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[1] Terrestrial inputs were reconstructed using high molecular weight n-alkane concentrations recorded in
the sub-Antarctic Indian Ocean core MD94-103 (45°35’S, 86°31'E, 3560 m) to examine regional changes
in the atmospheric circulation over the last 27 kyr. This record was compared to the dust content of EPICA-
Dome C ice and continental data from South Africa (e.g., pollen sequences and isotope records in
speleothems) to get a comprehensive understanding of atmospheric links between low and midlatitudes of
the Indian Ocean. Terrestrial n-alkanes indicate higher glacial than Holocene inputs and marked glacial
oscillations. Minimum values during the Last Glacial Maximum (LGM) are consistent with colder and
drier climate and presumably caused by the persistence of subtropical anticyclones over southern Africa
limiting the amount of rainfall and vegetation growth. The otherwise higher glacial n-alkanes suggest a
stronger influence of the tropical rainfall in southern Africa, likely associated with a contraction of the
polar vortex with respect to its LGM position. During northern Heinrich events, moderate decline of n-
alkanes suggests reduced rainfall over southern Africa possibly caused by weaker tropical easterly winds
when, according to Stott et al. (2002), the Pacific Ocean would have experienced Super-ENSO conditions.
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1. Introduction

[2] The Indian Ocean is an important element of
the global heat and hydrological budget. Tropical
heat accumulated in Indian Ocean surface waters is
vented in the atmosphere and transported to higher
latitudes. Meridional heat transfer also occurs

Copyright 2006 by the American Geophysical Union

through the Agulhas Current, a major conduit of
warm waters linking the tropical Indian Ocean to
midlatitudes of the southern Indian Ocean [Quartly
and Srokosz, 1993; Rintoul et al., 2001]. Although,
the Indian Ocean is part of the global ENSO (El
Nifio-Southern Oscillation) teleconnection, the ex-
act links between the Indian and Pacific Ocean
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climate are not fully understood [Saji et al., 1999;
Webster et al., 1999]. However, it has been ob-
served that ENSO warm events in the equatorial
Pacific and Indian Oceans are associated with dry
conditions over southern Africa and wet conditions
over eastern Africa.

[3] The influence of tropical forcing can be studied
by investigating remote midlatitude Southern
Ocean marine cores. Several high-resolution
records have recently been generated in the sub-
antarctic Atlantic [Charles et al., 1996; Sachs et
al., 2001; Sachs and Anderson, 2003], Pacific
[Lamy et al., 2004; Kaiser et al., 2005; Pahnke
and Zahn, 2005] and Indian Ocean [Sicre et al.,
2005]. However, except for the later, the paleocli-
mate signals obtained from these cores appear to
have been mainly influenced by high latitude
climate changes. The Indian basin provides the
opportunity to explore the extratropical influence
that low latitude climate might exert through at-
mospheric (e.g., ENSO) and oceanic connection
(e.g., Agulhas Retroflection and Agulhas Return
current).

[4] In this study, we generated a unique record of
terrestrial biomarker n-alkanes obtained at subcen-
tennial resolution from the midlatitude southern
Indian Ocean core (MD94-103) over the last 27
kyr. Odd-carbon numbered high molecular weight
n-alkanes are major lipid constituents of higher-
plant surface leaf waxes. Their occurrence in hemi-
pelagic and pelagic sediments remote from the
continent results from long-range atmospheric tran-
sport of aerosols by large-scale winds [Gagosian
and Peltzer, 1987; Conte and Weber, 2002; Sicre
and Peltzer, 2004]. Similar to pollens, their con-
centrations in marine sediments are controlled by
variations in the wind regime and emission rates
from the vegetation. However, in contrast to pollens
they can travel large distances and reach remote
ocean sites. Aerosol monitoring over three years
from Bermuda island has shown that leaf waxes are
introduced into the atmosphere mainly by wind
ablation off the living vegetation rather than from
soil remobilization of detrital waxes during soil
deflation [Conte and Weber, 2002]. Ablated waxes
are then transported by winds mainly as micrometer
size particles [Sicre et al., 1987] over a rather short
time period, on the order of days, till their deposition
to the ocean surface. Aerosols thus integrate vege-
tation waxes over large continental areas. Wax
constituents such as n-alkanes (or fatty alcohols
and fatty acids) are well-preserved in sediments
and therefore their stratigraphic record has been

used to investigate atmospheric circulation history
and changes of the vegetation production [Huang et
al., 2001; Ternois et al., 2000; Hughen et al., 2004].
The terrestrial input record of MD94-103 was com-
pared to dust fallout in Antarctica (EPICA Dome C)
and available continental proxy records (pollens and
speleothems) from South Africa (Figure 1) to infer
atmospheric circulation changes during the last
glacial period. Sea Surface temperatures (SSTs)
determined in exactly the same sediment horizons
were used to further discuss ocean-atmosphere
interactions.

2. Methodology

2.1. Age Model

[s] The MD94-103 core was retrieved from the
subantarctic waters of the Indian sector of the
Southern Ocean (45°35'S; 86°31’E, 3560 m water
depth) on a protected shoulder of the upper south-
ern slope of the South Indian Ridge, out of reach
for long-distance bottom sediment advection [Sicre
et al., 2005]. A precise chrono-stratigraphy was
developed using paleomagnetic correlation and '*C
dates [Mazaud et al., 2002; Sicre et al., 2005].
Briefly, the age scale was derived from the corre-
lation of the relative magnetic field paleointensity
of MD94-103 and the NAPIS-75 stack, placed on
GISP2 age model. In addition, 10 accelerator mass
spectrometry (AMS) '*C dates on 9 sediment
horizons, were performed on monospecific forami-
nifera G. bulloides and N. pachyderma to deter-
mine ages for the upper part of the core. '*C ages
were converted to calendar ages using the Calib 4.3
software, the marine calibration Marine 98.14¢ and
a modern local reservoir age of 600 years [Bard,
1988]. The depth to age conversion was obtained
by linear interpolation between age constrained
levels. On the basis of this age scale, sampling
resolution is estimated to be less than 50 years in
the glacial portion of the record and 100—200 years
for the Holocene.

2.2. Biomarker Analyses

[¢] Sediments were freeze-dried and grounded in a
glass mortar. Lipids were extracted in an ultrasonic
bath (10 min), using methylene chloride/methanol
(2:1; v/v). Centrifugation was then performed for
10 min at 2000 rpm and the supernatant recovered.
These operations, extraction and centrifugation
were repeated twice and the three extracts com-
bined to be evaporated to almost dryness using a
rotary evaporator. The reduced total extract was
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Figure 1. Map of the Southern Hemisphere climatology in the African-Indian ocean sector, for Mean February and
Mean May 1960 (plotted from http://iridl.ldeo.columbia.edu/expert/SOURCES/.NOAA/NCEP-NCAR/). The
backward layer gives the pressure distribution at sea level (antycyclonic gyres: dark yellow, above 1020 HPa,
light yellow 1020—1016 HPa; cyclonic gyres: light blue 1010—1000 HPa, dark blue less than 1000 HPa). The green
overlay gives the mean precipitation distribution (scale as indicated) for the areas over 50 mm/month. Arrows
indicate mean winds; their length is proportional to wind intensity. February represents the southern summer
climatology, with maximum southern shift of the tropical rain belt. May has been chosen as an approximate analog of
the Last Glacial Maximum winter at low latitudes, with the Intertropical Convergence Zone shifted south, and low
northern summer monsoon activity, when compared to modern southern winter situation. The expansion of the
subtropical anticyclone over South Africa is well apparent (see text). The month of May southern winter analog,
however, probably underestimates the northward migration of the westerly belt, and associated depressions, and sea
ice at high latitude as reconstructed by Crosta et al. [2004]. Plotted are 1, Cango Cave; 2, Makapantsgat Cave; 3,
Wonder crater; 4, Tswaing Crater (Pretoria Saltpan); 6, Lake Tritrivakely (Madagascar); and the location of core
MD94-103.
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Figure 2. Comparison of the proxy data from the MD94-103 core (45°35’S; 86°31’E, 3560 m) and dust content of
EPICA Dome C ice. (a) SST reconstruction based on planktonic foraminifera assemblage (SSTgyam in the text), using
the modern analog technique MAT [from Sicre et al., 2005]. (b) Sea surface temperature obtained using alkenone
paleothermometry (SST,y in the text), using the calibration of Prahl et al. [1988] [from Sicre et al., 2005]. (¢) Dust
concentration in pg/kg deposited in EPICA Dome C ice core [from EPICA Community Members, 2004]. (d). Sum of
the terrestrial biomarkers C27+C29+C31 n-alkane concentrations expressed in ng/g determined in the MD94-103
core. Blue vertical bars indicate Heinrich events in the Northern Hemisphere (HE1, HE2a and HE2b). The yellow

vertical bar indicates the Last Glacial Maximum.

then transferred to a 4 ml vial and evaporated to
dryness under a nitrogen stream. Hydrocarbons
were then isolated by silica gel chromatography
using 5% deactivated silica gel with pure hexane.
They were stored in glass vials at —18°C prior to
gas chromatography analyses performed on a Var-
ian CX 3400 series gas chromatograph equipped
with a fused CP-Sil-5CB silica capillary column
(50 m x 0.32 mm i.d., 0.25 pm film thickness,
Chrompack) and a flame ionization detector. The
oven temperature was programmed from 100°C to
300°C at 20°C min . Helium was used as the
carrier gas. Alkenones were analyzed following the
procedure described by Ternois et al. [1997]. SSTs
were calculated from the UY; index and the cali-
bration published by Prahl et al. [1988] (US; =
0.034T + 0.039). Sa-cholestane was added prior

gas chromatographic injections for n-alkane and
alkenone quantitation.

3. Results and Discussion

3.1. N-Alkanes Record and EPICA Dust

[7] Figure 2d shows the total concentrations (in ng/
g dry weight sediment) of the three odd-carbon
numbered high molecular weight homologs (3C,7-
C,9-C31) which dominates the n-alkane distribution
along the core. Values range from about 5 ng g~
to 160 ng g~ ', with average glacial levels higher
than Holocene ones by about 4 times (21 + 12 ng
g~ ! versus 79 + 32 ng g~ ). This Holocene/glacial
contrast is also observed in the eolian dust record
of EPICA-Dome C ice core (75°06'S; 123°21'E)
from East Antarctica (Figure 2¢) [EPICA Community
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Members, 2004]. Although both records indicate
higher glacial levels, they show differences: (1)
The Last Glacial Maximum (LGM) is a period of
highest dust in Antarctica but minimum #n-alkanes
deposition in MD94-103. (2) The progressive
decline from high dust glacial values occurs
~19 ka in Antarctica ice while n-alkanes start to
decrease ~17 ka, a 2 kyr offset that cannot be
attributed to age models. Yet differences between
the two records are not entirely unexpected.
Sedimentary n-alkanes provide a spatially inte-
grated information of the terrestrial biosphere
biomass, whereas mineral dust deposits depend
on the extent of arid surfaces. Under dry climate
or low precipitation conditions, vegetation growth
will be decreased while dust levels will rise.

[8] Higher glacial than interglacial dust levels at
Vostok result primarily from a more efficient
meridional atmospheric transport [Petit et al.,
1999]. However, more arid conditions as evidenced
by glacial loess deposits contribute to increase
aerosol loads. Hence glacial dust in Antarctica
likely results from the conjugated effects of the
expansion of arid regions and wind reinforcement.
In contrast, humid conditions promote vegetation
growth and thus the production of n-alkanes.
Therefore, even though stronger glacial winds
likely contributed to increase glacial n-alkanes to
higher levels than Holocene ones, their supply to
marine sediments during the last glacial period was
likely modulated by changes of the vegetation
biomass, and thus by the amount of rainfall in
vegetation source regions.

3.2. South Africa Paleorecords

[¢] It is now well established that loess soil in
Patagonia is a major source of dust to Antarctica
ice cores, Vostok, Dome C [Grousset et al., 1992;
Basile et al., 1997] and EPICA Dome C [Smith et
al., 2003; Delmonte et al., 2004]. However, Pata-
gonia is an unlikely source of terrestrial organic
carbon because of the absence or poor vegetation
cover in loess areas. Terrestrial ecosystems from
South Africa are more conceivable and closer
sources for terrestrial n-alkanes to our core site.

[10] Today, the far biggest part of South Africa is
grassland. The plant cover, dominated by grasses,
low shrub and savannah, depends primarily on
environmental factors like temperature and precip-
itation. In a large part of the South Africa subcon-
tinent, known as the summer rainfall region, most
of the annual rainfall originates from the Indian
Ocean and occurs in summer, between October and

April. Conversely, in the southern tip of the con-
tinent, the major atmospheric moisture source is
the winter rainfall from the South Atlantic Ocean
(Figure 1) [Cockroft et al., 1987]. Mean annual
precipitation in the summer region is much higher
than in the winter rainfall region and is strongly
influenced by tropical Indian Ocean SSTs. During
warm phase of ENSO, the central Indian Ocean is
generally warmer, resulting in reduced land-ocean
temperature contrast and enhanced oceanic rainfall.
Warmer tropical Indian SSTs are frequently asso-
ciated to higher rainfall in eastern Africa during the
“short rains” season of October to December
[Nicholson, 1986] and lower rainfall in southern
Africa [Hastenrath et al., 1995]. This rainfall
pattern is thought to have been modified during
the last glacial period owing to different high-
latitude boundary conditions, meridional tempera-
ture gradients and atmospheric circulation, with
consequences on the vegetation.

[11] Our n-alkane record was compared to avail-
able paleorecords spanning South African climato-
logical contrasts, where past history of vegetation
and climate changes have been reconstructed. They
include the modern winter rainfall region around
the Cape (Cango cave stalagmite at 34°S), the
summer rainfall region (stalagmites and pollens
around 25°S) and Madagascar (Lake Tritrivakely,
19°47S) under the direct influence of tropical rains
(Figure 1). For this comparison, we will first
consider the best-documented LGM and then gla-
cial variability on the few available continuous
records over the last 27 kyr. With respect to this,
speleothems are particularly pertinent archives,
which provide good information on changes of
temperature and rainfall. Furthermore, they gener-
ally have a good age control for comparison with
other well-dated records.

[12] The first spatial reconstruction proposed by
Cockroft et al. [1987] indicates that climate over
the subcontinent was wetter and cooler from 25 to
15 ka except for the 18 to 20 ka interval where
desiccation occurred, particularly at southern cape
sites and eastern areas. Since, Holmgren et al.
[2003] published a highly resolved C and O
isotope data set from stalagmites in the Makapans-
gat Valley (24°21'S, 29°11'E, summer rain fall
region, Figure 1), which represents a unique record
of regional climatic change over the last 25 kyr
(Figures 3a and 3b). These data also evidence drier
conditions and colder temperatures by about 5.7°C,
but coldest values were reached around 17 to 18 ka.
A similar temperature drop of 5 to 7°C is estimated
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Figure 3. (a) The 6'®0 values in Makapansgat T8 stalagmite. (b) Sum of the terrestrial n-alkane concentrations
expressed in ng/g. (¢) The 6'°C in the stalagmite measured in the Makapansgat T8 stalagmite over the last 24 kyr
(redrawn from ftp:/ftp.ncdc.noaa.gov/pub/data/paleo/speleothem/africa/cold-air-cave2003.txt).

for this period from the 30 ka oxygen isotope
record of the Cango caves stalagmite (34°S; winter
rainfall region, Figure 1) [Ta/ma and Vogel, 1992].
These observations agree with the temperature
drop across the subcontinent of 6—7°C around
LGM (from 21 to 18 ka) estimated from paleo-
environmental maps of the PASH database (Pale-
oclimates of the Southern Hemisphere) [Partridge
et al., 1999]. During that time period, south of
13°S, deserts occupied the western half of the
subcontinent, while the eastern part was covered
by shrub land and grasses. Rainfall in the Kalahari
region would have been less than 40% of the
present-day rainfall [Partridge et al., 1999].

[13] Limited information has been published for
the period prior to LGM. The 24°S Makapansgat
record indicates a progressive cooling and drying
between 25 and 22 kyr B.P. After the LGM, this
record shows a rapid but limited warming and
wetter conditions starting ~17.5 ka and ending
by a return to colder and drier climate from 15 to
13.5 ka. Scott [1999] reported similar findings in
Wonder crater (24°26S) and Tswaing Crater
(25°348) pollen sequences with a deterioration of
the temperature from 15 to 14 ka (unfortunately, no
data are available between 21 and 15 ka). Drier

conditions persisted between 12.7 to 10.2 ka in
Makapansgat, and over a longer time interval, from
13.8 and 5 ka, in more southern Cango caves, as
shown by the cessation of drip resulting in a hiatus.

[14] In summary, available data from South Africa
point to cold and dry spell at the LGM, but
otherwise wetter conditions between 15 and 25 ka,
and a return to colder and drier climate from
15 to 14—13.5 ka. This temporal evolution con-
trasts with data from Lake Tritrivakely (19°47S;
46°55'E, 1778 m, Madagascar Island), more directly
influenced by the tropical Indian Ocean. The latter
suggests a dry period prior to LGM, from 30 ka to
22 ka, when climate is humid and colder in southern
Africa, becoming cold and more humid around
LGM, from 22 and 17 ka, when climate is drier
and colder in southern Africa [Williamson et al.,
1998].

[15] Dry and cold climate in South Africa has been
explained by the equatorward expansion of the
circumpolar vortex, while wetter periods would
be caused by its contraction and the expansion of
the tropical circulation [Holmgren et al., 2003]. At
the LGM, maximum northward extension of the
circumpolar vortex and displacement of the sub-
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tropical high system over South Africa would have
lowered annual precipitation and strengthened
wind velocities [Cockroft et al., 1987; Tyson et
al., 2001]. Opposite rainfall pattern at Lake Tritri-
vakely would result from an eastward shift of the
convergence cells during dry spell conditions in
southern Africa, when the polar vortex expands
north [Williamson et al., 1998].

3.3. Comparison of n-Alkane Record to
South Africa and Marine Proxy Records

[16] The temporal evolution of terrestrial n-alkanes
in core MD94-103 can be reconciled with the
reconstructed temperature and precipitation
changes in South Africa. Lower n-alkanes around
19-20 ka would feature reduced vegetation during
drier and colder LGM climate, while increase
aridity and windiness would produce higher dust
deposition in EPICA ice (Figures 2¢ and 2d). As
the subcontinent becomes wetter, n-alkanes pro-
gressively rise from ~19 to 20 ka till about 17 ka.
At the time of Heinrich event 1 in the north (HE1),
concentrations show a decline halting ~16.5 to
15 ka. Further decrease occurred after 15 ka, when
climate returned drier across South Africa. Colder
and wetter climate preceding the LGM is also
characterized by larger inputs of terrestrial n-alka-
nes, mainly between 23 and 26 ka and during two
shorter episodes centered at ~22 and 21 ka. Al-
though less distinct, the same slight decrease as
observed during HEl seems to take place during
HE2a and HE2b. Lower n-alkanes during cold
Heinrich events of the Northern Hemisphere could
be due to a decreased influence of the tropical rain
in southern Africa climate.

[17] Except for the LGM, the terrestrial n-alkane
record shares some resemblance with the §'°C of
Makapansgat (Figures 3b and 3c¢). The latter signal
has been interpreted by Holmgren et al. [2003] as
reflecting changes in the proportion of C4 (grasses)
versus C3 plants. C4 grasses would be associated
preferentially with the wetter summer rainfall cli-
mate, therefore lower values in the stalagmite
indicate drier conditions and less grasses. While
n-alkanes around the LGM are consistent with the
dry conditions prevailing in most of southern
Affica, in particular the western part, the Maka-
pansgat stalagmite indicates that rainfall remained
high, therefore suggesting that this region was not
affected by subtropical anticyclones.

[18] In order to investigate the relationships be-
tween atmospheric and oceanic circulation, in
particular during the Heinrich events, terrestrial

biomarkers were confronted to the alkenone UY
index (SST,y) record generated in the same core.
As can be seen from Figures 2a and 2b, glacial
SST, reach unexpectedly warm values (up to
about 13°C). This finding has been interpreted as
reflecting a strong bias caused by advection of
(warm) “detrital” alkenones from the Agulhas
Current overwhelming the local temperature signal,
recorded by foraminifera (SSTram) [Sicre et al.,
2005]. The superimposed millennial-scale apparent
SST,y coolings at the time of HE and around 21 ka,
would result from enhanced local fluxes of cold
alkenones [Sicre et al., 2005]. Higher alkenone
fluxes during these periods of iceberg discharge
in the Northern Hemisphere has been described in
subantarctic Atlantic and Pacific cores [Sachs and
Anderson, 2005]. The co-eval warming of the
upper ocean shown by SSTg.m, also seen in the
southern Pacific [Pahnke and Zahn, 2005], sug-
gests enhanced ocean stratification attributable to
weaker winds and/or changes in the cloud cover
[Sicre et al., 2005]. Either one or both factors could
have promoted coccolithophorid growth. Concur-
rent increased ventilation of the Pacific intermedi-
ate waters (positive 8§'°C shift of benthic
foraminifera) would further support the idea of a
weakening or southern shift of the westerly wind
circulation [Pahnke and Zahn, 2005]. Finally,
considering the limitations of the age models of
both records, we observe a reasonably good corre-
spondence between lower dust content in EPICA
ice and cold SST,y during HE, again hinting to a
reduction of meridional atmospheric transport.
Weakened atmospheric circulation would account
for lower eolian transport, a more stratified upper-
ocean and lower Ekman transport during Heinrich
events.

[19] Recently, data from the western tropical Pa-
cific [Stott et al., 2002] have led to the hypothesis
of super-ENSO conditions during Heinrich events
implying, by analogy to modern ENSO, a weak-
ening of tropical easterly winds. Therefore, from
these results we suggest that during Northern
Hemisphere Heinrich coolings, zonal winds were
more sluggish (both tropical easterlies and midlat-
itude westerlies), transport toward the south was
reduced and summer tropical rainfall was de-
creased over South Africa. In contrast, invigorated
winds during the LGM, cold SSTs and depleted
benthic §'C in the southern Pacific, would reflect
enhanced Ekman transport [Pahnke and Zahn,
2005]. The LGM in southern Africa appears as
an extreme situation of desiccation under the
influence of the subtropical Atlantic anticyclone
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when enhanced dust at EPICA Dome C would
correspond to an expansion of the polar vortex at

least in winter, as suggested earlier by [Stuut et al.,
2004].

4. Conclusions

[20] The comparison between continental records
from South Africa and terrestrial n-alkanes from
subantarctic Indian Ocean sediments provided an
integrated picture of atmospheric circulation
changes during Heinrich events and the LGM.
Around 19-20 ka, the expansion of the dry atmo-
sphere subsidence corresponding to the subtropical
high pressure zone over southern Africa, as a result
of a northern expansion of the polar vortex, sig-
nificantly reduced moisture transfer from the trop-
ical Indian Ocean by the easterlies, in the summer
rainfall region.

[21] Apart from the LGM, the stronger influence of
the glacial tropical circulation allowed wetter con-
ditions over most of the African subcontinent. This
period was characterized by several episodes
(mostly coinciding with HE) of sluggish zonal
winds (easterly and westerly winds) and reduced
meridional transport associated with drier condi-
tions of Tropical Africa. El Nifio-like could have
played a part in the reduced influence of tropical
rainfall regime during Heinrich events.
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