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a b s t r a c t

The present study documents the interactions between Southern Hemisphere high-latitude (Antarctica
& Southern Ocean), southern Indian Ocean subtropics (Agulhas leakage) and Asian summer monsoon.
The study uses SST and sea-ice reconstructions along with diatom absolute abundances and diatom
biometry from two sediment cores located at the Subantarctic Front (SAF) and Antarctic Polar Front (APF)
in the southwest Indian sector of the Southern Ocean. Sea-ice records suggest the presence of the mean
winter sea ice limit at around the modern APF location during MIS 2 and MIS 4 and episodic and un-
consolidated winter sea ice far north as ~43�S during LGM, when the SSTs were lowest. Higher diatom
productivity and larger mean sizes of F. kerguelensis and T. lentiginosa recorded at the northern core site
during the glacial stages suggest a northward shift of the APF. A decrease in diatom productivity and sizes
at the southern core site highlights stratified Permanent Open Ocean Zone (POOZ) surface waters in
response to longer sea-ice presence during the glacial stages. The comparative study between the records
of Southern Hemisphere high-latitude and Asian summer monsoon climate variability revealed that the
Asian summer monsoon variability could have been more likely forced by low latitude insolation
gradient changes and supported by Antarctic climate changes via meridional shifts of the fronts and sea
ice. The past changes in the intensity of Asian summer monsoon along with the Southern Ocean frontal
variation might have influenced the Southern Indian Ocean surface circulation by changing the Agulhas
leakage intensity.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The Southern Ocean (SO) circulation is a vital component of the
global climate system because of its impacts on the global merid-
ional overturning circulation (MOC), heat uptake and global carbon
budget (Toggweiler and Samuels, 1993a; Sabine et al., 2004;
Stouffer et al., 2006; Le Qu�er�e et al., 2007). The Antarctic Circum-
polar Current (ACC), flowing between ~45�S and ~65�S (Sokolov
and Rintoul, 2009a), is the most vital junction in the global ocean
circulation system as it closes the MOC loop and redistributes the
waters between the Atlantic, Pacific and Indian oceans. The ACC
also plays a vital part in influencing the Antarctic cryosphere by
curtailing the flux of surface subtropical heat into the SO, thus
thermally isolating the Antarctic continent. The SO includes several
oceanographic frontal systems, the Antarctic Polar Front (APF), the
Subantarctic Front (SAF), and the Subtropical Front (STF) that
separate the SO into the Antarctic Zone (AZ), the Polar Front Zone
(PFZ) and the Subantarctic Zone (SAZ) (Treguer and Jacques, 1992;
Orsi et al., 1995; Belkin and Gordon, 1996; Pollard et al., 2002).

Northward migrations of the ACC and associated fronts, along
with expansion of the winter sea-ice cover, have been suggested to
occur during glacial stages of the Quaternary (Gersonde and
Zielinski, 2000; Crosta et al., 2004). Focusing on the Last Glacial
Maximum (LGM), a migration of 5e10� of latitude was documented
for APF and SAF and an expansion of the winter sea-ice cover by
7e10� of latitude was suggested in the Indian sector of the SO
(Gersonde et al., 2005). Northward advance and retreat of the hy-
drological fronts and Antarctic sea-ice during the glacial-
interglacial periods are linked to wind stress forcing (Southern
Hemisphere Westerlies), as well as feedbacks linked to changes in
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atmospheric and oceanic temperature (Gersonde et al., 2005;
Crosta et al., 2004; Ferry et al., 2015).

Changes in Southern Hemisphere high latitude temperature and
sea ice have also been previously shown to influence meridional
displacements in the Intertropical Convergence Zone (ITCZ) and
Asian monsoon system (Chiang and Bitz, 2005; An et al., 2011;
Caley et al., 2013). The impact of Antarctic temperature changes on
the Asian summer monsoon is mainly through changes in atmo-
spheric pressure difference between the Asian low and the Mas-
carene High in the southern Indian Ocean thereby influencing the
cross-equatorial pressure gradient (An et al., 2011). As evident
from tropical paleo-data, there is substantial evidence for robust
coupling between Northern high-latitude temperature changes
and tropical precipitation shifts (Peterson et al., 2000; Wang et al.,
2001, 2008; Lea et al., 2003; Koutavas and Sachs, 2008; Dubois
et al., 2011). However, the recorded precipitation shifts are not
only influenced by a northern high latitude change, but are prob-
ably an intricate interaction between northern and southern
hemisphere high-latitude climate shifts as suggested by Rohling
et al. (2009) and Kanner et al. (2012).

Investigating the diatom content of two cores across the main
hydrological fronts of the SO Indian sector we first reconstruct SST
and sea-ice duration along with diatom productivity and infer the
meridional displacements of the ACC (and associated fronts) over
the past 95,000 years before present (95 ka BP). We subsequently
provide a broad comparison between Southern Hemisphere high-
latitude records (SO SSTs and Antarctic temperature), Southern
Indian Ocean subtropical records (Agulhas leakage) and Asian
summer monsoon records for the last 75 ka BP and 500 ka BP. Such
comparison allows us to understand the interaction between
Southern Hemisphere high-latitude, subtropical and Asian
Monsoon climate variability.

2. Regional settings

The ACC, driven by strong Southern Hemisphere westerly winds
(Rintoul et al., 2001), flows eastward around the Antarctic conti-
nent and consists of multiple hydrological fronts where the flow is
strongest (Sokolov and Rintoul, 2009a, b). In the western Indian
sector of SO the presence of several subantarctic islands, such as
Prince Edward Island, Marion Island and Crozet Islands, and
shallow rises, such as Del Ca~no Rise, Conrad Rise, significantly affect
the ACC flow and associated fronts (Fig. 1). More specifically, the
SAF-associated jets flow anticyclonically round the Del Ca~no Rise
west of the Crozet Plateau, then northward and occasionally north-
westward into the Crozet Basin, before turning back eastward
(Fig. 1). This S-bend in the SAF is a permanent feature controlled by
bathymetry (Fig. 1) (Pollard and Read, 2001; Pollard et al., 2007).
Similarly, the APF is divided in two branches, one located north and
the other one located south of the Conrad Rise (Sokolov and
Rintoul, 2009b).

3. Materials and methods

3.1. Cores and core chronologies

Sediment cores SK 200/22a (43�420S/45� 04 E; length e 7.54m;
water depth e 2370m) and SK 200/27 (49� 000S/45�130E; length e

4.89m; water depth e 4390m) were retrieved on board ORV Sagar
Kanya (SK) in the Indian sector of the Southern Ocean using a piston
corer. Site SK 200/22a is located at the modern SAF (Modern Mean
annual SST 9 �C; Fig. 1) north of Del Ca~no Rise, while core site SK
200/27 is located north of the modern northern branch of the APF
(ModernMean annual SST 5 �C; Fig.1) and is located in betweenDel
Ca~no Rise to the north and Conrad Rise to the South. Sediment core
SK 200/22a consists of alternating layers of white calcareous sandy
silt/clay and grey calcareous sandy silt/clay up to a depth of 115 cm,
followed by a dark greyish band dominated by silty clay up to
148 cm probably indicating increase in diatom concentration, and
by light-grey clays below this band (Manoj et al., 2012). The sedi-
ment core SK 200/27 consists of alternating layers of greyish orange
clayey sediments and light olive grey sandy sediments interspersed
with gravel-sized grain (Manoj, 2014). The core is mainly domi-
nated by diatom oozes (Manoj et al., 2015).

The SK 200/22a and SK 200/27 age models are based on
Accelerated Mass Spectrometry (AMS) radiocarbon (14C) dates
measured on planktonic foraminifer (Manoj et al., 2012; Manoj and
Thamban, 2015). In the absence of calcitic foraminiferal tests below
75 cm in core SK 200/27, additional chronological constraints were
obtained using AMS 14C dating of the total organic carbon in the
sediments (Manoj and Thamban, 2015). Radiocarbon ages were
calibrated to calendar ages using Calib 6 (Stuiver et al., 2005), with a
reservoir age correction of 850 years (Bard, 1988; Berkman and
Forman, 1996; Dutta, 2008) and the dates mentioned in the text
are in calendar years BP. Chronological controls beyond the limits of
conventional radiocarbon dating were achieved by correlating the
planktonic, benthic d18O and opal content with established Ant-
arctic ice core records and LR04 d18O stack (Manoj and Thamban,
2015). Accordingly, the 7.54m of sediment core SK 200/22a
represent the past ~95 ka BP including Marine isotope Stage (MIS)
5e1, while the 4.89m of sediment core SK 200/27 represents the
past ~75 ka BP covering MIS 4e1 (Manoj and Thamban, 2015).

3.2. Diatom analysis

Sediment processing and slide preparations for diatom analysis
followed the techniques described by Batterby (1986) and
Gersonde and Zielinski (2000) while diatom counts were per-
formed according to Schrader and Gersonde (1978). Several tra-
verses across each cover slip were examined, depending on the
diatom abundances, between 350 and 900 valves were counted in
each sample at a magnification of� 1000 using an inverted light
microscope (Nikon Eclipse Ti-U). Taxonomic identification of di-
atoms followed Hasle and Syvertsen (1997), Scott and Thomas
(2005), Round et al. (1990), and Cefarelli et al. (2010).

Diatom analysis was conducted every 2 cm down to 200 cm
depth and there on every 5 cm interval down to 7.54m depth in
core SK200/22a and every 2 cm in core SK200/27 providing a
136e1000 yrs/cm and 179 yrs/cm mean temporal resolution,
respectively.

3.3. Diatom groups

SO diatoms having similar environmental preferences (sea ice
and SST) were grouped following previous studies based on Q-
mode factor analysis performed on core-top diatom assemblages
(Crosta et al., 1998a). The diatom assemblages encountered here
were grouped into the Permanent Open Ocean Zone (POOZ) group,
the Sub-Antarctic Zone (SAZ) group and the sea ice zone (SIZ)
related group (Nair et al., 2015).

3.4. Sea surface temperature and sea ice estimation

Summer SST (January-February-March) and sea-ice duration
reconstruction was estimated by applying the Modern Analog
Technique (MAT) to fossil diatom assemblages. The modern data-
base is composed of 249 surface sediment samples (modern ana-
logs) for which locations modern summer SSTwere interpolated on
a 0.25�*0.25� grid from theWorld Ocean Atlas 2013 (Locarnini et al.,
2013) using Ocean Data View (Schlitzer, 2002) and monthly sea-ice



Fig. 1. Study area showing the location of sediment cores SK 200/22a and SK 200/27 (red and yellow boxes respectively) along with location of the supporting dataset (white boxes).
The positions of the Subtropical Front (STF), Sub-Antarctic Front (SAF), Polar Front (APF), and winter sea ice limit based on (Belkin and Gordon, 1996; Orsi et al., 1995; Comiso, 2003;
Pollard and Read, 2001; Pollard et al., 2007: Sokolov & Rintoul 2009 a, b). Schematic view of the location of the core sites SK200/22a and SK200/27. Raw mean annual temperature
data from the World Ocean Atlas 2013 (Locarnini et al., 2013) have been gridded with the Ocean Data View software (Schlitzer, 2002). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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concentration data were interpolated on a 1�*1� grid from the
numerical atlas of Schweitzer (1995) covering the 1978e1994
period (Crosta et al., 1998a). Annual sea-ice duration is represented
as the number of months per year of sea-ice cover over each core-
top location, and is the sum ofmonthly sea-ice values. The latter are
attributed to each month as: 0 for ice-free areas (ice free areas are
considered having 0e15% annual sea ice concentration), 0.5 for
unconsolidated sea ice (15e40% sea ice concentration) and 1 for
consolidated ice (40e100% sea ice concentration) (Armand et al.,
2005).

The MAT is based on the principle that similar species assem-
blages are present in similar environments (Prell, 1985). The MAT
used here was implemented from the “bioindic” package (Guiot
and de Vernal, 2011) built on the R-platform (http://cran.r-
project.org/). We used the relative abundances of 32 diatom spe-
cies and the chord distance to select the five most similar modern
analogs. The threshold above which modern analogs are supposed
to be too dissimilar to the fossil assemblage (and thus considered
unreliable) is fixed at the first quartile of random distances on the
validation/modern dataset. Quantitative estimates of summer SST
and sea-ice duration represent a distance-weighted mean of the
climate values associated with the selected modern analogs (Guiot
et al., 1993). This method yields a R2 of 0.96 and a root mean square
error of prediction of 0.96 �C for summer SST and a R2 of 0.96 and a
rootmean square error of prediction of 0.86month per year for sea-
ice duration.
3.5. Diatom morphometry

Two diatom species, Fragilariopsis kerguelensis (pennate) and
Thalassiosira lentiginosa (centric), were chosen for morphometric
studies owing to their high relative abundances throughout the
core and their importance in carbon and silica cycling (Shukla et al.,
2013, 2016). Length of apical axis of F. kerguelensis and radius of
T. lentiginosa were measured manually using nuclear inelastic
scattering (NIS) element imaging software on a computer con-
nected to the Nikon Eclipse Ti-U inverted microscope. Measure-
ments were performed on ~80 specimens of each diatom species on
the same diatom slides used for diatom census counts.
3.6. Supporting data

To understand the linkages between Southern Hemisphere
high-latitude and Asian summer monsoon we used SST records
from site ODP1089 & 1090 of Atlantic and site SO136-111 of east
Indian/west pacific Sector of SO (Crosta et al., 2004; Cortese et al.,
2007; Martinez et al., 2009), Antarctic atmospheric temperature-
EPICA Dome C (EDC) ice core temperature estimates (Jouzel et al.,
2007), Agulhas leakage fauna (ALF) records from site GeoB-3603-
2 and MD96-2081 termed as Cape Basin Record (CBR) and site
CD154 17-17 K (Peeters et al., 2004; Simon et al., 2013), Asian
monsoon records such as Arabian sea Sediment total reflectance
from site SO130-289 KL (Deplazes et al., 2013), 10Be-proxy rainfall
records (Beck et al., 2018), Chinese Hulu and Dongge Cave stalag-
mite records d18O (Wang et al., 2001; Yuan et al., 2004), 30�N to
30�S June insolation difference (Berger and Loutre, 1991).
4. Results

4.1. Glacial-interglacial variability: core SK 200/22a

Diatoms from the POOZ group dominated (mean of 82.7% rela-
tive abundance) the assemblages at this SAF core site (Fig. 2b). The
contribution of POOZ diatoms was lower during interglacial pe-
riods, with relative abundance as low as 70e80% during MIS 5
(specifically during MIS 5.1 interstadial) and ~70% in MIS 1. Simi-
larly, the SIZ diatom group displayed an obvious glacial-interglacial
pattern with highest relative abundances during glacial stages,
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Fig. 2. SK 200/22a sediment records a) relative percentage (%) of Sub-Antarctic Zone (SAZ) diatom group, b) permanent open ocean zone (POOZ) diatom group, c) Sea ice zone (SIZ)
diatom group, d) Summer SST, e) Sea-ice duration, f) Diatom absolute abundance (DAA), g) F. kerguelensis average apical length and h) T. lentiginosa average radius. Grey bands
indicate glacial stages. During Marine Isotopic Stage (MIS) 5, the light red bands indicates lower values of the DAA, POOZ diatoms, F. kerguelensis apical length and T. lentiginosa
radius, whereas, the blue bands indicate higher values of the same records. The dotted lines indicate the MIS 5.1 interstadial and MIS 5.2 stadial. The N and S arrows in panels d) and
e) suggest the general direction of movement for the Antarctic Polar Front (APF) and winter sea ice edge for a given change in SST and sea-ice duration, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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reaching ~5% of the total diatom assemblages during MIS 4 and
3e5% between late MIS 3 and MIS 2, and lowest relative abun-
dances during interglacial stages, with the SIZ group almost absent
during MIS 5 and MIS 1 (Fig. 2c). The SAZ group diatoms accounted
for 15e23% and 5e15% during MIS 1 and MIS 5, respectively
(Fig. 2a). Relative abundances were lower (~5%) during theMIS 4e2
period. Notably, maximum relative abundances of the SAZ group
were encountered during the deglaciation.

Summer SST reconstructed for the SAF core site (SK 200/22a)
vary between 2 �C and 5 �C (Fig. 2d). Summer SST were around 4 �C
during the late MIS 5, MIS 3 and MIS 1. The warmest SSTs, around
~5 �C, occurred during the deglaciation (~14 ka BP) and mid-MIS 1
(~5 ka BP). SSTs were around 3 �C during MIS 4 and MIS 2, with
minima around 2 �C during the LGM. Sea-ice duration estimated for
the SAF core site reveals that sea ice occurred infrequently between
95 ky and 23 ky with values below the RMSE (Fig. 2e). However, the
LGM and the early MIS 1 were characterised by values of
1e2month/year, above the RMSE. Wherein, the sea-ice duration
peaks during the early MIS 1 could be due to errors given the
absence of sea-ice diatoms at this time interval.

The total diatom concentration varied significantly (range
0.76� 108e6.7� 108 valves/g of dry sediment) during the past ~95
ky in the SAF core site (Fig. 2f). Highest values (6e6.7� 108 valves/
g) were recorded during late MIS 3 to LGM, moderate values
(3.7e5� 108 valves/g) during early MIS 4, early and late MIS 1,
whereas low abundances (1e1.5� 108 valves/g) were observed
during MIS 5.1 interstadial, MIS 4e3 transition and the
deglaciation.

In the SAF core site, the mean apical length of F. kerguelensis
varied between ~30 mm and ~50 mm (Fig. 2g). Short F. kerguelensis
(30e40 mm) were encountered during the MIS 5.1 interstadial, late
MIS 2 (deglaciation) and MIS 1, while long F. kerguelensis (>40 mm)
were found during the MIS 4, MIS 3 and early-mid MIS 2. Changes
in T. lentiginosa mean radius followed a rather similar pattern with
small specimens (radius of 20e24 mm) encountered during the MIS
5.1 interstadial and last deglaciation and large specimens (mean
radius of 25e30 mm) found during the MIS 4e2 period (Fig. 2h).

4.2. Glacial-interglacial variability: core SK 200/27

Diatoms from the POOZ group dominated (mean of 91.4%) the
assemblages at this APF core site (Fig. 3b). The POOZ diatoms had
lowest relative abundances during glacial periods as compared to
MIS 1, with 75% abundance inMIS 4, 80e85% inmidMIS 3 and ~87%
during MIS 2. However, some of the higher values do occur during
the early and late part of LGM which coincides with the drop in SIZ



Fig. 3. SK 200/27 sediment records a) relative percentage (%) of Sub-Antarctic Zone (SAZ) diatom group, b) permanent open ocean zone (POOZ) diatom group, c) Sea ice zone (SIZ)
diatom group, d) Summer SST, e) Sea-ice duration, f) Diatom absolute abundance (DAA), g) F. kerguelensis average apical length and h) T. lentiginosa average radius. Grey band
indicates glacial stages. The N and S arrows in panels d) and e) suggest the general direction of movement for the Antarctic Polar Front (APF) and winter sea ice edge for a given
change in SST and sea-ice duration, respectively.
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diatoms abundance. The SIZ diatoms showed a distinct glacial-
interglacial pattern presenting highest relative abundances of ~7%
during MIS 4 and MIS 2, low contribution during MIS 3 and almost
absent during MIS 1 (Fig. 3c). Conversely, the SAZ diatoms reached
highest relative abundances duringMIS 3, last deglaciation andMIS
1 (~10% and 5%, respectively) and lowest contribution during MIS 4
and MIS 2 (0e3%) (Fig. 3a).

At the APF core site (SK 200/27), summer SST varied between
1 �C and 4 �C (Fig. 3d). Warmest summer SST of ~4 �C occurred
during the MIS 1, also quiet high SST of 3.5 �C were seen during last
deglaciation and early MIS 3. Overall, summer SST ranged from 2 to
3.5 �C during MIS 3 and 1e3 �C during MIS 4 and MIS 2. Sea-ice
duration is estimated at ~1.5months/year during MIS 4 (Fig. 3e).
Sea-ice retreat occurred abruptly during earlyMIS 3 and sea icewas
completely absent between 52 and 47 ka BP. At 46 ka BP, the sea ice
started to expand again and was occasionally present until MIS 2
when a duration of 1e1.5months/year is estimated between 27 and
17 ka BP. Sea ice then quickly retreated and was absent from the
core location since 14 ka BP, except for one short peak centred at
~10 ka BP (this could be an error given the absence of sea-ice di-
atoms at this time interval).

The diatom concentrations at the APF core site varied between
~2� 108 and ~6� 108 valves/g (Fig. 3f). Diatom abundances were
highest (~6� 108 valves/g) during early MIS4, mid-late MIS 3 and
MIS1, while lowest concentration (2e3� 108 valves/g) occurred
during mid MIS 4, early MIS 3 and MIS 2.
The diatom valve size measurements reveal that the average
apical length of F. kerguelensis varied between 40 mm and 54 mm
(Fig. 3g). The average apical length increased from MIS 4 (~40 mm)
until the early MIS 3 to reach maximum size at ~50 ka BP, then
subsequently decreased until MIS 2 when it stabilized at ~43 mm.
There was a considerable increase in F. kerguelensis average length
during the deglaciation (~50 mm), followed by a decrease during the
early MIS 1 (~43 mm) and an increase during the late MIS 1
(~46 mm). Thalassiosira lentiginosa radius variations in the APF core
oscillate between 20 mm and 28 mm. Unlike the SAF core site the
Thalassiosira lentiginosa radius variations doesn't match the
F. kerguelensis apical length variation mainly between 30 and 50 ka
BP and during the late MIS 4. But for the rest of time span the
variations of the Thalassiosira lentiginosa radius and F. kerguelensis
apical length are almost similar in trend.

5. Discussion

5.1. Latitudinal changes in the Southern Ocean fronts and sea-ice
extent

Cores SK200/27 and SK/220/22a are located north of the mod-
ern APF northern branch and at the SAF, respectively (Fig. 1).
Although we are aware that other definitions for the average po-
sitions of these fronts are existing (Orsi et al., 1995; Belkin and
Gordon, 1996; Pollard and Read, 2001; Pollard et al., 2007;
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Sokolov and Rintoul, 2009b), both fronts can be tracked by strong
SSTgradients between 3 and 5 �C for the APF and 5e9 �C for the SAF
in our study area (Lutjeharms and Valentine, 1984). We subse-
quently used this relationship, along with variations in the abun-
dances of ecological diatom groups and diatom biometry, whereby
largest F. kerguelensis and T. lentiginosa are today found at around
the APF position (Cortese and Gersonde, 2007; Shukla et al., 2016),
to document their past latitudinal shifts.

5.1.1. SST, sea-ice presence and diatom ecological groups
The diatom-based transfer function inferred a ~2e4 �C glacial

cooling (as compared to modern SSTs) at both core sites with
summer SST around 1e2 �C in core SK200/27 (Figs. 3d) and 2e3 �C
in core SK200/22a (Fig. 2d). Additionally, the relative abundances of
the POOZ diatoms decreased in the APF core SK200/27 (Fig. 3b)
during the glacial period from MIS 4e2, while they congruently
increased in the SAF core SK200/22a (Fig. 2b). More specifically,
relative abundances of POOZ diatoms in core SK200/22 during
glacial times (~90%) were similar to POOZ diatoms relative abun-
dances in core SK200/27 during interglacial times (Fig. 2b). These
data suggest a northward expansion of the ACC during glacial in-
tervals. Our SST and diatom group data do not show any significant
difference during MIS 4 and MIS 2, which suggests that similar
conditions may have existed during both glacial stages. Addition-
ally, at our APF core site, except for early MIS 3, the SST varied from
2 to 3 �C for the MIS 4e2 timespan, which is similar to the variation
of SSTs from east Indian/west Pacific APF site-SO136-111 (Crosta
et al., 2004) and Atlantic APF site-ODP1093 (Schneider-Mor et al.,
2008), indicating a northward shift of APF during MIS 4e2 time
period. We propose that the APF, or at least its northern branch,
migrated north during MIS 2 and MIS 4 to reach core site SK200/
22a, which represents a shift of 7e8� of latitude relative to its
present location. Our results are in agreement with previous
studies focusing on the LGM (Gersonde et al., 2005) and add new
information on an under-sampled area of the Indian Sector of SO.
Though it is here impossible to track the position of the SAF during
glacial stages, our data demonstrate a large drop in SAZ diatoms in
both cores during glacial stages (Figs. 2a and 3a) suggesting a
northward migration of the SAF by few degrees of latitude. The
northward migration of both the APF and SAF during the glacial
periods of the last climatic cycle probably suggests a shift of most of
the ACC system (Mazaud et al., 2010).

Both SK 200/22a and SK 200/27 sediment cores are located
north of the present winter sea-ice edge (Fig. 1). Sea-ice records are
therefore discontinuous and show the presence of sea ice during
glacial times specifically at APF core site. The occurrence of SIZ
diatom species (Fig. 2c) along with ~1 month per year sea-ice es-
timates at core site SK200/22a (Fig. 2e) suggest the presence of
episodic and unconsolidated winter sea ice as far north as ~43�S
during the LGM. Conversely, MIS 4, MIS 3, early MIS 2 andMIS 1 are
characterised by the absence of sea ice at the SAF core site. We
however assume that the mean winter sea-ice limit was located
close to the APF core site (SK200/27) location during the LGM
which is in agreement with previous studies in this region focusing
on the LGM (Gersonde et al., 2005). During the MIS 4e2 timespan,
the sea-ice presence of 0.75e1.5months/year recorded at our APF
core site is slightly less than the estimated sea-ice presence of
1.5e2months/year from East Indian/West Pacific sector (Crosta
et al., 2004) and a little more than the sea ice estimate of
~0.5month/year from Atlantic sector (Schneider-Mor et al., 2008).
However, since these inter-zonal differences in sea-ice presence are
minimal, based on these observations we assume that the mean
winter sea-ice limit was positioned close to the modern-day APF
during last glacial period.

Winter sea-ice expansion at glacial inceptions and shrinking at
deglaciation appear very abrupt suggesting a strong sensitivity to
oceanographic and climate changes (Crosta et al., 2004; Ferry et al.,
2015). The northward expansion of sea ice and shift of ACC (inferred
from SAF and APF position) during the glacial stages is associated
with Antarctic ice sheet extension (probably as a result of changes
in Antarctic temperature) and equatorward displacement of
Southern Hemisphere westerlies (Neil et al., 2004; Carter and
Cortese, 2009; Martinson, 2012; Kohfeld et al., 2013). This sug-
gests a close link between the Antarctic cryosphere, the sea-ice field
and the ocean and atmosphere dynamics over the Southern Ocean.

5.1.2. Diatom absolute abundance
Diatom productivity, here tracked through diatom absolute

abundances, shows a distinct glacial-interglacial variation in both
cores (Fig. 4b and d). The SAF core site was characterised by higher
diatom productivity during glacials, which is also evident from
increased TOC and opal content in glacial sediments (Manoj and
Thamban, 2015). Higher diatom productivity during glacial stages
at core site SK200/22amay have been driven by increased supply of
Si to the SAZ surface water in response to the northward migration
of APF and SO upwelling (Sigman et al., 2010; Anderson et al., 2014;
Dezileau et al., 2003;Sigman et al., 2010). An increased dust and
iron flux (Fig. 4f and g; Martinez-Garcia et al., 2011; Lambert et al.,
2008) to the SO from South America and South Africa (Lamy et al.,
2014) may have also contributed to the observed glacial rise in
siliceous productivity both in the SAZ Atlantic (Kumar et al., 1995;
Frank et al., 2000; Anderson et al., 2014; Jaccard et al., 2013) and
SAZ Indian (Bareille et al., 1998; Dezileau et al., 2003).

Conversely, diatom productivity was reduced at the APF core
site during MIS 2 and MIS 4 compared to the MIS 1, which is also
supported by a drop in opal content at this site (Manoj and
Thamban, 2015). This drop in siliceous productivity may result
from the northward migration of the SO upwelling (Sigman et al.,
2010) and enhanced stratification in the POOZ (François et al.,
1997) due to longer sea-ice duration at core site SK 200/27.
Indeed, the expanded sea-ice field during the glacial stages may
have allowed a low salinity lid to form in the POOZ (Shin et al.,
2003a), thus reducing the vertical mixing and associated vertical
supply of nutrients (François et al., 1997; Crosta and Shemesh,
2002; Jaccard et al., 2013). Additionally, the greater sea-ice cover
may have reduced the length of the growing season (Moore et al.,
2000) and favoured smaller, sea-ice-related diatoms at the
expense of large POOZ diatoms (Fig. 2). However, this does not
seem true for the 47e52 ka interval (early MIS 3) in the APF core,
where absence of sea ice and warmer SSTs (~4 �C), correspond to
some of the lowest diatom abundance values. This could be likely
due to the southward shift of APF during the early MIS 3 close to the
core site (due to the prevalence of ~4 �C SST) leading to increase
calcareous productivity (Manoj and Thamban, 2015) and subse-
quent decrease in diatom productivity. However, the possible rea-
sons for such southward shift of APF during early MIS 3 could be a
matter of further discussion.

5.1.3. Size of F. kerguelensis and T. lentiginosa
Earlier studies have shown that larger F. kerguelensis and

T. lentiginosa valves occur in modern sediments underlying the APF
(Cortese et al., 2007; Shukla et al., 2016) where favourable SST of
3e5 �C allow them to make use of the high nutrient content in
turbulent waters of the frontal system. Building on these findings
we used downcore variations in F. kerguelensis and T. lentiginosa
size to further document past meridional shifts in the APF. Glacial
summer SST of 2e3 �C (Fig. 2d) along with larger average size of
both diatom species (Fig. 2g and h) recorded at the SAF core site
support the northward migration of the hydrological fronts and
place the glacial APF at around 43�S. Both F. kerguelensis and



Fig. 4. Diatom productivity variation and comparison: a) SK 200/27 sea-ice duration, b) SK 200/27 Diatom absolute abundance (DAA), c) SST SK 200/27, d) SK 200/22a DAA e) SST SK
200/22a, f) iron (Fe) mass accumulation rate (MAR) (Martinez-Garcia et al., 2011) and g) EDC dust flux (Lambert et al., 2008). Grey bands indicate glacial stages.
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T. lentiginosa were then at their optimal ecological range (Crosta
et al., 2005), silica standing stocks were probably higher due to
the northward migration of the SO upwelling along with the ACC
and fronts (Sigman et al., 2000). Hence, the higher iron concen-
trations injected by the upwelling and increased aeolian dust (Lamy
et al., 2014) may have allowed the diatoms to grow larger initial
cells during glacial stages (Assmy et al., 2006).

Unlike SAF core site, the average sizes of F. kerguelensis and
T. lentiginosa at APF core site weren't larger during the glacial stages
(MIS 2 and 4) as compared to MIS 1 (Fig. 3g and h). Instead, the
F. kerguelensis sizes were large during the early MIS 3, deglaciation
and late MIS 1, when the SSTs were close to 4 �C (indicating closer
proximity of APF at the core site), and followed the SST variation
since early MIS 3e1, except for late MIS 4 (Fig. 3d and g). During the
late MIS 4, when the APF was north of APF core site (indicated by
SST lower than 4 �C), the F. kerguelensis sizes still showed an
increasing trend, this could be owing to slight decreasing trend in
sea-ice duration (Fig. 3d, e and g). Smaller average sizes of
F. kerguelensis were observed from late MIS 3e2, when the SSTs
were less than 4 �C, as a result of northward shift of APF. Summer
SST below 4 �C are out of the preferred ecological range of this
species (Crosta et al., 2005). Additionally, episodic presence of sea
ice over the APF core site and reduced nutrient stocks due to water
column stratification (François et al., 1997; Crosta and Shemesh,
2002; Jaccard et al., 2013) might have participated to the smaller
average sizes of F. kerguelensis. Unfavourable SST may have pre-
vented F. kerguelensis to make full use of the low silica stocks to
develop large initial cell, thus resulting in a smaller community
(Crosta, 2009). Oppositely, the variation of T. lentiginosa average
sizes neither followed SST nor F. kerguelensis size variation at APF
core site (Fig. 3d, g and h), this is despite both species sharing
similar ecological niche (Crosta et al., 2005). For this reason, along
with the lack of T. lentiginosa size studies for longer timescale it is
difficult to comment on their size variation at APF, and would need
further investigation.

5.2. Linkages between southern hemisphere high-latitude and
Asian summer monsoon for the last 75 ka BP and 500 ka BP

This section mainly aims to understand how the changes in
Antarctica and SO (through latitudinal shifts of fronts and sea ice)
influences the Agulhas leakage and Asian summer monsoon. Pre-
vious studies have suggested a prominent Northern Hemisphere
control on Asian summer monsoon dynamics on a suborbital to
millennial timescale (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; Deplazes et al.,
2013). These studies were based on the apparent resemblance of
Indo-Asian records with those of Greenland d18O ice-core records
(NGRIP members, 2004) at millennial/suborbital scale. However, a
recent study has argued that the Asian summer monsoon is gov-
erned by the low-latitude (30�N-30�S) interhemispheric insolation
gradient rather than high-northern-latitude insolation (Beck et al.,
2018). Likewise, only few studies have suggested teleconnections
between Asian monsoon and regions (low latitude and Southern
Hemisphere high latitude) other than Northern Hemisphere (An
et al., 2011; Caley et al., 2013; Gebregiorgis et al., 2018). Modern
observations suggest that it is the differential heating between the
hemispheres at low-latitude that controls the tropical monsoon
build-up (Webster, 2005; Beck et al., 2018). The Asian monsoon is
linked to southern Indian Ocean subtropical high (SISH)/Mascarene
High and North Pacific subtropical high through Hadley circulation
and Walker circulation pathways respectively (Beck et al., 2018).
The present study deals with Asian monsoon variation through
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Hadley circulation. Present day observations indicate that the
changes in the strength and position of SISH (as a result of low
latitude insolation gradient), through the changes in SE trade
winds, are coupled with the Agulhas Current (AC) strength and
leakage (Beck et al., 2018; Backeberg et al., 2012). Wherein, during
stronger SISH, the intensified South East (SE) trade winds result in
an increase in the wind stress coupling to the sea surface thereby
leading to enhanced South Equatorial Current (SEC) and strength-
ened AC in the south west Indian Ocean (Backeberg et al., 2012).
These observations have further indicated that the stronger AC
leads to an increased Agulhas leakage (Fig. s1). Agulhas leakage is
also influenced by Southern Hemisphere high latitude forcing
through changes in STF position (Fig. s1; Caley et al., 2011). Hence to
understand the linkages between Southern Hemisphere high-
latitude changes and Asian summer monsoon we compared SST
records from SO, Antarctic paleotemperature, Agulhas leakage,
Asian summer monsoon records and low-latitude insolation
gradient (June 30�N to 30�S) for the last 75 ka BP and 500 ka BP
(Fig. 5).

5.2.1. Stronger Asian summer monsoon during interglacial stages
Changes in East Asian summermonsoon as indicated by the 10Be

records exhibit a strong match with the low latitude (30�N to 30�S)
June insolation gradient (Fig. 5i) suggesting a precession driven
forcing for the last 500 ka BP (Beck et al., 2018). The Asian monsoon
dynamics for the last 75 ka BP and 500 ka BP revealed stronger
monsoon during the past interglacial stages (Fig. 5i). This can be
Fig. 5. Comparison between records of climate variability and forcing from the Southern Hem
region. (a) Antarctic atmospheric temperature- EPICA Dome C (EDC) ice core (Jouzel et al., 2
East Indian/West Pacific Sector of SO (Crosta et al., 2004), (e) SST from ODP 1089 site of Atlan
of Atlantic Subantarctic Zone of Southern Ocean (Martínez-Garcia et al., 2009), (g) Agulhas le
(Peeters et al., 2004), (h) Agulhas leakage fauna from CD154 17-17 K site south west Indian O
30�S June insolation difference (dotted curve) (Berger and Loutre, 1991), (j) Hulu and Dongge
Sediment total reflectance from SO130-289 KL site (Deplazes et al., 2013). The light blue band
trend in Asian summer monsoon within the glacial stages (grey boxes with MIS stage nam
referred to the Web version of this article.)
explained by the fact that the stronger cross-equatorial flow of
South-East (SE) trade winds and Somali Jet occurred when the
gradient of June isolation between 30�N and 30�S was at a
maximum, along with the presence of a stronger low pressure over
Asian landmass (Fig. 6a; Beck et al., 2018). During the stronger
Asian summer monsoon, stronger SE trade winds led to strength-
ened SEC, which further intensified AC, such upstream changes in
Agulhas system resulted in increased Agulhas leakage (Fig. 5gei;
Fig. s1; Peeters et al., 2004). Additionally, observed similarity be-
tween stronger Asian summer monsoon, increased Agulhas
Leakage Fauna, increased Antarctic temperature and southward
position of STF (Fig. 5), argues for the existence of a parallel forcing
(other than low latitude insolation) for stronger Asian summer
monsoon during the interglacials (Fig. s2a). This can be explained
through a mechanism wherein, a warmer Antarctica led to the
southward position of STF (along with SAF, APF and sea ice), which
broadened the Agulhas leakage corridor and led to stronger Agul-
has leakage. Increased Agulhas leakage resulted in less heat build-
up at SISH, making it a strong high-pressure zone, which led to
increased pressure gradient between Asian landmass and SISH,
thereby, enhancing the cross-equatorial flow of SE trades and
resulting in stronger Asian summer monsoon (Fig. 6a; Fig. s2a).

5.2.2. Weaker Asian summer monsoon during glacial stages
Conversely, during the past glacial stages, the minimum

gradient of June isolation between 30�N and 30�S (causing weak
cross-equatorial pressure gradient between SISH and Asian
isphere High-latitudes, Southern Indian Ocean subtropics and Asian summer monsoon
007), (b) SK 200/27 sea ice duration, (c) SK 200/27 SST, (d) SST from site SO136-111 of
tic Subtropical front of Southern Ocean (Cortese et al., 2007), (f) SST from ODP 1090 site
akage fauna from site GeoB-3603-2 and MD96-2081 termed as Cape Basin Record (CBR)
cean (Simon et al., 2013), (i) 10Be-proxy rainfall records (Beck et al., 2018) and 30�N to
Cave stalagmite records d18O (Wang et al., 2001; Yuan et al., 2004) and (k) Arabian sea
s indicate periods of increased Asian summer monsoon and the black arrows show the
es). (For interpretation of the references to colour in this figure legend, the reader is



Fig. 6. Different scenarios showing changes in, and interactions between, the Southern Hemisphere high latitude, Southern Indian Ocean subtropics and Asian summer monsoon
during (a) interglacial stages and terminations, (b) glacial stages. The Antarctic sea ice and frontal positions during glacial periods are those provided by Gersonde et al. (2005) and
Bostock et al. (2013) for the LGM. The Antarctic sea ice and frontal positions during interglacials and terminations are marked referring to the modern-day position provided by
Sokolov and Rintoul, 2009b; Gersonde et al. (2005); and Bostock et al. (2013),
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landmass) might have led to decreased cross-equatorial flow of SE
trade wind and Somali jet lowering the Asian summer monsoon
intensity (Fig. 5i; Beck et al., 2018). This glacial scenario (of low
monsoon intensity) might have led to the weakened flow of AC
(due to weaker SEC and SE trade wind) and thereby resulted in the
reduced Agulhas leakage (Fig. 5gei; 6b). As discussed in the pre-
vious section, there could be a parallel forcing, through changes in
Antarctica and SO, for the Asian summer monsoon variability
(Fig. s2b). Wherein during glacial stages, cooler Antarctica and the
northward position of sea ice and fronts, narrowed the Agulhas
leakage corridor and led to decreased Agulhas leakage. The reduced
Agulhas leakage coupled with increased strength of Agulhas return
current (ARC) due to intensified Southern Hemisphere westerlies
(Simon et al., 2013) could lead to the build-up of heat that could not
escape the Indian Ocean. Such scenario could possibly lead to a
warmer SST anomaly (especially evident during MIS 12 in Caley
et al., 2011) in south west Indian Ocean during the glacial stages.
This might further weaken the SISH and thus additionally
contribute in lowering the Asian summer monsoon intensity dur-
ing the glacial stages (Fig. 6b; Fig. s2b). It would be interesting to
look for such SST anomalies during glacial stages in the SISH region,
where records are lacking, given the increased heat build-up due to
reduced Agulhas leakage conditions.

However, Asian monsoon intensity exhibited a gradual
increasing trend during the latter part of the past glacial stages,
except for MIS 12 (Fig. 5i). Such non-orbital scale variation could be
attributed to cooler and stronger SISH, leading to increase the
pressure gradient between SISH and Asian Low, as a result of
maximum SO and Antarctic cooling occurring during latter part of
glacial stages (An et al., 2011). However, this increasing pressure
gradient that accounted for the increasing monsoon trend during
the latter half of glacial stages is weaker than that seen during
interglacial stages, but slightly stronger than earlier part of glacial
stages. The presence of awarmer SSTanomaly duringMIS 12 glacial
stage in the south west Indian Ocean (Caley et al., 2011) could be a
possible explanation for the decreasing trend in Asian monsoon
during this time (Fig. 5i), through a weakened SISH, which other-
wise displays an increasing trend during glacial stages as observed
by An et al. (2011).

Based on our observation, the main drivers of Asian summer
monsoon variability for the last 75 ka BP and 500 ka BP is suggested
to be precession forcing via low latitude insolation (Beck et al.,
2018) and simultaneous forcing through changes in Antarctic
temperature, SO sea ice and fronts. Whereas, Gebregiorgis et al.
(2018) highlighted the sensitivity of the Asian summer monsoon
to internal processes that are associated with the precession,
obliquity and eccentricity band forcing. However, the scenario of
intensified Asian summer monsoon during periods of decreased
obliquity forcing (Gebregiorgis et al., 2018) was not evident through
the comparison made between Beck et al. (2018) monsoon records
and obliquity (Fig. s3b and d). The ~100 ka eccentricity cycle in the
monsoon records was attributed to the basin isolation and
monsoon intensification induced by sea level changes, which are
related to eccentricity (Gebregiorgis et al., 2018).

Our assumption on the glacial-interglacial variation in AC
strength and Agulhas leakage is different from that of Caley et al.
(2011). They suggested that a stronger AC during glacial periods
led to reduced Agulhas leakage. This is primarily associated with
northward STF and westerlies position as a result of Southern
Hemisphere high-latitude forcing rather than low-latitude
monsoon control (Caley et al., 2011). However, to consider the
Southern Hemisphere high latitude forcing as the only forcing on
AC and Agulhas leakage is still debatable. This is because Simon
et al. (2013) suggested that the changes in SST and salinity in the
Agulhas leakage corridor may be partly induced via upstream var-
iations in these properties within the source region of Agulhas
leakage (also discussed in subsections 5.2.1 & 5.2.2). Hence it is
probably the changes in low latitude (Asian monsoon) along with
the meridional variation of SO fronts which could explain the
Agulhas leakage variability in the past.

6. Conclusion

� The SAF core site records the presence of episodic and uncon-
solidated winter sea ice as far north as ~43�S during the MIS 2
and MIS 4. We however suggest that the mean winter sea-ice
limit was located close to core SK200/27 location (49�S) dur-
ing glacial stages.

� Higher diatom productivity at the SAF core site and lower pro-
ductivity at the APF core site during glacial stages suggest a
northward shift of the APF, which was probably located at ~43�S
during MIS 2 and MIS 4.
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� Larger average sizes of F. kerguelensis and T. lentiginosa at the SAF
core site during glacial stages confirms the northwardmigration
of the hydrological fronts and places the glacial APF at around
43�S.

� The comparative study of various records revealed a complex
interaction between Southern Hemisphere high-latitude,
southern Indian Ocean subtropics and Asian summer monsoon.

� The low latitude insolation gradient along with Antarctic
climate changes via meridional shifts of the fronts and sea ice
are the likely forcing factor for the variability of the Asian
summer monsoon .

� The Asian summer monsoon along with SO frontal variation
might be responsible for the changes in the Agulhas leakage
intensity in the past.
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