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Abstract

The monsoon is one of the most important climatic phenomena: it promotes inter-
hemispheric exchange of energy and affects the economical prosperity of several coun-
tries exposed to its seasonal seesaw. Previous studies in both the Indian and Asian
monsoon systems have suggested a dominant north hemispheric (NH) control on sum-5

mer monsoon dynamics at the scale of suborbital-millennial climatic changes, while the
forcing/response of Indian and Asian monsoons at the orbital scale remains a matter
of debate. Here nine marine sediment cores distributed across the whole Arabian Sea
are used to build a regional surface marine productivity signal. The productivity signal
is driven by the intensity of Indian summer monsoon winds. Results demonstrate the10

existence of an imprint of suborbital Southern Hemisphere (SH) temperature changes
(i.e., Antarctica) on the Indian summer monsoon during the last glacial period, chal-
lenging the traditional and exclusive NH forcing hypothesis. Meanwhile, during the last
deglaciation, the NH plays a more significant role. The δ18O signal recorded in the
Asian monsoon speleothem records could be exported by winds from the Indian sum-15

mer monsoon region, as recently proposed in modelling exercise, explaining the SH
signature observed in Asian cave speleothems. Contrary to the view of a passive re-
sponse of Indian and Asian monsoons to NH anomalies, the present results strongly
suggest that the Indo–Asian summer monsoon plays an active role in amplifying mil-
lennial inter-hemispheric asymmetric patterns. Additionally, this study helps to decipher20

the observed differences between Indian and Asian-speleothem monsoonal records at
the orbital-precession scale.

1 Introduction

Today, the Arabian Sea is characterized by a high sea surface productivity. Although it
is difficult to quantify the preformed O2/nutrient ratio of Antarctic intermediate waters25

influencing the Indian sector of the Southern Ocean and its control on the Arabian Sea
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productivity, the seasonal wind reversal in response to Indian monsoonal dynamics is
undoubtedly important for nutrient supply to the sea surface, which modulates produc-
tivity and subsurface O2 demand (Böning and Bard, 2009; Nair et al., 1989). The high
surface productivity contributes to generate important biogenic fluxes to the sea floor
which, combined with a low supply of oxygen by physical pump, produces and main-5

tains an intense oxygen minimum zone (OMZ) (Sarme, 2002; Böning and Bard, 2009)
(Fig. 1). High-resolution studies, based on paleoproductivity proxies, have documented
production changes in the area linked to variability in upwelling driven by the summer
monsoon (Schulz et al., 1998; Altabet et al., 2002; Ivanochko et al., 2005).

It has been long suggested that the Northern Hemisphere (NH) climate controls the10

Indo–Asian summer monsoon dynamics at suborbital scale (Schulz et al., 1998; Wang
et al., 2001; Altabet et al., 2002; Burns et al., 2003; Rohling et al., 2003; Yuan et al.,
2004; Ivanochko et al., 2005; Cosford et al., 2008) based on the apparent similarity of
these Indo–Asian record structures at millennial/suborbital-scale with that of Greenland
δ18O ice-core records (NGRIP members, 2004). During warm interstadials of the North15

Atlantic, the atmosphere can hold more moisture as a result of higher air temperatures.
In addition, the duration and intensity of winter snow cover over Asia exerts an impor-
tant control on the intensity of the summer monsoon (Meehl, 1997). A minority of re-
search results led to a different view and suggested a possible teleconnection between
the Asian monsoon and Southern Hemisphere (SH) climatic variations (Cai et al., 2006;20

Rohling et al., 2009). However, such potential teleconnection for the Indian monsoon
system remains unexplored. Comparison between Indo–Asian monsoon records and
NH changes are traditionally based on a limited number of study sites (Schulz et al.,
1998; Wang et al., 2001; Altabet et al., 2002; Ivanochko et al., 2005). Results are
therefore reduced to localised datasets and interpretations with possible influence of25

regional particularities that can induce signal bias. In addition, the forcing-response re-
lationships of Indo–Asian summer monsoons at the orbital scale also remain a matter
of debate (Wang et al., 2001, 2008; Clemens et al., 2003, 2010; Cheng et al., 2009;
Caley et al., 2011a, b).
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Here, we analyse suborbital and orbital marine productivity records, based on
bromine (Br) signals obtained by XRF counts, in the Arabian Sea (Fig. 1). Previous
study has demonstrated a good correlation between biophilic halogen Bromine (Br)
and sedimentary Total Organic Carbon (TOC) of the Arabian Sea (Ziegler et al., 2008).
We first demonstrate the dominant role of the Indian summer monsoon in driving the5

productivity signal recorded. Then, Indian summer monsoon changes during the last
80 kyr are investigated, alongside their link with the Asian monsoon system and the
potential control of bipolar (NH/SH) climate variability on monsoon dynamics.

2 Material and methods

2.1 Bromine measurements10

Bromine measurements were performed with an Avaatech XRF core scanner. Each
core section was scanned every 1 cm (except core MD04-2861 which was scanned
every 2 cm) with ionization energy of 10 and 30 kv.

2.2 Organic carbon content

The organic carbon content was determined on dry weight sediment by combustion in15

an LECO CS 125 analyzer (Cauwet et al., 1990). Samples were acidifed in crucibles
with 2N HCl to destroy carbonates, then dried at 60 ◦C to remove inorganic C and most
of the remaining acid and water. The analyses were performed by direct combustion
in an induction furnace, and the CO2 formed was determined quantitatively by infrared
absorption.20

2.3 Age model

The age model was built with seventeen radiocarbon (14C) control points based on
two different hemipelagic cores (MD04-2861 (Caley et al., 2011a) and KS07) (Table 1).
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Radiocarbon ages were obtained at the “Laboratoire de Mesure du Carbone 14” in
Saclay (“SacA”) within the framework of the “ARTEMIS” radiocarbon dating project.
Radiocarbon dates have been corrected for a marine reservoir effect of 400 yr and
calibrated to calendar years using CALIB Rev 6.0.1/Marine04 data set (Bard, 1998;
Stuiver, 1998). All ages are given as calendar age (cal. BP). In addition, six Globoro-5

talia Events (GEs) control points were used on core MD04-2861 (Caley et al., 2011a).
Because downcore bromine signals in each of the nine cores showed similar structure
and peaks, all core depths (MD04-2861, KS01-04-05-09-11-12-13) were converted to
KS07 core depth by tuning each bromine record to the KS07 bromine record with Anal-
yseries software (Paillard et al., 1996). Core KS07 was chosen as a reference core10

because (1) the core is entirely composed of hemipelagic sediments providing a con-
tinuous record over the last 110 ka BP, and because (2) KS07 was not affected by
coring disturbance (piston effect) during the coring procedure. Note that during the
tuning procedure, some turbiditic events in cores KS09, KS11, KS12 and KS13 were
virtually removed because of their instantaneous depositions, considered at a geolog-15

ical time scale. The stratigraphic data obtained in cores MD04-2861 and KS07 were
used to build a polynomial age model based on the common KS07 depth (Fig. 2). The
polynomial age model was then applied to the nine cores (in KS07 depth, Fig. 3).

3 Results and discussion

3.1 The Arabian Sea productivity signal20

Despite the different locations of the cores in very different water depths and sedimen-
tary environments (i.e., along continental margins, deep sedimentary basin or along
the Sheba–Owen–Murray ridges, Fig. 1), the common Br pattern registered across
time and across the whole Arabian sea indicates that comparable hydrological and
sedimentological processes have driven the export and regional fossilisation of this25

element (Figs. 1, 3). Paleo-climate marine records used in this study, as well as in
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previous work (Schulz et al., 1998; Ziegler et al., 2010), are located within, close to,
or out of the OMZ (Figs. 1, 5). Therefore, it can be suggested that (1) the dynamics
of the OMZ in the past is not the main driver of the Br preservation signals observed
in current marine records and (2) the potential effect of bioturbation under the OMZ is
weak. After completing a calibration (R2 = 0.87) with the Total Organic Carbon (TOC)5

content in the sediment (Fig. 4), bromine (Br) signals obtained by XRF counts can be
used as proxies of surface marine productivity changes (Ziegler et al., 2008).

As downcore Br signals at each coring site show very similar structure and events
(peaks/troughs), a stack was computed. The stacking procedure smoothes the final
signal, but it also reinforces the common down-core pattern and facilitates compari-10

son with other records. For that purpose, each Br signal was resampled with a time
step of 200 yr using Analyseries software (Paillard et al., 1996). Following this, each
Br signal was normalized into a unit standard deviation change around a zero mean,
using (x-mean)/(standard deviation). For the obtained stack (Fig. 3), no significant dilu-
tion effect by the input and preservation of biogenic carbonate and terrestrial material15

can be observed (Fig. S1). In order to compare this reference record with the bipolar
climate variability, we used the high-resolution NH NGRIP δ18O ice record from Green-
land (NGRIP members, 2004) as well as the SH EPICA Dronning Maud Land (EDML)
δ18O ice record from Antarctica (EPICA community members, 2006). The chronology
(GICC05) of the NH record has been applied, by methane synchronisation, to the SH20

record.

3.2 Uncertainties associated to marine, ice and continental records

The GICC05 timescale (NGRIP, apply to EDML) is layer-counted with uncertainty limits
which increase with age (errors are cumulative), amounting to about 0.9 % at around
12 kyr BP to about 3.5 % at around 32 kyr B.P (Rasmussen et al., 2006; Anderson25

et al., 2006). The U-Th age uncertainties for the Dongge and Hulu Cave records remain
around 1.5 % (Wang et al., 2001, 2004; Yuan et al., 2004).
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14C dating of marine cores (0 to 40 kyr) involves uncertainties on the order of several
centuries (Table 1). Nonetheless, these uncertainties are probably more important,
a couple of hundred years, because of the bioturbation influences that could have
mixed information between samples, the microscopic impurities, and the assumptions
about the marine reservoir age correction. GEs in core MD04-2861 have radioisotopic5

age constraints derived from U/Th dates based on speleothem records (Ziegler et al.,
2010; Caley et al., 2011a) and assume that Arabian Sea GEs and speleothem events
are temporally correlative. All these uncertainties can explain some offsets between
records discussed hereafter that increase with age.

3.3 Intermediate water circulation forcing on Arabian Sea productivity10

The preformed O2/nutrient ratio of Antarctic intermediate waters influences the Indian
sector and could control Arabian Sea productivity. We focus on the interval 10–40 kyr
during the last glacial period, as age models are better constrained within this time
interval. High-resolution marine sediments studies demonstrate that increases in inter-
mediate water flow in the Arabian Sea (Jung et al., 2009) and the Indo-southwestern15

Pacific (Pahnke and Zhan, 2005) occurred in anti-phase with changes in Arabian Sea
productivity at the suborbital scale (Fig. 6). Increased ventilation events in the SH coin-
cide with abrupt increase of Antarctic intermediate water (AAIW) renewal in the south
west Pacific sector of the Southern Ocean, and are out of phase with Arabian Sea
productivity increase. At the orbital scale, previous work has demonstrated that the Br20

signal was not in phase with increased ventilation revealed by the mid-depth benthic
δ13C gradient (Caley et al., 2011a).

Therefore, SH ventilation changes can not be considered as the main driver of pro-
ductivity changes in the Arabian Sea at the orbital and suborbital scale changes. Indian
summer monsoon dynamic seems to be the good candidate to explain the productivity25

signal recorded.
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3.4 Atmospheric forcing on Arabian Sea productivity

3.4.1 Suborbital-millennial forcing for Indian summer monsoon

The Arabian Sea Br stack shows suborbital variations that follow similar trends to
the millennial-scale signal structure visible in Chinese speleothems and in Green-
land/Antarctic δ18O ice-core records (Dansgaard, 1993; Wang et al., 2001; NGRIP5

members, 2004; EPICA community members, 2006) (Fig. 7). Low Br intensities seem
to be recorded during events coinciding with Dansgaard–Oeschger stadials and the
Younger Dryas (or during out of phase Antarctic warming), including pronounced
events of massive ice-rafted debris deposition in the North Atlantic, the so-called Hein-
rich events (HEs 1 to 6) (Heinrich, 1988) (Fig. 7).10

We focus on the 10–40 kyr interval in order to discuss suborbital-millennial changes
during the last glacial period, as age models are better constrained within this time
interval (Fig. 2 and 5). Statistical analyses for the interval 16–40 kyr reveal better corre-
lations between the Br stack and the –EDML atmospheric signal (R2 = 0.33 for non
tuned records and R2 = 0.6 for tuned records) than between the Br stack and the15

NGRIP atmospheric signal (R2 = 0.02 for non tuned records and R2 = 0.01 for tuned
records) (Table 2). A distinct structure in the Br stack from about 22 to 16 kyr BP is
also observed. This is not visible in NGRIP but is similar to that recorded in the –
EDML ice record (Fig. 7). In addition a recent high-resolution study in the Arabian
Sea, using a reflectance record as a proxy for Indian summer monsoon, indicates20

some differences with NGRIP (Deplazes et al., 2013). The authors mention that the
characteristic sawtooth structure of NGRIP δ18O variability is not a good template for
tropical hydroclimate change. Based on our comparison, we note a similar structure
between the reflectance record and –EDML from about 22 to 16 kyr BP (Fig. 7). These
similarities indicate that SH changes might play an important role in Indian summer25

monsoon dynamics (Table 2), challenging the traditional views of a strict NH control.
Results are congruent with both modern observations (Xue et al., 2004) and high-
resolution continental Quaternary records from south-western China (An et al., 2011),
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which demonstrated that lower Antarctic temperatures lead to a stronger high pres-
sure system over the Mascarene region. Indeed, the Mascarene high is forced by the
subsiding branch of the Southern SH Hadley cell owing to the Equator-to-Antarctica
temperature gradient. This strengthens the cross-equatorial Somali jet leading to in-
creased intensity of Indian summer monsoons (Xue et al., 2004).5

For the interval 10–16 kyr, corresponding to the deglaciation period, the role of NH
(correlation with NGRIP signal) becomes more important (Table 2, Fig. 7) as also ob-
served in Caley et al. (2013). When the global ice volume decreases, the continental
Indian low-pressure system intensifies rapidly and thus enhances the cross-equatorial
monsoon gradient, together with an increased moisture supply from the warming trop-10

ical Indian Ocean (An et al., 2011).

3.4.2 Suborbital/millennial Indo–Asian summer monsoons relationship

Recent statistical re-evaluations of the δ18O signal of Asian speleothems demonstrated
that this record contains information linked to SH at sub-orbital scale (Cai et al., 2006;
Rohling et al., 2009). Results from this study support the idea that the atmospheric15

δ18O signal is exported by the Indian summer monsoon winds towards the Asian mon-
soon system, as recently showed by numerical modelling (Pausata et al., 2011; Lee
et al., 2012), explaining the synchronicity between the Indian and Asian monsoon mil-
lennial events (Fig. 7). This is in agreement with modern meteorological data indicating
that the two monsoon systems are linked through a common humidity source located20

in the South Indian Ocean (Ding et al., 2004; Clemens et al., 2010). One implication
of this different view of the paradigm for NH-triggered sub-orbital monsoon variability
is the active role played by the Indo–Asian monsoon for inter-hemispheric variability,
as opposed to a passive response driven by NH-generated anomalies (Cheng et al.,
2009; Pausata et al., 2011).25

This study argues that the Indo–Asian monsoon can be considered as an amplifier of
inter-hemispheric energy transfer at sub-orbital scale during the last glacial period. Dur-
ing a glacial period, the monsoon is weak overall (An et al., 2011). The asynchronous
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relationship between Antarctic and Greenland millennial-scale temperature changes
during the last glacial period has led to the theory that the bipolar seesaw acts to re-
distribute heat according to the state of the Atlantic Ocean meridional overturning cir-
culation (Crowley, 1992; Broecker, 1998). We propose that atmospheric teleconnection
can amplify this process and that the Indo–Asian monsoon plays an important role.5

During SH cooling, the monsoon circulation is enhanced with important energy trans-
fers to the NH, which can, in turn, amplify/modulate DO interstadials (Figs. 7 and 8).
This atmospheric teleconnection has already been suggested for DO interstadials 12,
8, and 1 (Rohling et al., 2003). Conversely, when the SH temperature increases (AIMs),
the reduced Indo–Asian monsoon circulation can constitute a positive feedback to the10

observed stadials recorded in the NH (Figs. 7 and 8). As atmospheric processes are
faster than oceanic processes, the monsoon is an ideal candidate to amplify inter-
hemispheric asymmetric patterns during millennial scale changes.

3.4.3 Orbital forcing for Indo–Asian summer monsoons

Superimposed on the suborbital/millennial dynamics, the external (insolation) forcing15

contributes to Indo–Asian summer monsoon variability. Differences in the amplitude of
millennial events can be observed between Indian and Asian monsoon records (Fig. 7).
This could be attributed to local influence on speleothem δ18O signals, or to superim-
posed orbital-driven insolation variations. As long as other Asian speleothem records
reveal an overall positive signal similarity (Cosford et al., 2008), the observed dissimi-20

larity can be attributed to the effect of orbital variations. Furthermore, previous studies
have reported significant differences at the orbital scale between the Indian and Asian
monsoon systems (Reichart et al., 1998; Clemens and Prell, 2003; Clemens et al.,
2010; Ziegler et al., 2010; Caley et al., 2011a, b).

Considering (1) the time period covered by our productivity stack and (2) that the25

East-Asian monsoon and Indian monsoon records show a good phase relationship in
the obliquity band (Clemens et al., 2010; Caley et al., 2011a, b), we have concentrated
our effort on the controversial phase relation observed in the precession band. Different
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explanations have been put forward for these phase relationship. Reichart et al. (1998)
proposed that the Indian summer monsoon was sensitive to late summer insolation
forcing (August or September perihelion), based on the observation that the maximum
in seasonal biological productivity measured in sediment traps occurs in August and
September. However, Clemens and Prell (2003) demonstrate that the late timing of5

the maximum biological flux within the seasonal cycle is not a synchronous response
to late summer insolation forcing and should not be extrapolated to processes oper-
ating on orbital time scales. Also, Clemens and Prell (2003) and more recently Caley
et al. (2011a) suggested the combined effect of sensitive heating over the Tibetan
plateau, which is influenced by ice volume changes, and the latent heat export from10

the southern Indian Ocean to set the timing of strong Indo–Asian summer monsoons
within the precession cycle. Caley et al. (2011a) also demonstrates that the produc-
tivity signals in the northern Arabian Sea are mainly controlled by summer monsoon
dynamics and not AMOC modulated nutrients at orbital scale changes as hypothesized
by Ziegler et al. (2010).15

The observed synchronicity between the Indian and Asian monsoon suborbital
events was used to advance this debate. Thus, the age model has been refined by tun-
ing the Arabian Sea Br stack to the δ18O millennial events of speleothems (Fig. S2).
This method enables the high-precision comparison of the Indian and Asian records
over a common and orbital-independent age scale. The signals have then been fil-20

tered in the precession band using a Gaussian filter with Analyseries software (Pail-
lard et al., 1996) (Fig. 7). We also apply the same filter to the high resolution Indian
summer monsoon record of Deplazes et al. (2013), which is independent of our age
model (Fig. 7). Strong differences in the precession band occur over the last 80 kyr
(Fig. 3) between Indian and Asian monsoon records, whereas the two independent25

Indian monsoon records do show the same phasing. A constant gap of 7 kyr on aver-
age is observed between the Indian and Asian monsoon records (Fig. 7b), confirming
that the previous observed discrepancy (Clemens et al., 2010; Ziegler et al., 2010;
Caley et al., 2011a) was not a result of age model problems. The Indian and Asian
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summer monsoon systems show important linkages at suborbital (this study and De-
plazes et al., 2013) and orbital-obliquity timescales (Clemens et al., 2010; Caley et al.,
2011a). Therefore, climate processes occurring at the orbital-precession scale, and
not directly related to Indo–Asian summer monsoon dynamics, probably account for
the observed 7 kyr-gap (Fig. 7b). The influence of seasonality in precipitation amount5

and isotopic composition recorded by Asian speleothems could constitute a potential
explanation (Clemens et al., 2010; Caley et al., 2011a). Modern precipitation within the
cave region shows that each season accounts for a certain percentage of annual pre-
cipitation with different moisture sources and unique isotopic compositions (Clemens
et al., 2010). Following this hypothesis, the SH dynamics could play an important role in10

controlling orbital-scale Indian summer monsoon dynamics (Clemens and Prell, 2003;
Clemens et al., 2010; Caley et al., 2011a) by increasing the latent heat export from the
southern Indian Ocean. Alternatively, recent modelling work suggests that ENSO can
influence the precession scale variability and explains the phase differences between
monsoon proxies, particularly between the northern and southern East–Asian summer15

precipitation region (Shi et al., 2012).

4 Conclusions

Using nine Bromine records along the Arabian Sea we demonstrate the regional im-
portance of the Indian monsoon, rather than changes in intermediate water circulation
at suborbital scales, in driving the recorded productivity signal.20

The Indian monsoon records exhibit the imprint of suborbital Southern Hemisphere
(SH) temperature dynamic (i.e., Antarctica) during the last glacial period, a pattern also
visible in Asian monsoon record. We argue that the Indo–Asian monsoon can therefore
be considered as an amplifier of inter-hemispheric energy transfer at sub-orbital scale.

Further work is necessary to better constrain the influence of seasonality and inter-25

nal feedback on the different monsoonal regions at the precession cycle. Nevertheless,
this study demonstrates that the Indo–Asian summer monsoon could be a coupled
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ocean/atmosphere mechanism capable of amplifying inter-hemispheric asymmetric
patterns.

Supplementary material related to this article is available online at:
http://www.biogeosciences-discuss.net/10/9315/2013/
bgd-10-9315-2013-supplement.pdf.5
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Table 1. 14C dating in core KS07, MD04-2861 (Caley et al., 2011a) and age constrains of GEs
in core MD04-2861 (Caley et al., 2011a).

Depth in core Species Age 14C errors Calibrated 14C errors
KS07 (cm) AMS conv.

BP
age
(cal. yr
BP)

0 bulk 2925 30 2713 50
20 bulk 8535 30 9177 121
40 bulk 12 405 40 13 849 124
55 bulk 13 620 50 16 209 630
60 bulk 14 710 50 17 384 335
150 bulk 20 970 80 24 560 356

Depth in core Species Age 14C errors Calibrated 14C errors
MD04-2861
(cm)

AMS conv.
BP

age
(cal. yr
BP)

10 bulk 1100 30 658 48
70 bulk 3905 30 3877 96
140 G. dutertrei 6900 35 7417 75
250 G. dutertrei 9845 45 10 757 368
250 G. ruber 10 345 45 11 325 232
340 bulk 14 160 60 16 867 169
450 G. ruber 17 470 70 20 268 212
480 Praeorbulina 18 290 60 21 381 202
500 G. ruber 19 850 70 23 311 291
640 G. ruber 25 170 140 29 597 409
810 G. ruber 34 170 260 38 711 632

Depth in core
MD04-2861
(cm)

Globorotalia
events

Age (Caley
et al., 2011)

370 GE1 17 400
800 GE3 39 500
1090 GE6 64 300
1330 GE8 85 000
1430 GE9 103 900
1470 GE10 110 000
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Table 2. Statistical tests with “R” software underlying the coefficient of determination R2 and
P value between productivity records of the Arabian Sea and bipolar climate records (NGRIP
and –EDML δ18Oice) for the interval 10–16 and 16–40 kyr. The correlation for the average
bromine records, the bromine stack on the original age model (14C and GEs, dots) and tuned
bromine stack to NGRIP and –EDML δ18Oice records are indicated at the end of the Table.

Core Lat Lon Depth Last 40 kyr R2 –EDML P value R2 –EDML P value R2 NGRIP P value R2 NGRIP P value
resolution (yr) (10–16 kyr) –EDML (16–40 kyr) –EDML (10–16 kyr) NGRIP (16–40 kyr) NGRIP

KS01 15.9 55.4 3222 150 0.00 0.90∗ 0.25 0.00 0.07 0.10∗ 0.00 0.53∗

KS04 16.5 61.0 3994 200 0.32 0.04 0.01 0.40∗ 0.62 0.00 0.01 0.50∗

KS05 19.4 60.8 2710 90 0.41 0.00 0.09 0.00 0.16 0.00 0.03 0.05∗

KS07 18.0 58.0 2209 132 0.56 0.00 0.25 0.00 0.27 0.00 0.02 0.03
KS09 21.7 61.1 3185 80 0.64 0.00 0.25 0.00 0.36 0.00 0.02 0.01
KS11 20.2 61.3 4004 65 0.24 0.00 0.20 0.00 0.01 0.50∗ 0.01 0.01
KS12 20.2 61.5 3726 145 0.02 0.50∗ 0.36 0.00 0.12 0.10∗ 0.00 0.40∗

KS13 22.3 60.3 2678 50 0.30 0.00 0.20 0.00 0.42 0.00 0.01 0.03
MD04-2861 24.1 63.9 2049 100 0.15 0.00 0.38 0.00 0.12 0.00 0.00 0.40∗

NIOP 463 (Ziegler et al., 2010) 22.5 64.0 920 160 0.01 0.70∗ 0.12 0.00 0.16 0.10∗ 0.00 0.30∗

SO90-111KL (Schulz et al., 1998) 23.1 66.5 775 90 0.00 0.90∗ 0.36 0.00 0.38 0.00 0.06 0.00
Average Bromine 0.27 0.21 0.23 0.01
Stack Bromine 200 0.50 0.00 0.33 0.00 0.43 0.00 0.02 0.10∗

Stack Bromine tuned 200 0.63 0.00 0.60 0.00 0.48 0.00 0.01 0.80∗

∗ refers to insignificant regressions between records.
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Fig. 1. Core locations in the Arabian Sea with hydrological data corresponding to Indian sum-
mer monsoon conditions. The effect of summer monsoon wind-driven upwelling of nutrient-rich
subsurface waters is visible through the surface concentration in chlorophyll (black dash lines in
µgL−1; data from July, August, September derived from NOAA NODC WOA01, Conkright and
Boyer, 2002). Low supply of oxygen by physical pump, combined with high surface productivity,
produce an intense oxygen minimum zone (OMZ) (data for the oxygen profile are derived from
the WAO05 (Garcia et al., 2006) and plot using Ocean Data View, Schlitzer, 2011) as visible
along the A–B profile. Yellow and red stars indicate the coring sites used in this study and pre-
viously published (Schulz et al., 1998; Ziegler et al., 2010), respectively. The blue star indicates
the coring site of Deplazes et al. (2013) discussed in this study.
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Fig. 2. Age model built with seventeen radiocarbon (14C) control points based on two different
hemipelagic cores (MD04-2861 (Caley et al., 2011a) and KS07) and six Globorotalia Events
(GEs) control points on core MD04-2861 (Caley et al., 2011a).
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Fig. 3. Bromine signals and accompanying bromine stack for the whole Arabian Sea. All the
bromine XRF-count signals obtained for the nine studied cores are visible for the last 110 kyr.
For cores MD04-2861 and KS07, age control points are indicated by the red and green cir-
cles (14C dates) and blue triangles (GEs). Blue dots for core KS07 refer to Total Organic Car-
bon (TOC) values. Black dashed lines indicate common events of low bromine values in each
record.
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Fig. 4. Relationship between Total Organic Carbon (TOC) (%) and bromine XRF counts for
core KS07.
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Fig. 5. Relationship between the bromine stack and previous published productivity records
in the Arabian Sea. The red curve refers to Total Organic Carbon (TOC) at site SO90-111KL
(Schulz et al., 1998) (see Fig. 1 for location). The green curve refers to the bromine stack of core
NIOP463 (Ziegler et al., 2010) in the OMZ (Fig. 1). Our bromine stack and TOC record (Schulz
et al., 1998) show a very good relationship for suborbital changes until 40 kyr, where the age
models are strongly constrain by 14Ccal control points. From 40 to 80 kyr, both bromine stacks
(this study and Ziegler et al., 2010) show a good relationship related to the use of GEs control
points. Our records and previous published records show similar signals, despite being located
in different areas and at different water depths in the Arabian Sea (Fig. 1). This comparison also
confirms the strong relation between TOC and bromine XRF counts in sediment of the Arabian
Sea, associated to surface productivity changes.
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Fig. 6. Comparison between Indian summer monsoon (ISM) changes, intermediate water circu-
lation changes and bipolar climate variability over the last 40 kyr. (a) NGRIP δ18Oice record from
Greenland (NGRIP members, 2004). (b) Bromine stack as a proxy for ISM. Bromine record of
core KS13 has been added for comparison because it has the highest resolution. (c) δ13C as
a proxy for intermediate water circulation changes in the Arabian Sea (Jung et al., 2009). (d)
EPICA Dronning Maud Land (EDML) δ18Oice record from Antarctica (EPICA community mem-
bers, 2006). Grey bars indicate increase of intermediate water flow in phase with decrease of
productivity in the Arabian Sea.
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Fig. 7. (Caption on next page.)
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Fig. 7. Comparison between Indian summer monsoon (ISM) changes, the Asian monsoon (AM)
and bipolar climate variability over the last 80 kyr. (A-a) NGRIP δ18Oice record from Greenland
(NGRIP members, 2004). The reflectance record as a proxy for Indian summer monsoon (De-
plazes et al., 2013) has also been added for comparison. (A-b) Chinese speleothem δ18O
calcite record (Wang et al., 2001, 2008) as a proxy for AM. (A-c) Bromine stack as a proxy
for ISM. Bromine record of core KS13 has been added for comparison because of its highest
resolution. (A-d) EPICA Dronning Maud Land (EDML) δ18Oice record from Antarctica (EPICA
community members, 2006) (note that the scale is inverted). The reflectance record as a proxy
for Indian summer monsoon (Deplazes et al., 2013) has also been added for comparison.
Dansgaard–Oeschger (DO) events and Antarctic Isotope Maximums (AIMs) are labelled ac-
cording to NGRIP members (2004) and EPICA community members (2006). The Younger
Dryas and Heinrich events (HEs 1 to 6) are also indicated. (B) Precession component of the
ISM and AM after tuned the millennial bromine stack events to the Chinese speleothem δ18O
calcite events. The precession component of the reflectance record (Deplazes et al., 2013) on
its original age scale is also visible for comparison. Dashed lines indicate a time gap between
Indian and Asian records in the precession band. A relatively constant gap of 7 kyr on average
is found. The precession index is also visible (Laskar et al., 2004).
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Fig. 8. A conceptual scheme showing how the Indo–Asian monsoon can play an active role to
amplify inter-hemispheric energy transfer for sub-orbital changes during the last glacial period.
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