
lable at ScienceDirect

Quaternary Science Reviews 114 (2015) 33e42
Contents lists avai
Quaternary Science Reviews

journal homepage: www.elsevier .com/locate/quascirev
Holocene variations of thermocline conditions in the eastern tropical
Indian Ocean

Cornelia Kwiatkowski a, *, Matthias Prange a, Vidya Varma a, b, Stephan Steinke a,
Dierk Hebbeln a, Mahyar Mohtadi a

a MARUM e Center for Marine Environmental Sciences, University of Bremen, Bremen, Germany
b Dept. of Meteorology, Stockholm University, SE-10691 Stockholm, Sweden
a r t i c l e i n f o

Article history:
Received 28 April 2014
Received in revised form
30 November 2014
Accepted 28 January 2015
Available online

Keywords:
Indian Ocean
Sumatra
Indian Ocean Dipole
Mg/Ca
Thermocline
Holocene
Planktic foraminifera
* Corresponding author.
E-mail address: ckwiatkowski@marum.de (C. Kwia

http://dx.doi.org/10.1016/j.quascirev.2015.01.028
0277-3791/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

Climate phenomena like the monsoon system, El Ni~no Southern Oscillation (ENSO) and the Indian Ocean
Dipole (IOD) are interconnected via various feedback mechanisms and control the climate of the Indian
Ocean and its surrounding continents on various timescales. The eastern tropical Indian Ocean is a key
area for the interplay of these phenomena and for reconstructing their past changes and forcing
mechanisms. Here we present records of upper ocean thermal gradient, thermocline temperatures (TT)
and relative abundances of planktic foraminifera in core SO 189-39KL taken off western Sumatra
(0�47.4000 S, 99�54.5100 E) for the last 8 ka that we use as proxies for changes in upper ocean structure.
The records suggest a deeper thermocline between 8 ka and ca 3 ka compared to the late Holocene. We
find a shoaling of the thermocline after 3 ka, most likely indicating an increased occurrence of upwelling
during the late Holocene compared to the mid-Holocene which might represent changes in the IOD-like
mean state of the Indian Ocean with a more negative IOD-like mean state during the mid-Holocene and a
more positive IOD-like mean state during the past 3 ka. This interpretation is supported by a transient
Holocene climate model simulation in which an IOD-like mode is identified that involves an insolation-
forced long-term trend of increasing anomalous surface easterlies over the equatorial eastern Indian
Ocean.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Presently, the Indonesian climate is mainly controlled by the
seasonal migration of the Intertropical Convergence Zone (ITCZ),
the Australian-Indonesian monsoon and the El Ni~no e Southern
Oscillation (ENSO). The Indian Ocean Dipole (IOD) which is a
coupled oceaneatmosphere phenomenon also exerts a significant
control on the climate variability over western Indonesia (Saji et al.,
1999; Webster et al., 1999; Abram et al., 2007). Negative IOD events
are characterized by positive rainfall anomalies over western
Indonesia accompanied by dry conditions over East Africa and
eastward surfacewind anomalies over the eastern Indian Ocean. On
the other hand a positive IOD event is characterized by sea surface
cooling (Fig. 1) and increased productivity off Sumatra due to
enhanced upwelling in the eastern Indian Ocean accompanied by
strong easterlies over the central Indian Ocean, dry conditions in
tkowski).
West Indonesia and higher-than-normal rainfall over East Africa
(Webster et al., 1999).

Behera et al. (2006) suggest that the IOD is initiated by processes
internal to the Indian Ocean and, might be additionally affected and
amplified by other climatic phenomena as e.g. ENSO. Saji et al.
(1999) suggest the IOD being independent of ENSO but model
simulations imply that ENSO has a strong influence on the peri-
odicity, strength, and formation processes of the IOD in years of co-
occurrences (Behera et al., 2006). However, since the occurrence of
three positive IOD events in the years 2006e2008 it is obvious that
ENSO is not the only triggering factor (Behera et al., 2006).

Previous studies on the IOD mainly focus on its present-day
behavior, but only little is known about its past variability beyond
the instrumental record. So far, there exist only three studies from
the eastern Indian Ocean investigating the IOD variability during
the Holocene; two are based on SST anomaly reconstructions from
coraline Sr/Ca ratios off Sumatra (Abram et al., 2007, 2009) and one
is based on precipitation changes derived from dD and d13C of plant
waxes (Niedermeyer et al., 2014). Two studies investigate the IOD
variability in the western Indian Ocean by using a multi-proxy
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Fig. 1. Map of SST in the Indian Ocean indicating the surface cooling caused by the
upwelling of cold subsurface water in autumn 2006 during a positive IOD event
(http://oceancolor.gsfc.nasa.gov). The red star indicates the core site of SO 189-39KL,
sites from other studies relevant for this work are numbered serially.

C. Kwiatkowski et al. / Quaternary Science Reviews 114 (2015) 33e4234
reconstruction from the Mauritian lowlands (de Boer et al., 2014)
and dD from Lake Tanganyika sediments (Tierney et al., 2008).

Abram et al. (2007) hypothesize that observed SSTanomalies are
related to IOD events and suggest the Asian monsoon and ENSO
being capable of triggering positive IOD events. They state a close
relationship between the Asian monsoon system and IOD implied
by a longer duration of positive IOD events during times of strong
Asian summermonsoon and argue that sea surface cooling during a
positive IOD event is constrained by the cross-equatorial wind
reversal at the end of the Asian summer monsoon season resulting
in an abrupt termination of Ekman upwelling along the coast of
Sumatra (Abram et al., 2007). Furthermore, they assume that the
monsoonal wind reversal controlling the timing of peak cooling
during positive IOD events to be a consistent feature during the
Holocene. The close relationship between the monsoon system and
IOD is further supported by the study of Abram et al. (2009).
Niedermeyer et al. (2014) investigate regional precipitation pat-
terns over Sumatra in comparison to precipitation patterns from
East Africa and Southeast India and find a general agreement with
the reconstructed IOD variability by Abram et al. (2009).

The study of de Boer et al. (2014) suggests an anti-phased
relationship of climate dynamics between the Mauritian lowlands
and western tropical Australia during the middle Holocene
reflecting a prolonged configuration of a negative mode of the IOD,
which is partly inconsistent with the findings of Abram et al.
(2009).

In order to understand the underlying mechanisms and the
interaction between the IOD and other climate phenomena, e.g. the
monsoon or ENSO continuous long-term data series are essential.

In this study we use a continuous sediment archive recovered
from the northern Mentawai Basin off western Sumatra, close to
the site published by Abram et al. (2009), in order to estimate
variations in upper water column temperature and thermal
gradient (i.e. depth of thermocline), and investigate the planktic
foraminiferal assemblage to reconstruct the upper water column
structure during the past 8 ka. We compare our results to orbital-
forced model simulations and other climatic records from the In-
dian Ocean region in order to better assess possible forcing
mechanisms of the upper water column variations off western
Sumatra.
2. Study area

Aldrian and Susanto (2003) show that under modern condi-
tions, SST and precipitation off western Sumatra are neither
controlled by ENSO nor by the monsoonal system but by the sea-
sonal migration of the ITCZ. At present, upper water column tem-
perature and sea surface salinity anomalies in the study area are
mainly controlled by the IOD (Yu et al., 2005; Qiu et al., 2012). This
is also evident from several SST and TT datasets (e.g. SODA 2.2.4) in
comparison to the Dipole Mode Index (DMI) introduced by Saji
et al. (1999). Previous studies have shown that the western coast
of Sumatra is one of themost sensitive areas for the development of
the IOD (e.g. Abram et al., 2007). During positive IOD events,
observational data of the last decades have shown that a decrease
in SST is accompanied by a decrease in precipitation off Sumatra
(Webster et al., 1999). Oceanic thermocline variations associated
with IOD are confined to the region north of 6�S (Yu et al., 2005).
Large-scale surface and subsurface circulation of the Indian Ocean
might not affect the hydrography of the Mentawai Basin due to the
topographic situation in which the fore-arc islands impede a direct
influence of the open ocean (Mohtadi et al., 2014). Thus, paleo-
environmental archives from this area might record changes
related to IOD variability. Seasonal changes are weak in the study
area (Mohtadi et al., 2014) except for variations related to the IOD,
which peaks in the SeptembereOctobereNovember (SON) season
(Saji et al., 1999). During extreme positive IOD events a SON SST
decrease of >2 �C off Sumatra is one of the most significant signals
observed presently (Webster et al., 1999; Abram et al., 2007; Du
et al., 2008). This surface cooling in the eastern basin of the In-
dian Ocean is caused by unusually strong upwelling along the
equator and off Sumatra. Furthermore, strong precipitation in the
eastern Indian Ocean during normal years results in the develop-
ment of a barrier layer, a layer separating the thermocline and the
mixed layer, which impedes the upward movement of subsurface
water masses (Spintall and Tomczak, 1992; Du et al., 2005; Qu and
Meyers, 2005). During positive IOD events, the reduced warm
water advection to the eastern equatorial Indian Ocean
(Murtugudde et al., 2000) and themissing barrier layer in thewater
column due to decreased precipitation allow upwelling of cooler,
nutrient-rich subsurface waters to the sea surface (Murtugudde
et al., 2000; Du et al., 2008). However, Qiu et al. (2012) and Saji
and Yamagata (2003) show that changes in SON SST are relatively
small (<1 �C) duringmost positive IOD events and that temperature
changes at the thermocline are much more prominent than
changes at the sea surface (cf. Fig. 2). Zhao and Nigam (2015) show
that the temperature dipole structure of the IOD occurs at the
subsurface whereas the SST field shows a monopole structure over
the Indian Ocean. Hence, when using foraminiferal Mg/Ca for the
reconstruction of past IOD variations, the depth of thermocline and
TT in the eastern Indian Ocean appear to be most suitable to
characterize a possible IOD-like mean statee periods characterized
either by stronger and/or more frequent positive IOD events (pos-
itive IOD-like mean state; upwelling; shallowing of the thermo-
cline) or by weaker and/or less frequent positive IOD events
(negative IOD-like mean state; deepening of the thermocline).

3. Material and methods

3.1. Sample material

Piston core SO189-39KL was recovered from the northern
Mentawai Basin off western Sumatra (0�47.4000 S, 99�54.5100 E,
1350 cm core length, 517 mwater depth) during the R/V Sonne 189
e SUMATRA expedition in 2006 (Wiedicke-Hombach et al., 2007;
Fig. 1). Here we study the upper 2.7 m of this core representing the

http://oceancolor.gsfc.nasa.gov


Fig. 2. Monthly SST (5 m) and TT (70 m) anomalies relative to the mean SST and TT during Jan. 1980 to Dec. 2007 and DTSST-TT calculated from SODA 2.2.4 time series from 0.75S
99.75E (http://iridl.ldeo.columbia.edu; Carton et al., 2005) during the years 1980e2007 compared to the Dipole Mode Index (Saji et al., 1999). The gray filling in the SST and TT
records indicate anomalies exceeding the error of 1 �C for SST and 1.2 �C for TT reconstructions, respectively. Additionally, a comparison of water temperature profiles measured
during August 2005 (normal year, Mohtadi et al., 2007) and September 2006 (positive IOD year, Mohtadi et al., 2007) in the Mentawai Basin indicates an uplift of the thermocline
and a SST cooling of 1 �C during a positive IOD event.
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past 8000 years. The continuous occurrence of pteropods
throughout the core implies good preservation of carbonate. The
age model for this period is based on 20 AMS radiocarbon dates
(Mohtadi et al., 2014).
3.2. Planktic foraminiferal trace element analysis

SST anomaly (a), TTa and, DT between 1980 and 2007 calculated
from the SODA 2.2.4 dataset in comparison to the Dipole Mode
Index (DMI) introduced by Saji et al. (1999) illustrate the relation-
ship of upper water column characteristics to the IOD (Fig. 2). SODA
2.2.4 dataset represents realistic changes in timing and magnitude
of SST variations therefore changes of TT might be also reliable.
Large variations, especially in TT, correspond to variations in the
IOD (correlation coefficient of�0.52 between TTa and DMI and 0.43
between DT and DMI; Fig. 2), thus, highlighting the suitability of TT
off western Sumatra as a proxy to track past IOD changes.

The core was sampled at 2 cm intervals (sample resolution of
~60 years) for trace element analyses on thermocline dwelling
planktic foraminifera Pulleniatina obliquiloculatawith a calcification
depth of ~75 m (Mohtadi et al., 2011a). Due to weak seasonal
changes in the study area, we suggest an annual occurrence of
P. obliquiloculata. Since upwelling and hence substantial shifts in
thermocline depth can only occur during the IOD peak season,
variations in the thermocline record should mainly reflect changes
in the SON season.

For Mg/Ca analyses ~25 individuals of P. obliquiloculata from
the size-fraction 355e500 mm were picked. For the selected
foraminifera we applied the cleaning protocol originally proposed
by Barker et al. (2003) consisting of a clay-removal step using
ultra-pure water and methanol, followed by the oxidation of
organic matter using 1% NaOH-buffered H2O2. The samples were
dissolved into 0.075 M QD HNO3 and centrifuged for 10 min at
6000 rpm. The solution was transferred into test tubes and diluted
to the final volume dependent on the amount of calcite contained
in each sample. The trace element concentrations were measured
with Inductively Coupled Plasma Optical Emission Spectrometry
(Agilent Technologies 700 Series ICP-OES & Cetac ASX-520 auto-
sampler) by using a multi-element approach at the MARUM,
University of Bremen. The Mg/Ca values are reported as
mmol mol�1. The instrumental precision of the measurements was
monitored by using an external standard solution (Mg/
Ca ¼ 2.97 mmol mol�1) measured after every fifth sample as well
as the ECRM 752-1 standard measured after every 50 sample,
providing a standard deviation of 0.005 mmol mol�1 (0.17%) for
the external standard and 0.002 mmol mol�1 (0.06%) for the ECRM
752-1 standard, respectively. The reproducibility of the samples
was 6.9% (n ¼ 10) corresponding to a standard deviation of
0.2 mmol mol�1 (Fig. 3b, error bar). Aluminum, which usually
indicates a contamination by silicate minerals (Barker et al., 2003),
is under the detection limit. Post-depositional Mn-rich carbonate/
oxyhydroxides coatings can bias foraminiferal Mg/Ca ratios (Pena
et al., 2005), and can be detected by foraminiferal Fe/Ca and Mn/
Ca ratios. Due to relatively high Fe/Ca and Mn/Ca ratios, the in-
fluence of contaminant phases on Mg/Ca temperature estimates
was determined via cross plots. No covariance between Mn/Ca and
Mg/Ca ratios (r2 ¼ 0.02) or between Fe/Ca and Mg/Ca ratios
(r2 ¼ 0.11) could be observed. Consequently, we infer the Mg/Ca
values of the Holocene section of SO 189-39 KL to be unaffected by
contaminant phases.

P. obliquiloculataMg/Ca ratios were converted into temperatures
(T) using the species specific equation proposed by Anand et al.
(2003):

Mg=CaP: obliquiloculata ¼ 0:328 expð0:09TÞ
The error of the temperature reconstructions based on

P. obliquiloculata Mg/Ca is estimated by propagating the errors
introduced by the Mg/Ca measurements and Mg/Ca-temperature
calibration (see Mohtadi et al., 2014 for details). The resulting er-
ror is on average 1.2 �C (Fig. 3c). The upper water vertical temper-
ature gradient (DT �C) has been estimated by subtracting
thermocline temperatures (TT, based on Mg/CaP. obliquiloculata) from
SST (based on Mg/CaG. ruber s.s., published in Mohtadi et al., 2014).
Globigerinoides ruber s.s. has a calcification depth of 0e30 m
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Fig. 3. Analytical results of SO 189-39KL: a) SST estimates derived fromMg/Ca ratios of G. ruber s.s. (Mohtadi et al., 2014), b) Mg/Ca ratios of P. obliquiloculata, c) TT estimates derived
from Mg/Ca ratios of P. obliquiloculata, d) temperature difference between SST and TT, e) abundance of planktic, ML dwelling, symbiont-bearing foraminifera, f) abundance of
planktic, ML and thermocline dwelling, symbiont-barren foraminifera and AMS 14C dates (dots; Mohtadi et al., 2014).
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(Mohtadi et al., 2011a). The error of the DT (�C) estimates was
calculated by using the errors of the SST and TT (±1.6 �C, Fig. 3d). A
smaller difference in DT indicates a lower temperature gradient and
hence a deeper thermocline. A greater difference in DT indicates a
larger temperature gradient and consequently, a shoaling of the
thermocline typical for upwelling conditions (Mohtadi et al., 2010;
Steinke et al., 2011).
3.3. Planktic foraminiferal assemblage

At every 10 cm a minimum of 300 individuals of planktic fora-
minifera from the size fraction >125 mm were counted. The abun-
dance of single species relative to total planktic foraminifera was
calculated. The abundance ofmixed-layer (ML) dwelling, symbiont-
bearing foraminifera and ML and thermocline dwelling, symbiont-
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barren foraminifera was used to assess the nutrient availability
related to upwelling conditions in the study area. ML dwelling,
symbiont-bearing foraminifera are able to cope with the disad-
vantages of a deep mixed layer (e.g. during a more negative IOD-
like mean state), while ML and thermocline dwelling, symbiont-
barren foraminifera prefer nutrient-rich waters (e.g. during a pos-
itive IOD-like mean state). To obtain the statistical error the stan-
dard deviation was calculated on 3 replicate counts of 3 replicate
splits, respectively. The counts have a relative error of 3% for ML
dwelling, symbiont bearing foraminifera (Orbulina universa, Globi-
gerinoides conglobatus, G. ruber, Globigerinoides sacculifer, Globiger-
ina aequilateralis, Globigerina falconensis) and 5% for ML and
thermocline dwelling, symbiont-barren foraminifera (Globigerina
bulloides, Neogloboquadrina dutertrei, Neogloboquadrina pachy-
derma, Pulleniatina obliquiloculata, Globigerina glutinata, Globigerina
calida, Globorotalia scitula, Globigerina quinqueloba, Globorotalia
tumida).

3.4. Climate modeling

Output from transient Holocene climate simulations (Varma
et al., 2012) was analyzed to help interpreting the proxy records.
The simulations were performed using the low-resolution (T31 or
3.75� atmosphere) version of the comprehensive climate model
CCSM3 (Yeager et al., 2006), which is a fully-coupled atmosphere-
ocean general circulation model (Collins et al., 2006). From a pre-
industrial equilibrium simulation, the model was integrated for
400 years with conditions representing 9 ka orbital forcing to reach
a new quasi-equilibrium. After this spin-up, three transient Holo-
cene (9e0 ka) simulations, which differ in their initial conditions,
were carried out, where orbital forcing has been accelerated by a
factor 10 (cf. Lorenz and Lohmann, 2004). While the first transient
run was initialized with the quasi-equilibrated 9 ka state, the sec-
ond and third runs used the 8.9 and 8.8 ka climates from the first
transient run as initial conditions at 9 ka. Greenhouse gas con-
centrations, aerosol and ozone distributions have been kept con-
stant at pre-industrial values in all Holocene experiments.
Moreover, modern continental ice sheets were prescribed such that
variations in the orbital parameters were the sole external forcing
in the transient runs. The reader is referred to Varma et al. (2012)
for a detailed description of the model setup and experimental
design.

Spatio-temporal patterns of low-level (850 hPa) zonal wind
variability over the Indian Ocean were examined by means of
empirical orthogonal function (EOF) analysis using the three-
member ensemble average (averaging over the different runs re-
duces the influence of stochastical internal climate variability on
the results). The EOFs (or principal components) were found by
computing the eigenvalues and eigenvectors of the wind-field
covariance matrix (e.g. von Storch and Zwiers, 2004). The derived
eigenvalues provide ameasure of the percent variance explained by
each mode (the first or leading mode provides the highest variance
in the wind field). The time series of each mode were obtained by
projecting the derived eigenvectors onto the spatially weighted
anomalies.

4. Results

4.1. Mg/Ca Paleothermometry, upper water column structure and
faunal analysis

The TT estimates fluctuate between 24 and 27.5 �C (2.8 and
3.8 mmol mol�1) and are in good agreement with the SODA 2.2.4
dataset but also the CTD profiles which show a temperature at 70m
water depth of 23e24 �C during positive IOD events and 27e29 �C
during normal years (Fig. 2). TT estimates show a strong variability
and discernable long-term variations with a general increase
observable during the early Holocene, which peaks during the mid-
Holocene (~26 �C at about 5 ka) and decreases thereafter towards
the present (~24 �C, Fig. 3b, c). The SST estimates remain relatively
constant during the Holocene (Fig. 3a, Mohtadi et al., 2014) and
vary between 28.3 and 30.5 �C (4.9 and 5.9 mmol mol�1). They
show a slight decreasing trend between 8 and 6 ka followed by a
period of strong SST fluctuations between 6 and 5.5 ka and a cooler
andmore stable period between 5.5 and 2.5 ka. The late Holocene is
characterized by large variations and relatively high SST (~29.7 �C),
interrupted by a period of slightly cooler SST between 1.9 and
1.2 ka.

Strong fluctuations in DT can be recognized throughout the
Holocene with values ranging between 2 and 6 �C (Fig. 3d). The
early tomid-Holocene is characterized by a lower DT (4 ± 0.7 �C). At
around 3 ka, a shift from lower to higher values takes place, and DT
remains high towards the present (4.6 ± 0.6 �C). This difference is
highly significant (p < 0.01) according to the t-test. A decrease from
40% to 30% in the abundance of ML dwelling, symbiont-bearing
foraminifera coincides with an increase from 50% to 60% in the
abundance of ML and thermocline dwelling, symbiont-barren
foraminifera during the late Holocene (Fig. 3e, f). Power spectra
(95% significance level) of SST, TT and DT indicate cycles centered at
~3850, ~1540 and ~1290 years for SST, ~3850, ~2570, ~1100, ~150
years for TT and, ~1540 and ~150 years for DT.

4.2. Model results

The leading EOF of the annual mean zonal wind field (three-
member ensemble average; see above) explains 23% of the variance
and contains the long-term Holocene trend. It shows a continuous
increase of surface westerlies over the equatorial Indian Ocean and
Southeast Asia (Fig. 4, upper panel; reddish region because the
principal component time series has a negative trend) which is
associatedwith theweakening of the Indianmonsoon. The first EOF
of the SON season (24% variance explained) shows an almost similar
pattern over theWest Pacific/Philippines region (Fig. 4, lower panel;
bluish region because the corresponding principal component time
series has a positive trend). By contrast, an opposite trend is simu-
lated over the tropical eastern Indian Ocean/Indonesian regionwith
increasing easterly surface wind anomalies (reddish region). We
note that qualitatively the same EOF patterns and time series were
reproduced in all three individual Holocene runs.

5. Discussion

Our DT show a shift from lower to higher values at around 3 ka,
indicating a shoaling of the thermocline off western Sumatra dur-
ing the late Holocene. This is supported by the decrease in the
relative abundance of ML dwelling, symbiont-bearing planktic
foraminifera and an increase in ML and thermocline dwelling,
symbiont-barren planktic foraminifera indicating a shift to an
intensified upwelling (Fig. 3e, f). We suggest that changes in the
IOD-like mean state might control the long-term variations in TT
and DT. We interpret warmer TT and a smaller DT between 8 and
3 ka to reflect a more negative IOD-like mean state, whereas colder
TT estimates and a greater DT after 3 ka are interpreted to reflect a
more positive IOD-like mean state. Reconstructed Holocene TT
variations are relatively small compared to the TT changes of the
past three decades as indicated by the CTD or SODA 2.2.4 data at the
calcification depth of P. obliquiloculata (~6 �C, Fig. 2). We attribute
this discrepancy to a smoothing of the IOD-related temperature
anomalies in our samples that encompass different seasons and
several years.



Fig. 4. The spatial distribution and time-series of the first empirical orthogonal function (EOF) of annual-mean (top) and SeptembereOctobereNovember (bottom) 850 hPa zonal
wind simulated for the period 8 to 0 ka by CCSM3 using orbital acceleration with a factor of 10. The EOF analysis was performed on a three-member ensemble mean. The time-series
are standardized and the EOF maps are obtained by regressing the wind data onto the corresponding standardized leading principal component time-series. Positive (negative)
values in the maps correspond to westerly (easterly) wind anomalies. Multiplication of the values with the time-series provides the Holocene trends.
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Abram et al. (2007, 2009) observe a SST cooling of >2 �C off
Sumatra during the 1997 positive IOD event. Saji and Yamagata
(2003) and Qiu et al. (2012) show only a moderate SST cooling of
<1 �C during most of the 20th century positive IOD events.
Deshpande et al. (2014) propose a difference between strong and
weak positive IOD events: Strong IOD events driven by a thermo-
clineeSST coupling are strongly interactive with the atmosphere,
whereas weak IOD events are a response to surface winds without
such dynamical coupling. The thermoclineeSST coupling is pri-
marily responsible for the enhanced SSTgradient during strong IOD
years leading to an anomalousWalker circulationwithin the Indian
Ocean. Therefore, weaker positive IOD events have a weaker effect
on SST in the eastern Indian Ocean than strong positive IOD events.
Due to an error of ~1 �C in our foraminiferal SST reconstruction, a
more robust signal is expected from reconstructed variations in
thermocline temperatures and upper water column structure.
Moreover, in-situ observations indicate only a SST cooling of ~1 �C
between a normal year (August 2005) and a positive IOD year
(September 2006), but a significant shoaling of the thermocline
during the positive IOD year in comparison to the normal year
(Fig. 2, Mohtadi et al., 2007). This is corroborated by the comparison
of the SODA 2.2.4 time series to the DMI (Fig. 2), further supporting
the feasibility of using thermocline conditions as a sensitive proxy
for IOD reconstructions. We therefore suggest that our approach of
reconstructing the IOD-like mean state of the Indian Ocean during
the Holocene is only capable of discriminating between periods
characterized by more frequent and stronger positive or negative
IOD events.

Our interpretation of the proxy data is corroborated by the re-
sults of the transient Holocene climate model simulation. The first
EOF of the SON season shows an IOD-like pattern (cf. Saji et al.,
1999; Qiu et al., 2012) with an increasing trend of surface easterly
wind anomalies over the equatorial eastern Indian Ocean and
Indonesian region, indicating a trend towards more positive IOD-
like conditions during the late Holocene (Fig. 4). These anomalous
easterly winds induce a shoaling of the tropical thermocline in the
eastern Indian Ocean. The simulated interannual zonal surface
wind and DT (temperature difference between surface and ther-
mocline at 70m depth) variations off the equatorial Sumatran coast
are highly correlated for the SON season with r ¼ �0.71 at a model
grid point nearest to the core location.

The reconstructions of Abram et al. (2009) show periods of a
more positive IOD-like mean state e.g. during the mid-Holocene
and periods of a more negative IOD-like mean state e.g. during
the late Holocene and are partly anti-correlated to our DT record
(Fig. 5b, c). This might be attributed to the different sample reso-
lutions used in both studies: the reconstructions using corals allow
the detection of single IOD events while our sedimentary record
only allows the detection of long-term variability in the IOD-like
mean states due to the general lower resolution of sedimentary
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archives. Considering that SST estimates derived from G. ruber are
used to calculate DT, reconstructed upwelling intensity based on DT
tends to be overestimated. G. ruber as a warm water species does
not favor upwelling conditions and therefore might record annual
mean temperatures with a stronger emphasis on non-upwelling
seasons.

At present, another characteristic feature of the IOD is the
contrasting rainfall pattern over the eastern and the western Indian
Ocean. Sea surface salinity reconstructions shift from fresher to
saltier conditions around ~3 ka as deduced from d18Osw re-
constructions (Fig. 5a, Mohtadi et al., 2014). However, the observed
variations in d18Osw are only minor and might not be a reliable
indicator for precipitation changes during the Holocene. Rainfall
reconstruction of western Sumatra based on dD of plant waxes
show two distinct periods of enhanced precipitation and a sup-
posably more negative IOD-like mean state between 6.5 and 8 ka
and between 1 and 2 ka (Fig. 5d, Niedermeyer et al., 2014). This is
partly in contrast to our reconstruction as well as to the re-
constructions of Abram et al. (2009). Niedermeyer et al. (2014)
suggest that the mid-Holocene decrease in precipitation off west-
ern Sumatra coeval with a decrease in East African rainfall and a
warm SST anomaly off Sumatra (Abram et al., 2009) might be a
result of a non-linear relationship between the eastern Indian
Ocean SST and western Indian Ocean rainfall pattern. Alternatively,
they argue that the core site of SO189-144KL might not be located
within the center of precipitation changes during that time. Addi-
tional precipitation data from western Sumatra is necessary in or-
der to better evaluate the IOD induced rainfall changes in the
eastern Indian Ocean.

Tierney et al. (2013) reconstruct variations in precipitation over
the western Indian Ocean on decadal timescales. Compared to
Makassar Strait SST, this gives evidence that East African rainfall
might be controlled by the Walker circulation over the Indian
Ocean. Tierney et al. (2008) analyze the dD of leaf waxes from Lake
Tanganyika, which indicates a mayor shift to dry conditions around
4.7 ka (Fig. 5g) consistent with lake level reconstructions from Lake
Turkana showing awater-level drop of ~50m around 5.3 ka (Garcin
et al., 2012). This is supported by the study of Tierney and
deMenocal (2013) using dD of leaf waxes from a marine record in
the Gulf of Aden (Fig. 5f). Comparison with other hydroclimate
reconstructions shows a coherent picture of the development of the
African Humid Period over northeast Africa, and suggests that the
hydroclimate is mainly controlled by the Africanmonsoonal system
(Tierney and deMenocal, 2013). In comparison to our proxy data no
correlation of climatic shifts can be identified and therefore we
assume that the long-term IOD-likemean state signal is tooweak in
the western Indian Ocean. The IOD signal might be masked by the
strong monsoon signal in the Holocene climate records from East
Africa and the western Indian Ocean (de Boer et al., 2014) which
further complicates a straightforward comparison of the eastern
and the western Indian Ocean climate archives. This assumption is
further supported by coherent changes in reconstructed Holocene
SST anomalies off Tanzania (Kuhnert et al., 2014) and rainfall
anomalies in Flores, Indonesia (Griffiths et al., 2009), with positive
SST anomalies off East Africa corresponding to positive rainfall
anomalies over South Indonesia and vice versa. Kuhnert et al.
(2014) therefore suggest that mid-Holocene climate was anoma-
lous on a global scale and hypothesize that the unusual tempera-
ture pattern in the Indian Ocean reflects remote forcing rather than
one of the climate modes internal to the Indian Ocean. Proxy-based
reconstructions, including this study, might also incorporate other
seasons and years which would hamper a direct comparison
additionally.

Swapna and Krishnan (2008) suggest a strong pressure gradient
along the equator producing an eastward equatorial undercurrent
that leads to upwelling of cold subsurface waters in the eastern
Indian Ocean during times of strong summer monsoon. During a
weak summer monsoon, this pressure gradient is too weak to
create an equatorial undercurrent and the resulting upward
movement of subsurface waters in the eastern Indian Ocean
(Swapna and Krishnan, 2008). This IOD-monsoon coupling has also
been suggested for the past, with longer and stronger positive IOD
events during the monsoon-dominated mid-Holocene (Abram
et al., 2007). However, more positive IOD events during the last
decades (Abram et al., 2008; Ihara et al., 2008; Cai et al., 2009) are
associated with a weakening of the Indian summer monsoon
(Naidu et al., 2009; Cai et al., 2013). Thus, observations suggest that
both the sign and the phase of the IOD-monsoon relationship can
change over decades, and it is likely that such changes also occurred
in the past. Li et al. (2003) suggest a negative feedback mechanism
between the Indian summer monsoon and the IOD leading to a
contemporaneous decrease in precipitation over India and
Indonesia. A positive IOD might strengthen the Indian monsoon
whereas a strengthened Indian monsoon might weaken the IOD (Li
et al., 2003). This relationship is also evident from our recon-
struction when a positive IOD-like mean state during the late Ho-
locene corresponds to a period of weaker Asian summer monsoon
(Wang et al., 2005; Fleitmann et al., 2007; Mohtadi et al., 2011b),
whereas a more negative IOD-like mean state during the mid-
Holocene is accompanied by a stronger Asian summer monsoon
(Wang et al., 2005; Fleitmann et al., 2007; Mohtadi et al., 2011b).
Spectral analyses of our records from the eastern tropical Indian
Ocean indicate an influence of solar activity with cycles of 2500,
1000 and,150 years (Debret et al., 2007; Abreu et al., 2012) together
with a 1.5 ka cyclicity that might reflect the Bond cycles in the
North Atlantic (Bond et al., 2001). It is suggested by previous
studies that solar activity has a significant influence on monsoonal
precipitation indicated by cycles centered at ~150 years (Fleitmann
et al., 2003; Wang et al., 2005). However, due to the relatively low
temporal resolution of our records interpretations on a monsoon-
IOD relationship on these frequencies would be speculative.
Abram et al. (2007) propose a close relationship between the
monsoonal system and the IOD because the monsoonal wind
reversal at the onset of the NW monsoon terminates IOD events.
However, IOD events also have a prominent influence on the
moisture transport by monsoonal surface winds into areas sur-
rounding the Indian Ocean. During the positive IOD event in 1994,
when a positive IOD and an El Ni~no event co-occurred (Ding and Li,
2012), an enhanced convection over India resulted in heavy pre-
cipitation over Northern India, the Bay of Bengal, Indochina and
Southern China (Behera et al., 1999; Guan and Yamagata, 2003).
Large anomalies in Indian summer monsoon rainfall can be related
to an additive influence of ENSO and the equatorial Indian Ocean
Oscillation, the atmospheric component of the IOD (Gadgil et al.,
2004) or strong IOD events (Deshpande et al., 2014). While dur-
ing El Ni~no events an anomalous divergence over India cause
anomalous subsidence and weakens the Indian summer monsoon
rainfall, positive IOD-induced wind anomalies weaken the influ-
ence of ENSO and persuade a convergence over the Indianmonsoon
region (Ashok et al., 2004). Ponton et al. (2012) reconstruct the
Holocene monsoon variability by using carbon isotopes of sedi-
mentary leaf waxes in a marine record in the Bay of Bengal off the
Godavari River. This record reflects a gradual increase in aridity-
adapted flora indicating a decrease in precipitation during the
Holocene (Fig. 5e). Climatic conditions in India became drier during
the late Holocene whereas our DT reflects a more positive IOD-like
mean state (Fig. 5b). The orbitally-forced weakening of the
monsoon during the Holocene might have led to a shift to a more
positive IOD-likemean state of the Indian Ocean, amplified bymore
frequent and intensive El Ni~no events (Li et al., 2003).



Fig. 5. Comparison of a) d18Osw indicating variations in sea surface salinity (Mohtadi et al., 2014), b) DT derived from SST estimates e TT estimates indicating the mixed layer
thickness, c) coraline SST anomaly reconstructions (Abram et al., 2009), d) dD from SO189-144KL indicating rainfall variations off West Sumatra (Niedermeyer et al., 2014), e) d13C
from plant waxes from India indicating an aridification in India during the Holocene (Ponton et al., 2012), f) dD from leaf waxes from marine record P178-15P from the Gulf of Aden
(Tierney and deMenocal, 2013) indicating an aridification in East Africa during the Holocene supported by g) dD from leaf waxes from Lake Tanganyika (Tierney et al., 2008). The
gray box indicates a period of a more negative IOD-like mean state in the Indian Ocean.
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6. Summary

We present a continuous multi-proxy based reconstruction of
the Holocene hydrography in the tropical eastern Indian Ocean, an
area sensitive to IOD variability. Depth of thermocline and ther-
mocline temperature reconstructions show a gradual decrease to-
wards the late Holocene that might represent a shift to a more
positive IOD-like mean state. Results from an orbital-forced climate
model support our interpretation of long-term variations of the
IOD-like mean state in the Indian Ocean. The gradual shift from a
more negative IOD-like mean state to a more positive IOD-like
mean state coincides with a shift from a westerly-dominated
wind regime to an easterly-dominated wind regime during the
IOD season. Additional temperature and rainfall records from both
sides of the tropical Indian Ocean realm less affected by the
monsoon system are essential in order to better assess sign and
spatial extent of climate change and their relationship to the IOD.
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