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A comparison is made of the Holocene records obtained from
water isotope measurements along 11 ice cores from coastal and
central sites in east Antarctica (Vostok, Dome B, Plateau Re-
mote, Komsomolskaia, Dome C, Taylor Dome, Dominion
Range, D47, KM105, and Law Dome) and west Antarctica
(Byrd), with temporal resolution from 20 to 50 yr. The long-
term trends possibly reflect local ice sheet elevation fluctuations
superimposed on common climatic fluctuations. All the records
confirm the widespread Antarctic early Holocene optimum be-
tween 11,500 and 9000 yr; in the Ross Sea sector, a secondary
optimum is identified between 7000 and 5000 yr, whereas all
eastern Antarctic sites show a late optimum between 6000 and
3000 yr. Superimposed on the long time trend, all the records
exhibit 9 aperiodic millennial-scale oscillations. Climatic op-
tima show a reduced pacing between warm events (typically 800
yr), whereas cooler periods are associated with less-frequent
warm events (pacing =>1200 yr). © 2000 University of Washington.

INTRODUCTION

In the context of recent warming, understanding the me
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waters). On seasonal to decadal timescales, present clim,
teleconnections between Antarctica and Southern Hemisph
variability (ENSO) have been shown in atmospheric and oc
anic parameters (temperature, sea-level pressure, and se:
extent) (e.g., Smith and Stearns, 1993).

Instrumental observations since the 1950s from permant
Antarctic stations and Southern Ocean island stations indic:
a warming trend, more pronounced in winter for Antarcti
stations and in autumn for the Southern Ocean (Jacka ¢
Budd, 1998). The largest warming trend is documented in are
of the west Antarctic peninsula+2.5°C/century), where large
retreats of ice shelves have been observed in recent years (|
et al.,1996). It is crucial to put these past 40 yr of instrumentz
records into perspective with local climate natural variability
Ice-core isotopic analyses have been used for some time to
this on the scale of the last glacial-interglacial cycle, but littl
focus has been placed on Holocene climate variability (@&gis
al., 1992, 1994; Domack and Mayewski, 1999) due to the sm:
amplitude of the Holocene fluctuations and the requirements
records with good temporal resolution and precise timescals

ch-In the Northern Hemisphere, Holocene climate variabilit

anisms responsible for Holocene fluctuations in Antarctic clihat is indicated by a wide diversity of available proxies (e.g
mate is critical with respect to forecasts of global climatgyollen, tree-rings, ice-cores, lakes, glaciers) shows regior
ice-sheet mass balance, and sea-level change. The Soutbemplexity compared with larger climatic changes, such :
Hemisphere atmospheric heat sink located in the Antarctic isgitcial to interglacial changes (O’Briegt al., 1995). In par-

key importance for atmospheric and oceanic circulations. Tkieular, temperate regions show an optimum in summer ter
surrounding floating ice (ice shelves, sea-ice) is a contributorgeratures in the early Holocene, whereas at higher northe
climate variability, which connects the atmospheric and ocgititudes this optimum occurs later, during the middle Holc
anic components of the climate system (katabatic winds induggne. At lower latitudes, more intense monsoons are doc
downwellings and modify the extent of the sea ice; sea iggented in the early Holocene (e.g., Gasse and Van Cam
formation and ice shelf base melting provide dense oce@pgs). Recently, an abrupt event occurring about 8200 yr a

! Current address: Institut de Physique du Globe de Paris, Laboratoirel’ll%s beer_1 Identl_fled at VaI’IOUS. latitudes (e'g"_ Stager a
Geochimie et Cosmochimie, Tour 14, 8e dage, 4, place Jussieu, 75252Mayewski, 1997; Von Grafensteiet al., 1998). This abrupt
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early Holocene climate change is explained by a weakening
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the North Atlantic thermohaline circulation due to a change icaption). This relationship is the basis for the climatic inter
freshwater input (possibly from the collapse of the Hudson Bayetation of isotopic fluctuations, with a deuterium shift o
ice dome and catastrophic drainage of Laurentide lakes); B&B%o. supposed to reflect a change of 1.5°C in surface temp
beret al.(1999). Over the past 7500 yr, declining temperaturedure. The use of the modern spatial isotope—temperature re
in middle and high latitudes and decreasing tropical moistutienship to quantify temporal isotopic fluctuations requires th
are punctuated by abrupt and relatively short climatic fluctuésllowing assumptions (Jouzedt al., 1997): (1) the annual
tions. Millennial-scale oscillations documented in some Nortinean condensation temperature covaries with the annual m
Atlantic Holocene records are interpreted as weak Dansgaasdrface temperature, which requires no change in precipitati
Oeschger cycles, with the 8200-yr event and the Little Ice Ageasonality and no change in the strength of surface tempe
being part of a 1470-yr oscillation that is possibly related tiure inversion; (2) the evaporation conditions at the ocear
modes of the thermohaline circulation (Bord al., 1997; moisture source remain unchanged (constant sea-surfa
Bianchi and McCave, 1999). Similar periodicity is also appatemperature of the moisture source, constant isotopic comy
ent in records of tropical aridity (Sirocko, 1996), as docusition §°Og, of the ocean surface).
mented in a succession of arid intervals in tropical lake andRecent modeling studies using atmospheric general circu
pollen records (Lamlet al., 1995). Millennial-scale Holocene tion models, including the explicit modeling of water stabl
variability, therefore, results from a combination of abrugsotopes, have focused on the temporal isotope—temperat
events (e.g., final ice-sheet collapse) and possible internalationships between last glacial maximum (21,000 yr ag
oscillations of the climate system. and modern climates (Delayge al., 2000). For Greenland,
It is important for understanding the mechanisms responsilleastic changes in precipitation seasonality account for a fac
for the short-term Holocene climatic events to determine whethartwo between the spatial and temporal isotope—temperatt
events similar to those observed in the Northern Hemispheetationships (Jouzel, 1999). For Antarctica, these modeli
occurred in high southern latitudes. Here we compare the Hokiudies support the classical assumption that the spa
cene climate as archived in water isotope records from 11 Aigetope—temperature relationship can be used to interpret lol
arctic ice cores (Fig. 1; Table 1) located on the central platemrm temporal variations (within 30% uncertainty). At the
(Vostok, Dome B and Dome C, Komsomolskaia, Plateau Reeastal site of Law Dome, an estimation of the season
mote), at coastal sites of east Antarctica (D47, KM105, Laisotope—temperature relationship has led to a slope of 3.5
Dome-DSS), and on both sides of the Ross Shelf (Byrd in wedD/°C (Van Ommen and Morgan, 1997); at Taylor Dome
Antarctica, Taylor Dome and Dominion Range in the Transarguich an estimation based on borehole temperature meas
arctic Mountains). The geographical spread of these cores allawsnts over the past 4000 yr is quite close (4%o/°C) (Sted.,
the separation of continental climate change from more regiod®98a). However, these small slope values can be partly ¢
patterns. In addition to significant high-frequency variability oplained by seasonal or local changes in oceanic moistt
the centennial scale, we show common millennial-scale aperiod@murces (Delmottet al., 2000).
events and discuss possible mechanisms responsible for fluctu&hanges ir5**Og,, of ocean surface waters due to deglaciz

tions of Antarctic Holocene climate. tion are still significant in the early Holocene (0.4%. at 12,00
yr ago). Both simple isotopic models and GCMs simulate &
QUANTITATIVE INTERPRETATION OF ISOTOPIC imprint of ocean isotopic composition into polar precipitatior

FLUCTUATIONS: ISOTOPIC PALEOTHERMOMETER of 5%0 deuterium per 1%6'°Og,,. As a result, about a third of
the early Holocene optimum isotopic amplitude can be attril
In this paper, we focus on multicentennial isotopic fluctuasted to a change in ocean surface isotopic composition. S
tions, which enables us to minimize the noise associated wihd, changes in evaporation conditions can be inferred frc
the various postdeposition processes (Fisberal., 1985). the second-order isotopic parameter, the deuterium exce
Assuming that deposition and postdeposition processes haueaocene excess profiles obtained at Dome B, Dome C, Tay
constant isotopic impact, the isotopic profiles should reflebiome, and Vostok show a small increasing trend in the ea
fluctuations in the isotopic composition of precipitation. Thislolocene, indicating a warming of the ocean surface, warmit
isotopic composition of polar precipitation results from théhe moisture source by a few degrees, thereby partly compe
fractionation history of the water vapor mass and depends sating the impact of the change in ocean isotopic compositi
the site condensation temperature, on the moisture trajectorythe deuterium profiles (Vimeust al., in press).
(distillation), and on the initial conditions of evaporation at the To summarize, we interpret the Holocene isotopic fluctus
ocean surface. The dependency of surface snow isotopic cdimrs in terms of site temperature changes, with a necess
position on mean surface temperature of a site has long be@enrection due to ocean surface isotopic composition in t
evidenced in east Antarctica (Lorius and Merlivat, 1977). Owarly Holocene; we have some indications that changes
sites are quite representative of Antarctica, as their surfa@eaporation conditions should not play a major role. We a
isotopic composition depends on their annual mean surfeeare that climate changes associated with deposition (seas
temperature with a spatial slope of 6.5&/°C (Fig. 2 and ality of the precipitation) and/or postdeposition processt
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FIG. 1. Map of Antarctica showing drilling sites (elevation in meters).

(wind scouring, sublimation, removal of summer snow layersgjtical precision (0.5%. foD measurements, apart from Dome C
may also be responsible for some of the Holocene isotogind Taylor Dome, 1%o), indicating a remarkable Antarctic climat
fluctuations, but we have no means of quantifying them. stability during the past 10,000 yr when compared with th
amplitude of glacial-interglacial changes (40%o).

Ice-core isotopic ratios record temperature change arisi
from climate fluctuations but also from ice sheet dynamic

The HolocenedD records (Fig. 3) exhibit small but significant(elevation, ice originating upstream of the core site). Model
isotopic fluctuations (typically 10%o), much larger than the an@otopic contents along the 11 sites reflect the strong imprint

LONG-TERM TRENDS IN ANTARCTIC ISOTOPIC
PROFILES: CLIMATE VERSUS ELEVATION CHANGES

TABLE 1
Characteristics of the Drilling Sites

Sampling
Altitude Distance Accumulation Temperature Velocity Correlation interval  Resolution

Site Latitude Longitude (m) (km) (cmlyr) (°C) 8D (%) (mlyr) Dating parameters (cm) (yr) References
Vostok 78°28S  106°48E 3490 1260 23 —55.5 —441.6 2 2D G, Be, D 50 22 Petit al., 1999
Plateau Remote  84°S 43°E 3330 1370 4 ? —434.9% ? oD \Y 5 1 Mosley-Thompson, 1995
Dome B 77°05S 94°53E 3650 1020 3.8 —-57.5 —430.4 0 1D D 100 26 Jouzet al., 1995
Komsomolskaia  74°0% 97°27E 3499 840 6.4 -52.6 —400.6 ? 1D 200 31 Nikolaieet al., 1988
Dome C 74°3%5  124°10E 3240 870 34 -53.5 —393.3 0 1D Be 200 60 Loriuet al., 1979
Dominion Range 85°1% 166°10E 2700 780 3.5 —-37 —338.0 ? 1D \% 20 6 Mayewslet al., 1995
Taylor Dome 77°485 158°43E 2365 120 5t07 —43.0 —315.8 ? 2D G, Be 50 8 Steiet al., 1998a
Byrd 80°01S 119°31W 1530 620 10 to 12 —28.0 —263.1* 12.7 LC G, Be 20 12 Hammet al., 1994
D47 67°23S  154°03E 1550 130 26 —25.4 —219.4 26 2D D 100 4 Ciaist al., 1992
KM105 67°26S 93°23E 1416 85 33.1 —245 —2314 45 1D 50 15 Lipenkoet al., 1998
Law Dome 66°465 112°48E 1370 90 70.0 —22.0 —-177.2* 1 LC,1D L,G 50 0.7 Morgaet al., 1997

Note. Latitude, longitude, altitude, distance from nearest ocean (ice shelves considered as part of the continent), accumulation (water equaeignt |
annual mean surface air temperature, average ice deuterium content (last 1000 yr; *, calculai&tOam8asurements), surface ice velocity, dimensions c
the ice flow model used to date the ice core (LC, layer counting), other dating tools (correlations based on G,'8@e; Bedust; V, volcanic ash layers; L,
direct estimates of layer thickness).
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FIG. 2. Characteristics the Antarctic drilling sites relevant to isotopic records. If the spatial isotope/temperature, isotope/elevation, adibiaotmpbm
ocean relationships hold true in time, which is reasonable for the relatively stable Holocene period, then a cld@ngé 19%. corresponds to a surface
temperature fluctuation of 1.5°C, or to a 50-km difference in the distance to the coast, or to 100 m elevation difference. (a) Geographic locaitiioas a
of distance to the nearest modern open ocean and elevation. Three groups can be identified (coastal low-elevation sites; sites located ar@ed] tenfRalss
sites). (b) Comparison of modern accumulation as function of elevation. Central and Ross Sea sites have accumwiatiocrrs of ice per year. Coastal sites
show a wide range of accumulations, probably related to the local meteorology. As a separate coastal dome, Law Dome summit does not exper@nce
winds and receives a remarkably high modern accumulation. (c) Dependency of modern (past millennium) isotopic composition on site surfage tdin@ere
slope calculated with these 10 points (6.5%0°C) is very close to the relationship obtained from a wider distribution of semicontinental Anfiacetidagar
(Lorius and Merlivat, 1977). Our sites are thus representative of the spatial distribution of Antarctic isotopic surface snow. (d) Same as @) derrmfsite
elevation. The vertical lapse rate calculated from the sites modern temperature and elevation-d4i§hQ/km). The meaBD decreases when the elevation
increases £9.7%0/100 m) and decreases when the distance from the nearest coast incresd%4¢/100 km, not shown).

altitude (9.7%0/100 m, Fig. 2). In order to focus on time scalespectrum analysis). Initial time scales were used (Table 1) a
of ice sheet elevation, the long-term trend deviation to modetime long-term trend was centered to modern levels; the error
values (Fig. 4) was extracted from each ice core isotopic proftlee dating is evaluated to about 10% for each record (relati
(Table 1; Fig. 3) using the first component of a SSA (singularror of £500 yr at 10,000 yr).
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FIG. 3. Initial deuterium profiles (stairs, black); long-term trend (first component of the SSA analysis, black line); millennial scale variability §selcor
third components of the SSA analysis, gray line).

The two coastal sites where the surface flow velocity is larggotopic record as a climatic proxy for comparison with the othe
(KM105, D47) exhibit large increasing isotopic trends (10%deecords.
1000 yr). These trends result from ice flow (change with depth All the records from eastern Antarctica exhibit a clear earl
of the initial precipitation elevation) and have no climati¢iolocene optimum from 11,500 to 9000 yr ago, followed by
meaning. These records can only be discussed in termseftondary minimum about 8000 yr ago. Compared to mode
short-term isotopic fluctuations. levels, the relative isotopic amplitude of the optimum range

At Byrd, in western Antarctica, the ice flow is also large anfom 3.5%. for Dome C to 18.5%. for Taylor Dome. The
probably explains the observed Holocene isotopic increasiagplitude seems larger at coastal locations (Law Dome, Tay
trend. A study of the total air content of Byrd ice has led to abome). As 2%o of the optimum amplitude is attributed to th
estimate of 500 m elevation increase during last deglaciatiohange in ocean surface isotopic composition, the classi
(Jenssen, 1983), ending about 7000—-5000 yr ago, and an elevagomperature interpretation suggests a warming by 0.2 to 2.5
decrease of about 100 m during the past 5000 yr. We combatepending on the site. At the end of this optimum, most sit
these elevation changes with the effect of ice flow (the 10,006how a clear minimum about 8000 yr ago (apart from La
yr-old ice at Byrd arrives from the surface about 40 km upstreamdpme where it takes place 1000 yr later). The sites located
and 60 m higher). Both elevation and ice flow effects indicate thisite Ross Sea sector are characterized by a mid-Holoce
the ice originated about 200 m higher 5000 yr ago, which resutiptimum 8000 to 6000 yr ago (amplitude 5%o). In east Ant
in an apparent increase & by about 2 to 3%0/1000 yr, assumingarctica (apart from Taylor Dome and Dome C), a weak la
the present elevation—isotope spatial relationship (Fig. 2 and ci@locene optimum occurs between 6000 and 3000 yr a
tion). This rough estimate is consistent with the observed slope(amplitude from 1 to 5%.) and is followed by a negative trenc
2.8%0/1000 yr. It is further supported by ice-flow modeling resultSome sites (corrected Byrd, Dominion Range, and Dome
constrained by direct evidence in the Executive Committee Rargjeo show a late optimum about 3000 yr ago, possibly relat
(Hackertet al., 1999). We have therefore corrected the isotopio the maximum in Southern Hemisphere summer insolation
profile along the past 12,000 yr by adding a 2.5%0/1000-yr trenthis time.
The corrected Byrd record (empty circles, Fig. 4) is in fair agree- The early Holocene optimum in Antarctica occurs at th
ment with the isotopic records from central and east Antarcticeame time as the Northern Hemisphere summer insolati
our somewhat arbitrary correction has removed glaciological peptimum (11,000 yr ago). During the end of the Norther
turbations, but we may have underestimated the elevation chahkigmisphere deglaciation, a reduced northern Atlantic therm
during the early Holocene. Hereafter, we use the corrected Byrdline circulation could contribute to warm conditions in higt
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FIG. 4. Centered deuterium trends (first SSA component) extracted from the resampled isotopic profiles using the SSA analysis. For Byrd and La\
the %0 profile was converted to deuterium using the meteoritic water line slope of 8. For Byrd, we propose a correction for the ice origin isotopic shpdnt (
line) (25 m per thousand year, i.e., 2.5%0 per thousand year).

southern latitudes, as suggested for the last deglaciatidntarctic sites may reflect a different ice-sheet elevation hi
(Blunieret al.,1997). When the northern deglaciation ends, thery. Assuming that climate fluctuations are of similar ampli
switch-on of the North Atlantic circulation removes heat froniude at Dome C and central sites, our data suggest that Do
high southern latitudes, therefore ending the early Holoce@ehas undergone a relative elevation decrease of about 75 n
optimum in Antarctica. This is supported by th€C record the past 10,000 yr, which is qualitatively consistent with resul
from benthic foraminifera in Atlantic core CH69-K09, whichfrom three-dimensional ice-sheet models (Huybrechts, 199
shows a maximum North Atlantic influence in the midFinally, the large decreasing trend at Taylor Dome (1.5%o/10(
Holocene (8000 to 6000 yr ago). This mechanism would prgr, twice as large as in central Antarctica) may reflect a larg
vide an explanation for the end of the Antarctic optimum, wheglevation increase since the last deglaciation observed in str
the Northern Hemisphere warms after the last cold episodegrphic studies (Marchargt al., 1994). This is surprising
deglaciation (8200 yr ago). considering that Taylor Dome has a rapid ice-dynamics r
The decreasing isotopic values over the past 10,000 gponse time that tends to balance variations in accumulati
suggest an overall Holocene increase in elevation of the eéSteiget al., in press).
Antarctic ice sheet<50 m), consistent with available indica-
tions about ice-sheet elevation changes obtained from geologic MILLENNIAL-SCALE AND HIGH-FREQUENCY
observations at the ice-sheet margins (Goodwin, 1998), mea- VARIABILITY
surements from total air content in the bubbles trapped in the
ice (Martinerieet al., 1994; Delmotteet al., 1999), and three-  We have extracted the millennial-scale variability from eac
dimensional ice-sheet modeling (Huybrechts, 1992). The drecord (Fig. 3) as reconstructed by the second and third co
ferent trend observed at Dome C compared to other easihents of the SSA. To highlight the fluctuations possibl
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common to several sites, we have performed an empiri&BA) (Dettingeret al.,1995) on the regularily sampled records
orthogonal function (EOF) analysis on different subsets wfithout correction of the long-term trend. The power spectrul
record (sites with large trends, limited to 3500 yr due to the compared to a red noise spectrum at 97.5% confidence le
length of Plateau Remote record; sites from the Ross Sgag. 6). In the analysis, Dome C, Byrd, and Komsomolskali
sector; sites from east Antarctica). The first component of tappear as outliers due to their lower temporal resolution,
EOF accounts in all cases for more than 65% of the varianaell as Dominion Range, KM105, D47, and Plateau Remo
and is displayed on Fig. 5. The EOFs exhibit organized fludue to their shorter length. The low-frequency mode is, |
tuations common to the different sites within the dating uncegeneral, not significantly different from the red noise, apa
tainty (less than 500 yr at 11,000 yr B.P.). These events drem the trend for some of the records (Law Dome, Dome E
numbered on the figure (positive anomalies numbered fromTaylor Dome, Byrd). The millennial-scale fluctuations dis
to 8, negative events A to D). cussed previously are mostly aperiodic and do not significan
Several aperiodic 500-yr-long isotopic fluctuations punct@ppear in the power spectrum.
ate the long-term trends described previously. These smallll the records show several common intervals of significat
fluctuations €5%o) have a significantly larger amplitude aftperiodicities in the multidecadal to centennial mode, as di
coastal locations than in central sites and at Law Dome, @assed by Yiotet al. (1997): about 240, 180, 150 (these thre
contrast with the common glacial-to-Holocene isotopic irmodes do not appear in Law Dome and KM105), 120-11
crease. The pacing of the warm events (average pacing of 1480-90, 85, 75, and 70 years. Obviously, the uncertainty of t
yr for east Antarctica and 1250 yr in the Ross Sea sectalting (~10%) and the initial sampling (20 to 50 yr) strongly
increases during the cold periods1200 yr) and decreases inlimit the interpretation of these periodicities. However, thi
the optima €900 yr). The early Holocene optimum resultgsange of periodicities remains unchanged when the time sc
from two warm oscillations at all sites (events 1 and 2); it is linearly adjusted by-5%. Other records, such as Holocen
followed by minimum A about 8000 yr ago. tree-ring*C fluctuations, show similar significant periodicities
The mid-Holocene optimum also corresponds to a succéStuiver and Braziunas, 1993) (206, 148, 87, and 46—49 yeal
sion of warm events (events 3 to 4 in the Ross Sea sectBrch periodicities may arise from fluctuations in solar activit
events 4 to 6 in eastern Antarctica). At 5500 yr ago, the Roard/or be the consequence of changes in thermohaline oce:
Sea sector shows a second minimum “B” resulting from @rculation.
long-term decrease superimposed on a more rapid oscillatiorThe succession of millennial warm episodes cannot be ¢
(Steiget al.,1998b). This period may correspond to the infloyplained by low-frequency changes in insolation or Holocer
of seawater onto the Ross Shelf (modern bathymetry lowgreenhouse gases and may result from internal oscillations
than 5 m) and retreat of the grounded ice sheet (Domeaek, the climate system (possibly amplifying short-term forcings
1999). The decrease in deuterium values is consistent wdlch as solar activity or volcanic activity). Modes of thermo
decreased continentality and a stronger contribution from lodadline circulation in the North Atlantic are possibly charactel
moisture sources. This interpretation is further supported ed by a millennial-scale periodicity (Boret al., 1997; Bi-
the simultaneous decrease in deuterium excess at Taylor Damehi and McCave, 1999); the Southern Ocean circulatic
(Vimeux et al.,in press), indicating a colder oceanic moistur@owever, is poorly documented at these timescales. Arou
source. Antarctica, historical records document calvings of the Ro:
Superimposed on the past 5000-yr cooling trend commonlt® Shelf with century-scale periodicities (Kegsal., 1998).
all records apart from Dome C, two warm events (6 and Dentury-scale changes of sea-ice are also documented in
precede a relative minimum in all the records about 2000 Ross Sea (Leventer and Dunber, 1988) and the Antarc
ago (C). It is followed by the last warm event (8) about 100Beninsula (Leventest al.,1996). Climate mechanisms respon
yr ago and a last cold spell (Antarctic Little Ice Age, D). Thessible for century-scale fluctuations may involve a positiv
recent isotopic fluctuations are associated with observed eralbedo feedback (a cold perturbation leads to more sea-
ronmental changes. For instance, the penguin population on thiemation, which in turn enhances the cooling), and a negati
Victoria Land coast (Baroni and Orombelli, 1994) was unustikermohaline feedback (a warm perturbation leads to less ¢
ally large about 4000 to 3000 yr ago, corresponding to eventg, an increased local hydrological cycle, less stratification
7 and 8 and the end of the mid-Holocene optimum; a secotige ocean, and more heat advection, which enhances the ini
occupation about 1000 yr ago corresponds to warm event 9warming). The dynamics of ice sheet/ice shelves/sea i
the Antarctic Peninsula, ocean sediments also record warrgeswth and decay, involving a combination of temperature at
climatic conditions before 2500 yr ago (Leveng&tral., 1996). moisture controls, may generate multidecadal- to millennie
Goodwin (1998) argues that the late Holocene optimum magale fluctuations. These coastal mechanisms are consis
have contributed significantly to the observed recent thickenimgth the larger amplitude of isotopic variations at coasts
of the east Antarctic ice sheet. Antarctic sites compared with central sites and with the sim
The spectral properties of the isotopic signal is evaluatéation of Bromwichet al. (1998), which removes all sea ice
with a Monte-Carlo singular spectrum analysis method (MGround Antarctica and shows a limited impact in the easte
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FIG. 5. Common millennial-scale variability in the different sets of records calculated as the first EOF of the detrended isotopic records filterec
millennial periodicities (second and third components of the SSA). For the Ross Sea, the first EOF calculated from Byrd, Taylor Dome, and Don@niol
accounts for 55% of the variance. The EOF calculated without Dominion Range and covering also the early Holocene accounts for 66% of the varie
central Antarctica, the first EOF accounts for 67% of the variance.

plateau ¢-2°C) but a very large impact at coastal locations, All the long Holocene records combined in this work (in:
especially near Taylor Dome. Interestingly, the most coastduding recent profiles from coastal and Ross Sea locatior
site of Law Dome registers only weak fluctuations and behavesnfirm the widespread Antarctic early Holocene optimur
more like inland sites than other coastal sites. This may arigel,500—9000 yr ago). The mechanism responsible for tt
from its constant maritime location, far from ice shelves thaiptimum may involve a reduced interhemispheric heat trar

may act as amplifiers of climatic fluctuations. port by the global oceanic thermohaline circulation during th
end of Northern Hemisphere deglaciation. Secondary wal
CONCLUSIONS AND PERSPECTIVES periods are observed ca. 8000 to 6000 yr ago in the Ross ¢

sector, ca. 6000 to 3000 yr ago at central locations, and
The long-term trends of Antarctic isotopic profiles record 3000 yr at Dome C, Dominion Range, and Byrd.

complex combination of temperature and elevation changesThese warm intervals are always associated with a reduc
even at the scale of the Holocene. The deconvolution of thacing between aperiodic millennial-scale warm fluctuatior
two signals will be aided by a detailed comparison with resul(gsight warm fluctuations during the Holocene). Within the
from long integrations of three-dimensional ice-sheet modelsicertainties of the timescale, these events appear in phas
forced with different temperature variation scenarios. Our rell the records and are characterized by a greater amplitude
sults suggest that Dome C and the sites from the Ross $eastal locations (apart from Law Dome), suggesting positi
region undergo specific elevation histories that differ frorfeedbacks due to sea ice and/or ice shelves. Such oscillati
those of the central plateau and Law Dome. are somewhat similar to the land surface/atmosphere feedb
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a Monte Carlo significance test.
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mechanisms taking place in the tropics, where arid intervalgmpacts induced by year-round open water adjacent to Antardocanal of
show a millennial rhythm. All the records exhibit a high- Geophysical Researctd3, 11173-11189. .
frequency variability in the multidecadal mode (70-240 yICyIaIS, P., Petit, J.-R., Jouzel, J., Lorius, C., Barkov, N. I., Lipenkov, V., an

characteristic of internal oscillations of the ocean—ice—\colaiev. V. (1992). Evidence for an early Holocene climatic optimum ir
the Antarctic deep ice-core recor@limate Dynamics$, 169-177.
atmosphere system.

| d d h ial iabili f cli fl Ciais, P., Jouzel, J., Petit, J.-R., Lipenkov, V., and White, J. W. C. (199
n order to document the spatial variability of climate fluc- Holocene temperature variations inferred from six Antarctic cagkagals of

tuations better, new ice core drilling projects are in progress 0ijaciology 20, 427—436.

planned in east Antarctica (Dome C, EPICA), west AntarctiGgelayque, G., Jouzel, J., Masson, V., and Koster, R. (in press). Validity of t

(Siple Dome), and the Atlantic sector of Antarctica (Dome F, isotopic thermometer in central antarctica: Impact of glacial precipitatio

Dronning Maud Land-EPICA). Identifying common volcanic seasonality and moisture origiGeophysical Research Letters.

events will be necessary to improve the accuracy of the chiglmotte, M., Raynaud, D., Morgan, V., and Jouzel, J. (1999). Climatic ar

nology of Antarctic Holocene iSOtOpiC records. Combining glaciological informgtion_inferred from aircontgnt—measurements ofala

isotopic records (including deuterium excess) with paleotem_Dome (East Antarctica) ice cordournal of Glaciology45, 255-263.

peratures reconstructed from borehole measurements at ﬁt‘%@onef M., Masson, V., Morgan, V., and Jouzel, J. (2000). A seasor
. . . . . . euterium excess signal at Law Dome, coastal eastern Antarctica: A soL

with high accumulation and with detailed chemistry recordsern ocean signaturdournal of Geophysical Researdl®5, 7187-7197.

will permit better understanding of the site temperature signgéttmgery M. D., Ghil, M., Strong, C. M., Weibel, W., and Yiou, P. (1995).

ture in the iSOtOpiC profiles (deconvolution of site temperatureSoﬁware expedites Singu|ar.spectrum ana|yses of noisy time sE@Qetdh

versus seasonality and moisture origin). Obtaining Holocenend Ocean Sciences Transacticif; 12.

isotopic records from the Antarctic Peninsula would be of greabmack, E., and Mayewski, P. (1999). A bi-polar signal in late Holocen

interest for comparison with the high-resolution glacier and paleoclimate: Comparison of the marine and ice core recdtusHolocene

sediment records. Alternatively, high-resolution Holocene? 247-251.

records obtained from sediment cores around Antarctica and’f{rack. E.. Jacobson, E., Shipp, S., and Anderson, J. (1999). L:

the temperate oceanic moisture source regions would giv leistocene—Holocene retreat of the West Antarctic ice-sheet system in

traint th hani ible for Ant .Ross SeaGeological Society of America Bulletiill, 1517-1536.
more constraints on the mechanisms responsible for An arqllgher, D. A., Reeh, N., and Claussen, H. B. (1985). Stratigraphic noise in tir

climate Va“ab'“ty' series derived from ice core8nnals of Glaciology7, 76—83.

Simulating the natural variability in the Antarctic SeCtOfasse, F., and Van Campo, E. (1994). Abrupt post-glacial climate events
presents a challenge for coupled ocean/floating-ice/atmosphek@est Asia and North Africa monsoon domaisrth and Planetary Science
climate models. Long simulations will possibly help in under- Letters126,435-459.
standing the mechanisms responsible for at least the higvedwin, 1. (1998). Did changes in Antarctic ice volume influence lat

frequency Holocene variability. Holocene sea-level lowerinQuaternary Science Reviews, 319-332.
Hackert, R. P., Barclay, D. J., Borns, H. W., Calkin, P. E., Kurz, M. D., Steic
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