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Abstract: The effect of seasonally reversing monsoons in the northern Indian Ocean is to impart significant
changes in surface salinity (SS). Here, we report SS changes during the last 32 kyr in the Lakshadweep Sea
(southeastern Arabian Sea) estimated from paired measurements of 80 and sea surface temperature (SST)
utilizing Globigerinoides sacculifer, an upper mixed layer dwelling foraminifera. The heaviest 8806 sacculifer (-
0.07+0.08%o) is recorded between 23 — 15 ka BP, which could be defined as the last glacial maximum (LGM). The
8800 saccutiter Shift between the LGM and Holocene is 2.07 %o. The SST shows an overall warming of 2 °C from the
LGM to Holocene (28 °C to 30 °C). However, coldest SSTs are observed prior to LGM, i.e., ~27 ka BP. The SS
was higher (~ 38 psu) throughout most of the recorded last glacial period (32.5 — 15 ka BP). This high salinity
together with generally lower SSTs suggests a period of sustained weaker summer or stronger winter monsoons.
The deglacial warming is associated with rapid reorganization of monsoons and is reflected in decreased salinity
to a modern level of ~ 36.5 psu, within a period of ~ 5 kyr. This indicates intensification of summer monsoons

during cold to warm climate transition.
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1 Introduction

Semiannually reversing monsoon winds over the Arabian Sea (AS) modulate SST, SS and productivity in space and
time (Wyrtki, 1973). Modeling results have shown that an increase in monsoon wind intensity, whether summer or
winter, induces surface cooling along with increased productivity in the AS (Murtugudde et al., 2007). The SS structure
in the Eastern AS (EAS) is largely dictated by the presence of low-salinity tongue extending upto 15° N latitude (Fig. 1).
The summer monsoons during interglacial periods were stronger than the glacial periods during which the winter
monsoons were probably overwhelming (Banakar et al., 2005, Reichart et al., 1998; Emeis et al., 1995; Rostek et al.,
1993; Anderson and Prell, 1993, Clemens and Prell, 1990, Prell and Van Campo, 1986, Duplessy, 1982). The robust
proxy to monitor monsoon intensity could be the variation in SS as it instantly responds to changes in evaporation-
precipitation. The SS can be reconstructed from the 3'°0 of seawater. The SST is an important component to be corrected
while estimating 8'"0 of seawater from foraminiferal calcite. Reliable SSTs can be obtained using Mg/Ca ratios in
planktonic foraminifera (Bijma et al., 1990; Bemis et al., 1998; Nurnberg et al., 1996; Elderfield and Ganssen, 2000).
Only few SST estimates from the Mg/Ca method are available for the AS (Anand et al., 2008; Saher et al., 2007; Dahl
and Oppo, 2006). In this paper we report the past-SST and -SS variations in the southeastern AS (Lakshadweep Sea)

utilizing G. sacculifer picked from a sediment core and discuss their implication with respect to monsoon variability.

2 Materials and Method

An upper 150 cm section of a 552 c¢m long sediment core (SK129-CRO05) retrieved on board ORV Sagar Kanya at 9°
21’ N; 71° 59° E (Lakshadweep Sea: off Kochi, India) from a water depth of 2300 m (Fig. 1) is used for the present
study. The sediment core was sub-sampled at 2 cm intervals except for the top peneliquid section, which was 4 cm thick.
The calendar ages for the core are based on ten AMS-'*C dates measured at the NSF-AMS facility, University of

Arizona, USA. The radiocarbon dates were corrected for local reservoir age (600 yrs) (http://intcal.qub.ac.uk) and

converted to calendar ages using the CalPal2007_HULU calibration (Danzeglocke et al., 2007). The last dated section
(149-151 cm) has yielded an age of 32564 + 386 cal y BP. The age of the core-top section (0-4 cm) is 3048 &= 67 cal y
BP (Fig. 2).

Around one hundred G. sacculifer tests (without terminal sac, size: 250-355 pm) from each section were handpicked
under a binocular microscope. The tests were broke-open by gently pressing between two glass plates and homogenized
with a fine brush. One third of the aliquot was used for oxygen isotope analysis and the remaining two third was
subjected to cleaning required before Mg/Ca measurement. We have selected this particular species since the G.
sacculifer is not only less susceptible to dissolution as compared to other planktonic species (Dekens et al., 2002;
Delaney et al., 1985), but also the inter-chamber distribution of Mg/Ca is nearly uniform (Eggins et al., 2003). The SSTs
were estimated using Dekens et al. (2002) G.sacculiferrropicaL paciric calibration (Mg/Ca = 0.37 exp 0.09[T — 0.36(core
depth in km) - 2 °C]). This calibration is favored because the ocean-atmosphere coupled processes over the northern
Indian Ocean are similar to that of the western tropical Pacific warm-pool (Webster and Fasullo, 2002). The Mg/Ca
analyses were done at the ICP-OES laboratory of the National Institute of Oceanography (Goa), India. The oxygen
isotope measurements were done at the Godwin Laboratory for Paleoclimate Research, University of Cambridge, UK.
The measured '*0/'°O ratios are expressed as 5'°0 with reference to Vienna Pee Dee Belemnite (PDB). The precision of
the 8'*0 measurements was + 0.08 %o. Previously published organic-carbon and -nitrogen data for the same sediment

core (Pattan et al., 2003) were utilized to assess the monsoon-productivity relationship in the study region.



The cleaning steps for Mg/Ca analysis were performed following the method described by Barker et al. (2003). In
brief, the stained and oxide-coated calcite fragments, visible clay lumps, and mineral grains were physically separated
from the crushed aliquot and discarded. The clean fragments were washed five times with deionized water followed by
methanol to remove clays. Organic coating was removed by treating the fragments with a buffered H,O,. The pre-
dissolution Mg-polishing was done using 0.001 M HNOj;. Before the dissolution in 1.5 ml of 0.75 M HNO;, the
fragments were examined under the microscope to ensure that only the clean calcite was taken for dissolution. As the
Mn-coated and stained fragments were removed initially, the oxide removal step was not incorporated. Finally the
solution was centrifuged at ~ 10,000 rpm in order to eliminate even faint possibility of contamination by sub-micron
(very fine) clay suspension.

All reagents used were of supra-pure quality. The solutions were analyzed on a Perkin-Elmer Optima 2000 DV ICP-
OES calibrated with five multi-element calibration standards. The Mg/Ca ratios were obtained following the intensity-
ratio calibration techniques described by DeVilliers et al. (2002). A quality control (QC) solution of Mg/Ca (= 5.144
mmol/mol) was analyzed after every 6 samples. The analytical error for Mg/Ca was within + 0.6 %. The long-term
average of QC (n = 67) measured during the analytical period yielded a mean of 5.111 = 0.097 mmol/mol. The error on
long term average of QC is 1.9 %. The Fe, Mn and Al were also measured to monitor the contamination. The scatter plots
of Fe/Ca, Al/Ca and Mn/Ca (mmol/mmol) vs. Mg/Ca (mmol/mol) yielded insignificant correlations (R*= 0.011; 0.121
and 0.178) suggesting that the measured Mg/Ca ratios were free from contamination.

Local SS was estimated from the residual 8'*Ogeayaer The residual 83 0gemmaer Was calculated from the SISOG_S[,C(,,,,W
using Epstein et al. (1953) equation after subtracting the contribution from global ice volume (Shackleton, 2000) and
measured SST. The residual 8'*Oyayaer Was translated into salinity using Dahl and Oppo (2006) empirical equation.
However, Rohling et al. (2000) have demonstrated that salinity estimation from seawater 8'%0 is less reliable than
8"804eawater itself. Therefore, we place more emphasis on estimated 8" 0, eawater than on the estimated salinity. The error on

the salinity estimate is 0.2 psu, hence we discuss only those SS variations which are above this limit.

3 Results and Discussions

Based on the depth variation of 5"%0. saceulifer» the beginning of Holocene is recorded at 37 cm depth dating to 12 ka
BP. The beginning of deglaciation occurs at a depth of 57 cm (~16 ka BP). The Marine Isotope Stage (MIS) 3/2
boundary is evident at 121 cm depth dating to 29 ka BP (Fig. 2). The LGM-Holocene 81805_50(.”1@,%, difference is 2.07 %eo.
This 8'80 gradient incorporates 1.2 %o changes due to expanded global ice sheets during the glacial maximum and the
remainder of 0.87 %o should therefore indicates changes in the local SS and SST. Conventionally, the recent-most
heaviest SISOG.WM,-fe, event has been considered as the LGM. Instead, we have defined the LGM as a period recording
the heaviest SISOG.S,,CMW (-0.07%o) within the measurement precision band of = 0.08 %o that covers a time-span of 23 —
15 ka BP. A similar observation has been made by Banakar et al. (2010) in another sediment core from the EAS. The
SISOgmwl,v/-e, transition from LGM to Holocene occurs as a rapid negative excursion beginning at 16 ka BP, leading into
Holocene-minimum at 12 ka BP. The timings of LGM/Holocene and MIS-3/2 boundaries and the beginning of
deglaciation are nearly consistent with the LR04 benthic 8'*0 stack (Lisiecki and Raymo, 2005).

The overall Mg/Ca varies between 3.1 and 4.5 mmol/mol, which translate into SST change of 27 °C to 30 °C. The
SST obtained for core-top section (3.05 ka BP) is 30°C (Fig. 3) and is comparable to the modern SST at the core location,

which falls in the equatorial warm-pool (Fig.1: http://www.nodc.noaa.gov/WOAOT). The warmest average SST (~ 30 °C)
is recorded during most of the Holocene and the colder SST (~ 28 °C) during the LGM and the coldest (~ 27 °C) during



the late MIS-3 and early MIS-2 (32 — 24 ka BP). The observed SST increase of 2 °C from LGM to Holocene is
comparable with previously published SST gradients of 2-3 °C in the AS (Banakar et al., 2010; Saraswat et al., 2005;
Rostek et al., 1993).

The time-series of SST exhibits step-increase from the coldest conditions (27 °C) to attain warmest Holocene
conditions (~ 30 °C) at ~12 ka BP. The LGM SSTs show a fluctuation of 1°C around an average of ~28 °C (Fig. 3).
Within the warm Holocene, an event of SST lowering of ~ 1 °C is recorded between 8.5 and 9.5 ka BP (Fig. 3) and is
closely comparable with previous observation in the EAS (Banakar et al., 2010). This SST cooling within the Holocene
appears to be a regional feature occurring across the AS, which has been interpreted as the surface cooling resulting from
intensified monsoons (Dahl and Oppo, 2006; Overpeck et al., 1996).

There are three distinct warming events recorded within the LGM climate at ~ 21, ~ 18 and ~ 16 ka BP, which exhibit
~ 1 °C elevated SSTs above the average LGM SST of ~ 28 °C (Fig. 3). These warming events are similar to the warming
events observed in western AS (WAS; Saher et al., 2007) though with some timing offsets. Intermittent weakening of
winter winds, reduced upwelling in WAS, and inflow of warm water of South Equatorial origin have been invoked as the
cause for these SST warming events (Saher et al., 2007). The winters during glacial periods are expected to be more
intense and prolonged than during the interglacial times. The winter monsoon winds have profound influence on the
SSTs of the AS under glacial conditions (Duplessy, 1982; Fontugne and Duplessy, 1986) and hence increased SSTs
during the LGM period at the outset might suggest weakening of glacial winters. However, the C/N ratios (Fig. 4) do not
clearly reflect any change expected during the period of weakened winter winds. Therefore, these warm-SST events
within the LGM warrant detailed explanation that is presented in later part of the discussion.

Though the LGM SSTs were colder by ~ 1.5 °C as compared to Holocene average SST, the coldest SSTs (~27.5°C)
are observed at 32 - 25 ka BP, i.e., prior to LGM. The lowest SSTs prior to LGM (late MIS 3 and early MIS 2) might
have been the result of major cooling in response to most intense winter winds. A recent study of Clark et al. (2009) has
show that the growth of global ice sheets to their maximum has occurred between ~33 and 26.5 ka and sustained at their
maximum growth until ~20 ka. That is, the time period between 26.5 and 20 ka appears to be the actual global glacial
maximum. The coldest SSTs observed during 32 to 25 ka BP in the present record may indicate influence of global
climate cooling. However, such cooling appears unlikely in the present case because winter winds should have been most
intense leading to increased basin-wide evaporation resulting in increased SS. On the contrary, the SS does not show any
significant increase during 33-20 ka BP and remains nearly uniform around 37 psu until the beginning of deglaciation
(Fig. 3). This observation suggests that the observed coldest SSTs were probably the result of intense upwelling in the
EAS. This interpretation could be supported by an increased flux of biogenic-calcite and —opal during late MIS 3
recorded in the same sediment core (Pattan et al., 2003). The marginal fluctuations in SS prior to LGM may indicate
intermittently varied upwelling primarily from the upper thermocline that consist mainly high salinity water originated in
northern AS (Prasanna Kumar and Prasad, 1999). The role of low-salinity water inflow from the Bay of Bengal dictating
observed SS fluctuations may be ruled out during this time as it was significantly reduced during the last glacial period
(Chodankar et al., 2005).

The C/N ratios are ~ 8 throughout the Holocene and reach values up to 14 during the late MIS 3 (Pattan et al., 2003),
which also records minimum SST. The Redfield ratio of C/N in marine organic matter is ~ 7 and >20 for terrestrial
organic matter (Meyers, 1994). The diagenetic alteration of organic matter may also cause a variation in C/N ratios.
However, the strong positive correlation between the C and N (r = 0.81; n = 39, Fig. 5) rules out such alteration

possibility. Hence, the higher C/N ratios during late MIS 3 must have been caused by increased abundance of terrestrial



organic matter in the sediment. From the X-Y plot of SST and SS against the C/N ratios (Fig. 6), it is observed that
higher SSTs and lower SS correspond to lower C/N ratios and vice-versa. This in turn suggests that the relative strength
of monsoon winds controls the variation of sedimentary C/N ratios in the EAS. The elevated C/N ratios during the glacial
period are expected, as the glacial winter winds (land towards sea) might have been intense resulting in increased transfer
of terrestrial organic matter in to the EAS (Banakar et al., 2005). An inverse relationship between SST and C/N ratios
confirm that the most intense winter winds prevailed prior to LGM during which an upwelling event is also evident. The
coherent association of C/N ratios with SSTs (r = 0.83) further strengthen the interpretation that stronger winter winds
prevailed during the late MIS 3. The lower C/N ratios associated with higher SSTs of the Holocene indicate the
dominance of summer monsoons over winter monsoons leading to reduction in high C/N terrestrial organic matter in the
sediment.

The SS estimated for the core-top section is 35.1 psu, which is similar to the modern SS at the core location (Fig. 1).
The average Holocene SS is ~ 35.2 psu, while it is 37.2 psu for the last glacial period. The SS time series shows marginal
variation of + 0.2 psu during the Holocene. The overall glacial-interglacial variability in SS is ~ 2 psu, which is
comparable with the previously observed SS gradient in the EAS (Banakar et al., 2010). The SS reaches the Holocene
plateau at ~ 10 ka BP, i.e., 3 ka later than the SST maximum. The decreasing trend of SS started at ~ 18 ka BP, which is
consistent with the beginning of deglaciation in LR04 Benthic record of Lisiecki and Raymo (2005). Also, the
deglaciation and the Holocene plateau in SS trends follow the LR04 records.

Based on the observations made from the SS time-series (Fig. 3), it can be inferred that the E-P in the EAS has varied
marginally during the Holocene. Within the LGM, the SS time-series shows distinct increase in salinity by about 0.2 to
0.6 psu occurring concurrently with the SST warming events of 21, 18 and 16 ka BP (Fig. 3). The coupled increases of
SST and SS during the above events suggest distinctly different E-P balance than generally expected. In the modern or
Holocene climate set-up the increased SSTs are associated with intensified summer monsoons, i.e., increased freshwater
flux resulting in basin-wide decrease in the SS. We examine this set-up in light of previously suggested mechanism of
warm-SST events within the cold LGM (Saher et al., 2007). The advection of south equatorial warm water into the EAS
although can warm the SST, but cannot enhance the salinity because it is inherently less-saline water. If the warm-SST
events were the result of intermittent weakening of the winter monsoons then also the salinity would decrease because of
reduced evaporation. Interestingly, a recent study has identified regional sub-surface temperature inversion in the present
study area (Lakshadweep Sea), where the sub-surface (~40 m) is warmer than the surface water (temperature inversion)
and also saltier (see Nisha et al., 2009). Assuming an existence of this sub-surface temperature and salinity inversion
during the LGM, the coupled increases in SST and SS in the Lakshadweep Sea may suggest vigorous mixing of sub-
surface water with the surface layer. Durand et al. (2004) estimated that the heat trapped in the subsurface inversion in
the Lakshadweep Sea could result in regional SST warming of over 1°C due to mixing. Therefore, the observed coupled
increases in SST and SS at 21, 18 and 16 ka may indicate relatively intensified summer winds (intensified sub-surface
mixing) within the LGM.

We examined the relationship of SST and SS with 81806_.\.“”,,,-/-8,. (Fig. 7). The SS association is found to be highly
coherent and significant with 81806_W.cu,m,, (r = 0.94; n=73), while SST exhibits relatively less coherency (r= 0.60; n =
73). This observation suggests that the SST variability was mostly due to changes in local processes. The general trend of
the SS time-series overlapping the 6180(;_“,6(,,4,?,@, time-series as well as the LR04 benthic oxygen isotope records indicate a
close relationship between the evolution of SS and global ice-volume. However, the influences of local processes are also

evident which are reflected as short-term distinct increases in SS during the glacial period as described above.



4 Conclusions

The SST time-series for Lakshadweep Sea (southeastern Arabian Sea) does not exhibit distinct glacial-interglacial
variability suggesting dominance of local processes. The coupled increase in SST and SS within the LGM appears to be
the result of mixing of warmer and saltier sub-surface water. Lowest SSTs prior to LGM likely indicate an intense
upwelling. The SST cooling at ~ 9 ka BP within the warm Holocene is consistent with previous observation and indicates
intensified monsoon winds. Our reconstructions indicate that the latest Holocene (3-4.7 ka BP) has witnessed rapid

fluctuation in the summer monsoon intensity as evident in concomitant cooling of SST, lowering of SS, and decreasing

d ! SOG.saL‘culifer.
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Captions to Figures

Fig. 1. SK129/CRO5 sediment core location (star), shown on annual sea surface salinity (a) and surface temperature (b) maps of the
Arabian Sea (AS) (www.nodc.noaa.gov). Note the maximum SST region in which the present core lies. The northwestern
AS shows the lowest SST (blue color code), while higher SSTs (red color code) are observed over the southwestern AS.
Presence of low-salinity tongue along the west coast of India is evident by isohaline bordering the blue color region. The
shaded block-arrows indicate modern reversing monsoon winds. Solid (broken) arrow indicates surface circulation during
summer (winter) monsoons (Shankar et a/ 2002). The numbered filled circles are the locations of other sediment cores

studied for Mg/Ca SST reconstructions [SK17 (Anand et a/ 2008); NIOP929 (Saher et al 2007)].

Fig. 2. The BISOG'WC,,,W variation plotted against core depth (cm). The upward triangles along depth axis are the radiocarbon dated
sections shown along with their calibrated calendar ages. The ages for remaining sections of the sediment core were
obtained by calculating the sedimentation rates between two adjacent '*C dated sections. The broken vertical lines denote

the marine oxygen isotope stage (MIS) boundaries.

Fig. 3. Composite plot of oxygen-isotope, SST (Red) and surface salinity (SS: blue) variations recorded in SK129/CR05 compared
with LRO4 benthic-5'%0 record (Lisiecki and Raymo, 2005). Vertical broken lines are the MIS 1/2 and 2/3 boundaries.
LGM (shaded box) is the presently defined coldest event depicted by the heaviest 8180(;:,1““,!-[5,,. variation. Only latest part
of the MIS-3 is covered by the radiocarbon dated interval. The shaded boxes 1 to 3 in SST panel represent three warming
events within the LGM. The numbered (4-6) blue color filled squares on LR04 benthic record indicate MIS boundaries: 4
= MIS1/MIS2, 5 = Beginning of deglaciation; 6 = MIS2/3.

Fig. 4. Time-series of SST (red), salinity (blue) and C/N ratios of sedimentary organic matter (black) in the studied sediment core. The
C/N data is from Pattan et al. (2003). The shaded region indicates period of upwelling (high productivity) and intensified

surface cooling (see text for details).
Fig. 5. Scatter plot of total organic carbon vs nitrogen.
Fig. 6. Scatter plots of C/N vs sea surface temperature (SST) and surface salinity (SS).

Fig. 7. Scatter plots of SST and SS vs 61806_mw,,~fe,.

AS-Arabian Sea; EAS-Eastern Arabian Sea; BoB-Bay of Bengal, SST-Sea Surface Temperature; SS-Surface Salinity; ASHSW-
Arabian Sea High Saline Water; MIS-Marine Oxygen Isotope Stage; LGM-Last Glacial Maximum; C/N-Carbon/Nitrogen; E-P

Evaporation minus Precipitation
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