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Abstract Four Holocene-long East Antarctic deuterium
excess records are used to study past changes of the
hydrological cycle in the Southern Hemisphere. We
combine simple and complex isotopic models to quan-
tify the relationships between Antarctic deuterium excess
fluctuations and the sea surface temperature (SST)
integrated over the moisture source areas for Antarctic
snow. The common deuterium excess increasing trend
during the first half of the Holocene is therefore inter-
preted in terms of a warming of the average ocean
moisture source regions over this time. Available
Southern Hemisphere SST records exhibit opposite
trends at low latitudes (warming) and at high latitudes
(cooling) during the Holocene. The agreement between
the Antarctic deuterium excess and low-latitude SST
trends supports the idea that the tropics dominate
in providing moisture for Antarctic precipitation. The
opposite trends in SSTs at low and high latitudes can
potentially be explained by the decreasing obliquity
during the Holocene inducing opposite trends in the
local mean annual insolation between low and high
latitudes. It also implies an increased latitudinal
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insolation gradient that in turn can maintain a stronger
atmospheric circulation transporting more tropical
moisture to Antarctica. This mechanism is supported
by results from a mid-Holocene climate simulation
performed using a coupled ocean-atmosphere model.

1 Introduction

Whereas multidecadal climatic fluctuations during the
Holocene are well documented by numerous continental
and marine proxies in the Northern Hemisphere
(O’Brien et al. 1995; Bond et al. 1997; Mann et al.
1998), there are only a few such records for southern
locations (Ciais et al. 1992). The recent warming trend
observed in the Southern Hemisphere during the last few
decades (Jacka and Budd 1998) highlights the impor-
tance of studying Holocene climate variability in this
hemisphere. Antarctic ice cores have already provided a
wealth of paleoclimatic information including high-lati-
tude temperature records inferred from stable isotopes
in ice (either deuterium, 6D or oxygen 18, 6'%0, mea-
surements) with a focus on glacial-interglacial changes
(see Dome F Ice Core Research Group 1998; Steig et al.
1998; Petit et al. 1999 for most recent examples). The
combined measurement of these two isotopes can also be
used to obtain a complementary paleoclimatic record,
deuterium excess which provides information on remote
changes in the Southern Ocean (Vimeux et al. 1999 and
references therein). We present a series of four Antarctic
deuterium excess records covering the Holocene period.

The deuterium excess (d) in precipitation has been
defined by Dansgaard (1964) from the meteoric water
line (Craig 1961) as follows:

d =D — 850

This isotopic parameter mainly reflects the kinetic
fractionation  occurring during non-equilibrium
fractionation processes such as evaporation above the
ocean (Merlivat and Jouzel 1979). Both Rayleigh-type
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(Johnsen et al. 1989) and general circulation models
(Armengaud et al. 1998; Delaygue 2000) show a positive
correlation between the deuterium excess in the vapour
above the ocean and the evaporative ocean surface
temperature. This correlation results from the depen-
dency of the fractionation processes associated with
evaporation on oceanic and meteorological moisture
source characteristics (mainly the sea surface tempera-
ture, SST, and to a smaller extent the relative humidity
of the air just above the sea surface, /). This initial
information is partly preserved along the poleward air
mass trajectory in spite of the kinetic effects associated
with cloud reevaporation and snow formation (Jouzel
and Merlivat 1984). These modelling studies support the
use of the deuterium excess variations in polar snow as a
proxy for fluctuations of the oceanic surface conditions.

Previous studies of deuterium excess in Antarctica
have focused on the present-day geographical patterns
(Petit et al. 1991; Dahe et al. 1994), on the seasonal cycle
(Ciais et al. 1995; Delmotte et al. 2000) and on glacial-
interglacial time scales (Jouzel et al. 1982; Vimeux et al.
1999). Here, we discuss Holocene deuterium excess
profiles measured with a temporal resolution varying
from 20 to 50 years in four cores collected in East
Antarctica (Fig. 1 and Table 1), at central locations
(Vostok, Dome B and Dome C) and close to the Ross
Sea coast (Taylor Dome). The deuterium profiles
(proxies for local temperature changes) are discussed
and compared with other Antarctic records in a parallel
paper (Masson et al. 2000). The advantage of having
four cores lies in the possibility of extracting a reliable
common deuterium excess from the regional variability.
We discuss the trends and variability of the deuterium

Fig. 1 Map of Antarctica with the locations of each drilling site:
Vostok, Dome B, Dome C and Taylor Dome
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excess records and compare them with available ocean
surface temperature records in the Southern Hemi-
sphere. We infer that the Holocene Antarctic deuterium
excess record largely reflects SST changes at low and mid
latitudes and propose a mechanism to account for long
term trends.

2 Results

2.1 Deuterium excess records: long term trend
during the past 12 ka

2.1.1 Data

The deuterium excess records, presented back to 12 ka
along with deuterium records (Fig. 2), exhibit a common
long-term trend: they increase steadily during the first
half of the Holocene and stabilize between 7 and 6 ka
BP (Before Present). Moreover, Vostok and Dome B
profiles show a slight increase from 4 ka BP to the
present-day. The increasing trend starts during the
deglaciation (Jouzel et al. 1982; Vimeux et al. 1999). We
focus here on the Holocene period for which the four
records are available at a comparable resolution.

Differences in modern deuterium excess values
between the different sites can be explained by a con-
tinental effect: the deuterium excess increases inland as
the 6'%0-0D slope decreases with the local temperature
(Vimeux 1999). We thus compare only deuterium excess
deviations from modern values.

The trend at the central sites is larger over the entire
Holocene period (3-49%,) than at Taylor Dome (2-39,),
which is the only near-coastal site in this study. The
origin of this disparity, which is not related to
measurement uncertainties which are of the order of
19, for individual deuterium excess determinations (see
legend of Fig. 2), is discussed in Sect. 3.

2.1.2 Common signal

A significant common deuterium excess signal has been
extracted using the empirical orthogonal function (EOF)
analysis. For the three inland sites, the first eigenvector
of the deuterium excess time series, smoothed on a 400-
year running period, accounts for 66% of the variance
(Fig. 3). When the Taylor Dome is included in the
principal component analysis (Fig. 3), the first eigen-
vector still explains 60% of the variance; although the
high-frequency variability of the stacked signal is largely
influenced by the large amplitude of the fluctuations in
the Taylor Dome signal.

By using a multi taper method — singular spectral
analysis (MTM-SSA) (Dettinger et al. 1995), we have
separated the trend and the high frequency of each EOF
(principal component 1, PC 1 and principal component
2-3, PC 2-3 respectively, see legend of Fig. 3). This
analysis confirms that while the central sites and the
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Table 1 Characteristics of the drilling sites (location, elevation, mean annual temperature, accumulation, sampling, dating): Vostok,

Dome B, Dome C and Taylor Dome

Vostok Dome B Dome C Taylor Dome
Location 78°28’S; 106°48'E 77°05°S; 94°55'E 74°39'S; 124°10'E 77°48’S; 158°43’'E
Elevation (m) 3490 3650 3240 2365
Mean annual temperature (I"C) -55.5 -57.5 -53.5 —43.0
Accumulation (g~cm_2-yr_ ) 2.3 3.8 34 5.0to 7.0
Sampling for isotopes (m) 0.5 1 2 0.5

Time scale Ice flow model 2D Ice flow model 1D
Marine control points  Control points with
Byrd dust
References Jouzel et al. (1996) Jouzel et al. (1989)

Petit et al. (1999)

Jouzel et al. (1995)

l(;e flow model 2D
CH4 control points

Ice flow model 1D
Control points with
Vostok °Be
Lorius et al. (1979)
Jouzel et al. (1982)

Morse (1997)
Morse et al. (1999)
Steig et al. (1998)
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Fig. 2 a Deuterium and b deuterium excess profiles (versus SMOW in
9%.) over the last 12 ka [The deuterium excess records are plotted with
initial sampling (thin curves) along with a 400-year running average
(bold curve). Due to different depth sampling (see Table 1), the Dome
C records have been sampled at 50 year temporal resolution whereas
all the other data have been sampled at a 20 year temporal resolution.
Each record is presented with its own chronology (see Table 1); the
so-introduced lag and lead are smaller than 0.5 ka. Dome C records
were published in Jouzel et al. (1982). The unpublished isotopic
profiles for Vostok and Dome B were measured at the Laboratoire des
Sciences du Climat et de ’Environnement (LSCE) and Taylor Dome
analyses were performed at the Institute of Arctic and Alpine

Taylor Dome have a common long-term climate trend,
the high-frequency information is specific to each site
and could be related to local climatic variability (influ-
ence of the Ross Ice Shelf for Taylor Dome for in-
stance).

To conclude, these analyses support the use of these
deuterium excess records to reconstruct a common
oceanic source information on long term trends. We will
discuss now the high-frequency variability.
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Research (INSTAAR, University of Colorado). The accuracy of
deuterium excess calculations differs for each profile: +1.6%, (£19%,
on 6D and +0.15%, on 6'%0) for Dome C, + 1%, (%1%, on 6D and
+0.03%, on 6'%0) for Taylor Dome, and +0.7%, (+0.5%, on 6D and
+0.05%, on 6'%0) for both Vostok and Dome B. Over the past 10 ka,
the Vostok records have been obtained by combining measurements
from two shallow cores (BH7 and BHS) after adjusting the two cores
depths according to the common ash layer at 102.12 m for BH7 and
101.80 m for BH8. From 12 to 10 ka, both Vostok profiles have been
completed with available measurements (Petit et al. 1999 for
deuterium with a depth resolution of 1 m dotted line; Vimeux et al.
1999 for deuterium excess with a depth resolution of 5 m dotted line

2.2 High frequency variability: signal or noise?

In all the deuterium excess profiles, the long-term trend
is punctuated by abrupt and rapid centennial scale
events. Such rapid deuterium excess fluctuations may
reflect climatic changes or result from deposition and
post-deposition processes. First, we propose to examine
the variability of the deuterium excess signal through the
spectral properties of the four records.
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Fig. 3 a First EOF (EOF 1) computed from a principal component
analysis based on the three central Antarctica deuterium excess series
and accounting for 66% of the total variance (bold solid curve) and on
all the sites and representing 60% of the total variance (bold dotted
curve). Taylor Dome profile is superimposed for comparison (/ight
dotted curve). b First principal component obtained with MTM-SSA
analysis on both EOF 1 and on Taylor Dome signal (PC I). ¢ Second
and third principal component obtained with MTM-SSA analysis on
both EOF 1 and on Taylor Dome signal (PC 2-3). Calculations have
been made on data smoothed with 400-year running average

2.2.1 Spectral analysis

In order to evaluate the spectral properties of the
deuterium excess signals, a multi taper method (MTM;
Dettinger et al. 1995) has been used with a bandwith
parameter of 4 and 7 tapers (Thomson 1982). We have
used the MTM method to compare the power spectra
with a red noise spectrum, and to calculate a 90%-
confidence level.

Only the Taylor Dome deuterium excess shows a
significant periodicity in low frequency mode (periodic-
ities larger than 500 years), at about 930 years (Fig. 4).
The millennial scale Taylor Dome periodicity may arise
from its coastal location (Ross Sea sector), where ocean/
ice-shelf interactions may generate long-term oscillations
such as those observed in North Atlantic sediments
(Bond et al. 1997; Bianchi and Mc Cave 1999). This
periodicity could also reflect a particular climate
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oscillation in the Pacific ocean as the Taylor Dome has a
higher contribution of Pacific moisture than the central
sites, mainly under the influence of the Indian ocean (see
Sect. 4.1).

All the records exhibit a range of significant period-
icities between 200 and 550 years; however, these
frequencies are not robust to changes in the MTM
parameters and are not systematically detected by other
spectral analysis methods. In the high-frequency band
(periodicities lower than 200 years), all sites show a
range of common periodicities at multidecadal time
scales: 140 to 200 years and 70 to 110 years, the latter
not being detected in Dome C due to its lower temporal
resolution (Fig. 4). These periods have been documented
in high-resolution data from both hemispheres (Stocker
and Mysack 1992; Mann et al. 1995; Lamy et al. 1999),
commonly attributed to instabilities of the thermohaline
circulation. Nevertheless, the uncertainty concerning the
glaciological time scales (accuracy of the dating evalu-
ated to 5% at 10 ka) makes the interpretation of such
common periodicities delicate. Thus, to test the robust-
ness of these frequencies, we performed the MTM
method on Vostok record after correcting the dating as
suggested by Blunier et al. (1998): the new power spec-
trum still shows similar multidecadal period distribu-
tion, slightly shifted towards higher periods by less than
10 years in the given range of periodicities (not shown).

2.2.2 Possible mechanisms for high-frequency deuterium
excess fluctuations

Although common spectral properties have been
detected as described in the previous section, no com-
mon rapid shifts can be identified in the different
deuterium excess records. The high variability in deute-
rium excess records may result from: (1) different
moisture sources (impact of local sources superimposed
on the long-term variability); (2) deposition of the snow
(wind scouring, surface micro topography) and (3) post-
deposition effects (summer sublimation, depth hoar
formation) enhanced by the weak annual accumulation
(Iess than 10 cm of ice equivalent per year for present-
day). We discuss those three possible explanations.

Vostok and Dome B are geographically close
(300 km apart) but show different deuterium excess
variations. The possibility that differences in these two
deuterium excess records reflect differences in the origin
of the precipitation should be considered. From surface
snow data obtained along the route of the 1990 Inter-
national Trans-Antarctica expedition, Dahe et al. (1994)
noted that different isotope-temperature regression lines
should be used to represent data east and west of Vo-
stok. In addition, isotopic data from recent snow at
Dome B and Vostok fall on different distillation lines
(Jouzel et al. 1996). While these observations imply that
moisture sources for the two sites are somewhat differ-
ent, the climate at the moisture source regions could
vary in parallel at the scale of the Holocene.
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So far, most of the studies dealing with the estimation
of the noise induced by deposition mechanisms have
been done for only one isotope. For instance, Benoist
et al. (1982) determined that two adjacent cores at
Dome C are nearly uncorrelated for times shorter than
centuries. The noise induced by deposition mechanisms
(Fisher et al. 1985) can be evaluated at Vostok where
two ice cores (BH7 and BHR) (see legend of Fig. 1) have
been combined to obtain the deuterium excess profile.
These cores overlap each other over a depth of 28 m
from 102 m to 130 m (corresponding to the interval

Frequency (cycle.kyr ')

3500-4800 years BP, with the appropriate dating, see
Table 1). With the initial temporal resolution (20 year
sampling), the signal-to-noise ratios are of 0.48, 0.56 and
0.70 for deuterium, oxygen and deuterium excess,
respectively. The signal-noise ratio is larger than 1 only
when periods shorter than 100 years for each individual
isotope are cut off and shorter than 60 years for deute-
rium excess (one core sample is ~20 years except for
Dome C ~50 years). This indicates that deuterium
excess record is less noisy than individual isotopes
for a similar temporal resolution. The signal-noise ratio
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(S/B) is defined as following by Fisher et al. 1985:
S/B = (rgu7/sus)/(1 = rau7/808) Where rpy7pus is the
cross-correlation coeflicient between the two times series
involved.

This better agreement for deuterium excess over 6D
and 0'®0 is probably related to the fact that the vari-
ability of the deuterium excess between precipitation
events is significantly weaker than for either 6D or
86'%0. Indeed, recent measurements performed on pre-
cipitation collected at Dome C show that the deuterium
excess variation between two successive precipitation
events is ~5 times lower than for either 6D or 85'%0
(Vimeux 1999). Similarly, detailed measurements per-
formed on snowpits show that the range of variation
may be 5 to 10 times higher for the deuterium (or for
86'%0) than for the deuterium excess (Vimeux 1999).
This results from the fact that the deuterium or oxygen
18 content themselves are significantly and similarly af-
fected by the variability of the local temperature. In
contrast, the deuterium excess is primarily influenced by
the conditions at the moisture source (that is moisture
source temperature as opposed to the local tempera-
ture), for which the variability is smaller compared to
that of the local temperature.

Due to their present low accumulation rates, all the
sites are susceptible to sublimation of summer snow at
the surface. Depth hoar formation, for example, has
been seen at Taylor Dome and Dome C (Alley et al.
1982; Palais et al. 1982; Waddington and Morse 1994).
In the firn, depth hoar will be isotopically heavier than
vapour because of non-equilibrium fractionation during
condensation. Such post-deposition phase changes may
contribute to the deuterium excess variability.

To conclude, while decadal to century scale oscilla-
tions with similar periods are apparent in the deuterium
excess records from all the cores, it does not appear that
these variations are coherent across East Antarctica, and
so we will only focus our discussion on the long-term
increasing trend of the deuterium excess.

3 Quantitative dependency of the deuterium excess
on SST

We use a Rayleigh-type model, MCIM (mixed cloud isotopic
model, Petit et al. 1991; Ciais et al. 1994) under present-day con-
ditions to quantify the variations of deuterium excess as a function
of both ocean surface temperature (7o, in °C) and relative
humidity (4, in %). The model simulates the isotopic fractionation
along a direct trajectory to the precipitation site prescribed in terms
of inversion temperature and sea-level pressure. This model can
been tuned to simulate the modern isotopic composition of surface
snow after being prescribed the ocean surface initial conditions
(SST, relative humidity and wind speed) and the initial isotopic
composition of the vapour above the sea surface, estimated from
the global closure assumption (Merlivat and Jouzel 1979). In our
simulations, the cloud microphysics, like the supersaturatiun
function, are prescribed according to Ciais et al. (1994) and Petit
et al. (1991).

Sensitivity studies performed for each site result in the following
regressions: (1) for central sites, Ad = 1.2AT sy, — 0.15Ah and (2)
for Taylor Dome, Ad = 0.7AT,,rcc — 0.3Ah which indicate that
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contrary to SST influence, the imprint of relative humidity
decreases inland as already noted by Petit et al. (1991). We have
not been able to develop a simple physical explanation to account
for this result, but it appears to be a robust observation.

In order to compare past fluctuations in deuterium excess with
SST records (no indicator of past changes in relative humidity
alone is available and complex model simulations show very weak
relative humidity changes even between a glacial and modern
climates, see Vimeux et al. 1999 and Bush and Philander 1999), we
explore the relationship between present-day SST and relative
humidity. The saturation vapour pressure relationship is a strong
thermodynamical control linking these two variables. Three
atmospheric general circulation models (GISS, LMD and EC-
HAM, Joussaume and Taylor 1995) show a linear spatial SST-
relative humidity relationship over the Southern Hemisphere ocean
surface with a common slope of —0.42% per °C in the 7 °C to 24 °C
range (¢ = £0.04% per °C). Simulations of last glacial maximum
climate show that this relationship is preserved for past periods.

Combining this slope with relationships deduced from the
MCIM, we obtain a quantitative interpretation of the deuterium
excess fluctuations in terms of SST alone: Ad = 1.26AT e for
central sites and Ad = 0.83AT,,... for Taylor Dome. It is satis-
factory to note that these correlations are in good agreement with
those given by general circulation models which have the advantage
of taking into account a mixture of the different source regions
(Delaygue 2000).

Assuming similar moisture sources for Taylor Dome and cen-
tral sites, similar SST changes should induce different deuterium
excess variations. This is indeed the case throughout the Holocene
and the ratio of deuterium excess increase at Taylor Dome com-
pared with central sites (2.5/3.5 = 0.71) is in good agreement with
the ratio of the simulated deuterium excess-SST slopes (0.83/
1.26 = 0.66).

4 Holocene climate: discussion
4.1 Comparison with SST reconstructions

The general increase in deuterium excess during the first
half of the Holocene indicates, according to simple
models, an increase of the weighted average temperature
of the oceanic moisture sources. This may result either
from a general Southern Hemisphere oceanic warming
or from a shift of the evaporative sources towards lower
latitudes (or to a combination of these two effects). We
first determine the oceanic basins providing moisture to
our sites before comparing our deuterium excess records
with SST reconstructions from those basins.

The main oceanic basin contributing to Antarctic
precipitation have been estimated using the NASA/
GISS low-resolution atmospheric general circulation
model in which five source regions are distinguished:
Indian Ocean, Pacific Ocean, Atlantic Ocean, high-lati-
tude ocean (part of each oceanic basin characterized by
a seasonal sea-ice cover) and Antarctica (polar moisture
recycling). For all of our ice core locations, the main
contributor is the Indian Ocean (54, 47, 60 and 40% of
annual precipitation for Vostok, Dome B, Dome C and
Taylor Dome respectively) and secondly the Pacific
Ocean (14, 18, 14 and 33%). We thus focus our com-
parison on available SST reconstructions from these two
oceanic basins.

Two distinct SST behaviours can be distinguished
depending on the latitude of the site. At mid and low
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latitudes (northward of the subtropical convergence
~40°S), SST steadily increases during the first half of the
Holocene and then either increases or remains stable
until the present day (Schneider et al. 1995; Bard et al.
1997; Beck et al. 1997; Claire Waelbroeck personal
communication); some of these curves are presented in
Fig. 5. Based on the alkenone method, the associated
warming is estimated to reach 1 to 3 °C over the last
12 ka (Table 2 and Fig. 5).

In contrast, the few SST records located at high
latitudes (south of 45°S) covering the Holocene are
characterized by an early Holocene optimum (around
10-12 ka) and a significant decreasing trend since 6 ka
BP (Salvignac 1998; Claire Waelbroeck personal com-
munication), as measured using planktonic species
counts associated with the modern analogue technique
(Table 2). Note that two different SST reconstruction
methodologies are used at low and high latitudes
(alkenones in coccoliths versus foraminiferal species
distributions). Although a quantitative comparison
between absolute temperature obtained by these differ-
ent methods is difficult (because of different seasonality
and living depths), general trends can be compared.
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Fig. 5a—d SST reconstructions from Indian Ocean at low latitudes
between 0°S and 20°S; a and d MD 85668 (0°S) and MD 79257 (20°S)
respectively, Bard et al. (1997): b and ¢ GeoB 1008-3 (6°S) and GeoB
1016-3 (11°S) respectively, Schneider et al. (1995). Both reconstruc-
tions are given with the estimated error of £0.3 °C
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Table 2 Comparison of SST variations during the Holocene for
different cores located at low and high latitudes. Temperature de-
viations are given from 12 ka BP for cores at low latitudes and
from the early Holocene temperature optimum for cores at high
latitudes (at around 10-11 ka) to describe the general trend of the
SST over the Holocene period. Error bars on temperature re-
constructions are inferior to £0.3 °C at low latitudes and about
+1.5 °C at high latitudes

Cores 6 ka BP 12 ka BP
SST deviation Reference
(°0)
GeoB 1008-3 (6°S) +1.0 0
Schneider et al. (1995)
GeoB 1016-3 (11°S) +3.4 0
Schneider et al. (1995)
MD 79 257 (20°S) +1.5 0
Bard et al. (1997) 20
Average value (M) M =20 — M=0
Temperature
optimum
(~10-11 ka BP)
Reference
MD 80 304 (51°S) -3.4 — 0
Salvignac (1998)
MD 80KK63 (52°S) -3.0 0
Salvignac (1998) s
Average value (M) M = -32 — M=0

The general increase of deuterium excess is in good
agreement with the SST trend at low and mid latitudes.
Moreover, the magnitude of warming is consistent with
the SST-based interpretation of Antarctic deuterium
excess. Indeed, according to simple models discussed in
Sect. 3, a ~3.59, increase in central Antarctic deuterium
excess and a ~2.5%, increase at Taylor Dome are both
associated with a source warming of ~2.8 °C which is
only slightly higher than the values inferred from
reconstructed low-latitude temperature series (Table 2).
The moisture source is not restricted to the low latitudes
and small, but varying, contributions from cold oceans
may modulate the weighted source temperature record-
ed in the deuterium excess record. Moreover, the local
temperature effect on the deuterium excess profile can
not be discarded and could contribute, to a smaller
extent, to this discrepancy (see Sect. 2.1).

In summary, observed changes in deuterium excess
reflect the warming of the weighted temperature of
sources regions, probably mainly located at mid and low
latitudes.

This climatic trend may result from a dynamical
process initiated in the deglaciation. It is also possible
that the SST trends are only forced by insolation (Pail-
lard 1998). We propose to explore here the influence
of the insolation forcing on the response of the hydro-
logical cycle.

In Vimeux et al. (1999) Antarctic deuterium excess
fluctuations during the last climatic cycle have been
interpreted as the imprint of the changing relative
contributions between low and high latitudes to the
precipitation, driven by the latitudinal difference of
annual mean insolation.
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Over the Holocene period, the annual mean insola-
tion shows different trends at latitudes higher and lower
than ~45°S, and may have contributed to the latitudinal
patterns of SST variations. Although the annually
averaged changes are small, on the order of 1 W/m2,
they may produce significant heating or cooling at the
sea surface because the upper ocean integrates direct
insolation forcing over several years (Cortijo et al.
1999). The annual insolation at high latitudes, in phase
with obliquity (Loutre 1993), exhibits an optimum
around 10 ka, as does the SST, and decreases by about
1.53 W/m? during the Holocene whereas at low latitudes
the Holocene trend is toward higher insolation with a
change of 0.86 W/m?. The resulting increase in latitu-
dinal insolation gradient from 10 ka BP should have
enhanced the poleward atmospheric circulation over the
course of the Holocene, thus supporting a northward
shift of the dominant evaporative source regions during
this period.

Therefore, we propose that the average source of
Antarctic precipitation moves towards low latitudes as a
result of changes in both evaporation (related to SST
increase) and efficiency of the poleward atmospheric
transport, in response to different latitudinal annual
insolation changes. This mechanism is supported by
mid-Holocene ocean surface climate changes simulated
by a coupled ocean-atmosphere model described later.

4.2 Climate simulation with a coupled
ocean-atmosphere model

Two simulations (present-day and mid-Holocene cli-
mate, 6 ka ago) have been performed by Braconnot
et al. (1997, 2000) using the low-resolution IPSL (Institut
Pierre-Simon  Laplace) coupled ocean-atmosphere
climate model, with no flux correction at the air-sea
interface. The control climate is a 150 year simulation of
the present day climate and the simulation of the 6 ka
climate starts on year 21 of the control simulation and is
also 150-years long, without any long term drift. For the
6 ka simulation, the CO, level is kept to the value of the
control experiment and the only forcing is the change in
orbital configuration. We show results obtained by
averaging the last 20 years of each simulation.

Figure 6 shows the comparison of the zonal annual
mean temperature and evaporation between coupled
6 ka and modern simulations along with the mean
annual insolation. Both temperature and evaporation
evolve in parallel, reflecting changes in annual insola-
tion. Moreover, a clear feature of the zonal annual
difference of these parameters is exhibited at ~40°S:
below this threshold, 6 ka temperature were lower than
now, while they were higher at higher latitudes.

The model shows clearly a great homogeneity
between each oceanic basin so that the zonal annual
mean is really representative of the global situation.
Moreover, the latitudinal temperature gradient is less
marked in the seasonal cycle, further confirming that the
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Fig. 6 Zonal mean annual difference between coupled ocean-atmo-
sphere simulations at 6 ka and present-day for evaporation (mm/day),
sea surface temperature (°C) and mean annual insolation (W/m?). The
accuracies for sea surface temperature and evaporation are respec-
tively £0.03 °C and +£0.015 mm/day

obliquity changes are involved (not the precession) as
already suggested by Mitchell et al. (1988).

To quantify the deuterium excess change, we have
run the GISS isotopic model with the SST from the
coupled run at 6 ka. The GISS model shows a 19,
deuterium excess increase between 6 ka and the control
run at Vostok, in good agreement with our data. Note
that similar simulations with fixed modern SST do not
exhibit any variations of the deuterium excess between
6 ka and control run in response to insolation change
only.

The model results thus support our interpretation of
a northward shift of the evaporative areas during the
Holocene associated with an increase of the SST gradi-
ent in Southern Hemisphere in response to the obliquity
increase.

4.3 Comparison with the Northern Hemisphere

Similarly to the Southern Hemisphere, opposite SST
trends at low and high latitudes have also been
evidenced during the Holocene in the North Atlantic
(Ruddiman and Mix 1993; Kyung and Slowey 1999).
Similar SST patterns have been simulated by atmo-
spheric general circulation models coupled with surface
ocean models and forced by 9 and 6 ka insolation
(Mitchell et al. 1988; Liao et al. 1994). The deuterium
excess record in central Greenland (GRIP, not shown) is
also characterized by an increasing trend during the
Holocene quite similar to that observed in Antarctic
records. This good agreement between GRIP and East
Antarctic deuterium excess profiles suggest that similar
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insolation-induced mechanisms have operated in
northern and southern oceans during the Holocene
period. A recent study (Cortijo et al. 1999) has also
pointed out the great similarity between North Atlantic
SST patterns during the Holocene (increase at low
latitudes and decrease at high latitudes) and the last
interglacial period in response to the latitudinal insola-
tion gradient. The Vostok deuterium excess record
(Vimeux et al. 1999), which covers one full climate cycle,
also enables the comparison of Holocene and Eemian
interglacial stages. During both interglacial periods, the
deuterium excess increases markedly reflecting the
variations of the relative contribution of low and high
latitudes to Antarctic precipitation. Recent deuterium
excess results obtained in the Vostok core suggest that
the situation was similar during the previous warm
periods (Vimeux 1999). Similar behaviour in ocean areas
from both hemispheres seems therefore to have taken
place during interglacial periods, as a result of parallel
insolation gradient changes.

5 Conclusions and perspectives

Four East Antarctic deuterium excess records exhibit a
common significant increasing trend over the course of
the Holocene that can reasonably be interpreted in terms
of a warming of the weighted-average moisture source
(2-3 °C). The deuterium excess increasing trend is
consistent with SST reconstructions at low and mid
latitudes. It appears that the Antarctic evaporative
sources have probably gradually moved northward
during the course of the Holocene, possibly under the
influence of a mechanism involving the increase of the
latitudinal annual insolation gradient. This is likely
associated with a somewhat more intense equator-to-
pole atmospheric transport which explains the increas-
ing contribution of warm source waters to the Antarctic
precipitation. This interpretation is supported by results
of a mid Holocene climate simulation performed with a
coupled ocean-atmosphere climate model. Additional
simulations with more extreme orbital configurations
(obliquity extrema) would be required to further validate
our proposed mechanism. Overall, this detailed study
focusing on the Holocene reinforces the interpretation of
the Antarctic deuterium excess records in terms of ocean
temperature changes (Vimeux et al. 1999).

We have also seen high-frequency fluctuations in
deuterium excess records, although it is not clear how
these oscillations are related from site to site in East
Antarctica. Long present-day climate simulations with
coupled climate models including the water isotopic
cycle would improve our understanding of the internal
oscillations possibly responsible for the multidecadal to
century scale isotopic variability (70 to 200 years). If
deuterium excess profiles are to be used to detect and
document southern ocean climate changes at the century
or millennial time scale, further studies of Antarctic

present-day regional meteorological variability (as e.g.
between Vostok and Dome B sites) and deposition
processes are required. Traverses organized by the
ITASE program (International Trans Antarctic Scien-
tific Expeditions) with simultaneous sampling of
common precipitation events at different locations
would enable us to better understand the impact of
regional climate variability on the deuterium excess. In
addition, processes such as depth hoar formation, that
may cause post-depositional fractionation, should be
further investigated by laboratory experiments.

Ongoing deuterium excess measurements along
coastal sites (Law Dome) and new drilling sites in the
Atlantic sector (Dome F, EPICA Dronning Maud
Land) and western Antarctica (Siple Dome) will enable
us to study the spatial variability of deuterium excess
past fluctuations and the sea-ice influence.
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