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[1] Diatom data from a marine sediment core give insight on Holocene changes in sea-surface conditions
and climate at high southern latitudes off Adélie Land, East Antarctica. The early to mid-Holocene was
warmer than the late Holocene with a transition at ~4000 calendar years B. P. Sea ice was less present and
spring-summer growing season was greater during the warm period relative to the cold one, thus limiting
sea ice diatom production and favoring more open ocean diatom to develop. The long-term Holocene
climatic evolution in East Antarctica is explained by a combination of a delayed response to local seasonal
insolation changes coupled to the long memory of the Southern Ocean. Abrupt variations of the diatom
relative abundances, indicating rapid climate changes, are superimposed to the Holocene long-term trends.
Spectral analyses calculate robust frequencies at ~1600 a (where “a” is years), ~1250 a, ~1050 a, ~570 a,
~310 a, ~230 a, ~150—125 a, ~110 a, ~90 a, and ~66 a. Such periods are very close to solar activity
cyclicities, except for the periods at ~310 a and ~1250 a, which are close to internal climate variability
cyclicities. Wavelet analyses estimate the same periods but indicate nonstationary cyclicities. Rapid climate
changes at high southern latitudes may therefore be explained by a combination of external (solar) and
internal (thermohaline circulation) forcings.
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1. Introduction

[2] Marine records [Leventer et al., 1996; Hodell et
al., 2001; Taylor et al., 2001; Brachfeld et al.,
2002; Presti et al., 2003; Cunningham et al., 1999;
Nielsen et al., 2004] and glacial records [Masson et
al., 2000; Masson-Delmotte et al., 2004] indicate a
warmer early to mid-Holocene and a colder late
Holocene. The transition between the warmer
Hypsithermal and the colder Neoglacial is found
to be more or less abrupt depending on the study
area and the proxy used. However, no consensus
has been reached about forcing factors of Holocene
long-term climate trends at high southern lati-
tudes. The long-term climate evolution at southern
latitudes was explained as a response to the
decreasing summer insolation at high northern
latitudes [Nielsen et al., 2004] or to the decreasing
annual mean meridional insolation gradient in the
Southern Hemisphere [Masson et al., 2000]. Both
mechanisms impact heat transport via their influ-
ence on the thermohaline circulation to or from the
Southern Ocean. More recently, a modeling exper-
iment demonstrated that long-term climate trends
in the Southern Ocean more likely result from a
delayed response to local orbital forcing with
temperatures lagging seasonal insolation by a few
months and winter storage of oceanic warmth
below the shallow summer mixed layer [Renssen
et al., 2005].

[3] Similarly, marine and glacial records indicate
Holocene rapid climate changes at decadal-to-
millennial timescales. Little is known about the
forcing mechanisms of rapid climate changes in
the Southern Ocean because of the lack of high-
resolution records, especially in the marine environ-
ment. Millennial cycles were related to regional
climate change over Antarctica [Masson et al.,
2000] involving the strength and extent of the polar
vortex [Delmonte et al., 2005]. Similar cycles were
found in the South Atlantic possibly indicating a
link between Antarctic climate and lower latitudes
[Nielsen et al., 2004]. Centennial climate changes
0of 200—300 a (where “a” is years) [Leventer et al.,
1996] and 200 a [Delmonte et al., 2005] were noted
to possibly result from solar activity. There is
however not enough overlap between the recorded
periods and solar activity cyclicities to define a
casual relationship. Additionally, internal climate
variability involving rapid shifts of the Southern
Ocean thermohaline circulation, with periods of
320-360 a and 1060—-1100 a, and known as the
“Southern ocean flip-flop oscillator” [Pierce et al.,
1995; Drijfhout et al., 1996; Osborn, 1997] exists.

[4] We present here a high-resolution diatom record
from core MD03-2601 retrieved on the Antarctic
Continental Shelf off Adélie Land and covering the
9000—-1000 years B. P. period. One diatom species
group, Fragilariopsis curta, is intimately linked to
sea ice presence [Armand et al., 2005] while the
other species, Fragilariopsis kerguelensis, thrives
in the open ocean and is rare when sea ice is present
during the growing season [Crosta et al., 2005a].
These diatom species therefore were used as proxies
to document surface temperatures and sea ice con-
ditions, with a 10 to 20 a resolution in core MDO03-
2601. Sea ice is one of the fastest reacting, most
seasonal geophysical parameter on Earth’s surface.
Its seasonal cycle is strongly dependent on water
temperature, surface air temperatures and wind
activity [Ackley, 1980] and to incoming solar energy
[Comiso, 2003; Haas, 2003]. It is therefore sensible
to investigate past sea ice dynamics to better under-
stand the driving mechanisms of Holocene climate
change at high southern latitudes.

2. Material and Methods

2.1. Material

[s] Piston core MD03-2601 was retrieved during
MD130 - Images X cruise (CADO - Coring
Adélie Diatom Oozes) in February 2003 on board
R.V. Marion Dufresne II with the logistic support
of the French IPEV (Institut Paul Emile Victor).
Core MD03-2601 was retrieved at 66°03.07’S,
138°33.43'E in 746 m water depth in one of the
small depressions composing the D’Urville Trough
(Figure 1). The Trough incises the shelf out to the
shelf break and is bounded to the east by the Adélie
Bank and to the west by the Dibble Bank. The
trough has an average depth of 600—700 m and
consists of a series of small depressions reaching a
maximum depth of 900—1000 m [De Santis et al.,
2003]. These depressions act as funnels, which
focus the phytoplankton cells (mainly diatoms
[Wright and van den Enden, 2000]) produced in
the area, thereby increasing their preservation effi-
ciency. Core MD03-2601 is composed of diatom
ooze alternating between structureless greenish
ooze and green-to-dark green laminations of milli-
meter to centimeter thickness.

2.2. Stratigraphy

[¢] Nine radiocarbon dates were performed on the
green material humic fraction of bulk organic
matter at the Leibniz Laboratory, Kiel, Germany.
Raw '*C dates were calibrated to calendar ages
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Land region.

using Bard’s polynome [Bard et al., 1998] after
applying a 1300 a reservoir age effect [Ingolfsson
et al., 1998]. Calibration using another polynome
[Stuiver et al., 1998a] provides very similar cal-
endar ages with associated errors of £100 a at 1o.
Radiocarbon concentration in the Southern Ocean
is dominated by the upwelling of Circumpolar
Deep Waters at the Antarctic Divergence, which
induces an older average reservoir age than the
global ocean mean. Circum-Antarctic studies of
living mollusks showed that the average correc-
tion for reservoir age is 1100—1400 '*C a [Stuiver
et al., 1981; Bjorck et al., 1991; Gordon and
Harkness, 1992; Berkman and Forman, 1996].
The correction for marine reservoir age at high
southern latitudes is generally 1300 '*C a
[Ingolfsson et al., 1998] except in semi-closed
bay systems where the correction can be as high
as 2600 '*C a [Adamson and Pickard, 1986;
Taylor and McMinn, 2001] due to input of
depleted '*C CO, from melting ice and presence
of perennial sea ice. Given the location of core
MDO03-2601 and the oceanography of the area,
there is no reason to use a marine reservoir age
older than 1300 a.

Map showing the location of core MD03-2601 and the bathymetry and the oceanography of the Adélie

[7] In core MDO03-2601, two samples at 998 cm
and 1498 cm yield older dates than expected from
the distribution pattern of the other dates (Figure 2).
The resulting higher sedimentation rate between
these depths is spurious because of congruent low
values of the focusing factor and low numbers of
laminations [Denis et al., 2007]. Rather than an
increase in the sedimentation rate these two dates
indicate a greater input of old carbon, possibly in
relation to the 4000 years B. P. meteoritic impact
[Courty et al., 2007]. A linear regression (r*
0.98) was therefore applied to the nine radiocarbon
dates to minimize biases due to old carbon input.
The seven other dates closely follow the regression
line (Figure 2).

[s] Additional support for using a correction of
1300 a and applying a regression line to the nine
dates is provided by the indication of the 4000
years B. P., or 4470 calendar years B. P., meteoritic
impact at 1440—1400 cm in core MD03-2601.
Exogene material typical of the 4000 years B. P.
impact is abundant between 1440 cm and 1400 cm
and subsequently diluted by hemipelagic material
up-core until 1000 cm [Courty et al., 2007]. This
external control point falls in line with the regres-
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Figure 2. Calibrated radiocarbon ages versus depth in core MD03-2601. Radiocarbon ages were calibrated using
Bard’s polynome [Bard et al., 1998] and assume a constant reservoir age of 1300 a [/ngdlfsson et al., 1998]. Black
dots represent radiocarbon dates performed on humic acids. The red dot represents the depth at which the 4000 yr B. P.

meteoritic impact was evidenced [Courty et al., 2007].

sion line (Figure 2, red dot), thus supporting the
'4C-based stratigraphy.

[v] The core covers the 9000—1000 calendar years
B. P. (cal yr B. P.) period with an average sedi-
mentation rate of 0.4 cm.a~' (Figure 2), in agree-
ment with early investigations of East Antarctica
sediments [Domack, 1988].

2.3. Diatom Analysis

[10] Diatom identification was performed every 4
to 8 cm providing a 10-20 a resolution. Samples
were prepared and analyzed according to the tech-
nique described by Rathburn et al. [1997]. Diatom
counts followed Schrader and Gersonde [1978]
and Laws [1983]. Around 350 diatom valves were
counted in each sample at a magnification of 1250.
Diatoms were identified to species or species group
level, and the relative abundance of each was
determined as the fraction of diatom species
against total diatom abundance in the sample. More
details about slide preparation, diatom identifica-
tion and statistical treatment are described by
Crosta et al. [2004].

2.4. Spectral Analysis

[11] Two software programs of spectral analysis,
Wavelet [Torrence and Compo, 1998] and Redfit
3.8 [Schulz and Muldesee, 2002], were used to
decipher information from the diatom records in the
frequency domain. Wavelet analyses were per-
formed on the whole time series (9000—1000 years
B. P.) whereas Redfit was applied separately on
the Hypsithermal (9000-3900 years B. P.) and
Neoglacial (3900—1000 years B. P.) periods as the
Fourier transform is disturbed by the sharp jump in
diatom relative abundances at the Hypsithermal-
Neoglacial transition.

[12] The climatic system is typical example of
nonstationary processes, in which frequency con-
tent and statistical properties change through time.
Wavelet analysis (WA) presents the advantage of
describing nonstationarities, i.e., discontinuities,
changes in frequency or magnitude [Torrence and
Compo, 1998]. Redundancy of the continuous
wavelet transform is used to produce a time/fre-
quency or time/scale mapping of power distribu-
tion, called the local wavelet spectrum (or
scalogram). As a major advantage with respect to
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classical Fourier analysis, the local wavelet spec-
trum allows direct visualization of the changing
statistical properties in stochastic processes with
time. A wave number of 10 was used, this choice
offering a good trade-off between frequency and
temporal resolution for the time series analyzed
herein. To avoid edge effects and spectral leakage
that are produced by the finite length of the time
series, all series were zero-padded to twice the data
length. However, zero-padding causes the lowest
frequencies near the edges of the spectrum to be
underestimated as more zeros enter the series. The
area delineating this region is known as the cone of
influence and marks those parts of the spectrum
where energy bands are likely to be less powerful
than they actually are because edge effects are
becoming important.

[13] Redfit 3.8 is based on a Lomb-Scargle Fourier
transform combined with a Welch-Overlapped-
Segment-Averaging procedure for consistent spec-
tral estimates [Schulz and Muldesee, 2002]. Redfit
has two advantages. First, it works with unevenly
spaced time series which avoid tapering of high
frequencies. Second, it estimates the red-noise
spectrum which allows the identification of signif-
icant frequencies. Spectral analysis was performed
with 1000 Monte-Carlo simulations, an oversam-
pling factor of 4 for the Fourier transform, four
segments with a 50% overlapping, and a Welch
window-type. Red-noise spectrum of 90% was
selected to highlight significant frequencies.

3. Results and Discussion

3.1. Reconstruction of Antarctic
Paleoclimate Using Diatoms

[14] Antarctic sea ice diatom populations are largely
represented by Fragilariopsis species with
Fragilariopsis curta and F. cylindrus (the
F curta group hereafter) as the dominant taxa.
Sediment traps experiments have shown that rela-
tive abundances of the F. curta group in the phyto-
plankton increase southward with increasing sea ice
cover and decreasing temperature [Gersonde and
Zielinski, 2000]. Similarly, investigation of surface
water samples between New Zealand and the Ross
Sea demonstrated increasing abundances of the
F curta group during spring with increasing sea ice
concentration [Burckle et al., 1987]. Fragilariopsis
curta develops at the retreating sea ice edge in
relatively stable and nutrient-rich environments.
The surface water seasonal production results in a
southward positive gradient of the F. curta group in

surface sediment at the basin scale [Zielinski and
Gersonde, 1997; Armand et al., 2005] and at the
local scale [Leventer, 1992]. Investigation of the
sediment micro-structure in core MD03-2601 con-
firmed the spring occurrence of the F. curta group
and its greater occurrence during the colder Neo-
glacial period that during the warmer Hypsithermal
period during which cryophilic Fragilariopsis are
mainly represented by F. rhombica [Denis et al.,
2006]. It is therefore believed that higher relative
abundances of the F curta group in sediments
indicate reduced growing season due to denser
sea ice cover and late waning. Relative abundances
of the F. curta group have been successfully used
to reconstruct presence of sea ice during the late
Pleistocene through qualitative [Gersonde and
Zielinski, 2000] or transfer function [Crosta et
al., 2004] approaches.

[15] The Southern Ocean plankton is dominated by
F. kerguelensis which achieves its highest abun-
dances during summer just south of the Polar Front
[Kozlova, 1962, 1966; Froneman et al., 1995].
Low occurrences of this diatom have been
observed along the Antarctic Coast [Gersonde,
1984; Fenner et al., 1976] consistent with a grow-
ing season that is too short to allow F. kerguelensis
to bloom. The resulting surface sediment distribu-
tion of F. kerguelensis reflects its production in
surface waters with highest abundances south of
the Polar Front and decreasing abundances both
northward and southward [Crosta et al., 2005a;
Cortese and Gersonde, 2007]. Investigation of the
sediment micro-structure in core MD03-2601 dem-
onstrated the summer occurrence of F. kerguelensis
and the greater occurrence during the warmer
Hypsithermal period that during the colder Neo-
glacial period [Denis et al., 2006]. It is believed
that a longer growing season during the Hypsither-
mal, a function of the early retreat and late waxing
of sea ice promoted F kerguelensis to become
more abundant.

3.2. Diatom Records

[16] The records of the F. curta group and
F. kerguelensis are strongly anti-correlated giving
a correlation coefficient of 0.6 and present a strong
amplitude shift in relative abundances at the Hyp-
sithermal-Neoglacial transition (Figures 3a and
3b). The anti-correlation results from the opposite
ecological preferences of the two taxa. The jump
results from the loss or gain of competitivity of one
species in response to changing environmental
conditions, especially in sea surface temperature
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Figure 3. Relative abundances of (a) the Fragilariopsis
curta group and (b) F. kerguelensis and (c) F. rhombica
versus calendar ages in core MDO03-2601. Mean
abundances of the three species are reported for each
climatic period. Fc, F curta; Fk, F. kerguelensis; Fr,
F. rhombica, LH, late Holocene; Mid H, mid
Holocene.

and sea ice cover. The diatom records must be
approached on two scales: the Holocene long-term
scale and the decadal-to-millennial scale.

3.2.1. Holocene Long-Term Trends

[17] At the long-term scale, the Holocene can be
separated in three distinct periods. Between
8700 cal yr B. P. and 7700 cal yr B. P, both the
F. curta group and F. kerguelensis present relative
abundances around 10—15% (Figures 3a and 3b).
Between 7700 cal yr B. P. and 3900 cal yr B. P., the
F. curta group shows abundances around 10%
while F kerguelensis shows abundances around
15-20%. Between 3900 cal yr B. P. and 1000 cal
yr B. P., the F. curta group represents 25—35% of
the total diatom assemblage while F. kerguelensis
represents 5—15% of the assemblage. These pat-
terns indicate cooler conditions during the 8700—
7700 cal yr B. P. period, warmer conditions during
the 7700-3900 yr B. P. period and colder con-

ditions during the 3900—1000 cal yr B. P. period.
The transition between the Hypsithermal and the
Neoglacial periods appears very abrupt in the
diatom records (Figures 3a and 3b). This jump
may be related to a threshold in the diatom eco-
logical response to a small climate change. Today,
the surface water temperature is around 0.5°C and
sea ice covers the region around 9 months per year.
These conditions represent the upper ecological
limit for F curta and the lower ecological limit
for F. kerguelensis. Indeed, F. curta relative abun-
dances in 228 modern surface sediments from the
Southern Ocean are maximum between 0°C and
0.5°C and decrease abruptly above 1°C [Armand et
al., 2005]. Fragilariopsis kerguelensis relative
abundances in modern sediments are conversely
highest between 1°C and 6°C and decrease sharply
below 1°C [Crosta et al., 2005a]. A small sea-
surface temperature change across the 1°C bound-
ary, and associated sea ice conditions, will therefore
completely change the diatom species dominating
the siliceous assemblage. Evaluating relative abun-
dances of F curta and F. kerguelensis during the
Hypsithermal and Neoglacial periods based on
their distribution in modern surface sediments
[Armand et al., 2005; Crosta et al., 2005a] allows
us to estimate a ~1°C cooling and ~1 month
increase in sea ice cover at the Hypsithermal-
Neoglacial transition. This is confirmed by model
output which estimates that spring temperatures
were ~1.5°C warmer during the Hypsithermal than
the Neoglacial [Renssen et al., 2005]. Warmer
spring temperatures are unfavorable to F. curta that
become less competitive relative to F. rhombica in
such conditions [Armand et al., 2005]. The faster
sea ice melting increased the length of the summer
season [Denis et al., 2006], thus allowing
F. kerguelensis to build up greater biomass. The
situation is reversed for the Neoglacial period with
colder spring temperatures and shorter summer
season favorable to F. curta production relative to
F rhombica and F. kerguelensis (Figure 3).

[18] The diatom records confirm the climatic inter-
pretations based on the 513C0rg record in core
MDO03-2601 [Crosta et al., 2005b]. They are also
in agreement with climatic interpretations based on
temperature anomalies recorded at EPICA Dome C
[Masson-Delmotte et al., 2004], on sea-surface
temperatures reconstructed for the Southern Atlan-
tic [Nielsen et al., 2004] and on magnetic suscep-
tibility changes from the Antarctic Peninsula
[Brachfeld et al., 2002], all records showing a
similar cool event during the early Holocene, a
warm mid-Holocene and a cold late Holocene.
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Figure 4. Relative abundances of (a) the Fragilariopsis curta group (blue dotted line) and (b) the Fragilariopsis
kerguelensis (red dotted line) versus calendar ages in core MD03-2601. Polynomial regressions indicate the Holocene
first-order evolution for the F. curta group (Figure 4a, blue solid line) and the F. kerguelensis (Figure 4b, red solid
line) and are compared to simulated time series of the March sea ice area (Figure 4a, black line) and the October-to-
April temperature for East Antarctica over the last 9000 a (Figure 4b, black line), plotted as deviation from the

preindustrial mean [Renssen et al., 2005].

Timing of the climatic periods is however not in
phase in the different regions, which may reflect
intrinsic discrepancies in core stratigraphies, core
resolutions and proxies, or different climate regional
evolution. A recent model experiment relates the
earlier Holocene warming in West Antarctica to a
stronger sea ice reduction in the western sector of
the Southern Ocean than in the eastern sector
[Renssen et al., 2005]. The 9000-yr transient
experiment also estimates a mid-Holocene warm
phase surrounded by cooler early and late Holocene
periods.

[19] The summer sea ice area quantified by the
model [Renssen et al., 2005], presented as a
difference from the preindustrial mean, is com-
pared to relative abundances of the F. curta group
over the last 9000 cal years. Summer sea ice cover
was lower than today during the 7500—4000 cal yr
B. P. period when it started increasing to reach its
preindustrial values ~1000 a ago (Figure 4a, black
line). The sharp jump in F. curta relative abundan-
ces at 3900 yr B. P. precludes a direct comparison
with summer sea ice area. We therefore applied a
polynomial regression to extract the first order long-
term trend in F curta abundances (Figure 4a, blue
solid line). The long-term evolution of the F. curta

group is very similar to summer sea ice area with
lower diatom occurrence during the Hypsithermal
(7700—-3900 cal yr B. P.) when summer sea ice is
less present and with greater diatom abundances
during the Neoglacial (3900—1000 cal yr B. P.)
when summer sea ice is more extended.

[20] The reconstructed surface temperatures for the
spring-summer season [Renssen et al., 2005] are
compared to F kerguelensis relative abundances
over the last 9000 cal yr B. P. Surface temperatures
were ~1°C warmer during the 7500—3800 cal yr
B. P. period they started decreasing to reach their
preindustrial values ~1000 a ago (Figure 4b, black
line). The long-term trend of F. kerguelensis abun-
dances (Figure 4b, red solid line) presents a similar
evolution than the spring-summer temperature
trend with higher occurrence during the Hypsither-
mal (7700-3900 cal yr B. P.) when temperatures
are warmer and lower abundances during the Neo-
glacial (3900—1000 cal yr B. P.) when temper-
atures are cooler.

[21] The Holocene long-term trends in sea ice area
and surface temperatures are explained by a com-
bination of a delayed response to local orbital
forcing with temperatures lagging seasonal insola-
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Figure 5. Spectral analyses of the F. curta gp relative
abundances. (a) Wavelet analysis for the whole
Holocene, (b) Redfit analysis for the Hypsithermal
period, and (c) Redfit analysis for the Neoglacial period.
Significant cycles (red values) are identified as peaks
crossing the red noise (RN) and 90% confidence level
lines.

tion by few months and winter storage of oceanic
warmth below the shallow summer mixed layer
until the next winter thus producing year-round
warm conditions at high southern latitudes
[Renssen et al., 2005]. Sea ice is not a simple
passive parameter responding to climate changes.
At each step, sea ice acts as a strong amplifying
factor through albedo and insulation feedbacks.

[22] Holocene long-term changes were previously
explained through connections to summer insola-
tion at high northern latitudes [Nielsen et al.,
2004], through the annual mean meridional insola-
tion gradient in the Southern Hemisphere [Masson
et al.,2000] or through the seasonal difference in
insolation [Lamy et al., 2002]. The diatom
records in core MDO03-2601 support a more

direct driver of Holocene long-term climate evo-
lution at high southern latitudes in which local
insolation modulated by local feedbacks is the
central process.

3.2.2. Short-Term Changes

[23] The two diatom records show high amplitude
variations at several shorter timescales. Amplitudes
are up to 15% for centennial timescales and up to
10% for decadal timescales in both records
(Figure 3). Variability of each species is greater
when the contribution of that species is higher.
Spectral and wavelet analyses were therefore per-
formed (1) to determine periodicities of diatom
relative abundance variations, (2) to determine
whether the cyclicities are persistent throughout
the Holocene, and (3) to determine what forcings
may trigger the observed rapid changes.

3.2.2.1. Spectral Analyses of the Diatom
Records

[24] Wavelet analyses were performed on the total
data set while Redfit analyses were performed on
the Neoglacial and Hypsithermal periods. For the
Hypsithermal, wavelet analysis of the F. curta
group estimates only one significant period cen-
tered at ~1600 a (Figure 5a). The same period is
also evidenced by Redfit along with a set of shorter
periods. Significant periods at the 90% confidence
level appear at ~370 a and ~66 a while additional
periods above the red noise appear at ~230 a,
~175 a and ~93 a (Figure 5b). For the Neoglacial,
wavelet analysis calculates periods at ~1250 a,
~570 a and ~250 a (Figure 5a). The ~1250 a
cyclicity is not estimated by Redfit because of its
nonstationary state. Conversely, Redfit identifies
periods at ~580 a, ~108 a and ~74 a at the 90%
confidence level and periods at ~245 a, 150—125 a
and ~90 a above the red noise (Figure 5c).

[2s] For the Hypsithermal, wavelet analysis of
F. kerguelensis relative abundances calculates
~1600 a, ~1050 a, ~570 a and ~320 a
(Figure 6a). Redfit also identifies cyclicities at
~1600 a and ~575 a accompanied by several
shorter periods at ~310 a and ~110 a significant
at the 90% confidence level and additional periods
at ~240 a, ~160 a and ~86 a above the red noise
(Figure 6b). For the Neoglacial, wavelet analysis
estimates periods at ~580 a and ~280 a (Figure 6a).
Redfit similarly identifies the period at ~270 a along
with shorter cyclicities at ~170 a and ~110 a
(Figure 6¢). All periods are significant at the 90%
confidence level.
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Holocene, (b) Redfit analysis for the Hypsithermal
period, and (c) Redfit analysis for the Neoglacial period.
Significant cycles (red values) are identified as peaks
crossing the red noise (RN) and 90% confidence level
lines.

[26] During the Hypsithermal, changes F kergue-
lensis abundance are up to 15-20% while changes
in F. curta occurrence is only 5—10%. The situa-
tion is reversed for the Neoglacial period with
variations of greater amplitude for the F curta
group than for F. kerguelensis. Cyclicities calculated
on F kerguelensis relative abundances during the
Hypsithermal and periods estimated on occurrence
of the F curta group during the Neoglacial
therefore appear more robust. Very consistent
cyclicities at ~580 a, ~240 a, ~150 a, ~110 a,
~90 a and ~75 a are thence calculated for both
climatic periods. Cyclicities at ~ 1600 a, ~1050 a and
~310 a are only present during the Hypsithermal

while a period at ~1250 a is only present during the
Neoglacial.

3.2.2.2. Coherency With Solar Activity Cycles

[27] Local cyclic climate changes, as recorded by
the diatom assemblages in core MD03-2601, are
very similar to known periods of solar activity. A
maximum entropy method applied to a Holocene
tree ring A'C record from North America shows
periodicities of 805 a, 385 a, 232 a, 208 a, 131 a,
105 a and 88 a [Damon and Sonnett, 1991].
Similarly, a multitapered method applied to the
C production rate recorded in Irish bog trees
yields periodicities of 860 a, 500 a, 358 a, 291 a,
228 a, and 209 a [Turney et al., 2005].

[28] For confirmation of solar activity periodicities
and for harmonization with our own results, we
applied both wavelets and Redfit to the A"Cresidual
record [Stuiver et al., 1998b]. Spectral analyses
were performed on the whole Holocene record as
not abrupt step exists in the radiocarbon record.
Wavelet analysis identifies periods of ~1600 a,
~950 a and ~550 a during the Hypsithermal and
a period of ~550 a during the Neoglacial
(Figure 7a). Redfit calculates periods at ~930 a,
~540 a, ~350 a, ~230-205 a, ~150-125 a,
~105 a, ~88 a and ~68 a (Figure 7b). Such
cyclicities are very close to the periods identified
from the composite diatom record, except for the
period at ~1250 a restricted to the Neoglacial.

[20] Within the accuracy of our radiocarbon chro-
nology, our results thus indicate cyclic climate
changes at decadal-to-centennial scales in coinci-
dence with known solar cycles. This similarity
suggests that a link may be likely between solar
activity and the ultimate geophysical parameter
influencing diatom production at high southern
latitudes, namely sea ice cover and seasonal cycle.

[30] A few studies from Antarctica [Masson et al.,
2000; Delmonte et al., 2005] and the Southern
Ocean [Domack et al., 1993; Leventer et al., 1996;
Domack and Mayewski, 1999; Nielsen et al., 2004]
have inferred a solar forcing of local climate during
the Holocene, and they were generally restricted to
pluri-centennial periodicities because of the lack of
high accumulation sites. However, two studies
indicate pluri-decadal cyclicities. Spectral analysis
of diatom-based sea-surface temperatures in the
Polar Front Zone of the South Atlantic identified
periods of 1220 a, 1070 a, 400 a and 150 a [Nielsen
et al., 2004]. Spectral analysis of the variability in
clay and medium-silt content over the last 9000
years B. P. in one core from the Antarctic Peninsula
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however demonstrated cycles at 400 a, 200 a, 100 a
and 70 a and were related to solar or multidecadal
forcing [ Warner and Domack, 2002]. The presence
of high-resolution records outside the Southern
Ocean confirm our own results and provide a more
global view of rapid cyclic climate change. A long-
term Tasmanian tree ring record of warm season
temperatures presents significant periods of 77—80 a
and 200 a [Cook et al., 1996] possibly attributed to
solar activity. Many studies from the Northern
Hemisphere [Poore et al., 2003; Mayewski et al.,
2004] and particularly from the northern high
latitudes [Campbell et al., 1998; Sarnthein et al.,
2003; Hu et al., 2003] highlight the Sun-Earth
relations at decadal-to-centennial timescales.
Therefore a solar forcing of rapid climate changes
at high latitudes during the Holocene is plausible,
although the Sun-Earth relation is not always well
expressed depending on the reconstructed parame-
ter and the location of the cores.

3.2.2.3. Possible Amplifying Mechanisms of
Solar Activity

[31] Energy changes associated with solar activity
are small amounting 0.1% (0.34 W.m~?) during the

11 a cycle [Friis-Christensen, 2000], 0.2% to 0.6%
(0.7 W.m* to 2 W.m %) on secular cycles [Lean
and Rind, 1998; Mendoza, 1997], and 1.3%
(4 W.m™?) on the Holocene timescale [Renssen et
al., 2006]. The question to address is how the
climate system reacts to changes in solar forcing.
Amplifying feedbacks are necessary to explain the
amplitude of the climate response. Two possible
mechanisms have been postulated, both of them
working through atmospheric processes. They may
work alone or in concert, and are superposed to
other climate forcing and internal climate variabil-
ity [Rind, 2002] to introduce additional climate
variability at decadal to centennial timescales
around the average climate conditions prevailing
during the Neoglacial and the Hypsithermal.

[32] The first feedback mechanism involves UV
radiations and ozone production. Solar spectral
irradiance fluctuations are proportionally larger at
short wavelengths and UV radiation carries ~20%
of the total solar energy variability [Lean, 1991].
During solar maxima, more UV radiation is
absorbed by the stratospheric ozone hence raising
the temperature and producing stronger winds in
the lower stratosphere that subsequently penetrate
in the troposphere where they lead to a relocation
of storm tracks and pressure cells [Shindell et al.,
1999] (Figure 8). More recurrent storms and pole-
ward distribution of low pressure cells may
enhance the mechanical break-up of the sea ice
[Enomoto and Ohmura, 1990; Simmonds, 1996].
Strong variations in the number of storms reaching
the Adélie Land have been observed at the pluri-
annual timescale during the Holocene [Denis et al.,
2006]. Additionally, penetration of the stratospheric
warm temperature anomaly of few tenths of a
degree Kelvin into the lower troposphere [Shindell
et al, 1999] may reduce sea ice freezing. Both
processes therefore alter the sea ice seasonal cycle
and the biosiliceous production toward less cryo-
philic and more open ocean diatoms. Conversely,
solar minima induce less storms, equatorward
displacement of the low-pressure cells and injec-
tion of a cool temperature anomaly into the lower
troposphere leading to later sea ice break-up and
earlier freezing. A shorter growth season implies
more cryophilic and less open ocean diatoms.

[33] The second feedback involves the cosmic ray
flux and cloud cover. The net forcing of the global
cloud cover has been estimated at 17—35 W.m >
cooling due to greater occurrence of low clouds
(cooling) than high clouds (warming), which
makes global cloud cover a very effective ampli-
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solar minima and THC-OFF states. Fc, F curta; Fk,
F. kerguelensis; CG, cosmic grains; CPDW, Circumpo-
lar Deep Water; THC, thermohaline circulation.

fying mechanism for climate forcing [Svensmark,
2000]. The relationship between the intensity of the
galactic cosmic rays and low cloud cover is still
under debate, mainly about the handling of the
observational data [Damon and Laut, 2004]. Some
authors found that global cloud cover appears
highly correlated with cosmic ray flux and anti-
correlated with solar activity [Svensmark and

Friis-Christensen, 1997]. Other authors state that
such relationship does not exist but prone that both
cosmic rays and low cloud cover are tied to solar
activity, thence showing a certain degree of corre-
lation even if cosmic rays do not play any role in
cloud formation [Laut, 2003]. It is believed that
less cosmic particles reach the atmosphere during
events of high solar activity, which decreases the
amount of nuclei for cloud condensation thus
reducing the cloud cover [Marsh and Svensmark,
2000] (Figure 8). Less cooling of the lower atmo-
sphere is therefore expected during high solar
irradiance anomaly. Conversely, more low clouds
are expected during low solar activity thus provid-
ing additional cooling of the lower atmosphere. It
is possible that temperature changes in the lower
atmosphere due to cloud cover strongly affect sea
ice formation in autumn and decay in spring when
environmental conditions are chaotic and sea ice
cover unconsolidated. Strong connection between
the flux of cosmic rays and Earth’s climate has
been evidenced for at the millennial timescale over
the last 200,000 a [Sharma, 2002; Christl et al.,
2004].

3.2.2.4. Coherency With Internal Climate
Variability

[34] Antarctic surface temperature and sea ice
fields present cyclic variations at several periods.
The Antarctic Circumpolar Wave [White and
Peterson, 1996], the Antarctic Dipole [Yuan,
2004] and the Antarctic Oscillation [Silvestri and
Vera, 2003] are mainly atmospheric manifestations
with periods of 3—4 a. Longer cyclicities nest in the
slow-reacting ocean that undergoes self-sustained

oscillations with timescales of 320—360 a and
1060—1100 a [Pierce et al., 1995].

[35] Spectral analyses of the diatom records evi-
dence periods at 310—370 and 1050 a during the
Hypsithermal (Figures 5b and 6b) and 1250 a
during the Neoglacial (Figure 5c¢). Such periods
are very close to the above mentioned internal
climate cyclicities. The two shorter cycles are also
expressed in the A14Cresidual record. It is therefore
possible that both external and internal forcing
work together to amplify centennial-scale changes
in surface temperature and sea ice cover as
evidenced for the Northern Hemisphere [Renssen
et al., 2006]. Conversely, the period at ~1250 a is
not expressed in solar activity and it may result
from internal climate variability alone.

[36] Similar cycles of 200—300 a were noted in
down-core records of diatom abundances from the
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Antarctic Peninsula and were related to solar
activity [Leventer et al., 1996]. Periods of high
primary productivity are driven by the presence of
a stabilized water column induced by weaker
winds, thermal warming and sea ice melting. It is
however possible that variation in diatom produc-
tion are driven by cyclic changes in injection of
warmer-than-local circumpolar water, thus promot-
ing sea ice melting and surface water stratification.

[37] Indeed, the self-sustained oscillations involve
strong variations in the Southern Ocean thermoha-
line circulation and the Antarctic Circumpolar
Current strength [Drijfhout et al., 1996; Osborn,
1997]. The “Southern Ocean flip-flop oscillator”
purports movement between two steady states: one
characterized by strong stratification, expanded sea
ice cover and reduced convection, and the other
characterized by weak stratification, reduced sea
ice cover, strong convection and active thermoha-
line circulation. The 320—360 a and the 1060—
1100 a cycles are coupled with the latter one being
an amplification of the former period. The move-
ment from one state to the other is related to the
time necessary to reduce stratification in the South-
ern Ocean and to eventually reverse the density
gradient, i.e., when deep waters become lighter
than surface waters. When the Antarctic Ocean is
stratified, the heat brought by the Circumpolar
Deep Water accumulates in subsurface, which
slowly decreases the vertical gradient until surface
waters become denser than subsurface ones. Reduc-
tion of the density gradient is accompanied by
greater vertical diffusion of heat that melts the sea
ice cover [Pierce et al., 1995] (Figure 8). Convec-
tion thence strongly increases and is compensated
by the input of fresher and warmer water from the
north that eventually sinks along with newly
formed Antarctic Bottom Water and is advected
eastward by the stronger Antarctic Circumpolar
Current and ultimately in the global conveyor belt
[Drijfhout et al., 1996]. Diffusion of the accumu-
lated heat to the atmosphere slowly cools subsur-
face waters, which increases again the density
gradient and stabilizes the water column. Less heat
is thus available to melt sea ice that expands again.
The Antarctic Circumpolar Current weakens and
the convection slows down reducing the thermo-
haline circulation and the propagation of the
density anomaly.

[38] The bottom line of the above mentioned
model experiments [Pierce et al., 1995; Drijfhout
et al., 1996; Osborn, 1997] is that self-sustained
oscillations induce cyclic variations in input of

warmer water and in resulting sea ice extent that
are central to diatom production. During the Ther-
mohaline-On state, convection brings warmer deep
waters up which reduces sea ice cover [Pierce et
al., 1995]. This situation is detrimental to F. curta
production but favorable for F rhombica and
F. kerguelensis development. The situation is
reversed during the Thermohaline-Off state when
the strong stratification promotes sea ice expansion
and slower sea ice melting because of negligible
input of warmer waters from below and from the
north [Pierce et al., 1995]. This situation is favor-
able to F. curta production at the expense of
F. rhombica and F. kerguelensis.

4. Conclusion

[39] Diatom data from one core retrieved in the
Adélie Trough, East Antarctica, document sea ice
cover and sea surface temperature changes during
the Holocene with a 10—20 a resolution. Diatoms,
in agreement with model output, indicate that the
mid-Holocene was ~1-2°C warmer than the late
Holocene. Sea ice was present for 3—4 weeks less
per year off Adélie Land during the Hypsithermal
(7700-3900 cal yr B. P.) than the Neoglacial
(3900—-1000 cal yr B. P.). Its seasonal distribution
was also certainly different. The Holocene long-
term trends in sea ice area and surface temperatures
are explained by a combination of a delayed
response to local orbital forcing and the long
memory of the Southern Ocean. The diatom data
additionally show high amplitude variations at
several shorter timescales. Spectral analyses esti-
mate very consistent cyclicities at ~580 a, ~240 a,
~150 a, ~110 a, ~90 a and ~75 a for both
climatic periods; cyclicities at ~1600 a, ~1050 a
and ~310 a present only during the Hypsithermal;
and a period at ~1250 a present only during the
Neoglacial. Such cyclicities are very close to know
periods of solar activity and internal climate vari-
ability, both forcing certainly acting together at
congruent frequencies. It is however necessary to
obtain similar high-resolution marine records from
other Antarctic coastal areas to better assess the
impact of solar and internal forcings. More specif-
ically, because sea ice responds so quickly it is
expected that its long-term evolution may be out-
of-phase in East and West Antarctica but that short-
term changes may be concomitant. Given the
importance of Antarctic sea ice on the global
climate, it is also essential to model sea ice
seasonal cycles more precisely taking into account
natural and anthropogenic forcing to better under-
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stand whether its recent retreat [Curran et al.,
2003] is part of a natural cycle or deeply affected
by human activity. The present study may serve as
a basis to decipher the recent warming from the
natural cyclicities, and thus to better constrain
climatic and paleoclimatic models.
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