporal slopes over most Antarctic
grid points, but whereas the difference is limited over East
Antarctica (Rgiopes = 0.80), it is much larger for West
Antarctica (Rgjopes = 0.6). However, in this latter region there
are large glacial-interglacial changes in the prescribed topog-
raphy of the ice cap that are probably not realistic and bias the
estimate of Ryjopes (Which does not account for local changes
such as the altitude of the site). Note also that the present-day
spatial slope predicted with the NASA/GISS model is higher
than the one observed over East Antarctica quite probably
because of the very weak simulated inversion strength. In
turn the comparison with data is good when the temperature
of condensation, T,, is considered, but deteriorates when Ty is
taken into account [Jouzel et al., 1994]. Although this
explanation is satisfying from an isotopic point of view, as
it is T, and not T that governs the isotopic content of the
precipitation, this discrepancy between observed and pre-
dicted inversion strength should be kept in mind. In contrast,
ECHAM results, obtained with a more realistic topography
and with higher spatial resolution, show an excellent agree-
ment, that is, within ~5%, between observed and predicted
Sepat both for East and West Antarctica [Hoffmann and
Heimann, 1997]. Comparison with the LGM run [Hoffinann
et al., 2000] provides estimates of Rgjopes around 0.9 (0.88
and 0.91 over East and West Antarctica respectively). From
this latter experiment, we can thus be confident in the fact
that temporal and spatial slopes are relatively close to each
other in Antarctica when the glacial-modern change is
considered. Experiments has now been completed by a series
of isotopic simulations with various boundary conditions
corresponding to climates intermediate between present-day
and the LGM. These new experiments (G. Hoffmann et al.,
manuscript in preparation, 2003) generally confirm the
results presented by Hoffinann et al. [2000].

[20] Finally, although not based on a GCM approach, the
recent modeling performed by Hendricks et al. [2000] is
worth mentioning in this section. These authors have
developed a one-dimensional model of meridional water
vapor transport to evalute the factors that control spatial and
temporal variations of 8D and §'%0 in global precipitation.

ACL 6 -7

They found a good agreement between Sgp, and Siepp for
inland sites such as Vostok and South Pole but significantly
lower Simp for more coastal regions. Interestingly, this
feature of Siemp increasing inland is also seen, but much
less pronounced, in GCM experiments [Hoffinann et al.,
2000; Jouzel et al., 2000].

6. Ice Core Chronologies and Temperature
Changes

[21] One way to derive Antarctic ice core chronologies
[Ritz, 1992; Petit et al., 1999; Schwander et al., 2001] is to
evaluate the thickness of the successive annual layers by
multiplying the rate of accumulation by the thinning func-
tion, that is, to combine an accumulation history and an ice
flow model. As the thinning is accurately known, at least in
the upper part of an ice sheet, any chronological information
adds constraints to the change of accumulation through
time. Moreover, there are good arguments that, over the
Antarctic Plateau, the accumulation rate is governed by the
amount of water vapor available at the level where precip-
itation forms just above the inversion [G.d.Q Robin, 1977].
As a first approximation, this rate can thus be estimated as
being proportional to the derivative of the water vapor
saturation pressure above the precipitation site [Jouzel et
al., 1987b]. It appears to follow, therefore, that temperature
information at a given site can be inferred from the
knowledge of accumulation change through time.

[22] This approach has first been exploited for the Vostok
core by comparing two different estimates of accumulation
change during the last climatic cycle. One uses the beryl-
lium 10 record assuming that the beryllium 10 fallout
[Raisbeck et al., 1987] is constant through time, that is,
that snow accumulation is inversely proportional to '°Be
concentration. The other uses the vapor pressure link with
an estimate of temperature change based on the present-day
spatial slope. The noticable similarity between these two
estimates of accumulation change was taken as an argument
in favor of this conventional interpretation of the Vostok
isotopic profile [Jouzel et al., 1989].

[23] This reasoning is certainly too simplistic. Accumu-
lation and temperature are clearly linked over Antarctica,
but the proportionality with the derivative of the saturation
vapor pressure is not warranted and other parameters than
temperature such as the intensity of the atmospheric circu-
lation may influence accumulation rates. With this in mind,
Parrenin et al. [2001] recently developed an inverse method
for dating the Vostok core, with the main assumption being
that the number of precessional cycles can correctly be
counted. Rather than assuming a linear relationship between
the ice deuterium content and temperature with a prescribed
slope, they simply use a second-order relationship with two
free parameters, thus making no assumptions about the
amplitude of the glacial-interglacial temperature change.
They kept the assumption linking accumulation to temper-
ature change through the vapor pressure, and assumed that
the present-day accumulation upstream is a second-order
function of the distance to Vostok. They also discussed the
possible influence of atmospheric circulation changes. In
turn, the application of the inverse method using available
chronological constraints (see Parrenin et al. [2001] for a
detailed description) provides information both on temper-
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ature and accumulation changes. Using the spatial slope
slightly underestimates temperature changes with respect to
the inverse method but probably by no more than 10 to 20%
over the full range of observed 0D changes. In this same
line, we note the result derived by Schwander et al. [2001]
from their dating of the EPICA Dome C core. These authors
inferred that using the spatial slope also underestimates the
glacial-interglacial surface temperature change at this site by
about 20% (depending on the reference taken for the Sgp4¢).

7. Constraints From Gas Age-Ice Age Difference

[24] Because of compaction, the density of snow
increases with depth in the upper part of an ice sheet, which
is made up of consolidated snow commonly referred to as
firn. Air circulates in the firn and is trapped in its lower part,
the entrapped air being thus younger than the ice matrix.
Firnification models show that the age difference between
the ice and the entrapped air, A,,., depends on both
accumulation and temperature. Schwander et al. [1997]
used this property to corroborate the large glacial-intergla-
cial change inferred from central Greenland borehole tem-
perature profiles. To do so, they estimated A, assuming a
small phase lag between variations in the Greenland surface
temperature and the atmospheric methane. Severinghaus et
al. [1998] followed a similar approach but estimated A, in
a more straigthforward way, that is, taking advantadge of
the fact that air composition is slightly modified during
firnification processes by physical processes such as grav-
itational and thermal fractionation. In particular, due to
much faster diffusion of gases than heat, a detectable
anomaly in the isotopic composition of nitrogen and argon
is created in the case of a rapid temperature change.

[25] Although the Antarctic climate is not characterized
by such abrupt changes as observed in Greenland, Caillon
et al. [2001] have undertaken a detailed study of the most
rapid isotopic warming event that occurred between 107 and
108 kyr BP, at the end of a cold period that was slightly
milder than the LGM. They successfully measured a small
but detectable anomaly in both nitrogen and argon isotopic
compositions resulting possibly from a gravitational signal
due to a change in the firn thickness. The position of this
anomaly when compared to the deuterium profile gives a
direct estimate of the depth at which air bubbles are trapped
(close-off depth). From this estimate, it is inferred that the
use of the spatial slope slightly underestimates temperature
changes but by no more than 20 + 15% (i.e., Rgjopes = 1.20).
One weakness of this approach is that it uses the accumu-
lation change based on the conventional interpretation of the
Vostok deuterium profile. To circumvent this difficulty, F.
Parrenin et al. (manuscript in preparation, 2003) use the
information on the close-off depth as an additional con-
straint in their inverse model then accounting for concurrent
accumulation and temperature changes around this event.
This improved interpretation essentially confirms the result
published by Caillon et al. [2001] with, however a slightly
lower estimate of Rgjgpes (1.15).

8. Borehole Paleothermometry

[26] Interpretation of borehole temperature profiles has
been extensively used to estimate glacial-interglacial tem-
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perature changes in Central Greenland [Cuffey et al., 1995;
Johnsen et al., 1995; Dahl-Jensen et al., 1998]. The
application of this method is not straigthforward for central
sites in east Antarctica because the temperature signal
preserved in the ice highly damped by heat diffusion
because of the very low accumulation. Indeed a straightfor-
ward application of an inverse method clearly shows that no
useful information can be retrieved at such a site as Vostok
[Rommelaére, 1997]. To overcome this problem, Salamatin
et al. [1998, and references herein] developed an inverse
procedure based on the assumption that the inferable
components of the surface temperature at Vostok can be
expressed as a sum of harmonics of Milankovitch periods.
Application of this technique confirmed, in general, the
conventional approach of using the present-day spatial slope
(Rgiopes Of ~1) with however a significant mismatch be-
tween modeled and borehole temperatures [Salamatin et al.,
1998]. We note here that this approach relies on the
assumption of constant phase between orbital forcing and
Vostok temperature changes which is clearly questioned in
the recent work of Parrenin et al. [2001] and by the non-
linearities of climate dynamics.

[27] This mismatch decreases noticeably if surface tem-
perature is assumed to undergo more intensive precession
oscillations than temperature at the inversion level. With
this additional assumption, it is inferred that the magnitude
of the surface temperature was greater by ~30% (Rgiopes =
1.3) and even by up to 50% depending on assumptions
made for the inversion procedure. The fact that Vostok
paleothermometry provides such high estimates of glacial-
interglacial temperature changes is now often cited. How-
ever, we would like to draw attention to the fact that we
have currently no clear argument to support this additional
assumption on which this higher estimate is based.

9. Discussion and Conclusion

[28] We will focus the discussion on the East Antarctic
Plateau for which we have both model and empirical
estimates of glacial-interglacial temperature changes,
whereas only the former are currently available for more
coastal sites and for West Antarctica as a whole.

[20] We have first separately examined the influence on
Rgiopes Of glacial-interglacial changes in two key parameters,
the origin and the seasonality of the precipitation. The use
of the deuterium-excess information suggests a low influ-
ence of the former (Rgopes = ~1.1 at Vostok and ~1 at
EPICA Dome C) which is also indicated by model results
(Rgiopes between 1.1 and 1.3). The same is true for the
seasonality as confirmed by modeling experiments using
different GCMs (LMD, NASA/GISS and ECHAM). For
example, changes in seasonality induce a limited decrease
of Rgopes With the NASA/GISS model (Rgjopes = ~0.85).
Moreover, the influences of seasonality and origin of
precipitation partially compensate one another in this
experiment with an overall bias limited to ~15%. Other
estimates based either on isotopic GCMs or on empirical
approaches do not discriminate between the influence of the
various parameters involved. Estimates based on the com-
parison of LGM and present-day isotopic GCM experiments
give temperature changes slightly lower than the conven-
tional approach (Rgjopes = ~0.8 and 0.88 with the NASA/
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GISS and ECHAM models, respectively). This is in contrast
with the slightly higher temperature changes suggested by
the information inferred both from ice core chronologies
(Rgiopes = ~1.2) and gas-age ice-age differences (Rgiopes =
~1.15 to 1.2). Taken together, these various approaches
indicate values of Rgopes ranging between 0.8 and 1.2.
Overall, these estimates can be considered as consistent
given the uncertainties associated with each of them and the
fact that the present-day spatial slope itself is regionally
dependent and, even for a given region, is probably not
known to better than 10 to 20%. We however note that other
potential sources of uncertainties such as the possible
changes in magnitude of advective/diffusive transport [ Hen-
dricks et al., 2000] have not been taken into account
specifically, but only through our GCM experiments.

[30] The paleothermometer calibration based on the bore-
hole temperature profile provides estimates outside this
range (Rgjopes around 1.3 and up to 1.5). We suggest that
this discrepancy arises because the assumptions made to
invert this temperature profile are not fully satisfied, in
particular the existence of more intensive precession oscil-
lations at the surface than in the atmosphere during glacial.
We note however that other empirical estimates (dating and
gas age/ice age constraints) point to slightly stronger tem-
perature changes. We also note that the lowest estimate of
Rgiopes (0.80) was obtained with the low resolution NASA/
GISS GCM which did not provide a fully satisfying picture
of the isotopic distribution for present-day (section 5). Thus,
we propose a value of 1.1 = 0.2 as our best current estimate
of Ryopes- We conclude that the evidence presently available
indicates that the present-day spatial-slope can probably be
taken, within —10 to + 20%, as a surrogate for the temporal
slope to interpret isotopic profiles from the East Antarctic
Plateau. In addition, we now probably have a good under-
standing of why the situation differs between Central
Greenland and the East Antarctic Plateau in this respect,
the latter being much less affected than the former by
glacial-interglacial changes in boundary conditions. This
gives further confidence in our conclusion.

Notation

Ts Surface temperature site.
T. Condensation temperature.

Ty, Moisture source temperature.

Sspat  Spatial &/T slope.
Stemp  Temporal &T slope.

Rgiopes  Sspat/Stemp.

Typay Surface temperature site determined with Sspat.
siny) Surface temperature site determined with the

inversion of simple isotopic model.
8D, §'%0 Isotopic content in per mill with respect to the

Standard Mean Ocean Water.
dp Isotopic content of a precipitation (stands either
for 8Dor for §'%0).

d Deuterium excess defined as d = §D— 8 * §'%0.

A Difference between two time periods.
Corrocean  Correction due to change in oceanic O.
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Figure 2. This figures illustrates the influence of the source temperature on the isotopic content of the
Antarctic precipitation. Line B corresponds to the observed present-day spatial slope between Dumont
d’Urville and Dome C expessed with respect to the temperature of snow formation (i.e., above the
inversion layer). Line A represents the temporal slope assuming that the temperature change at the
oceanic source is half that at the Dome C site.
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Figure 3. This plot illustrates how the oceanic correction can be estimated from a simple linear
relationship directly derived from a Rayleigh type model. The points represent the oceanic correction as
calculated from the difference between two GCM experiments performed by Delaygue [2000], one
corresponding to the Last Glacial Maximum (8D = 13.6%o; §'*0 = 1.7%0) and the other to modern
conditions (8D = 4%o; 6'*0 = 0.5%o). The differences between thes two runs are calculated for each model
grid point and reported as 8D anomaly (in blue, left scale) and 6'*0 anomaly (in red, right scale). The two
lines are directly derived from a Rayleigh type model applying the formula derived in section 3 to
calculate Corryeean (se€ text).
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Figure 4. Vostok temperature changes from present-day values back to 420 kyr BP, estimated either
(ATgspay in red) by the conventional approach based on the 8D profile alone [Petit et al., 1999]
accounting correctly for the oceanic correction (see text), or (ATginy) in green) by the inverse method
based on the use of deuterium-excess to account for moisture source changes [Vimeux et al., 2002].
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