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Abstract. Past variations in the dynamics of the Australian
monsoon have been estimated from multi-proxy analysis of
a core retrieved in the Eastern Banda Sea. Records of coc-
colith and pollen assemblages, spanning the last 150 000
years, allow reconstruction of past primary production in the
Banda Sea, summer moisture availability, and the length of
the dry season in northern Australia and southeastern Indone-
sia. The amount of moisture available during the summer
monsoon follows typical glacial/interglacial dynamics with
a broad asymmetrical 100-kyr cycle. Primary production
and length of the dry season appear to be closely related,
given that they follow the precessional cycle with the same
phase. This indicates their independence from ice-volume
variations. The present inter-annual variability of both pa-
rameters is related to El Niño Southern Oscillation (ENSO),
which modulates the Australian Winter Monsoon (AWM).
The precessional pattern observed in the past dynamics of
the AWM is found in ENSO and monsoon records of other
regions. A marked shift in the monsoon intensity occurring
during the mid Holocene during a period of constant ice vol-
ume, suggests that low latitude climatic variation precedes
increases in global ice volume. This precessional pattern sug-
gests that a common forcing mechanism underlies low lati-
tude climate dynamics, acting specifically and synchronously
on the different monsoon systems.

Correspondence to:L. Beaufort
(beaufort@cerege.fr)

1 Introduction

The monsoons are seasonal wind reversals that occur gen-
erally over the tropics and are associated with precipitation
changes. These reversals correspond to opposite summer and
winter temperature gradients between continent and ocean
and between both hemispheres. They lead to dry winters and
wet summers. The Australian monsoon system is part of the
Asian monsoon, but because it is not in the same hemisphere
as Asia, the dry (wet) Australian winter (summer) monsoon
is synchronous with the wet (dry) summer (winter) Asian
monsoon. Although a link between both monsoon systems
is apparent in modern climates (Trenberth et al., 2000), this
relationship has not yet been well defined for past climates
(Williams et al., 2009; Wang et al., 2005). The past dynam-
ics of the Australian summer monsoon has been estimated
through pollen analysis (Williams et al., 2009; Wang et al.,
2005; Moss and Kershaw, 2000; Kershaw, 1974; Kershaw
et al., 2007; van der Kaars et al., 2006; van der Kaars and
Dam, 1995). However, the past intensity of the Australian
winter monsoon is more difficult to estimate using palyno-
logical techniques because it is mostly characterized by wind
intensity. The Banda Sea is located north of Australia and
experiences strong seasonal changes in its primary produc-
tion directly linked to the intensity of the winter monsoon
(Moore et al., 2003). Coccolithophores are good markers of
paleoproductivity (Beaufort et al., 1997). Here, we inves-
tigate the past variability of the Australian winter monsoon
using coccolithophore analysis, and compare the results with
a pollen-based reconstruction of summer monsoon humid-
ity changes from the same core. The aim is to produce past
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Fig. 1. Left: Map showing the mean wind fields (arrows) and geopotential height (m) for 925 hPa from NCEP-1 for June, July and August
between 1949 and 2009. Right: Map showing the location of core MD98-2175.

estimates of the dynamics of the Australian monsoon in both
seasons and to compare the findings with the dynamics of the
Asian monsoon system.

2 Regional setting

The climate over the eastern Banda Sea is dominated by
the monsoon. During the austral winter (JJA), strong trade
winds blow from the south-east. At the Equator, these south-
east monsoon winds turn clockwise, blowing from the south-
west towards southern Asia to form the South Asian Sum-
mer Monsoon (Fig. 1). In the Banda Sea, these austral win-
ter winds produce an intense upwelling activity by Ekman
pumping (Moore et al., 2003). Primary production (PP)
reaches its peak between June and September, as shown by
the monthly averaged, 1997–2010 SeaWif and MODIS re-
mote sensing estimates of chlorophyll concentration between
4 and 5◦ S and 133 and 134◦ E (Fig. 2).

During the austral summer (DJF), the north-west monsoon
brings moisture from the Indonesian archipelago and the In-
dian Ocean to Northern Australia. The strong atmospheric
convection related to the southward migration of the Inter-
Tropical Convergence Zone (ITCZ) induces high precipita-
tion over the Banda Sea, the Arafura shelf and Northern Aus-
tralia. During that season, oligotrophic conditions prevail in
the western Banda Sea (Fig. 2).

Satellite chlorophyll data reveal not only a strong seasonal
contrast in productivity but also a large inter-annual variabil-
ity (Fig. 2). The yearly-averaged primary production burst
was strongly limited during the 1998 La Niña year (Moore
et al., 2003), with an average chlorophyll concentration of
0.28 mg m−3, a level which is significantly reduced from that
of the 0.41 mg m−3 yearly average. In contrast, during the
1997 El Nĩno year, the high PP season lasted until Novem-
ber when concentrations remained as high as 0.31 mg m−3
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Fig. 2. (a) Satellite imagery estimates of monthly Chlorophyll a
concentration in mg per cubic meter (left) from MODIS averaged
on 5–6◦ S and 133–134◦ E from 1997 to 2009. In blue for years
1998, 1999, 2000 and 2007 (La Niña’s), in red for years 2002, 2006
1997 and 2009 red dotted line) (El Niño events). Composites of JJA
daily values (low-pass filtered) of a wind index (b: total; c: zonal;
d: meridional speed) computed from NCEP-I averaged on 130◦-
135◦ E, 7.5◦ S–2.5 S at 925 hPa and for 10 El Niño (red) and 10 La
Niña (blue) years selected from Niño 3.4 data averaged on JJA. The
JJA value of meridional winds are correlated at 0.54 with Niño 3.4
on 1948-2009 at−0.07 for zonal component and 0.31 for speed).
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(compared with usual levels of about 0.18 mg m−3). Moore
et al. (2003) concluded that the El Niño Southern Oscilla-
tion (ENSO) largely controls the inter-annual primary pro-
duction dynamics. Estimates of chlorophyll a concentrations
in the quadrilateral 5–6◦ S/133–134◦ E from 1997 to 2009
from MODIS remote sensing, indicate that, during El Niño
years, the high PP season lasts longer and is more produc-
tive. This is consistent with the inter-annual wind variability
estimated from NCEP-1 (National Center for Environmen-
tal Prediction) reanalysis, which shows that during El Niño
years the strong wind season lasts about one month longer
than in La Nĩna years (Fig. 2). However, during El Niño
years the relative increase in PP is larger than that in wind
intensity. This results from the change in the direction of the
wind during El Nĩno events (more southerly), that changes
the local divergence of surface winds (or curl of the wind),
and enhances Ekman pumping during these events and there-
fore stronger upwelling. An increase in PP during El Niño
years is contrary to the pattern observed in the eastern Pa-
cific upwelling system (e.g. Philander, 1983). The fact that
PP in the eastern Banda Sea reacts strongly to ENSO dy-
namics is to be expected because the Southern Oscillation
Index is identified as the pressure difference between Tahiti
and Darwin, in the area just south of the eastern Banda Sea
(Bjerkness, 1969). Primary productivity is tightly coupled to
wind stress, which controls upwelling formation and inten-
sity. Thus, reconstructing of paleo-PP would make it possible
to estimate long term variations in the Australian and Indone-
sian winter monsoon system. The length of the dry season is
also related to ENSO; during El Niño events, northern Aus-
tralia experiences longer dry seasons (although more intense
rain in the wet seasons than during normal years) (Taschetto
et al., 2009).

3 Material and methods

3.1 Recovery and age control of core MD98-2175

Core MD98-2175 was retrieved by the RV Marion-Dufresne
during the IMAGES IV cruise, in the eastern Banda Sea
(5◦00′16 S–133◦26′76 E) at a water depth of 2382 m, on a
relatively flat plateau located on the north eastern slopes of
the Kei Islands (Fig. 1). This plateau is separated by deep sea
trenches from Irian Jaya to the north and the Arafura Shelf
(and Aru Islands) to the east. The Kei Islands are relatively
small, and do not possess large rivers. Thus, fluvial deposits
and turbidites are limited in the core. The sediment consists
of homogeneous fine olive grey clays rich in calcareous nan-
nofossils.

The oxygen isotopic composition of the planktonic
foraminiferaGlobigerinoides ruberwas analysed at 10 cm
intervals in the upper 20 m of the core and at 50 cm intervals
between 20 and 31 m. Nine14C dates were obtained on shal-
low dwelling planktonic foraminifera (G. ruber and a mix-
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Fig. 3. (A) Tropicalδ18O stack from Bassinot et al., 1994;(B) δ18O
of G. ruber from MD98-2175 on a depth scale;(C) sedimentation
rate curve for core MD98-2175. Open squares are calendar ages
from 14C measurements performed onG. ruber and filled circles
mark of marine isotopic stages fromδ18O of G. ruber. Vertical
lines mark theδ18O tie-points used in this study.

ture of G. ruber andGlobigerinoides sacculiferin 2 cases).
Calendar ages were obtained by converting the14C dates us-
ing IntCal09 (Reimer et al., 2009). We used a reservoir age
of 515 years, which is an average of 6 reservoir ages from
the northern Australian seas. For intervals that are beyond
the limit for accurate14C dating, the depth-age conversion is
based on the correlation of the planktonicδ18O record to the
low-latitude oxygen isotope stack of Bassinot et al. (1994).
Depth-to-age conversion was conducted through a linear in-
terpolation between dated tie points (Fig. 3). Sedimentation
rate is in the order of 47 cm per thousand years (cm.kyr−1)

in the upper 10 m of the core and 17 cm kyr−1 between 10
and 35 m.

3.2 Coccolith analysis

Smear slides were prepared at a 5-cm interval in the upper
20 m of the core and at a 20-cm interval for the remainder
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(20–31 m). The resulting temporal resolution is around 100
years in the upper 10 m of the series (interval 0–17 ka), in the
order of 250 years between 10 and 20 m (interval 17–70 ka)
and 1300 years below 20 m (interval 70–150 ka). A polariz-
ing optical microscope (LEICA DMRBE) with a 50x oil im-
mersion objective was used for automatic scanning of slides
in cross-polarized light. Microscope stage motions and fo-
cus were computer-controlled. For each sample, forty fields
of view were grabbed by a 2-megapixel Spot Insight (di-
agnostic instrument) camera. Each image (frame) captures
240×180 µm2 with a pixel area of 0.0225 µm2. The amount
of light going through the sample was precisely controlled.
Coccoliths were automatically detected by SYRACO, a soft-
ware program developed in C++ at CEREGE (Beaufort and
Dollfus, 2004; Dollfus and Beaufort, 1999). By using an arti-
ficial neural network (ANN), SYRACO is adapted to pattern
recognition. As described in Beaufort and Dollfus (2004),
we used SYRACO in two steps. The first step makes it possi-
ble to extract all the coccolith species using a primary ANN.
Then, in the second step, the software uses specific ANNs
trained to recognize one species each and separate coccol-
iths from unwanted objects. During this second step, images
of coccoliths are extracted and dumped into species-specific
image files.

The relative abundance ofFlorisphaera profunda(%Fp)
was estimated as follows:

%Fp=100×FP/(FP+SMP+GEO)

where FP, SMP and GEO are the number ofF. profunda,
small placoliths (essentiallyEmiliania huxleyi with some
Gephyrocapsa ericsonii) andG. oceanica,respectively.

The reproducibility of the counts was tested on the top 8 m
of the core. An investigation of coccolithophores was made
using a former version of SYRACO, with a poorer-resolution
camera (MICAM, 756×582 pixels). In this configuration, a
pixel represents an area of 0.0256 µm2. Two hundred im-
ages of 126×97 µm2 were grabbed. The ANN used with the
MICAL camera was different from the one used with the di-
agnostic instrument camera because it was prepared with a
different coccolith image collection. The offsetting of the
microscope light was also different. The same set of slides
was used, but it is almost certain that the areas scanned dur-
ing the two scannings were different since only 40 (Diag-
nostic) or 200 (Micam) images, totaling an area of 4 mm2,
were randomly grabbed on the entire area (800 mm2) of the
slide. The data sets are, therefore, relatively independent.
The average 95% confidence interval for the estimation of
%Fp, which depends on the number of coccoliths counted
per sample (Mosimann, 1965) corresponds to a reproducibil-
ity better than±5% in each of the two series. The average
difference between the pair of results is less than 2% (Fig. 4).
One of us (LB) counted the first>200 coccoliths contained
in 10 test samples with a standard polarising microscope.
The estimated %Fp from these counts are in perfect agree-
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ment with the estimates obtained with the automated technic
within a 95% confidence interval.

3.3 Use of coccoliths as paleoproductivity indicators

The coccolithophores are phytoplankton organisms that are
widespread and abundant in the world’s oceans. Because
they are photosynthetic organisms, they must remain within
the photic zone, and most species are found within the up-
per 80 m of the water column. This part of the photic zone
is often depleted in nutrients and the productivity is highest
just above the nutricline. When the ocean is strongly strat-
ified and the nutricline is too deep in the photic zone, the
primary production is low. A few species (e.g.Florisphaera
profunda, Gladiolithusspp. andAlgirosphaeraspp.) are
adapted to low light environments and are commonly found
between 80 and 180 m (Okada and Honjo, 1973). The rel-
ative abundance ofF. profunda(the most abundant of the
three deep living taxa) may serve to monitor the depth of
the nutricline (Molfino and McIntyre, 1990). A high rela-
tive abundance ofF. profundaindicates a deep nutricline and
low productivity in shallow waters (and the reverse). TheF.
profundaindex (%Fp) has been calibrated using data on the
percentage ofF. profunda(Fp) in a total of 400 counted coc-
coliths (total coccoliths = TC) in 96 core top samples from
a large variety of environments in the Indian Ocean (Beau-
fort et al., 1997). This index (%Fp = 100×Fp/TC) was cor-
related to the estimated modern PP based on a compilation
of 12-years of satellite observations with the Coastal Zone
Colour Scanner (CZCS) (Antoine et al., 1995) to produce
the simple transfer function: PP = 617-(279 log [%Fp + 3])
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(Beaufort et al., 1997). The use ofF. profundaas an indi-
cator of PP is now commonly used by nannopaleontologists
(e.g. Fernando et al., 2007; Incarbona et al., 2008; Liu et
al., 2008; Lopez-Otalvaro et al., 2008). In core MD98-2175,
the species belonging to the generaGephyrocapsa, Emilia-
nia andFlorisphaerarepresent more than 90% of the coccol-
ithophore assemblages. Thus, in core MD98-2175, the %Fp
is calculated only using these taxa, as is proposed elsewhere
(Flores et al., 2000). In doing so, there are minor differences
compared with the use of the entire assemblage.

3.4 Analysis of pollen data

Quantitative reconstructions of austral summer rainfall and
the number of dry months were derived from pollen data
from core MD98-2175 (Kershaw et al., 2006; Kershaw and
van der Kaars, 2007) using a newly developed set of trans-
fer functions for palynological data from Indonesian waters.
The functions were developed by one of us (SvdK) in the
course of on-going work on modern pollen distribution in
this region. The modern pollen distribution dataset used cov-
ers the Indian Ocean adjacent to northwestern Australia and
southern Indonesia and contains 113 core-top samples col-
lected during Australian (van der Kaars and De Deckker,
2003), Indonesian-Dutch (van der Kaars, 2001), and French-
Indonesian SHIVA (1991) and BARAT (1994) cruises as well
as cores collected in the Timor Sea by the German research
vesselSonneduring the SO185 cruise. This present work
follows the development of transfer functions that can be
used both with terrestrial and marine Australian palynologi-
cal records (Cook and van der Kaars, 2006; van der Kaars et
al., 2006). Both transfer functions are based on percentage
values of 116 common (occurring more than twice) tree and
herbaceous taxa to produce the proxy climatic series. Leave-
one-out cross validation of the climatic estimates yielded an
r2 of 0.65 for summer rainfall and 0.80 for the number of
dry months. The dry months are those that receive less than
70 mm of rain (or less than the monthly value of the local
temperature (in◦C) multiplied by two). The pollen-based es-
timates were detrended by removing the first factor of a sin-
gular spectrum analysis (Vautard and Ghill, 1989) using the
Analyseries software (Paillard et al., 1996). This detrending
enabled extraction of the long term (>1/80 kyr−1) variability
leaving precessional type dynamics intact.

4 Results

4.1 Representation of %F. profunda

The core contained a generally abundant nannofossil assem-
blage (typically 10 to 30 coccoliths per field of view). The
relative abundance ofF. profundavaried between 25 and 73
percent, which is large in comparison with the reproducibil-
ity (Fig. 4). This range corresponds to a large changes of
reconstructed primary productivity (varying between 92 and

214 gC.m−2.yr−1). Intervals of peak primary production are
observed at 160, 135, 109, 87, 62, 43, 18 and 1 ka (Fig. 5a).
The average time interval between two adjacent productivity
maxima is, therefore,∼23 kyr, clearly showing the impor-
tance of precessional forcing in the production dynamics of
this area. The high sampling resolution and the small stan-
dard deviations make it possible to clearly reconstruct the
symmetrical shape of primary production fluctuations. For
instance, between 23 and 11 ka, the series contains 71 points
having an average of 170 gC m−2 yr−1 (range = 150–203 and
standard deviation = 10), well above the values found in the
periods preceding and following.

The PP series has been resampled at a regular time interval
of 1000 years. Time-series analysis (Blackman-Tukey and
MTM), performed using the Analyseries software (Paillard et
al., 1996), shows two main frequencies (Fig. 5e). The dom-
inant frequency is at 23.3 kyr−1, which corresponds to the
main precession cycle (23.3 kyr−1). The second frequency
corresponds to the obliquity cycle at 41.0 kyr−1. Longer-
term cycles, which could have been related to the global ice
volume (i.e.∼100 kyr−1) are absent from this time series.
Cross correlation (Blackman-Tukey) between the precession
(in its standard definition of Param.$ = e.sin($) where$ is
the vernal point) and %FP indicates a phase of−0.91 radian,
equivalent to a phase-lock with an equatorial daily insolation
for August 15th at a period of 23.4 kyr. At this periodicity,
the coherency between %Fp and precession is 0.97, which is
above a confidence level of 99.99% (0.91) for a bandwidth
of 0.02. Because the chronology is based in the older part of
the record (>50-ka) onδ18O tuning, implying lower chrono-
logical precision, it is reinsuring that the phase of PP with
precession appears to stay constant all along the record (e.g.
Fig. 6b).

4.2 Rainfall levels and length of dry season as indicated
by pollen transfer functions

In order to estimate past dynamics of the Australian mon-
soon, we concentrate on two palynological proxies: 1) the
amount of summer rainfall as an index of the summer mon-
soon; and 2) the number of dry months, which should re-
late to the length of the winter monsoon . The long-term
patterns are similar for the two proxies, with drier (wetter)
summer conditions and longer (shorter) dry season during
interglacials (glacials). The fact that a longer dry season cor-
responds to a wetter summer monsoon agrees with present
inter-annual monsoon dynamics; El Niño years are charac-
terized by a shorter and wetter summer monsoon season,
and the dry season lasts longer (Moron et al., 2009, 2010;
Taschetto et al., 2009). The long-term pattern follows the
glacial/interglacial cycles with a∼100 yr periodicity (Fig. 5c,
g). Shorter-term variations of the summer rainfall show a
complex signal with 24 and 44 kyr periodicities that only
show little significance (Fig. 5c, g). A 23-kyr cycle is not
readily observed in the summer rainfall data but is clearly
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is the Root Mean Square Error of Prediction (RMSEP = 1.6));(c) summer rainfall in mm, vertical line is the Root Mean Square Error of
Prediction (RMSEP = 182); and(d) δ18O from G. ruber. (e–h)The time series analysis, Blackman-Tukey (black) and Multi-Taper Method
(F test), are presented with indication of Band Width (BW and horizontal bars) and period of important peaks.

visible in the number of dry months, and corresponds to a sig-
nificant peak in the spectral analysis results (Fig. 5f). Once
the time-series is detrended to remove long-term variations,
the precessional pattern is seen even more clearly in the num-
ber of dry months time series (Fig. 5b).

4.3 Estimation of the length of the winter monsoon

Figure 5 shows the striking correspondence between the de-
trended series representing the number of dry months and
the primary productivity series. It is also possible to esti-
mate the length of the upwelling season from the PP esti-
mates knowing the seasonal and interannual variability from
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MODIS. As can be readily seen from Figure 2, the seasonal-
ity of the oceanic production in the Banda Sea is only based
on two phases, one with a low monthly primary production
(Pmin), and one with a high primary production (Pmax).
Pmin is the base line of 0.2 mg Chlorophyl A m−3, which is
equivalent here to 8 gC m−2 month−1 (Antoine et al., 1997).
Pmax depends on the yearly primary production (see Fig. 2)
and here we have estimated the relationship between PP and
Pmax as [Pmax = 0.12+0.15·PP] using the El Nĩno, La Nĩna
and mean curves (Fig. 2). It is possible to calculate the
upwelling season length (USL) as a function of PP, Pmin
and Pmax using the equation [USL = (PP-(12·Pmin))/(Pmax-
Pmin)]. Note that Pmax-Pmin aims to reproduce the increase
of PP when the winter monsoon is longer and more intense.
With this model (equation) the length of the upwelling sea-
son and its intensity both contribute to the yearly primary
production, and are converted into ”upwelling season dura-
tion” (Fig. 6b). The anomalies (from record average) dis-
played in the length of the upwelling (derived from coccol-
ithophores data) and dry seasons (estimated from palynolog-
ical data) are in relatively good agreement (Fig. 6c). The
amplitude of the precession signal is, however, often larger
for the upwelling length anomalies than for the dry season
length anomalies. This may be due to the fact that the up-
welling season is longer (3 to 4 months) than the dry season
(1–2 months). The two series were re-sampled at a resolution
of 1000 years between 1 and 150 ka and then averaged. The
resulting pattern is very similar to that in the Niño3 model
of past ENSO variability proposed by Clement et al. (1999)
(Fig. 6b). The correlation between this model and the aver-
age length of the winter monsoon season isr =0.7.

5 Discussion

5.1 Development of ENSO-like conditions

As seen above, reconstructions made using combined pollen
and coccolith series from core MD98-2175 show that, in re-
sponse to precessional forcing, the duration of the Australian
winter monsoon has varied from−0.6 to+0.3 months. The
significant correlations between the ENSO Niño3 model and
the multiproxy estimate for the length of the winter mon-
soon, and equivalent fit in the modern climates (QuikSCAT
and MODIS satellite data compared to Niño3) strongly sup-
port an interpretation that past ENSO dynamics form the ba-
sis of observed changes in the paleo-data from core MD98-
2175. There is, however, a difficulty with such an interpreta-
tion. Using the Zebiak-Cane model (Zebiak and Cane, 1987),
Clement et al. (1999) estimated that there would be at most
(least)∼180 (∼20) warm events (El Niño) and∼150 (∼50)
cold events (La Nĩna) per 500 years and that the amplitude
in temperature of those events would not change dramati-
cally (25%). This corresponds, using the estimated PP from
satellite data (with 205, 141 and 175 gC m−2 year−1 for El
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Fig. 6. Comparison of Australia Winter monsoon dynamics with
ENSO modeling, and speleothem data from China.(a) δ18O
record from Chinese Speleothems (Hulu, and Sanbao) from Wang et
al. (2008) in black, Insolation at the Equator in August 15th (red);
(b) Anomaly of the length of the Australian Winter Monsoon in
month reconstructed from coccolith and pollen data (black); Niño3
temperature anomalies estimated with the Zebiak and Cane model
(Clement et al., 1998); c) Primary Production and its estimated up-
welling season anomaly in months in red and number of dry months
(palynology). Note that the two curves have the same scale in month
on the right axis, and that the color of labels to the right refer to the
color of the curves.

Niño, La Nĩna and normal years) to a range of PP of 166 to
183 gC m−2 year−1. Those changes would not be sufficient
to explain the large variations in the length and intensity of
the winter monsoon exhibited by the pollen and coccolith
data from the Banda Sea core and in its PP record which
ranges from 90 to 213 gC m−2 year−1. It should be noted
that, in other simulations of the same model, if the number
of warm events is further diminished in the early Holocene,
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the number of cold events is also diminished (Clement et al.,
2000). In contrast, our data point to regular (every 23 kyr)
more extreme shifts in ENSO with an amplitude similar to
inter-annual climate variations observed since 1997. The
ENSO system would be locked in a constant El Niño phase or
in a constant La Nĩna phase, which is not physically possible.
Some studies have indicated important weakening of El Niño
in the middle/early Holocene (Rein et al., 2005; Moy et al.,
2002; Rodbell et al., 1999) which agree well with our dataset,
however, other studies have shown that ENSO cycles have
been constantly present during the last 35 or 135 kyr (Gre-
laud et al., 2009; Tudhope et al., 2001, respectively). Both
palaeo datasets and model results do not support a complete
disappearance of El Niño in favor of La Nĩna over a long
period of time. The atmospheric and oceanographic condi-
tions that prevail during the two current opposite phases of
ENSO may have been the mean states of low latitude climate
during long periods of time and can be described instead as
“ENSO-like”.

5.2 The monsoon in China and movement of the ITCZ

The speleothems from Hulu, Sanbao and Dongge caves, all
located between 108 and 111◦ E and 25 and 32◦ N provide
a very detailed record of the intensity of the summer mon-
soon in China from oxygen isotope measurements (Wang and
Ding, 2008). As the Australian-Indonesian (austral) win-
ter monsoon occurs at the same time as the (boreal) sum-
mer Asian monsoon, it is informative to compare the vari-
ability recorded in the MD98-2175 records with that of the
Chinese speleothems. The composite Chinese speleothem
δ18O record is dominated by precessional forcing and is in
phase with the local mid-winter insolation (Wang and Ding,
2008). The same phase is found in the Banda Sea record.
The phasing between the two records is stable during the last
150-kyr and therefore independent on the methodology used
to built the chronology of the Banda Sea core (14C or δ18O)
(Fig. 6a, b and Fig. 7). The close resemblance between the
two datasets appears clearly in Fig. 6a, b. This similarity sug-
gests that the two monsoon systems are related, or at least
are controlled by the same forcing mechanism. It is surpris-
ing that drier Chinese summer monsoon periods occurred at
times of more intense winds in the Banda Sea and longer dry
seasons.

Employing a simplistic model, it might be expected that
the more intense Austral winter monsoon winds might have
picked up a lot of water vapor from the ocean during their
journey over Indonesia and South China Sea (and the Pa-
cific) and delivered it into mainland Asia. Alternatively, the
ITCZ might have migrated to a far northerly position dur-
ing JJA causing a strong Asian monsoon, which would have
corresponded to drier winter Australian monsoon conditions.
However, these scenarios seem unlikely because the amount
of rain received in China during the summer monsoon is not
directly related to ENSO dynamics (e.g. Ropelewski and

S H

MD

Fig. 7. Correlation between June, July and August (JJA) merid-
ional winds (124◦–132◦ E, 8◦ S and Equator) and JJA rainfall in
two datasets (CMAP = satellites + rain-gauges from 1979 to 2007).
Despite the noise, different patterns are consistent to each other with
weak (but significant) negative correlations over China (less rainfall
when southerly winds increase). The dots indicate 90% significance
level. Correlation between the rain and the meridional component
of the wind (124◦–132◦ E, 8◦ S and Equator) from 1979 and 2007.
Position of the Hulu (H) and Sanbao (S) speleothem records and of
MD98-2175 (MD) are also given in the map.

Halpert, 1987) or is related in a very complex way (Lau
and Weng, 2001). We compared the recent relationship be-
tween the JJA meridian component of the wind in the western
Banda Sea ((124◦–132◦ E, 8◦ S and Equator) with the rain
anomaly in JJA for the period from 1979 to 2007 (Fig. 7).
A drier area appears across the Australian-Indonesian region
near the origin of the acceleration of the southerly winds;
and wet anomalies appear above the Indo-Pacific warm pool
(IPWP) probably due to the strengthened low-level conver-
gence there. When the ITCZ is reinforced over the IPWP
during the boreal summer, the rainfall tends to be anoma-
lously low across most of mainland China. The patterns
seen in present climates and the paleo-data each point to-
ward a drier East Asian summer monsoon in China at times
of stronger winter monsoon winds in the Banda Sea. Simple
explanations based on spatially-homogeneous forcing linked
to ENSO or ITCZ migration are therefore not necessarily
valid here. We suggest that the observed evolution of the
strength of the Australian and East Asian JJA monsoons de-
pends on the evolution of the ocean/land thermal gradients
related to the seasonal hemisphere path of insolation forced
by precession. It could also be noted that the performance of
current AGCM forced by prescribed SST to simulate inter-
annual rainfall anomalies of boreal summer monsoon across
China is rather poor (i.e. Li et al., 2010). This is associ-
ated with the fact that large-scale migrations of the ITCZ do
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probably not have a major role in driving interannual rainfall
anomaly across China.

Simulations with the IPSL CM4 ocean-atmosphere cou-
pled model on several orbital configurations show the influ-
ence of precession on monsoon and tropical climate (Bracon-
not et al., 2008). Our results show a very similar pattern. In
those simulations, precession appears to largely control the
response of the monsoon and induces large changes in the
seasonal evolution of the Equatorial Pacific; each contribut-
ing to a large redistribution of energy. This feature is consis-
tent with other simulations such as those made by Zheng et
al., 2008, Cane et al., 2006, Clement et al., 1999, 2000.

5.3 Relationship between the Australian summer
monsoon and other monsoon systems in the
Holocene

The strong imprint of precession observed in the Banda Sea
is a common feature of tropical climates (e.g. Pokras and
Mix, 1987; Molfino and McIntyre, 1990; Beaufort et al.,
1997; Schneider et al., 1997; Villanueva et al., 1998; Re-
ichart et al., 1998). All of these have the same phase (be-
ginning of August or February depending on the sign of the
climate phenomenon), which is also observed in the Chinese
speleothems and our Banda Sea records. Ruddiman (2006)
proposed that the monsoon is in phase with summer inso-
lation as models predict (e.g. Kutzbach, 1981). However,
other monsoon records for which precession is not the domi-
nant spectral feature, have a different phase in the precession
band (often May or November) (Clemens and Prell, 2003;
Clemens et al., 1991; Ziegler et al., 2010a). Because most
of these latter records come from the Arabian Sea where the
summer monsoon is well expressed, this late phase is usu-
ally accepted as the “monsoon phase”, and the records that
display an early phase are considered as independent tropi-
cal climatic phenomena. Our findings, that all these records
are responding to the same phenomenon, thereby explaining
their synchronicity, are in agreement with Ruddiman, 2006;
Reichart et al., 1998; Ziegler et al. 2010b; Braconnot et al.,
2008; Wang et al., 2005, 2008; Zheng et al., 2008. It seems,
therefore, that the “Global Monsoon” concept, which has
been discussed for modern climates (Wang and Ding, 2008;
Trenberth et al., 2000) is also valid for the paleo-variability of
the tropical climates. Of course, the relevance of the Global
Monsoon concept should be adapted to the type of paleocli-
mate records considered (rainfall reconstructions across con-
tinents should be, for example, far noisier than wind recon-
structions across oceanic domains); we simply stress here
the synchronism between different regional monsoon sys-
tems. Because of the dominance of the precessional sig-
nal over obliquity and eccentricity (which are seen more in
high latitude climates and are more representative of ice vol-
ume), variations in the past global monsoon system may have
been relatively independent of ice volume variations. This
is demonstrated by examining how the several sub-monsoon
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Fig. 8. Dynamics of the monsoons in the Holocene: from top to
base: Sea surface temperature anomaly (◦C) in the eastern Atlantic
ocean (deMenocal et al., 2000) in red, MD98-2175 record of pri-
mary production in black; insolation at the Equator in August (pur-
ple); Precession cycle stack of speleothem data from China (red)
and anomaly in the length of the winter monsoon in months (black)
(the two records were resample at 1000 year intervals, cut into seven
segments covering each a precession cycle (starting at 0, 21, 46, 71
94 116 and 137 ka). The age at the beginning of each segment was
subtracted to the entire time column so each segment starts at zero
BP). finally the seven segments were stacked together by computing
their average at any given time).

systems evolved during the Holocene when there were rela-
tively small variations in ice-volume (Fig. 8). In the Banda
Sea, the MD98-2175 record shows a strong shift in monsoon
activity at about 6000 years. This shift is synchronous with
an increase in aridity seen in the Sahel and Sahara in the mid
Holocene in palaeo-records of the African monsoon from the
western Atlantic Ocean (deMenocal et al., 2000). This mid
Holocene change in the North African monsoon regime has
been described in many studies (Servant and Servant-Vildary,
1980; Gasse and Van campo, 1994; Petit-Maire et al., 1997;
Kropelin et al., 2008) and extends also to East Africa (see ref-
erences in Gasse, 2000; Vincens et al., 2005). Mid-Holocene
monsoon changes are also observed in the Arabian Sea area
(Fleitmann et al., 2003; Fleitmann et al., 2007), the Tibetan
Plateau (Gasse et al., 1991), and in Eastern Asia (Wang et
al., 2008). Changes in ENSO dynamics are observed syn-
chronously (Moy et al., 2002; Rein et al., 2005; Rodbell et
al., 1999; Haug et al., 2001; Grelaud et al., 2009; Conroy et
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al., 2008). In the Holocene, the monsoon follows the same
phase in the precession band as in the seven previous pre-
cession cycles (Fig. 8). Therefore, as suggested quite some
time ago by Kutzbach (1981), it appears that changes in low-
latitude summer insolation drive the dynamics of the mon-
soon, with a very short time lag. The Holocene data indicate
that, because of the early response of the tropics to insolation
forcing and the relatively delayed response of ice volume,
changes in records from the tropical climates often precede
global changes inδ18O records (Beaufort et al., 1997; Beau-
fort et al., 2001). This is also visible at the end of the penul-
timate interglacial in our records (Fig. 6c), where changes in
pollen and coccolith data precede the changes ofδ18O oc-
curring at the beginning of Marine Isotopic Stage 5.4 (5d)
by about 5000 years. It is therefore not possible to attribute
large scale changes in tropical hydrological systems observed
at precession time scales to the global variability of ice vol-
ume. Conversely, our data suggest that at the time when the
Earth enters an ice-age, the tropics will have already held
their present precession climate configuration for some few
thousand years.

6 Conclusions

The dynamics of the Australian winter monsoon have been
reconstructed using two different types of proxies in the East-
ern Banda Sea. Primary production, the length of the winter
monsoon, and the amount of rainfall during the summer were
estimated for the last 150,000 years. The summer monsoon
rainfall follows the glacial-interglacial dynamics, whereas
the winter monsoon proxies (primary production and length
of the dry season) are strongly influenced by precessional
cycles. The austral winter monsoon dynamics are in phase
with low latitude insolation in August. A synchrony with
other regional monsoon systems and ENSO is found at pre-
cession time scales, pointing to common climatic forcing of
the different regional systems. These latest observed changes
in winter monsoonal variability in the low latitudes, already
established for a few thousand years, form a pattern similar
to that seen at the onset of the glaciations during MIS5, and
indicate that tropical climates precede glaciations by a few
thousand years.
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