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[1] Different proxies for sea surface temperature (SST) often exhibit divergent trends for
deglacial warming in tropical regions, hampering our understanding of the phase
relationship between tropical SSTs and continental ice volume at glacial terminations. To
reconcile divergent SST trends, we report reconstructions of two commonly used
paleothermometers (the foraminifera G. ruber Mg/Ca and the alkenone unsaturation index)
from a marine sediment core collected in the southwestern tropical Indian Ocean
encompassing the last 37,000 years. Our results show that SSTs derived from the alkenone
unsaturation index (U%;) are consistently warmer than those derived from Mg/Ca by ~2-3°C
except for the Heinrich Event 1. In addition, the initial timing for the deglacial warming of
alkenone SST started at ~15.6 ka, which lags behind that of Mg/Ca temperatures by 2.5 kyr.
We argue that the discrepancy between the two SST proxies reflects seasonal differences
between summer and winter rather than postdepositional processes or sedimentary biases.
The U%;; SST record clearly mimics the deglacial SST trend recorded in the North Atlantic
region for the earlier part of the termination, indicating that the early deglacial warming trend
attributed to local summer temperatures was likely mediated by changes in the Atlantic
Meridional Overturning Circulation at the onset of the deglaciation. In contrast, the glacial to
interglacial SST pattern recorded by G. ruber Mg/Ca probably reflects cold season SSTs. This
indicates that the cold season SSTs was likely mediated by climate changes in the southern

hemisphere, as it closely tracks the Antarctic timing of deglaciation. Therefore, our study
reveals that the tropical southwestern Indian Ocean seasonal SST was closely linked to
climate changes occurring in both hemispheres. The austral summer and winter recorded by
each proxy is further supported with seasonal SST trends modeled by Atmosphere—ocean
General Circulation Models for our core site. Our interpretation that the alkenone and Mg/Ca
SSTs are seasonally biased may also explain similar proxy mismatches observed in other

tropical regions at the onset of the last termination.
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1. Introduction

[2] The sea surface temperature (SST) evolution in the tro-
pics during glacial terminations is essential for understanding
the mechanisms behind rapid climate changes in the past
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[Shakun et al., 2012]. However, notable discrepancies of last
deglacial SST timing and magnitudes have been observed
among multiple SST studies from tropical Oceans [i.e., Mix
2006]. Early work documenting the phase relationship
between tropical SSTs based on foraminifera Mg/Ca and
continental ice volume during glacial terminations suggest
that a tropical SST led over ice volume by several millennia
[Lea et al., 2000; Saher et al., 2009]. This led to the hypoth-
esis that tropical SSTs played a pivotal role for climate
change during deglaciations through transferring heat and
water vapor from the tropics to higher latitudes [Lea et al.,
2000; Rodgers et al., 2003; Visser et al., 2003]. More recent
SST records based on alkenone unsaturation index (U};)
have challenged this hypothesis, suggesting that the Eastern
equatorial Pacific (EEP) SST were rather responding to
changes in the Atlantic Meridional Overturning Circulation
(AMOQC) [Kiefer and Kienast, 2005; Kienast et al., 2001;
Kienast et al., 2006]. Similar warming patterns of foraminifera
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Figure 1. Sea surface temperature (SST) field (isotherm in 2°C),

amount of precipitation, surface wind direction, and strength
over the Indian Ocean and Africa for (a) January and (b) July.
The map also shows the position of marine sediment cores
GIK16160-3 (yellow star, this study) and MD79275 (white
dot) [Bard et al., 1997] and the Zambezi river catchment area
(red line). The large pink arrows indicate the monsoonal wind
directions. Monthly precipitation as well as surface wind speed
and strength for the 925 hPa pressure level (arrows with speed
proportional to the vectors) is derived from NCEP reanalysis
[http://iridl.Ideo.columbia.edu].

Mg/Ca lead U%;; SSTs at terminations in the western equato-
rial Pacific [de Garidel-Thoron et al., 2007; Kienast et al.,
2001; Linsley et al., 2010; Rosenthal et al., 2006; Steinke
etal.,2008; Visser et al.,2003]. Although the SST differences
are systematic and, in some way, related to identifiable oceanic
processes [Mix, 2006], it is not yet fully understood what con-
trols such differences between temperature proxies. Several
competing hypotheses have been proposed to reconcile mis-
matches in the Mg/Ca and UX}; SST signals. Those include
biases caused by G. ruber and alkenone producers’ different
sensitivities to seasonal or interannual temperature variations,
nutrient stress, preservation, postdepositional processes, and ar-
tifacts associated with salinity changes [Koutavas and Sachs,

2008; Mix, 2006; Saher et al., 2009]. Recent studies based on
paleo data synthesis and model simulations for the Holocene
have indicated that tropical U;; and Mg/Ca-derived SSTs
may respond to different seasons [Leduc et al., 2010; Lohmann
etal.,2012; Schneider et al., 2010]. However, invoking seasonal
preference for reconciling different SST proxies has not been
thoroughly tested yet for periods older than the Holocene.

[3] Similar to the Pacific Ocean, the leads and lags of SST
evolution in the Indian Ocean during the last deglaciation in
relation to the thermal evolution in the high latitudes also re-
main unclear. In the Indian Ocean, notably two climate sys-
tems could have affected SST evolution during glacial and
interglacial times: the annual cycle of the Indian Ocean
monsoon system that stores and transfers heat and moisture
between both hemispheres, and global climate changes via
atmospheric teleconnection. Apparent discrepancies of last
deglacial SST timing and magnitudes have also been ob-
served among multiple SST studies (such as Mg/Ca, UX;,
and TEX®®) from the tropical western Indian Ocean, [Bard
et al., 1997; Caley et al., 2011; Kiefer et al., 2006; Levi
et al., 2007]. Records using U%;; derived SST are marked
by a two-step warming trend during the deglaciation that is
broadly concomitant with the onset of Belling-Allerad (B/A,
~14.6ka) and the end of Younger Dryas (YD, ~12.5-11.5ka)
[Bard et al., 1997]. This supports that the regional SST evolu-
tion was synchronous with rapid climate changes occurring in
the northern hemisphere during the last deglaciation [Bard
et al., 1997]. In contrast, the SST records derived from plank-
tonic foraminifera Mg/Ca and the foraminiferal modern analog
technique indicate that the onset of the deglacial SST warming
occurred earlier in apparent synchrony with Antarctic air tem-
perature [Kiefer et al., 2006; Levi et al., 2007; Naidu and
Govil, 2010]. The SST discrepancies support the notion that
the timing of initial warming is contingent upon the proxy used
to estimate the SSTs. In this perspective, SST reconstructions
using multiple paleothermometry proxies may hold the key
for understanding processes involved in shaping tropical SST
records during terminations. A study based on multiple SST
proxies from the Arabian Sea spanning the penultimate deglaci-
ation indeed demonstrates clear discrepancies between two
temperature recorders during the penultimate deglaciation
[Saher et al., 2009]. However, this record was derived nearby
the Somalia and Oman upwelling region, which may not be
representative for the tropical Indian Ocean.

[4] Here we present SST records from a marine sediment
core in the Mozambique Channel (core GIK 16160-3) of
the planktonic foraminifera Globigerinoides ruber (G. ruber
white) Mg/Ca and U}, together with records of 8'%0¢ uper
and ice volume corrected 8'®Ogeauater, The core was retrieved
close to the Zambezi River mouth, providing sediment accumu-
lation rates high enough to resolve the onset of the deglacial SST
evolution with a multicentury temporal resolution. We consider
the SST evolutions derived from two independent proxies in the
same sedimentary sequence as a reflection of different season.
Our goal is to reconcile the systematic differences observed in
the absolute temperature estimates and timing of the onset of
the deglacial SST warming in the tropical Indian Ocean.

2. Regional Hydrological Settings

[5] The Mozambique Channel displays a strong seasonal
SST contrast of ~5°C between summer and winter. SST
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Figure 2. (a) The dominant currents in the Mozambique Channel and around Madagascar. AC: Agulhas
Current; MC: Mozambique Current; SEMC: South East Madagascar Current; NEMC: North East
Madagascar Current; SEC: Southern Equatorial Current. The star indicates core location. The dashed line
between Madagascar and African continent represents the mooring transect from Fallet et al. [2012] shown
in Figure 2b. (b) Variations of U}, and G. ruber Mg/Ca derived SST in surface sediments collected across
the Mozambique Channel (data are after Fallet et al. [2012]). UX;; SSTs were reestimated using Songzoni
et al. [1997] for Indian Ocean core-top calibration. For comparison, summer and winter satellite SSTs (grey
lines) are also plotted [Fallet et al., 2012]. The core-top SSTs derived from both U, (open circle) and
G. ruber Mg/Ca (open triangle) from GIK 16160-3 are also plotted together with satellite of SSTs summer
(red circle) and winter (blue triangle) at our core site as well. (c) Water-column profiles of ocean temperatures for
the upper 300 m at the core location of GIK16160-3 (black lines) and at mooring station 5A located at 16.8°S,
41.1°E, i.e., in the central part of the Mozambique Channel (grey lines) [Fallet et al., 2011] (data extracted from
World Ocean Atlas 2001 [Conkright et al., 2002]). Solid lines illustrate annual mean temperatures, stippled lines
austral summer, and winter temperatures. At mooring station 5A, Fallet et al. [2011] estimated the G. ruber
habitat depth to about 20 m. Similarity of GIK16160-3 vertical temperature profile with mooring station SA

temperatures suggests G. ruber’s habitat depths to be similar.

minima of ~25°C occur in late austral winter (June—September),
while maxima of ~30°C occur in austral summer (December—
February), yielding an annual mean SST of ~27.6°C [Fallet
et al., 2010] (Figures 1 and 2). There is also a distinct wet and
dry season in western tropical Indian Ocean, which is concom-
itant with the SST annual cycle and its associated cross-equato-
rial heat and moisture advection (Figure 1). During wet season,
prevailing northeasterly winds originating from northern tropics
bring moisture from the tropical Indian Ocean to the African
continent when SST maxima and its associated intertropical
convergence zone (ITCZ) are situated in the Southern tropics.
In contrast, the dry season is dominated by less humid south-
easterly winds originating from the southern hemisphere midlat-
itudes as the SST maxima and the ITCZ are positioned in the
northern tropics (Figures 1a and 1b).

[6] The Mozambique Channel is dominated by the discontin-
uous surface Mozambique Current (MC) that mainly constitutes
of southward propagating anticyclonic eddies (Figure 2a). The
MC is derived from the North East Madagascar Current
(NEMC) [New et al., 2006], a branch of South Equatorial

Current (SEC). These eddies, together with the South East
Madagascar Current (SEMC) which constitutes another branch
of SEC, transport tropical waters poleward and feeds into the
Agulhas Current (AC), forming the upstream water source of
the Agulhas leakage [de Ruijter et al., 1999 and Figure 2a].

[7] A recent study based on core-top sediments retrieved
from the Mozambique Channel indicates that SSTs derived
from UX}; are warmer than those from G. ruber Mg/Ca
[Fallet et al., 2012]. The warmer UX;; SSTs closely resemble
the austral summer temperature observed from satellite,
while temperature estimates based on G. ruber Mg/Ca dis-
play colder values, which resemble the SST values of austral
winter (Figures 2b and 2c). This observation suggests that
different proxies in the Mozambique Channel are likely sen-
sitive to different seasons, i.e., the UX;; being skewed toward
austral summer SSTs and the G. ruber Mg/Ca being skewed
toward austral winter SSTs.

[8] Compared to the SSTs, the seasonal variation of sea
surface salinity (SSS) in the Mozambique Channel is small,
ranging from 34.8 psu during austral summer to 35.2 psu
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Figure 3. GIK16160-3 age model and sedimentation rate.
The calendar age was calibrated using Marine 09 [Reimer
et al., 2009].

during austral winter [Fallet et al., 2012]. However, the SSS
field near the Zambezi River mouth is significantly
influenced by river discharge during the wet season
[Siddorn et al., 2001] compared to the main Mozambique
Channel [Fallet et al., 2011].

3. Material and Methods

3.1. Core Descriptions and Age Control

[s] Core GIK16160-3 (18°14.47'S, 37°52.11'E, 1339 m
water depth) was collected during R/V Meteor Cruise 75/3
report, 2008. The majority of the sediment consists of terrig-
enous olive gray sandy mud. There is an increase in sand con-
tent between 11 and 8 ka in the core, which is related to the
flooding of the shelf break [van der Lubbe et al., 2012].

[10] Fifteen '“C-AMS dates were measured on mixed
planktonic foraminifera fractions containing G. ruber,
G. trilobus, and G. sacculifer at the Leibniz Laboratory for
Radiometric Dating and Isotope Research, University of Kiel
[Wang et al., 2013]. We converted '“C ages into calendar ages
(Figure 3) using CALIB 6 program [Stuiver and Reimer, 1993]
with the Marine09 calibration curve [Reimer et al., 2009] and
have performed linear interpolations between radiocarbon
dates. The detailed age model development is described else-
where [Wang et al., 2013]. The 14 AMS dates reveal that core
GIK 16160-3 covers the last 37 ka. A substantial increase in
sedimentation rates occurs between ~19 and 12 ka compared
to the full glacial and Holocene periods (Figure 3). This increase
is probably resulting from a change in the modes of sediment
delivery associated with changes in the Zambezi riverine runoff
and/or with eustatic sea level rise [van der Lubbe et al., 2012].

3.2. UX}, SST Temperature Estimates

[11] Alkenones were extracted from 1 g of homogenized
bulk sediments and analyzed with double column gas chro-
matography at the Institute of Geosciences, University of
Kiel (CAU). The analytical procedure of sample extraction
and measurement on alkenones (Cs7.; and Cs7.,) are fully
described by Rincon-Martinez et al. [2010]. The UX}; index

was converted into SST using the calibration based on
core-top sediments derived from Indian Ocean [Sonzogni
etal., 1997] with a slope 0f 0.023 [Bard et al., 1997], because
this calibration provides the best SST estimate for the 24°C-29°C
temperature range for western Indian Ocean [Bard et al.,
1997; Sonzogni et al., 1997]. Analytical precision based on
duplicate analyses was always smaller than 0.015 U%;, units,
which is equivalent to 0.7°C [Sonzogni et al., 1997].

3.3. Foraminifera Mg/Ca Temperature Estimate
and 5'%0 Analyses

[12] The paired analyses of foraminiferal G. ruber Mg/Ca
and §'%0 were performed on the same homogenized crushed
samples (30—80 specimens) using a two-third split for Mg/Ca
and a one-third split for 5'%0 measurements. G. ruber was
picked from the 250-315 pum size fraction. To prepare for
Mg/Ca ratio analyses, we used a cleaning procedure includ-
ing a reductive step [Barker et al., 2003]. The elemental
analyses were performed on a Spectro Ciros SOP ICP OES
with an external analytical error of ~0.1% at the Institute of
Geosciences, CAU. Accuracy of the data was checked by
analyzing the carbonate reference standard ECRM 752-1
[Greaves et al., 2008]. To convert Mg/Ca into temperature,
we used the species-specific calibration equations with a
given uncertainty of +1.2°C for the 250-350 um G. ruber
size fraction [Anand et al., 2003]. To check reproducibility,
we analyzed 18 out of a total of 140 samples in duplicates
where each sample ranged within £0.2°C, except one sample
with an error of 0.6°C.

[13] The 8'80¢ uper Was analyzed on a Kiel I (prototype)
carbonate preparation device and a MAT 251 mass spectrom-
eter at the Leibniz-Laboratory, CAU. Eighteen out of a total
of 154 samples were run in duplicates with standard error
of 0.035%o. The 8'®Ogeawater Values were calculated based
on the paired measurements of 8'%0uponate and Mg/Ca-de-
rived SST performed on G. ruber using the equation of
Bemis et al. [1998]. We corrected for the effect of ice volume
changes on 8'®O0geuwarer Using the model simulation of
Bintanja et al. [2005]. The residual ice-volume-corrected
8" 0 cawater (AS'®Ogeawater) Teflects isotopic changes in local
surface water that might be used as a proxy of local sea sur-
face salinity [Delaygue et al., 2001]. Uncertainties of
8"80 cawater €Stimates were obtained with an error propaga-
tion calculation of 1.2°C and 0.05%. applying to SST
estimates and 8'%0 (s, Mmeasurements, respectively,
resulting in an overall uncertainty of £0.26%o (1oc), similar
to the £0.2%o (10) estimated by Rohling [2007]. Assuming
constant relationship between 8'®Ogeawater and sea surface
salinity (SSS) values at GIK 16160-3 coring site, we
estimated SSS using the equation §'30sw = 0.49*Salinity-
17.16 published in Fallet et al. [2011].

[14] Tt has been repeatedly shown that calcite dissolution
influences foraminiferal-based paleothermometry by preferen-
tially removing Mg** [Brown and Elderfield, 1996; Dekens
et al., 2002; Regenberg et al., 2006], in contrast with diagenetic
calcite precipitation that adds Mg*>" [Hoogakker et al., 2009;
Regenberg et al., 2007]. To examine potential impact of
dissolution on foraminifera Mg/Ca, we report downcore
weights of surface-dwelling planktonic foraminifera G. trilobus
and G. ruber (supporting information Figure 1) and Scanning
Electron Microscopy (SEM) photographs of G. trilobus
(Figure 4). Before weighing, foraminifera were gently cleaned
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Figure 4. Scanning Electron Microscopy images of G. trilobus from GIK 16160-3 from (a and b)
468 cm; (¢ and d) 588 cm; and (e) 638 cm. Images from other depths also show no sign of dissolution.

by ultrasonication in demineralized water (three times) and
ethanol (two times). We do not detect any discernable
shift in planktonic foraminifera weights with age in the
core (supporting information Figure 1). SEM photographs sug-
gest remarkably well-preserved foraminifera tests with apparent
spines, intact spine bases and ridges, and well-defined geomet-
rical pores and interpore ridges (Figure 4), ruling out dissolution
as a potential bias on Mg/Ca temperature estimates.

3.4. Model Validation on Seasonal SST Trends
in the Mozambique Channel

[15] In order to examine winter and summer SST trends
during the deglacial period, we extracted transient simulation
results from the Atmosphere—ocean General Circulation
Models (AOGCMs) of the climate evolution from the Last
Glacial Maximum (LGM, ~21 ka) to 6 ka using the
National Center for Atmospheric Research Community
Climate System Model version 3 (NCAR CCSM3)) [Liu

et al., 2009; Shakun et al., 2012]. The transient simulations
were designed to recap all the abrupt climate events that
occurred in response to various forcings during the last
deglaciation [Liu et al., 2009; He et al., 2013]. Namely, the
CCSM3 was set up with realistic changes in boundary condi-
tions and forcing such as changes in insolation, atmospheric
greenhouse gas concentrations, continental ice sheets, and
coastlines from 21 to 6 ka [Liu et al., 2009; Shakun et al.,
2012]. Details of the AOGCMs set up are fully described in
Liu et al. [2009]. In the model simulation, meltwater flux
was applied to the North Atlantic, Gulf of Mexico and the
Southern Ocean using the scenario that produces the best
agreement between the freshwater forcing and the history
of sea level rise [Liu et al., 2009; Shakun et al., 2012].
Accordingly, freshwater fluxes were applied to the North
Atlantic during the Heinrich Event 1 (HE1l) and the
Younger Dryas (YD) time intervals; a massive release within
the southern hemisphere was used to account for the
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contribution of the Antarctic ice sheet to the meltwater pulse
1A [Deschamps et al., 2012; Liu et al., 2009; Shakun et al.,
2012]. As the simulation captures many major features of
the deglacial climate evolution, including the magnitude of
the climate response as inferred from paleostudies [Liu
et al., 2009; Shakun et al., 2012], we anticipate that the
model output would also capture the differences in seasonal
SSTs at our coring site.

4. Results

4.1. U%,SSTs

[16] The UY; derived SSTs of GIK16160-3 varied between
24 and 28°C during the past 37,000 years (Figure 5c). The
coldest UX;; SST values were recorded between 19 and
14.6 ka, i.e., concomitant with the HE1, and match perfectly
with the recently revisited estimation of the duration of the
event [Stanford et al., 2011]. A wealth of UX;; SST records re-
vealed the extreme sensitivity to Heinrich events within the
North Atlantic [e.g., Bard et al., 2000; Pailler and Bard,
2002; Martrat et al., 2007] (Figure 5b). This feature is not seen
in the Greenland air temperature record, probably because
Greenland temperature is mostly sensitive to sea ice shifts oc-
curring during warming events [Li et al., 2005]. The coldest
period in the North Atlantic SST records as well as in our core
were likely induced by the total collapse of the North Atlantic
Meridional Overturning Circulation (AMOC) as recorded in
the 2'Pa/*°Th during HEl1 [McManus et al., 2004]
(Figure 5b). This suggests that our U%;; SST is closely linked
to rapid climate change in the Northern hemisphere. The U5,
SST then abruptly increased by 1.6°C at ~15 ka, i.e., at the on-
set of the Belling-Allerad (B/A) chronozone (Figure Sc),
mimicking the rapid temperature shifts observed in
Greenland ice core (Figures 5a and 5c¢). For Younger Dryas
(YD), there is no apparent synchrony between our SST record
and the North Atlantic SST [Bard et al., 2000] as well as the
slowdown of the AMOC [McManus et al., 2004]
(Figures 5b and 5c). This lack of synchrony is also
corroborated by another UX;; SST record from the adjacent
core MD 79257 [Bard et al., 1997 and supporting information
Figure 2]. Rather being synchronous with climate records from
the North Atlantic realm, the YD in the southwestern Indian
Ocean was marked by a slight warming trend (Figure Sc).
Furthermore, the USj; SSTs in the Mozambique Channel
[Bard et al., 1997 and this study] did not reach its warmest tem-
perature until the middle Holocene, pointing to a lack of perfect
match between US;; SST records from the North Atlantic and
the southwestern tropical Indian Ocean during the second half
of the deglaciation (Figures 5b and 5c).

4.2. Foraminifera Mg/Ca-derived SST, 8'30¢ .50
and A618()seawater

[17] The Mg/Ca of surface-dwelling species G. ruber
ranged between 3.2 and 4.3 mmol/mol, with the uppermost
Mg/Ca values in core GIK 16160-3 in agreement with mod-
ern core-top G. ruber values in Mozambique Channel [Fallet
et al., 2012]. Mg/Ca-derived SST estimates range between
22 and 25°C. The magnitude of temperature variability in
our Mg/Ca SST record and the initial timing of temperature
rise are in broad agreement with other regional Mg/Ca SST
records [Kiefer et al., 2006, Naidu and Govil, 2010;
Saraswat et al., 2013]. In particular, the Mg/Ca record

(Figure 5d) displays an early warming starting at ~18 ka,
which is synchronous with the onset of the Antarctic air
temperature rise during the deglaciation within the age model
uncertainties (Figure 5e). Mg/Ca SSTs increased almost to
the modern values during the HE1 when the U, SSTs are
coldest (Figures 5c and 5d). During the second half of the
deglaciation, a series of multicentury SST fluctuations with
a magnitude lower than 1°C are also observed and seem to
generally match to the Antarctic temperature record
(Figures 5d and 5e). Interestingly, a warming period is
recorded during the YD, which is in phase with Antarctic
temperatures and mimics the U%;; SST record.

[18] The gradual decrease in the §'%0 record derived from
G. ruber is concomitant with the deglacial warming trend
recorded in the §'0 of the EPICA Dronning Maud Land
(EDML) ice core and Mg/Ca SST record (Figures 5e and
5f). The 8'%0 value of —2.22%o in the uppermost part of
the core falls within the 8'%0 e, range obtained from a
modern survey of the core-top sediments in the
Mozambique Channel [Fallet et al., 2012]. The computation
of A8"™®04eawater yields variations of 0.8 (£0.2)%o during the
last 37,000 years, with positive anomalies recorded during
the HE1 and negative ones during the Glacial and the
Holocene periods (Figure 5g). The estimated SSS based on
A8'80,awater demonstrates small salinity variations, ranging
between 33.8 and 35.1 psu. The topmost salinity value from
our core is 34.3 psu, which resembles the modern value of
34 psu observed near the Zambezi River mouth [Siddorn
etal., 2001].

5. Discussion

5.1. Discrepancies in U3, and Mg/Ca SST Records

[19] We observe discrepancies in both magnitudes and
timing of deglacial warming between the SST records of
UX5; and G. ruber Mg/Ca. The only similarity of the two
SST records is that both records indicate a Last Glacial
Maximum (LGM) cooler than the present by 3 to 4°C
(Figures 5c and 5d), which is in agreement with previously
estimated SSTs in the region [Bard et al., 1997; Sonzogni
et al., 1997, Kiefer et al., 2006, Caley et al., 2011,
MARGO, 2009]. The absolute U}, SSTs for the last 37,000
years are higher than the Mg/Ca-derived SSTs by 2 to 4°C,
except during the HEI, 14.3-13.6 ka, and 11.5-10.6 ka.
During the HE1, the UX}; and Mg/Ca SSTs are essentially the
same (Figures 5c and 5d). The 2 to 4°C temperature difference
is too large and systematic to be explained by the choice of
the paleotemperature calibration equations. The uncertainty
of the UX; SST estimates based on modern core-top sediment
calibration from the western tropical Indian Ocean ranges
within a confidence interval of+0.7°C [Sonzogni et al.,
1997]. Our SST estimates based on Sonzogni et al. [1997]
would be very similar to those based on the most recent global
core-top calibration with uncertainty of 0.6°C from Conte
et al. [2006]. The uncertainty of Mg/Ca-SST estimates is
about +1°C regardless of whether an exponential [4nand
et al., 2003] or a linear equation is used [Fallet et al., 2010].
This confidence interval is slightly larger than those associated
with alkenone-based estimates. However, measurement uncer-
tainties of 0.7°C for U}, or 1.2°C for Mg/Ca of the G. ruber
cannot explain the up to 4°C SST offset between alkenone
and Mg/Ca paleothermometers. Furthermore, large SST offsets
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Figure 5. Records of GIK16160-3 versus age for the last 37,000 years in comparison with ice core
records from Greenland and Antarctica. (a) Variations in air temperatures over Greenland indicated by
3180 record of NGRIP ice core [NGRIP-members, 2004]; (b) Sedimentary 23'Pa/>*°™ (orange line) as a
kinematic proxy for the meridional overturning circulation from subtropical North Atlantic Ocean
[McManus et al., 2004] and reconstructed UX}; SST record from subtropical Northeast Atlantic [Bard
et al., 2000]; (c) U}, derived SSTs; (¢) G. ruber Mg/Ca derived SSTs; (d) Variations in air temperatures
over Antarctica indicated by 8'%0 record from EPICA-Dronning Maud Land ice core and the thin red line
represents the smoothed EDML §'®0 [Epica-Community-Members, 2006]; () G. ruber §'*0 record; (f) Ice
volume corrected AS'®Oeqwater ecord, and the error bar (16 of £0.26%o) for A8'®Oycawater are also plotted.
The black triangles show calibrated calendar age based on the measured AMS '“C dates. Relevant chronozones
are shaded in grey: YD, Younger Dryas (~12.5-11.5 ka); HE1, Heinrich Event 1 (~19-14.6 ka); LGM, Last
Glacial Maximum ~23-19 ka); and MIS 3, marine isotope stage 3. The blue dot is the modern winter temper-
ature and the red dot is the modern summer temperature (1960-2002, http:/nomads.ncdc.noaa.gov/thredds/
dodsC/). The red arrow indicates recent 0.5-0.7°C warming in tropical Indian Ocean.
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(up to 3°C) between the two proxies are also independently
observed in core-top sediments [Fallet et al., 2012] as well as
at glacial/interglacial timescales in the Mozambique Channel
[Caley et al., 2011; Saher et al., 2009]. These observations
suggest that warmer U}, SSTs and cooler Mg/Ca SSTs are
robust features in the western tropical Indian Ocean.

[20] The timing of initial warming observed in UX;; and
Mg/Ca-based SST records during the deglaciation also dif-
fers significantly, further suggesting that both proxies do
not record the same oceanic characteristics. The magnitude
of temperature changes and overall trends from our UX;;
SST record agree remarkably well with a previous U,
SST record [Bard et al., 1997] from an adjacent core of
MD 79275 (Figure 1 and supporting information Figure 2)
in the Mozambique Channel. Both cores show a rapid
warming at the onset of the B/A, synchronizing the rapid
temperature shifts observed in Greenland ice core. Hence,
our UXj; SST fully supports the notion that the timing of
U, SST in the southwestern Indian Ocean at the onset of
the deglaciation is in synchronicity with millennial-scale cli-
mate fluctuations in the northern hemisphere [Bard et al.,
1997]. In contrast, the initial warming recorded in Mg/Ca ratios
of G. ruber from tropical Indian Ocean at the onset of the degla-
ciation occurs much earlier than that of alkenone records [Kiefer
et al., 2006; Naidu and Govil, 2010; this study], and appears to
be synchronous with Antarctic air temperature rise (Figure 5).

5.2. Controls on the Differences in SST Records

[21] The robustness of the SST offset (up to 4°C) between
the two proxies observed in Mozambique Channel [Caley
etal.,2011; Fallet et al., 2012; this study]| suggests that a per-
sistent mechanism was responsible for these discrepancies. In
the following discussion, we argue that the warmer U3, than
Mg/Ca SST is a pervasive feature for our core location, which
is tied to contrasting seasonal characteristics at a regional scale
rather than postdepositional processes or sedimentary biases.

[22] Multiple evidences from our core suggest that no disso-
lution has influenced Mg/Ca values in the sediments (Figure 4
and supporting information Figure 1). In particular, planktonic
foraminifera weights (supporting information Figure 1)
throughout the core are within the weight ranges of modern
specimens observed from core tops and sediment traps in the
Mozambique Channel [Fallet et al., 2012]. According to the
SEM photographs, recrystallization is also unlikely (Figure 4).
Additionally, G. ruber 8"*C shows typical glacial-interglacial
changes with minimum values of ~0.4%o (supporting informa-
tion Figure 3), one value much too high to be explained by
syn-sedimentary recrystallization of pore water 3'>C with
negative 8'°Cpc [McCorkle et al., 1985; Blanchet et al.,
2012]. Rather, these G. ruber 8'3C shifts can be linked to
changes in the global oceanic §'>C of the ZCO, pool, which
are triggered by changes in the terrestrial biosphere
[Shackleton, 1977]. We hence rule out any potential bias
associated with dissolution and/or recrystallization of
foraminifera tests in the Mg/Ca SST estimates.

[23] We also rule out that salinity changes affected Mg/Ca
values in our core. Salinity can significantly affect Mg/Ca
ratios when it is higher than 35 psu [Arbuzewski et al.,
2010], but it does not impact UX}; values for the range of
salinities encountered in low latitudes [Herbert, 2001,
Sonzogni et al., 1997]. The topmost salinity value in our core
is about 34.4 psu, which closely resembles the modern value

of ~34 psu near the Zambezi River mouth [Siddorn et al.,
2001]. Also, the salinity for the rest of the core was lower
than 35 psu except for 35.1 psu during HE1. A salinity cor-
rection for HE1 based on Kisakiirek et al. [2008] would
lower Mg/Ca ratios, consequentially resulting in 0.6 to 0.8°
C lower temperature estimates. Such correction would not
change the overall SST trend recorded during HEI.
Furthermore, the magnitude of ~3°C increase in Mg/Ca
SST from the LGM to the Holocene agrees with previous
studies in the region and elsewhere in the tropics [Bard
et al., 1997, Caley et al., 2011; Kiefer et al., 2006;
MARGO, 2009], further supporting that salinity only had a
negligible effect on Mg/Ca values at our core site, despite
its proximity to the Zambezi estuary.

[24] Bioturbation also could not explain the large discrep-
ancies between the two SSTs embedded in different particle
size fractions of coccolithophorids and foraminifera. For
cores with sedimentation rates smaller than 10 cm/kyr, bio-
turbation can cause age discrepancies of up to 3 kyr [Bard,
2001]. In our core, sedimentation rates are much higher than
10 e;/kyr during the deglaciation (Figure 3) with the highest
sedimentation rate reaching ~35 cm/kyr during HE1, when
the two SST records of two proxies diverge the most. In fact,
the alkenone cooling occurring synchronously with the
Mg/Ca warming is documented by 16 data points dated be-
tween 19.6 ka and 17.2 ka. It corresponds to a sedimentary
depth interval thicker than 80 cm, i.e., an order of magnitude
thicker than the bioturbational mixing depth [Trauth et al.,
1997]. Thus, we conclude that the sedimentation rates are
too high to have any significant impact on SST estimates
through phase shift and signal attenuation carried by different
size fractions [Bard, 2001].

[25] Itis generally assumed that the finer particles are more
prone to lateral advection and resuspension as compared to
the tests of planktonic foraminifera, which may result in sig-
nificantly older '“C ages for alkenones than foraminifera and
affect alkenone temperature records [Mollenhauer et al.,
2003; Mollenhauer et al., 2005; Ohkouchi et al., 2002;
Sicre et al., 2005]. To our knowledge, no radiocarbon dating
on alkenones has been performed within the region; how-
ever, in a sediment core-top study from Mozambique
Channel, Fallet et al. [2012] measured “C ages of both total
organic carbon (TOC) and G. ruber on two samples. They
found the uncalibrated '*C age differences being 80 and
280 years younger on TOC than on G. ruber, suggesting that
organic material being delivered in that region being a
mixture of fresh marine and terrestrial compounds. Indeed,
a substantial fraction of TOC at Zambezi River mouth is of
terrigenous origin [Wang et al., 2013]. We hence conclude
that according to the data currently available lateral transport
or resuspension of significantly older alkenones did not occur
at our core location.

[26] Ultimately, differences in habitat depth of alkenone-
producing coccolithophorids and G. ruber can also result in
SST differences recorded by Mg/Ca and UX;; paleothermometry
if these planktons dwell below the surface mixed layer [Mix,
2006]. Fallet et al. [2011], however, estimated that G. ruber
and alkenone-producing coccolithophorids both live within the
upper water column, and have a similar habitat depth of ~0 to
20 m in the middle of Mozambique Channel. At our core
location by the Zambezi river mouth the vertical temperature
structure of upper water at different seasons is very similar to that

626



WANG ET AL.: INDIAN OCEAN SEASONAL SSTS EVOLUTION

in the middle of the Channel with a consistent 1°C offset
(Figure 2c). This suggests that coastal processes have negligible
effects on the season and habitat depth at our core location. The
core-top alkenone and Mg/Ca-derived SST values perfectly
match the ones found at the corresponding sites for summer
and winter SST, respectively (Figures 2b, 5c, and 5d).
Although G. ruber records colder SSTs than the alkenone-
producing coccolithophorids (Figures 2b, 5c, and 5d), it is
highly unlikely that G. ruber records subsurface water temper-
atures. G. ruber possesses photosymbiotic algae that need suf-
ficient light and hence restrict G. ruber to be most productive
within the euphotic zone [Birch et al., 2013 and references
therein]. Also, G. ruber has recently been reported to live in
water depths shallower than 25 m in the western tropical
Indian Ocean [Fallet et al., 2011; Friedrich et al., 2012;
Birch et al., 2013]. If G. ruber had recorded the mean-annual
or summer temperature, this would then require this species
lived in water depths below 50 m (Figure 2), which contradicts
any current understanding of G. ruber habitat depth [Fallet
et al., 2011; Friedrich et al., 2012; Birch et al., 2013].

5.3. Different Seasonal Effects on the Proxy-Based
SST Estimates

[27] None of mechanisms discussed above can adequately
explain the differences in the proxy-dependent contrasts in
SST absolute values and trends at the core site. These con-
trasting SST trends are therefore likely to reflect different hy-
drological conditions at the regional scale. The fact that UX;,
and G. ruber Mg/Ca SSTs from core top in the Mozambique
Channel resemble the satellite observed austral summer and
winter temperature, respectively, supports that each SST
proxy is skewed toward a different season (Figure 2). Our
Mg/Ca value of 4.3 mmol/mol in the topmost sediment is in-
deed closer to the modern winter value of 3.8 mmol/mol than
to the summer value of 6.2 mmol/mol [Fallet et al., 2010],
suggesting that the core-top Mg/Ca SSTs tracks temperature
recorded during austral wintertime. Such core-top values
translate into SST values of 24.8 +1.2°C, which is identical
to modern winter SST value of 25.0+1.0°C (1960-2002,
http://nomads.ncdc.noaa.gov/thredds/dodsC/). Likewise, the
topmost UX}, SST estimate of 27.6+0.6°C is more similar to
the mean modern summer SSTs of 28.7+0.1°C (1960-2002,
http:/momads.ncdc.noaa.gov/thredds/dodsC/) given that the
SST has increased up to 0.7°C in the tropical Indian Ocean over
the last five decades [Du and Xie, 2008; Kothawale
et al., 2008].

[28] We hypothesize that UX;; and G. ruber Mg/Ca prefer-
entially record seasonal SSTs that are above and below the
annual mean SSTs, respectively. Alkenone-producing
coccolithophorids growing period peaks during the warm
season (December-—February) in the southwestern Indian
Ocean [Raj et al., 2010]. Sediment traps deployed during
2003-2006 corroborated that summer months are the peak
season for alkenone concentrations although flux-weighted
SSTs closely reflect mean-annual SST values [Fallet et al.,
2011]. This is probably due to the fact that the U}, index
reached the value of 1 during summer months [Fallet et al.,
2011]. Also, G. ruber fluxes collected by sediment traps
indicate that this species mostly peaks during summer
months as well but they record mean-annual temperature in-
stead of summer temperature [Fallet et al., 2010]. However,
comparison of Mg/Ca-based SST between mooring traps and

core-top sediment from the same area suggests that Mg/Ca
SST estimates from core-top sediment are colder by up to
3°C than those from sediment traps [Fallet et al., 2012].
This temperature difference is too large to be explained by
the recent warming of up to 0.7°C in Indian Ocean [Du and
Xie, 2008; Kothawale et al., 2008] or the Mg/Ca SST vari-
ability during the Holocene (Figure 5d). As no dissolution
is detected in surface sediment [Fallet et al., 2011; this
study], this temperature offset suggests that mooring trap
only captures a temporal snapshot of bloom conditions
during 2003-2006 in the Mozambique Channel, and does
not reflect the season-weighted SST that is captured in the
sediments on multidecadal timescales [Fallet et al., 2010].
Indeed, unlike sediment traps, core-top samples integrate
the entire life cycle of G. ruber that will eventually form
the sedimentary signal. Hence, core-top samples reflect the
full spectrum of SST recorded by G. ruber on multidecadal
timescales more accurately than sediment traps.

[29] An eco-physiological growth rate model for the most
abundant planktic foraminifer species living in the ocean sur-
face and subsurface waters suggests that G. ruber peaks at a
different season than alkenone-producing coccolithophorids
in our core study site [Lombard et al., 2011]. This model,
which is well suited for reflecting seasonality, predicts that
that the maximum annual productivity of G. ruber in the
Mozambique Channel occurs during austral spring (i.e.,
October and November) in the top 20 m water column
[Lombard et al., 2011]. Thus, a season- and depth-weighted
Mg/Ca-derived temperature will be representative of the
upper mixed layer, but skewed toward seasons when temper-
ature is below the mean-annual SST (A. Lombard, personal
communication). Another planktonic foraminifera model
based solely on the modern spatial distribution of G. ruber
also predicted that calcification temperature in the
Mozambique Channel occurs during a period of the year
when SST is below the mean-annual SST [Fraile et al.,
2009a]. We can of course not rule out a possible shift in the
seasonal preference of G. ruber and alkenone producers
through time, as it can be triggered by oceanographic and cli-
matic changes while applying SST proxies back in time
[Lohmann et al., 2012]. However, model simulations by
Fraile et al. [2009b] suggest that compared to present day
there was no shift in seasonal maximum G. ruber flux in
the tropical southwestern Indian Ocean during the last glacial
maximum. When the latter model is tuned to LGM boundary
conditions, it suggests that our hypothesis of a constant sea-
sonality for G. ruber is valid at our core location [Fraile
et al.,2009b]. We know of no other mechanism than season-
ality by which to reconcile the differences between the two
SST records throughout the studied time interval (Figure 6).
We hence interpret the UX;; and the G. ruber Mg/Ca as
reliable temperature indicators of warm season (summer)
and cold season (winter/spring), respectively, and assume
that this seasonal pattern has not changed through time.

5.4. Underlying Mechanism for Different Seasonal
SST Records

[30] Our study suggests that the seasonal southwestern
tropical Indian Ocean SSTs were closely linked to climate
changes occurring in both hemispheres. The annual cycle
of SST in turn determines the monsoonal wind direction
and its associated changes in the area where advection of heat
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Figure 6. Model output of (a) transient austral summer and
(b) winter SSTs for the Mozambique Channel; (c) Melt water
fluxes for both Northern Hemisphere and Southern
Hemisphere derived from CGCM3 model [Liu et al., 2009;
Shakun et al., 2012].

and moisture impacts rainfall amount in tropical Africa, and
latitudinal movement of the ITCZ (Figure 1). Owing to the
seasonal positions of SST maxima from austral summer to
winter, the western tropical Indian Ocean is alternately
situated in the northern and southern meteorological hemi-
spheres through interhemispheric displacements of the
ITCZ, respectively (Figure 1). As a result, our core location
is situated north of the meteorological equator when the
warm and humid northeasterly winds prevail and the ITCZ
shifts to its southernmost position (Figure la). This may
explain that the UX;; SSTs have strong affinity with the tem-
perature changes recorded in the Northern Hemisphere, in
particular during the HE1 [Bard et al., 1997; this study].
On the other hand, the SST pattern recorded by Mg/Ca ratios
of G. ruber during the HE1 indicates that cold season SSTs
were predominantly mimicking the Antarctic temperature re-
cord at the onset of the last deglaciation [Kiefer et al., 2006;
Naidu and Govil, 2010; this study]. This can probably be
explained by the fact that the ITCZ shifts to its northern posi-
tion during austral winter, making our core site situated in the
southern meteorological hemisphere. Consequently, the core
location was influenced by the cool and dry southeasterly

winds originating from southern hemisphere midlatitudes
during austral winter (Figure 1b). Cold season temperatures
recorded by G. ruber Mg/Ca are in full agreement with the
recent reinterpretation of Antarctic temperature records as
reflecting winter temperatures [Laepple et al., 2011]. We
therefore argue that the annual cycle of SST maxima and
prevailing wind directions above the coring site are plausible
underlying mechanisms to explain why the northern or southern
hemispheres were both recorded in our marine records. Such
feature might be most obvious during HE1, when the cooling
in the Northern Hemisphere resulted in an extreme weakening
of the AMOC [McManus et al., 2004] along with a prominent
southward shift of the ITCZ [Denton et al., 2010], when season-
ality virtually vanished at our study site (Figure 6).

[31] Our hypothesis of seasonal SST dominance in the
individual paleothermometers is further supported by one
transient simulation of Termination 1 performed using coupled
atmosphere—ocean general circulation models (AOGCMs) [Liu
et al., 2009; Shakun et al., 2012, He et al., 2013]. The
AOGCMs output for the Mozambique Channel (16°S, 39°E)
indicates that the deglacial austral winter SST warming trend
was leading that of the austral summer SST at the onset of the
deglaciation by ~2.5 kyr (Figures 6a and 6b). Although the
simulation does not reach the magnitude of SST rise seen in
proxy data, the different timings of initial warming for winter
and summer perfectly reflect the Southern and Northern
Hemisphere deglacial SST trends, respectively (Figure 6). The
sequence of short-lived warm and cold intervals within the sim-
ulated SST mediated by freshwater flux in the North Atlantic
mimics the interhemispheric bipolar seesaw during the HE1
[Liu et al., 2009; Shakun et al., 2012]. The coldest austral sum-
mer SSTs simulated at our core location coincide with surges of
meltwater in the Northern Hemisphere that occurred at the onset
of HE1 (Figure 6¢). Furthermore, both simulated summer SST
[Liu et al., 2009] and UX;; SST trends in our core location
[Bard et al., 1997; this study] show a two-step warming, in
phase with SST trends recorded in the Northern Hemisphere
but lagging behind initial deglacial warming in the Southern
Hemisphere [Shakun et al., 2012]. This confirms that summer
SSTs derived from UX}; in tropical Indian Ocean were paced
by Northern Hemisphere Climate during the deglaciation.
In contrast, both simulated winter SST [Liu et al., 2009] and
Mg/Ca SST records [Caley et al., 2011; Kiefer et al., 2006;
Naidu and Govil, 2010; Saraswat et al., 2013; this study] show
steady warming already during HEI, in agreement with SST
trends of Southern Hemisphere temperatures [Shakun et al.,
2012]. This further supports that the deglacial SST derived from
G. ruber Mg/Ca during austral winter at our core site was
influenced by Antarctic climate. The agreement between our
data and the transient model [Liu et al., 2009] suggests that both
proxies provide accurate estimate of timing and magnitudes of
changes in seasonal SST variations, further supporting that the
tropical Indian Ocean SST was closely linked to both hemi-
sphere’s climate changes.

[32] The simulated temperature by AOGCMs decreased
less than 0.2°C during the YD, which is not observed in
our SST records (Figures 5 and 6). This might reflect inherent
limitations of models to capture the regional seasonal SST
changes during the YD (Figures 5 and 6). One would expect
the SST changes observed at our core location to depict
similar opposite temperature shifts as observed during the
HE1 if the seasonal ITCZ dynamics was comparable to that
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Figure 7. Upper panels: Modern-day (a) January and (b) July precipitation rates estimated from satellite
imagery of the Tropical Rainfall Measuring Mission (http://trmm.gsfc.nasa.gov/). Red bands indicate the
26°C isotherm according to World Ocean Atlas 2001 [Conkright et al., 2002]. Squares indicate core loca-
tions for Mg/Ca records and triangles indicate core locations for alkenone records shown in the lower
panels. Black star indicates GIK16160-3 core location. Lower panels: examples of alkenone records (c)
compared to Mg/Ca records (d) of deglacial SST estimates from tropical oceans. We have recalibrated
all these published records using marine 09 to be consistent with the age model established for core
GIK16160-3. We applied the reservoir corrections used by the original authors. Reservoir corrections were
assumed to be 400 years if not otherwise stated in the original publications. The green vertical bar indicates

the HE1 chronozone.

observed during the HE1. That both SST proxies show a
transient warming trend matching to the Antarctic tempera-
ture record suggest both seasons were under the influence
of the southern hemisphere climate dynamics. It implies that
the ITCZ position was located north of our core location
during that time interval, which goes against the notion that
ITCZ southward shifts occur during North Atlantic cold
spells such as the YD [Gasse et al., 2008 and reference
therein]. A deglacial rainfall record from Socotra Island,
however, confirms that the YD chronozone was as wet as
the B/A [Shakun et al., 2007]. This suggests that the south-
ward shift of the ITCZ was not as prominent during the YD
as compared to the HE1.

[33] Our records corroborate SST mismatches recorded by
different temperature proxies during the penultimate intergla-
cial period in the Arabian Sea [Saher et al., 2009], suggesting
the seasonal effects on SSTs are a pervasive feature in the
western tropical Indian Ocean during terminations. In addi-
tion, our hypothesis also explains discrepancies in SST re-
cords for deglacial timing and absolute temperature values
that have been recorded in the tropical Indian Ocean [Bard
et al., 1997; Caley et al., 2011; Kiefer et al., 2006; Naidu
and Govil, 2010; Saraswat et al., 2013; this study]. Beside
the western Indian Ocean, a synthesis of deglacial SST re-
cords highlights such discrepancies at other tropical

locations. These sites include the western equatorial
Atlantic [Weldeab et al., 2006; Jaeschke et al., 2007],
eastern, and western Equatorial Pacific [Lea et al., 2000;
Lea et al., 2006; de Garidel-Thoron et al., 2007; Kienast
et al., 2001; Linsley et al., 2010; Rosenthal et al., 2006;
Steinke et al., 2008; Visser et al., 2003] (Figure 7). Another
study also documents the contrasting cooling and warming
trends registered in alkenones and Mg/Ca during HE1 from
the same marine core derived from South of Sumatra in the
eastern Indian Ocean [Mohtadi et al., 2010].

[34] Discrepancies between deglacial SST records were
first recognized in the Eastern Equatorial Pacific (EEP)
[Mix, 2006; Kienast et al., 2006; Pahnke et al., 2007; Lea
etal.,2006; Koutavas and Sachs,2008]. SST records derived
from UX}; in the EEP generally support the view that changes
in the AMOC were instrumental in determining temperature
evolution in the tropics [Kienast et al., 2006; Pahnke et al.,
2007] suggesting that tropical SSTs were responding to
climate change occurring in the Northern hemisphere. On
the other hand, Mg/Ca SST records highlight an early SST
warming that might have preceded changes in continental
ice sheets during the last deglaciation [Lea et al., 2000; Lea
et al., 2006] supporting the viewpoint that deglaciations are
mainly driven by climatic processes occurring in the
Southern hemisphere or the tropics. Our interpretation of
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seasonal SSTs offers an alternative view in that tropical SST
evolution during deglacial terminations could have been
influenced by climate from both hemispheres. It clearly re-
mains to be understood why our seasonal SST hypothesis
may apply to the tropical ocean as a whole since mismatches
of alkenones and Mg/Ca SSTs during terminations provide co-
herent signals regardless the hemisphere (Figure 7). It also
needs to be further investigated whether the observed SST
trends from both proxies during HE1 applies for other
Heinrich events.

5.5. Implication of SST Seasonality for Agulas Leakage
during the Deglacial

[35] The early warming recorded in G. ruber Mg/Ca SSTs
provides insights into the mechanisms responsible for the
seasonal SST variability within the southwestern Indian
Ocean, corresponding to source water for the Agulhas leakage
that is thought to play a key role at times of glacial terminations
[Knorr and Lohmann, 2003; Peeters et al., 2004]. If our
interpretation of earlier warming for austral winter season tem-
perature during the last deglaciation is correct, an early warming
recorded in our Mg/Ca record would imply that early SST shifts
at upstream of the Agulhas current correspond to wintertime
SST changes. An early warming within the Southern Ocean
and its associated sea-ice retreat are thought to be key processes
for triggering an abrupt resumption of the Atlantic AMOC at the
onset of the Belling-Allered [Knorr and Lohmann, 2003;
Peeters et al., 2004]. Transposing our results into such context
suggests that the advection of tropical waters during austral
winters can play a pivotal role on hydrological processes
occurring within the southern ocean. A transient increase in
temperature of surface waters advected along the Agulhas
current during wintertime may have helped early sea-ice retreat
[Shemesh et al., 2002] and provided a pathway for exporting
excess salt into the South Atlantic (Figure 5f).

6. Conclusion

[36] Our results suggest that differences in the timing and
SST magnitude of deglacial warming in the tropical Indian
Ocean depend on which season is captured by U, and
Mg/Ca SST signals rather than depositional and/or diagenetic
process. The seasonal effect on independent proxy SST records
is supported by the transient AOGCMs simulation, in which
austral winter and summer SSTs in the Mozambique Channel
show a similar phase difference in the timing of warming at of
the last deglaciation. The deglacial warming trend attributed to
local summer temperatures was likely mediated by changes in
the Atlantic Meridional Overturning Circulation at the onset
of the deglaciation. In contrast, winter season SSTs were likely
mediated by climate changes occurring in the southern hemi-
sphere. The tropical Indian Ocean SSTs history was closely
linked to both hemisphere’s climate change through annual
cycle of Indian monsoon system and its associated heat and
moisture transport and storage. Seasonal SST changes can
explain the observed proxy-dependent mismatches in deglacial
SST timing and help to clarify ongoing debates concerning
leads and lags of tropical SSTs with respect to the rises of
atmospheric concentrations of greenhouse gases and melting
of continental ice sheets. Our study reiterates that multiple
SST proxies can go beyond reconstructing the average climate
trend and help determining past climate seasonality.
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