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Abstract

The past variability of the South Asian Monsoon is mostly known from records of wind strength over
the Arabian Sea while high-resolution paleorecords from regions of strong monsoon precipitation are
still lacking. Here, we present records of past monsoon variability obtained from sediment core SK
168/GC-1, which was collected at the Alcock Seamount complex in the Andaman Sea. We utilize the
ecological habitats of differentplanktic foraminiferal species to reconstruct freshwater-induced
stratification based on paired Mg/Ca and 8'%0 analyses and to estimate seawater 8"%0 (81805W). The
difference between surface and thermocline temperatures (AT) and 8'°Ogy (Ad'¥Og)is used to
investigate changes in upper ocean stratification. Additionally, Ba/Ca in G. sacculifer testsis used as
a direct proxy for riverine runoff and sea surface salinity (SSS) changes related to monsoon
precipitation on land. Our A3'®Oy, time series reveals that upper ocean salinity stratification did not
change significantly throughout the last glacial suggesting little influence ofNH insolation changes.
The strongest increase in temperature gradients between the mixed layer and the thermocline is
recorded for the mid-MIS 3 (~37 kyrs) and indicate the presence of a significantly shallower
thermocline.In line with previous work, the 818Osw and Ba/Ca records demonstrate that monsoon
climate during the LGM was characterized by a significantly weaker southwest monsoon circulation
and strongly reduced runoff. Based on our data the South Asian Summer Monsoon (SAM) over the
Irrawaddyy strengthened gradually after the LGM beginning at ~18 ka. This is some 3 kyrs before an
increase of the Ba/Ca record from the Arabian Sea and indicates that South Asian Monsoon climate
dynamics are more complex than the simple N-S displacement of the ITCZ as generally described
for other regions. Minimum &'®Oy,, values recorded during the mid-Holocene are in phase with
Ba/Ca marking the wettest period during the past ~54kyrs, which is consistent with model

simulations.



1. Introduction

The South Asian Summer Monsoon (SAM) is a dominant feature of the global monsoon circulation
that directly affects the livelihood of over a billion people residing in the region. The SAM is part of
the large scale Asian monsoon system and is primarily driven by seasonal changes in land-sea
thermal contrast and the annual cycle of the angle of the solar zenith (Meehl, 1994; Trenberth et al.,
2000; Wang and Ding, 2008; Webster et al., 1998). The onset of the SAM during May and June is
concurrent with the reversal of meridional temperature gradients in the upper troposphere over the
Tibetan Plateau and regions to the south (Li and Yanai, 1996; Meehl, 1994; Wu and Zhang, 1998;
Yanai et al., 1992). This reversal is the result of differential seasonal heating of the continent and
surrounding oceans, which generates a strong pressure gradientleading to large-scale shifts in the
position of the Intertropical Convergence Zone (ITCZ) and the initiation of the low level cross
equatorial southwest monsoon wind circulation. Consequently, a landward tropospheric cyclonic
flow coupled with a persistent deep atmospheric convection causes convergence of moisture fluxes
on the Indian subcontinent (Chen, 2003; Lau et al., 2000; Randel and Park, 2006), with the Bay of

Bengal/Andaman Sea and surrounding catchments being major moisture sinks (Yihui et al., 2004).

The SAM has exhibited pronounced variability over a wide range of time scales. The roles of the El
Nifio Southern Oscillation (ENSO) (Pant and Parthasarathy, 1981; Rasmusson and Carpenter, 1983;
Webster and Yang, 1992) and Eurasian snow cover (Dickson, 1984; Hahn and Shukla, 1976; Kumar
et al., 1999) on the interannual fluctuations of the SAM have been widely documented. Other studies
have highlighted the combined effects of changes in the North Atlantic Oscillation (NAO) and in the
Southern Oscillation (SO) on seasonal monsoon patterns (Kakade and Dugam, 2000; Viswambharan
and Mohanakumar, 2014). Decadal to centennial scale variations in monsoon precipitation have been
in phase with temperature fluctuations in northern high latitudes(Fleitmann et al., 2003). Monsoonal
changes on millennial to longer time-scales were principally driven by orbitally-induced changes in
solar insolation prompting shifts in the mean position of the ITCZ (Fleitmann et al., 2007; Overpeck
et al., 1996; Sirocko et al., 1993; Wang et al., 2005).

The past variability of the SAM has mostly been inferred from records of wind strength and the
associated intensity of upwelling in the Arabian Sea(Caley et al., 2011; Clemens et al., 1991;
Clemens et al., 1996; Clemens et al., 2008; Schulz et al., 1998; Ziegler et al., 2010). Several studies
from the Arabian Sea have documented that the intensity of the SAM was characterised by
millennial scale variations superimposed on long term glacial-interglacial variability (Agnihotri et
al., 2002; Overpeck et al., 1996; Sarkar et al., 1990; Schulz et al., 1998; von Rad et al., 1999). Other

studies, mainly based on upwelling indices such as foraminifera (% Globigerina bulloides) and



changes of eolian inputs, have argued that the strength and timing of the monsoon winds are
primarily linked to the obliquity and precession of the Earth’s orbit rather than long term glacial-
interglacial variability (Clemens et al., 1991; Clemens et al., 1996; Clemens et al., 2010; Clemens et
al., 2008). However, interpretations relying on the wind based proxies have been challenged as
monsoonal precipitation over the subcontinent depends more on the moisture content of the
interhemispheric monsoon winds and their transport pathways rather than wind strength (Ruddiman,
1997; Sarkar et al., 2000). It is also clear that the application of the occurrence of microfossils as
upwelling indicators is sensitive to many environmental factors, some of which are possibly
unrelated to the monsoon (Clemens and Prell, 2003; Ziegler et al., 2010). As a result, considerable
discrepancies with regard to the past variability of the SAM recorded by proxies from different
regions remain unresolved. High-resolution proxy records from regions with strong monsoonal
rainfall influence are therefore required to examine past changes of SAM intensity. In this regard, the
Andaman Sea and the Bay of Bengal, where both monsoonal precipitation over the ocean and the
continental runoff can be assessed, offer a unique prospect for understanding the past variability of
the SAM. Despite this, relatively few studies have attempted to reconstruct SAM variability using
proxy records of salinity in the Bay of Bengal (Govil and Naidu, 2011; Kudrass et al., 2001; Rashid
et al., 2011) and in the Andaman Sea (Rashid et al., 2007). Kudrass et al., (2001) published a record
of the SAM variability and sea surface salinity changes for the last 80kyrs by combining &'*0
signatures ofGlobigerinoides ruber (G. ruber) and alkenone based temperature estimates. Similarly,
paired 8'*0 and Mg/Ca signals of planktonic foraminifera species were used to reconstruct seawater
8'*0 (61SOSW) and to infer sea surface salinity (SSS) trends during the Last Glacial Maximum (LGM)
and the deglaciation in the Bay of Bengal (Govil and Divakar Naidu, 2011; Rashid et al., 2011) and
the Andaman Sea (Rashid et al., 2007). More recently, however, a growing number of studies have
used Ba/Ca ratios of planktic foraminiferal tests to infer past river water discharge and estimate SSS
changes (e.g. Luduc et al., 2013; Weldeab et al., 2007; Weldeab et al., 2014). This is based on the
fact that riverine runoff is enriched in dissolved Ba relative to sea water (Bahr et al., 2013; Hall and
Chan, 2004; Schmidt and Lynch-Stieglitz, 2011) and Ba incorporation into foraminiferal shells
occurs in direct proportion to the corresponding seawater Ba concentration (Honisch et al., 2011; Lea

and Spero, 1992; Lea and Spero, 1994).

Here, we utilise the depth habitat preferences of different foraminifera species to investigate the
freshwater-induced stratification in the Andaman Sea with paired Mg/Ca and 8'80 measurements
onGlobigerinoides sacculifer (G. sacculifer) and Neogloboquadrina dutertrei (N. dutertrei). These
recorders of mixed layer and thermocline temperature (SSTwmg/ca and TTwvg/ca) and 6180, respectively,

are used to construct 8'*Oy, records, which approximate salinity at the respective water depth. The



difference in surface and thermocline temperatures (AT) and SlgOsw (ASISOSW)are used to infer
changes in upper ocean stratification. Ba/Ca ratios of G. sacculifer tests are generated to assess
changes in riverine runoff and provide the first such record for the Andaman Sea spanning the last 54

kyrs.
2. Materials and methods
2.1. Oceanographic Setting

The Andaman Sea is a marginal sea located in the northeastern corner of the Indian Ocean between
the Malay Peninsula and the Andaman and Nicobar Islands. With a maximum water depth of 4200m,
it is connected with the Bay of Bengal and the Australasian Mediterranean Sea through several
channels between the chain of the Andaman Islands and the Malacca Strait, respectively. The
distribution of temperature and salinity with depth in the Andaman Sea is similar to that of the Bay
of Bengal down to a depth of about 1000 m (Sarma and Narvekar, 2001). The Andaman Sea
experiences strong seasonal variations in salinity due to abundant freshwater discharge from the
Irrawaddy and Salween Rivers during the summer monsoon (Chapman et al., 2015). Distinct
differences in deep sea temperature and salinity structure in the Andaman Sea are caused by the
enclosed nature of the Andaman Basin and presence of several sills between the islands inhibiting
deep water exchange between these two regions (Ramesh Babu and Sastry, 1976; Rao and
Jayaraman, 1968; Sengupta et al., 1981). The Ganges—Meghna—Brahmaputra and Irrawaddy-
Salween river systems on average discharge 1350 and 1000 km® of freshwater annually to the Bay of
Bengal and the Andaman Sea, respectively (Sengupta et al., 2006) thereby influencing mixed layer
depth and salinity. In the l[rrawaddy catchment, monsoon rains increase discharge from an average of
~12 km*/month during the winter and up to ~89 km®/month in the summer (Chapman et al., 2015). In
the Andaman Sea, mean summer surface water salinity ranges between 28 and 33%o (Levitus et al.,
2013). The average near-surface temperature is 29°C and is nearly homogenous in the mixed layer
down to a depth of 50m, below which stratification of the water masses restricts vertical mixing
(Sarma and Narvekar, 2001; Uddin et al., 2014). The top of the thermocline varies seasonally
between ~40 and ~60 meters but is generally situated at a depth of ~50m (Riser et al., 2008).

2.2. Core location and sample preparation

Sediment core SK 168/GC-1 (Lat. 11°42.463’ N; Long. 94°29.606’ E, water depth: 2064 m, core
length: 4.20 m) was collected during the 168th cruise of ORV Sagar Kanya from the Alcock
Seamount Complex in the Andaman Sea. A late Quaternary record of pteropod abundance and the
8'°0 record from the surface dwelling plankticforaminiferal species G. ruberhas previously been

published (Sijinkumar et al., 2010). The age model from (Sijinkumar et al., 2010) was constructed



with 5 Accelerator Mass Spectrometer (AMS) "C dates of planktic foraminiferal tests (mixed G.
ruber and G. sacculifer). The AMS "“C ages were uniformly corrected for a 460 year reservoir age
following Butzin et al. (2005). The age model was further refined by correlating the oxygen isotope
values of G. ruber with the stacked reference oxygen isotope curve of Martinson et al. (1987) and
constant sedimentation rates were assumed between age tie points. The average sedimentation rate
for the core is 7.79 c/kyr with variations between ~3.65 and ~10.20 cm/kyr during the MIS3/MIS 2
and the Pleistocene-Holocene transitions respectively (Sijinkumar et al., 2010). This provides an
average temporal resolution of ~700 yrs for the upper 2 m of the core spanning the Holocene to the
MIS3/MIS2 transition. Below this section the temporal resolution is ~1.3 kyrs. The accuracy of this
age model has been confirmed by comparison to the recently published benthic foraminifera §'*0
data for ODP 758 (Bolton et al., 2013) (Supplement Fig 1) and is in line with a new benthic
foraminifera 5'°0 data from core SK 168/GC-1 discussed in detail in a separate publication
(Sijinkumar et al., 2016, in press QSR). Thus, the published age model for the core is employed

without any modifications.

Foraminifera samples from the core section were collected, and analyzed every 5 cm down to 2 m
and every 10 cm for the remaining 2.2 m of the core. The abundance of foraminiferal specimens was
limited in these clay rich sediments, particularly for G. sacculifer, and 15-20 specimens available per
sample and 10 specimens per sample in some 4 samples were considered enough to obtain a
representative geochemical signature, although ideally this would be more (Laepple and Huybers,
2013). For trace element analysis a constant and narrow size fraction of foraminifera is desired to
avoid possible size dependent biases (e.g. Elderfield et al., 2002; Ni et al., 2007). Specimens of
G. sacculifer and N. dutertrei were selected from the 315-400 um size fraction and gently cracked
between glass slides before being mixed and split for trace metal and stable isotopic analyses. For
trace metal analysis the cracked sample was cleaned following a full reductive cleaning method
(Boyle, 1981). Samples were initially repeatedly rinsed with sonication in distilled water (18.2 mQ)
and then ethanol (analytical grade) to ensure clay removal. Samples were then inspected under a
binocular microscope to ensure they were free of obvious sediment contamination.Subsequently,
samples were treated with ammonium citrate/hydrazine solution at 82°C for 30 mins and sample
racks were placed in the ultrasonic bath for one minute every 10 mins to maintain contact between
reagents and sample. Samples were rinsed multiple times with distilled water before being
transferred to new acid leached vials. Samples were then treated with oxidizing NaOH/H,O; solution
at 82°C for 20 mins to remove organic matter. After three more rinses with distilled water, a weak
acid leach with 100 4L 0.001 M HNO; was applied and followed by two rinses with distilled water.
Samples were dissolved in 0.075 M nitric acid (HNO;) (500 uL) assisted by sonication for 25 mins.



Finally samples were centrifuged for 4 mins at 13400 rpm and 400 pL of supernatant was transferred

to new acid leached vials and diluted for measurement.
2.3. Foraminiferal isotopic and elemental analysis

The 8'®0 measurements were performed using a MAT 253 mass spectrometer coupled with a Kiel
IV Carbonate device (Thermo Scientific). Results were referenced to the NBS19 standard and are
given on the VPDB scale. The estimated analytical error for '*0 measurements was 0.05%o (1o)
based on repeated measurements of an in house standard (SHK Bremen). Seawater 880 (8" 0gy) was
calculated using the calibration equation of Bemis et al. (1998) and was corrected for global ice
volume following Waelbroeck et al. (2002). SISOSW values were converted to Vienna Standard Mean
Ocean Water (VSMOW) by adding 0.27%o to SISOSW_ Uncertainties in 61803W are estimated by
propagating the errors from the G. sacculifer and N. dutertreid*Oand Mg/Ca measurements

following (Bevington and Robinson, 2003)and are on average 0.4%o.

Element/Ca ratios were measured with an Agilent 7500csICP-MS. In a first step Ca concentrations
were measured using Sc as an internal standard and these data were used to dilute the samples to
10ppm Ca for elemental analysis. Element/Ca ratios were calculated using intensity ratios (Rosenthal
et al., 1999) that were calibrated using standards produced gravimetrically from single element
solutions. The average Mg/Ca of carbonate reference material ECRM 752-1 (Greaves et al., 2008)
measured during the course of the study was 3.83 £ 0.06 mmol/mol (n=12, 2¢). Uncertainties in SST
reconstructions are estimated by propagating the errorsintroduced byMg/Ca measurements and the
Mg/Ca-Temperature calibration equation and are on average +1 °C. SSTwg/ca and TTyig/ca estimated
from Mg/Ca data for G. sacculifer (G. ruber) and N. dutertrei are based on a calibration equation
obtained from North Atlantic given for the species (Anand et al., 2003). SSS was estimated from
Ba/Ca ratios of G. sacculifer using a function based on sea water Ba (Basy) concentrations and
salinity data obtained from the Bay of Bengal (Singh et al., 2013) and a Ba/Cas, —foraminiferal
calcite partition coefficient (Dg,)of 0.19 (Lea and Boyle, 1991) (See supplement Fig 2).

Clay minerals are major sources of contamination for Mg/Ca analysis of foraminifera shells (Barker
et al.,, 2003). To exclude such biases, aluminum (Al) and iron (Fe) concentrations were carefully
monitored to identify the presence of clay contaminants. For the data set presented here there is no
systematic relationship between Al/Ca (or Fe/Ca) and Mg/Ca ratios indicating the absence of clay
contamination. However, Al/Ca values in 8 samples were higher than in all other samples and these
data were excluded from further interpretations. In a similar manner, Ba/Ca values were compared
with La/Ca values to check for barite contamination based on the idea that La is removed from sea

water by barite formation (Garcia-Solsona et al., 2014). Ba/Ca ratios do not show a linear



relationship with La/Ca ratios. However, we assume that significantly elevated Ba/Ca values (> 3
pmol/mol) in 9 samples are the result of barite contamination and were excluded from further

interpretation.
3. Results
3.1 Sea Surface Temperatures and $'°0

Mg/Ca based estimates of SST (SSTwgca) and thermocline temperatures (TTygca) are shown in Fig.
2a. The SSTs range from 29 °C to 24 °C whereas the thermocline temperatures range from 24.5 °C
to 19 °C. Coldest SSTs are observed during MIS3 centered at 33-37 kyr and during the last glacial
maximum (LGM). The average LGM SST of 25.8 °C in the Andaman Sea are similar to the late
Holocene (defined here as the average of the top 15cm of the core representing the last ~2.7 kyrs)
with in the margin of error. Thermocline temperatures also do not show a distinct trend during these
two time intervals. Additional G. ruber measurements obtained from late Holocene and LGM
samples reveal a similar SST cooling in the range of ~1.0 -1.5°C (Fig. 2a) and indicate no significant
difference between the records of the two species (paired-samples t-test, p<0.01). Although its
difficult to distinguish such small changes from the inherent noise in the records, the deglacial
warming pattern appears to have two warming steps from the onset of the last glacial termination
during Heinrich Stadial 1 (HS1), (~18 -15 kyrs) and to the transition from Bolling/Allerod (B/A)
(~15-12.9 kyrs) and Younger Dryas (YD) (~12.9 — 11.7 kyrs) (Fig. 2a). The start of deglacial
warming in the Andaman Sea is hard to pinpoint but peak mixed layer temperatures ~28°C are
reached at the onset of the B/A. SST values gradually cooled to ~26°C during the Younger Dryas
(YD). After the YD values increase to a mid-Holocene maximum of ~29°C before decreasing and

remaining relatively constant at ~26°C through the late Holocene.

G. sacculifer and N. dutertreid'®O values generally show synchronous patterns with lighter values
during the mid-Holocene (~7-4 kyrs) and MIS3 (~27 -54 kyrs) compared to the LGM (~23-19 kyrs)
(Fig 2b). G. sacculiferd'®O values during MIS3 ranged from -1.7 to -0.5%o and varied synchronously
with the 80 values of N. dutertrei. Mean 80 values of G. sacculifer during the LGM
progressively increased from -0.6%o to -0.2%o at around~19 kyrs. The transition from the late glacial
is marked by abrupt changes in 8'*0 during the onset of the HS1 and the B/A. The transition from
the B/A to the YD is marked by a 0.5 %o increase in 8'°O values centered at ~12 kyrs. Holocene 8'°0
values gradually decreased and reached -2.8 %o for G. sacculifer and show a ~2%o difference
between the late glacial and mid-Holocene values. Late Holocene 8'*O values remained relatively

constant and ranged between -2.5 and -2.7 %eo.



3.2 Ba/Ca ratios and Seawater 5'°0

Ba/Ca and 8'®Ogy records of Core SK 168 reveal distinct changes in monsoon precipitation above
the Irrawaddy catchment during the last ~54 kyrs (Fig 2¢ and 3e). Peaks in Ba/Ca and surface G.
sacculiferd'0 (8'%0gy)values are observed during the early part of the MIS3 and at the MIS3/2
transition centered at ~50 kyrs and ~35 kyrs, respectively. Ba/Ca gradually decreased from ~1.7
pmol/mol during the MIS3/2 transition to ~1 pmol/mol during the LGM which is equivalent to an
SSS change from ~30 to 33%o0. Minimum Ba/Ca values (0.86 umol/mol) were recorded at ~19 ka.
The deglacial transition is marked by a relatively abrupt decrease in 8'*Oy, values during the onset of
HS1 and a gradual increase in Ba/Ca and §'*Ogsy values during the B/A. Ba/Ca values gradually
increased from the LGM to the mid- Holocene reaching a maximum of 2.6 umol/mol corresponding
to a salinity minimum of ~27%.. Peak 8" 04y values during the mid-Holocene centered around ~5
kyrs were in phase with Ba/Ca peaks. Ba/Ca values during the late Holocene attained an average
value of 1.7 umol/mol corresponding to an SSS estimate of ~30%o. This is in agreement with modern
summer SSS values in this region of the Andaman Sea that range between 28 and 33%o (Levitus et

al., 2013).
3.3 Vertical Temperature and 0" 0sw (A6 0sw) gradients

Changes in vertical temperature and 8'®Osw gradients between the G. sacculifer and N. dutertrei
(A8"*0sw) are considered a measure of the density gradient between the mixed layer and thermocline
and are interpreted as a proxy for upper ocean stratification. The evolution of the A3'*Osw and the
temperature gradient between the mixed layer and the thermocline are shown in Fig 3b and c. The
difference in measured 8'®0Osw between the two species (A SISOSW) is on average 0.43 %o and ranges
between -0.6 and 1.5 %o, although the uncertainties associated with these calculations are +0.4%o.
The strongest increase in Ad'*Osw values is observed during the deglacial transition centered around
the B/A. The temperature gradient between the mixed layer and the thermocline ranged between 1.7
and 10°C with large gradients between 38 -36 kyrs, the deglacial transition, and the mid-Holocene.
The temperature gradient during the mid-Holocene was on average ~7.5°C while upper ocean

density stratification remained fairly constant.
4. Discussion
4. 1. Upper Ocean Stratification and monsoon intensity during the last glaciation

Given that the effect of global ice volume is cancelled out, the A SISOSW gradient between mixed
layer and thermocline dwelling planktic foraminifera, a proxy for upper ocean stratification, is a

function of local changes in 3'80sw of seawater and temperature. The application of the A 8" O



gradient to infer changes in surface water stratification is dependent on the differential depth habitats
of the studied foraminiferal species. Mixed layer dweller G. sacculifer has been observed to live and
calcify with in the upper 60 m of the water column (Fairbanks et al., 1982; Fairbanks et al., 1980),
while N. dutertrei is generally most abundant in the thermocline (60-150 m) (Curry et al., 1983;
Fairbanks et al., 1982). A sediment trap study conducted along a N-S transect in the Bay of Bengal
(Fig 1) suggests that the abundance of mixed layer dwelling planktic foraminifera G. sacculifer does
not change significantly with the seasons (Guptha et al., 1997). Thermocline dwelling N. dutertrei is
also present throughout the year and exhibits a broad peak in abundance during the initiation of the
summer monsoon, directly related to the low surface salinities associated with the monsoon (Cullen,
1981; Guptha et al., 1997). Thus, seasonal biases are most likely minimal in these species and
observed long-term changes in 8'°Osw largely reflect ‘year-round’ surface and thermocline
conditions. However, the assumption that the optimum living depth of a given species in the past has
remained similar to modern day observations may not always be the case (Field, 2004; Rohling et al.,

2004).

We interpret changes in the upper ocean stratification as a consequence of thermocline depth changes
driven by strong wind-induced mixing and monsoon precipitation driven upper ocean freshening,
and vertical heat flux (Fig. 4). Thus, a larger A8'*Oy, gradient implies a shallower thermocline and a
stronger vertical temperature gradient (AT), while a small A3'°Oy,, gradient indicates the presence of
a deeper thermocline with relatively weak AT (Ravelo and Shackleton, 1995; Steinke et al., 2010;
Steph et al., 2009). The strongest increase in temperature gradients between the mixed layer and the
thermocline is recorded for the mid-MIS 3 (~37 kyrs) and indicate the presence of a significantly
shallower thermocline. However, our A5'®*Osw time series reveals that upper ocean stratification did
not change significantly during the glaciation and indicate broad decoupling between stratification of
the upper ocean and NH insolation as well as monsoonal changes. This indicates that the relationship
between upper ocean stratification and monsoon intensity changes in the paleorecord is more
intricate than a unidirectional monsoonal forcing associated response invoked for present day

stratification.

The climate in the SAM region has generally been described as cool and dry during the LGM (e.g.
Cullen et al., 1981; Kudrass et al., 2001), which is supported by our higher salinity estimates for the
Andaman Sea (~33%o). The physical mechanism often invoked to explain this weak SAM during the
LGM is increased snow accumulation on the Tibetan Plateau causing shifts in the mean position of
the ITCZ (Kudrass et al., 2001; Overpeck et al., 1996; Sirocko et al., 1996). The northeast winter

monsoon circulation likely remained strong during the LGM with prevailing high-pressure cells in



the Tibetan plateau (Tibet High) in line with lower temperatures reported for the Tibetan Plateau
(Shi, 2002) and Himalaya (Mark et al., 2005) weakening the meridional thermal land—sea contrast.
Thus part of the weakening in SAM rainfall can be explained by an increased influence of dry
continental airmasses entrained by the winter monsoon Results from phases 2 and 3 of the
Paleoclimate Modeling Inter-comparison Project (PMIP2 and 3) show that SAM precipitation was
reduced in all models in the LGM experiments by as much as 1.7 mm/day due to changes in NH ice
sheets extent (hence a strengthened Tibetan High) and atmospheric CO, concentration conditions
(Braconnot et al., 2007). Modern meteorological data also support this interpretation and show that
an increase of snow cover on the Tibetan Plateau strengthening the high pressure cell in winter leads
to a weakened Tibetan Low and a weaker summer monsoon in the following year (Fang et al., 1999

and references therein). .
4. 2. The deglacial transition

The last deglaciation was punctuated by periods of Northern Hemisphere warming (B/A) and cooling
(HS 1 and YD). Previous studies from the Bay of Bengal and the Arabian Sea indicate synchronous
regional changes in deglacial warming and monsoon intensity remotely coupled to Greenland air
temperature (Kudrass et al., 2001; Rashid et al., 2007; Schulz et al., 1998).Lighter 5'%0 values in
mixed layer dwelling plankticG. sacculifer marking the last deglaciation lag the changes of the
surface dwelling planktic foraminifera (G. ruber) by ~2 kyrs (Fig 5). This was also observed at ODP
Site 758 in the southern Bay of Bengal (Bolton et al., 2013), and implies the slow propagation of
salinity and temperature changes from surface to depth or a seasonal bias in one of the species.
Upper ocean stratification around the B/A appears to have weakenedrapidly. Deglacial Ba/Ca and
8'®0sw trends are broadly synchronous and indicate a gradual monsoon strengthening with the
exception of the HS1. G. sacculiferd'® Oy, values indicate abrupt mixed layer freshening during HS1
consistent with other studies from the Arabian Sea that reported major intensification of the
southwest monsoon around 15.5 ka (e.g. Naqvi and Fairbanks, 1996, Kessarkar et al., 2013). This is
in contrast to the predominantly weak east Asian monsoon inferred for the Chinese speleothem
records during HS1 (e.g. Wang et al., 2001). However, the gradual SAM strengthening observed in
river runoff into the Andaman Sea began ~18 kyrs, leading Ba/Ca increases in the Arabian Sea
around the B/A (Saraswat et al., 2013) by ~2-3kyrs (Fig 6). Together these data demonstrate SAM
climate dynamics are more complex than the simple N-S displacement of the ITCZ following
insolation changes as described for other regions (e.g. Overpeck, et al, 1996). The SAM appears to

be strongly influenced by regional scale boundary conditions altering atmospheric convection as

10



evident from Holocene model simulations (PMIP3, Barconnot et al., 2012; Fig 7a and b) highlighting

the importance of obtaining more SST records for this region.
4. 3. The Holocene

Upper ocean stratification changes during the Holocene are marked by a gradual increase in
temperature gradient and shoaling of the thermocline from early to mid-Holocene in response to
increased heating of the mixed layer. This is indicated by a sharp AT increase from ~4° to ~8°C
from the early to the mid-Holocene while A§'*O gradients are marked by increased variability but
did not change significantly. In contrast, 8'*Osw values and Ba/Ca values indicate a continued
strengthening of summer monsoon intensity and maximum Irrawaddy River runoff during the early
to mid-Holocene. Minimum 818Osw values and maximum Ba/Ca values recorded during the mid-
Holocene mark the wettest period in the Andaman Sea of the past 54 krs. A similar mid Holocene
peak wetness was observed in speleothem records from northern Borneo, which has been linked to a
southward shift in the mean position of the ITCZ thereby crossing the equatorial west Pacific ~5 kyr
ago in response to precessional forcing (Partin et al., 2007). However, precessional forcing with a
minimal lag would have resulted in the SAM maximum occurring considerably earlier between 10 to
8 kyrs as seen in several palaco precipitation records from north of the Equator (e.g. Stott et al.,
2004; Fleitmann et al., 2003). In contrast, our records indicate that SAM precipitation peaked during
the mid-Holocene thus lagging precession minimum (at 11.5 ka) and obliquity maxima (at 9.5 kyrs)
by several kyrs. Clemens et al. (1991,1996) proposed that this large time lag between maximum NH
summer insolation and the timing of strengthened SAM was governed by interhemispheric transport
of latent heat from the southern subtropical Indian Ocean. Thus a combined precession and obliquity
forcing of the monsoon and latent heat export associated with the two orbital bands would have
strengthened SAM precipitation sometime between 9.5 to 3.5 kyrs (Clemens and Prell, 2003). This
hypothesis most likely explains the mid-Holocene pacing of the monsoon observed in our records, as
well as in several other high-resolution Holocene records from northwest India and Tibet (Bryson
and Swain, 1981; Swain et al., 1983; Gasse et al., 1991; Gasse and Van Campo, 1994), the Arabian
Sea (Fleitmann et al., 2003; Neff et al., 2001; Schulz et al., 1998), and records from other monsoon
regions (Foerster et al., 2012; Weldeab et al., 2014), as well as results from the Paleoclimate Model
Intercomparison Project (PMIP3, Braconnot et al., 2102). In particular, model output from the global
climate model (MIROC-ESM) most competent in simulating the basic features of present day
monsoon circulation (Sharmila et al., 2015) indicates mid-Holocene intensification of the SAM over
the northern Indian subcontinent and Irrawaddy catchment (Fig 7a and b). The late (4-2 ka) Holocene

Ba/Ca data suggest reduction in riverine runoff while 5'*Osw values remain stable potentially
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suggestion a difference in response over the oceans compared to the continent. The late Holocene
weaking of the SAM possibly reflects the gradual retreat of the ITCZ in response to decreasing
summer insolation (Laskar et al., 2004) as also observed in terrestrial records from India (Bryson and

Swain, 1981; Swain et al., 1983; Yadava and Ramesh, 2005).
5. Conclusions

This study demonstrates that SAM climate has undergone abrupt and strong changes due to a
complex interplay of orbitally induced insolation forcing and interhemispheric and regional
variability. Our A§'"*Osw time series reveals that upper ocean salinity stratification did not change
significantly throughout the glacial indicating a limited influence of NH insolation changes.The
SAM was significantly weaker during the LGM, which is supported by low inferred river runoff and
relatively high SSS. Deglacial Ba/Ca and 3'*Osw trends indicate a gradual monsoon strengthening
with the exception of HS1. 8'Osw values indicate abrupt mixed layer freshening during HSI
consistent with other studies from the Arabian Sea that reported major intensification of the
southwest monsoon around 15.5 ka. However, the onset of the last deglaciation shows a gradual
SAM strengthening with river runoff increasing beginning ~18kyrs and lead observed Ba/Ca
increases the Arabian Sea by ~2-3kyrs. This indicates South Asian Monsoon climate dynamics are
more complex than the simple N-S displacement of the ITCZ following insolation changes. Early to
mid-Holocene SAM variability is characterized by a gradual intensification of monsoon rainfall
while upper ocean stratification remained relatively constant. Peak monsoon strength during the mid-
Holocene in the Andaman Sea is in agreement with records obtained from other monsoon regions
and was most likely linked to combined precession and obliquity forcing, which is consistent with

model simulations.
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Figure 2.a) Mg/Ca-based temperature estimates for the thermocline dwelling N. dutertrei(green) and the
mixed layer speciesG. sacculifer (red) over the last ~54 kyrs.G. ruber SSTygc, estimates are given for LGM
and late-Holocene time periods(yellow-green). The vertical bars show the range of annual SST(red) and
thermocline temperatures (green) in the Andaman Sea (Antonov et al., 2010). 2c-error bars are based on
repeated analysis (n=12) of the ECRM 752-1 standard (Greaves et al., 2008); b) Oxygen isotope ratios of
foraminifera G. sacculifer(blue) and N. dutertrei(dark blue); c) Ba/Ca ratios of G. sacculifer. Solid line
represent the 3-pt moving average. Younger Dryas (YD), Bolling—Allered (B/A), Heinrich Stadial 1 (HS1)
and last glacial maximum (LGM) are shaded based on stratigraphic boundaries defined by NGRIP (Andersen
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etal., 2010).

14



Age (Kyrs)
5 10 15 20 25 30 35 40 45 50 55

c 480 T T
Sa HS1 Mid a)
5 £ 460 | LGM MIS3
_ =~
93 440 YD, =
= a2 Early110 ©
MIS3 8 g
b) &
6 90
Soe
| 4 dav
Mid I 2 5
Holocene ™ | I Q
[=
58% ' ° 5
o® 0 0 ! =
o080 ©)
SET I
Le]
gg3’ '
=N7) T |
I
I
A -
2
8o
0
ERal— o
o
@ o7l 8 oo
Qo =
= °
2 E §
Eap 2 23
] < o T
Pal g Ty o
m gao
05 &p

Chinese
Speleothem
3180 (%)

0 5 10 15 20 25 30 35 40 45 50 55
Age (Kyrs)

Figure 3. SK 168 records in comparison with high resolution east Asian and south-west monsoon proxies and
Greenland ice core data: a) Insolation (August) (W/m?) at 20°N (Laskar et al., 2004); b) Mixed layer and
thermocline temperature gradient based on temperatures estimated from Mg/Ca ratios of G. sacculifer and of
N. dutertrei;c) AS'™O record with maximum stratification plotted up; d) 8'®Ogw calculated using the
temperature calibration equation for all species (Anand et al., 2003)and corrected for global ice volume using
(Waelbroeck et al., 2002);e) Ba/Ca ratios derived from mixed layer species G. sacculifer and the estimated
salinity estimate (seeSupplement); f) High resolution oxygen isotopic data of stalagmites from northern
Borneo (Partin et al., 2007)(g) High resolution oxygen isotopic data of stalagmites from Dongge cave (green),
Hulu (PD) (yellow) and Hulu (MSD) (red) caves data plotted according to their independent timescales (Wang
et al., 2001; Yuan et al., 2004); h) Greenland ice core 5'°0 chronology (NGRIP) (Svensson et al., 2008). Solid
line denotes 20-pts moving average.Error bars in A8'*0 and AT estimated by propagating the error introduced
by measurement uncertainties and calibration equations (Bevington and Robinson, 2003).
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Figure 4. Schematic illustration of changes in upper ocean stratification inferred from sea surface and
thermocline temperatures and 8'*Ovalues;a) Modern depth profiles of temperature and §'*Oy,, for August from
World Ocean Atlas 2013 (Levitus et al., 2013). Modern 8'*Og,values estimated from salinity and temperature
data obtained from the Andaman Sea using Anand et al. (2003) and Bemis et al. (1998). Green bar shows
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(Murty et al., 2000); b) Reconstructed temperature and §'*Og,profiles for the mid-Holocene;c) the LGM. Mid-
Holocene and LGM temperature and 5'*Osw estimates are based on the mixed layer speciesG. sacculifer and
the thermocline dwelling N. dutertrei. White area = mixed layer; light gray area = thermocline.
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in press QSR); e)Greenland ice core 8'*Orecord (NGRIP) (Svensson et al., 2008). Solid line denotes 20-pt moving
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Figure 7. Mid-Holocene JJAS mean precipitation anomalies derived from PMIP3/CMIP5 model output (color
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Supplement material

South Asian Summer Monsoon variability during the last ~54Kkyrs inferred from surface water
salinity and river run off proxies
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Age model

The age model for core SK 168/GC 1was developed using Accelerator Mass Spectrometer (AMS)
“C dates of planktic foraminiferal tests (mixed Globigerinoides ruber and Globigerinoides

sacculifer) and correlation of the oxygen isotopic values of

G. ruber with the standard oxygen isotopic curve of Martinson et al. (1987). AMS e ages were
determined at five different intervals at NOSAMS facility at WHOI, USA and converted to calendar
age using CalPal 2007 Programme (Weninger et al.,2007; http://www.calpal.de). The AMS e ages

were corrected assuming a reservoir age of

460 years following Butzin et al. (2005). Assuming constant sedimentation ratesbetween the
calibrated ages, calendar ages have been assigned by interpolation/extrapolation. The average
sedimentation rate for the core is 7.79 cm/ka and vary between ~3.65 and ~10.20 cm/kyr during the
MIS3/MIS 2 andthe Pleistocene-Holocene transitions respectively. Further comparison of G.
ruberoxygen isotopic record of core SK 168/GC with LRO04 tuned (Lisiecki and Raymo,
2005 )published benthic records from the eastern Indian Ocean (Bolton et al., 2013) and the Andaman

Sea (Ali et al., 2015) confirm the accuracy of the age model (Figure S1).
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Figure S1. a) SK 168oxygen isotopic recordof G.ruber (dark red) and G. sacculifer (blue) with G. ruber (green) and
G.sacculifer (black) records from from ODP 758 (Bolton et al., 2013) and NGHP 17 (Ali et al., 2015) respectively; b)
Benthic oxygen isotopic records from SK 168 (Sijinkumar et al., 2016, in press QSR), NGHP 17 (Ali et al., 2015), ODP
758 (Bolton et al., 2013)and LRO04 stack (Lisiecki and Raymo, 2005).

Planktic foraminiferal Ba/Ca and SSS estimations

Ba/Ca ratio of planktic foraminiferal tests provides a useful proxy to assess past river water
discharge in to the Ocean and infer paleosalinity changes (e.g. Weldeab et al., 2007). This is based
on the fact that dissolved Ba is high in riverine water relative to sea water (Bahr et al., 2013; Hall and
Chan, 2004; Schmidt and Lynch-Stieglitz, 2011) and Ba incorporation into foraminiferal shells
varies linearly with seawater Ba concentration (Basy) (Lea and Spero, 1992; Lea and Spero, 1994),
independent of environmental changes including PH, temperature, salinity and symbiont
photosynthesis (Honisch et al., 2011). Consequently, foraminfera Ba/Ca (Ba/Cayoram) depends only
on seawater Ba concentration, and its temporal variation can be used to infer changes in riverine
freshwater input. Toestimate past SSS change from Ba/Cagyam, We use Bag, and salinity data
obtained from the Bay of Bengal (Singh et al., 2013) and calculate Ba/Ca in sea water (Ba/Casy).
Ba/Casy is calculated considering the conservative behavior of Ca and linear relationship ofCa with
salinity based on the assumption that a salinity of 35 psu corresponds to 10.2 mmol/kg(Weldeab et
al., 2007). Ba/Cagyamis calculated from Ba/Casy, (umol/mol) using the partition coefficient of Dg, =
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0.19 (Lea and Boyle, 1991) and is given us:
Ba/Cagoyram = Dpa™* Ba/Cagy,

We estimate past sea surface salinity (SSS) using Ba/Cagy,m and the modern SSS-Ba/Cagyram
relationship using 7 data points from a North — South transect in the Bay of Bengal (Figure S2). Six
stations from the northern tip of the Bay of Bengal appear to overestimate SSS values and were

excluded from the equation. Thus, SSS is calculated from Ba/Casy, (umol/mol) and is given us:
SSS = -3.7* Ba/Caforam + 36.2

The Ba-salinity relationship in the Bay of Bengal — Andaman Sea appears complex with two possible
slopes (Fig S2) and six stations from the northern tip of the Bay of Bengal appear to overestimate

SSS values in the Andaman Sea and were excluded for our purposes.
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Figure S1. Relatiosnship SSS and Ba/Ca in sea water from the Bay of Bengal (Singh et al., 2013).
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