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[1] Two sediment cores from the western Arabian Sea, NIOP905 and 74KL, were analyzed to determine sea
surface temperature (SST) variations over the last 23 kyr. Two organic molecular SST proxies were used, the
well-established U%; based on long-chain unsaturated ketones synthesized by haptophyte algae and the newly
proposed TEXg¢ derived from the membrane lipids of Crenarchaeota. Comparrson of NIOP905 and 74KL core
top data with present-day SST (0—10 m) Values indicates that both proxies yield temperatures similar to local
annual mean SSTs. However, TEXgs and U, SST down-core records derived from the same cores differ in
magnitude and phasing. The alkenone SST record of NIOP905 shows small changes in SST (~0.5°C) over the
last 23 kyr, while that of core 74KL shows a ~2°C increase from the Last Glacial Maximum (LGM) (23—
19 calendar (cal) kyr B.P.) through the Holocene (the last 11.5 cal kyr B.P.) synchronous with changes in the
Northern Hemisphere. In contrast, the TEXgq records of both cores show a large increase in SST from 22°-23°C
in the LGM to 28°~30°C during Termination I (19—11.5 cal kyr B.P.), decreasing to present-day annual means
of ~26°C. A cold phase between 14.5 and 12 cal kyr B.P. that may correspond to the Antarctic cold reversal is
also observed. This implies a Southern Hemisphere control on tropical SST reconstructed by the TEXgq,
possibly related to SW monsoon. Our results suggest that the apphcatlon of both TEXgs and UY; give different

but complementary information on SST developments in past marine environments.
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1. Introduction

[2] Evidence of large-magnitude and rapid climate
changes on millennial timescales (e.g., Dansgaard-Oeschger
events, Heinrich Events) that characterized the last glacia-
tion during the Late Pleistocene have been provided by ice
core records [e.g., Grootes and Stuiver, 1997; Jouzel et al.,
2003] as well as by continental and marine sediment records
[e.g., Schulz et al., 1998; Wang et al., 2001]. To better
understand such abrupt millennial-scale climate changes,
their consequences, and their underlying mechanisms, it is
essential to construct SST records at a high temporal
resolution.

[3] Several geochemical proxies are used for SST recon-
struction, the most common being §'*0 and Mg/Ca ratios of
planktic foraminifera [Chave, 1954; Emiliani, 1955;
Nurnberg et al., 1996] and the U%, index of long- cham
unsaturated ketones synthesized by haptophyte algae
[Brassell et al., 1986]. Reconstruction of SST with these
proxies is, however, associated with a number of problems.
The use of planktic foraminifera §'*0 for SST reconstruc-
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tion is complicated by several uncertainties related to the
formation and preservatlon of shells as well as the carbonate
ion concentration, the §'%0 and the salinity of the original
seawater [Spero et al., 1997; Wefer et al., 1999; Lea, 2003].
The Mg/Ca ratio [Eldeifﬁeld and Ganssen, 2000] is less
affected by these factors, except by species-dependent vital
effects and shell dissolution [Wefer et al., 1999; Lea, 2003].
The U index is often considered more robust as the values are
not directly controlled by seawater chemistry, and hence
assumptions concerning this are not needed. Furthermore,
global surveys of surface sediments and particulate organrc
matter reveal a strong and identical correlation between the U
and SST (reviewed by Herbert [2003]). However,
the biochemical function of alkenones is still unknown and
the UY; may be affected by changes in the species composition
through time and also by oxic degradation [Herbert, 2003].
[4] Recently, Schouten et al. [2002] introduced a new
SST proxy, the TEXgs based on the relative distribution of
glycerol dibiphytanyl glycerol tetracthers (GDGTs), which
are membrane lipids produced by nonthermophilic Cren-
archaeota. These organisms are ubiquitous and abundant in
seawater [Hoefs et al., 1997; Massana et al., 2000; Karner
et al., 2001] and large lakes [Powers et al., 2005]. Marine
crenarchaeota biosynthesize different GDGTs with a vary-
ing number of cyclopentane rings according to temperature
[Wuchter et al., 2004]. Therefore, by measuring the relative
amounts of GDGTs present in sediments, the temperature at
which Crenarchaeota were living can be reconstructed.
Experiments with an enrichment culture, containing a single
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Figure 1. Map of study area showing core locations (circles), sediment trap location of Wakeham et al.
[2002] and C. Wuchter et al. (submitted manuscript, 2006) (cross), Intertropical Convergence Zone
(ITCZ) positions, and prevalent wind directions during the SW monsoon and the NE monsoon. (a) Sea
surface circulation pattern during the SW monsoon. (b) August sea surface temperature (SST) distribution
pattern [Levitus and Boyer, 1994]. (c) Sea surface circulation pattern during the NE monsoon. (d) January
SST distribution pattern [Levitus and Boyer, 1994]. Core NIOP905 (10°47'N, 51°56'E) was taken in the
Somalia Basin, under the Socotra upwelling. Core 74 KL (14°19.26'N, 57°20.82'E) was taken off the

Oman coast.

archaeal species falling in the phylogenetic cluster of the
marine crenarchaecota, showed that TEXg is linearly corre-
lated with temperature and that changes in salinity and
nutrients do not substantially affect the TEXgq [Wuchter et
al., 2004]. Particulate organic matter analysis revealed that

the TEXgs correlates well with surface water temperatures
(depths < 100m) and that the signal in the deeper water
layers and surface sediments is primarily derived from these
upper 100 meters [Wuchter et al., 2005]. This suggests that
the signal from the surface waters is efficiently transported
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to the sediment probably by grazing [Wakeham et al., 2003].
Indeed, recent studies of sediment trap material showed that
the TEXgq signal at different depths in sediment particles
is derived from the upper layer of the water column
(C. Wuchter et al., Archaeal tetraether membrane lipid fluxes
in the northeastern Pacific and Arabian sea: Implications for
TEXge paleothermometry, submitted to Paleoceanography,
2006, hereinafter referred to as Wuchter et al., submitted
manuscript, 2006). This new organic geochemical proxy
also seems to be unaffected by water redox conditions
[Schouten et al., 2004]. However, a number of factors such
as the ecology and physiology of crenarchaeota in different
oceanic provinces and its effect on the TEXge, need to be
further constrained. However, there are already some devel-
opments in those fields, for example, a species of marine
Crenarchaeota was recently isolated and shown to be an
autotrophic ammonium oxidizer [Konekes et al., 2005] in
agreement with previous observations [Wuchter et al., 2004].
This could explain observed seasonal distributions of marine
Crenarchaeota in surface waters, i.e., their high abundance
during times of low phytoplankton productivity and high
nutrients [cf. Wuchter et al., 2005, and references therein].
However, to what extent this influences their depth habitat,
their seasonality in low- and high-nutrient environments and
how widespread this metabolism is remains unknown.
Recently, it has also become clear that GDGTs such as those
occurring in marine Crenarchaeota are present in terrestrial
organic matter albeit in much lower abundances [Hopmans
et al., 2004; Weijers et al., 2004]. Thus, at sites which
receive high amounts of terrestrial organic matter, the
TEXge could potentially be biased. Nevertheless, despite
these limitations, the TEXg4 proxy may be a useful tool to
reconstruct SSTs.

[5] Here, for the first time, we applied the TEXgq to
Quaternary marine sediment cores and investigated its
potential as a tool in multi proxy paleoceanography and
paleoclimate studies in comparison with the UY;. The
western Arabian Sea (Figure 1) was selected for this study
as it is an area where organic-rich sediments are deposited
with high accumulation rates, allowing the recovery of
continuous high-resolution records with sufficient amounts
of organic matter. Furthermore, previous low-resolution Uk,
records from this area revealed quite contrasting differences
between LGM and Holocene SSTs varying between 0.3°C
and 3°C [Sonzogni et al., 1998] Our approach based on two
lipid biomarker proxies, U37 and TEXg, provides detailed
information on SST variations in the western Arabian Sea
over the last 23 kyr and the impact of the Arabian Sea
monsoonal climate system on SST records.

2. Material and Methods
2.1. Modern Atmospheric and Oceanographic Setting

[6] The western Arabian Sea is predominantly influenced
by monsoon climate related annual cycles driven by the
pressure gradient that exists between the Tibet plateau and
the South Indian Ocean [Rixen et al., 2000]. The annual
cycle can be divided into four phases: (1) the northeast (NE)
monsoon from December to March; (2) the summer inter-
monsoon from March to June; (3) the southwest (SW)
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monsoon from June to September; and (4) the fall inter-
monsoon from September to December [Wakeham et al.,
2002]. The differential pressure results in southwesterly
winds during the SW monsoon and in northeasterly winds
during the NE monsoon [Rixen et al., 2000; Andruleit et al.,
2000; Bush, 2002]. The SW monsoon induces strong
upwelling of nutrient rich, cool waters that leads to lower
SST (Figure 1), higher productivity, an intense oxygen
minimum zone and a high particle flux [Wakeham et al.,
2002]. The NE monsoon causes a deepening of the mixed
layer and no upwelling, resulting in relatively higher SST
(Figure 1) and only a small increase in production and
particle flux [Wakeham et al., 2002].

2.2. Sample Collection and Stratigraphy

[7] Two sediment cores (NIOP905 and 74KL) from the
western Arabian Sea were investigated in this study. Core
NIOP905 (10°47'N, 51°56'E) was taken in the Socotra
upwelling cell of the Somalia Basin (Figure 1), approxi-
mately 80 km off the coast of Somalia and at 1567 m water
depth. Core 74KL (14°19'N, 57°20'E) was obtained from
the East Sheba Ridge, 1000 m above the turbidity plain of
the Indus fan, 300 km south of the Arabian continental
margin (Figure 1). Core NIOP905 was sampled at 2 to 5 cm
intervals and core 74KL at 2.5 cm intervals. Both cores
have been studied previously in detail for the §'0 of
foraminifera [Sirocko et al., 1993; Ivanova, 1999; Jung et
al., 2002; Ivanochko et al., 2005] and, in case of NIOP905,
trace elements [Ivanochko et al., 2005].

[8] The age models of cores NIOP905 and 74KL were
established by nineteen accelerator mass spectrometry
(AMS) 'C dates from mixed planktic foraminifera and
thirteen AMS '*C determinations on Globigerinoides ruber,
respectively (Table 1) which were published previously
[Sirocko et al., 1993; Ivanova, 1999; Jung et al., 2002;
Ivanochko et al., 2005]. We employed a correction for the
regional '*C reservoir age (AR = the deviation from the
surface ocean average of 400 years) of 190 + 25 years for
the western Arabian Sea [Southon et al., 2002], although the
AR in the Arabian Sea can vary substantially through time
as demonstrated by Staubwasser et al. [2002]. However, the
age model based on the varying AR of Staubwasser et al.
[2002] from the eastern Arabian Sea (not shown) does not
affect the conclusions made in this study. Continuous time-
scales for both cores were obtained by linear 1nterpolat10ns
between the age control points after converting the '“C ages
into calendar years (years before 1950) using the latest
version of the radiocarbon calendar year calibration soft-
ware CALIB 5.0.1 (M. Stuiver et al., available at http:/
calib.qub.ac.uk/calib/, 2005). The average temporal resolu-
tion is ~200 years for NIOP905 and ~300 years for core
74KL.

2.3. Lipid Extraction

[o] For core NIOP905, freeze-dried and homogenized
sediment samples were ultrasonically extracted with MeOH,
MeOH/DCM (1:1;v/v) and finally with DCM. The super-
natants were collected and after evaporating the solvents,
the extracts were dried over a sodium sulfate column. An
aliquot of the total lipid extract was used to analyze the
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Figure 2. Time series of (a) stable §'%0 record of the planktic foraminifera G. ruber [from Jung et al.,
2001] and (b) U and (c) TEXge SST records for core NIOP905, plotted against calendar ages. Triangles
on lower axis show age control points. Broad shaded bar indicates the time interval for Termination 1.

alkenones for determination of the UY ratio. The total
extract was derivatized with diazomethane and BSTFA/
pyridine. The derivatized total extract was analyzed by
gas chromatography (GC) and gas chromatography/mass
spectrometry to quantify alkenones. For GDGT analysis an
aliquot of the total lipid extract was divided into apolar and
polar fractions using a small column with activated alumina
and using hexane/DCM (9:1;v/v) and DCM/MeOH
(1:1;v/v) as eluents, respectively. The polar fractions were
analyzed for GDGTs.

[10] For core 74KL, the samples were extracted in a
similar way than NIOP905. Subsequently, the total extracts
were separated into DCM and MeOH/DCM (1:1;v/v) frac-
tions, using a silica gel cartridge (Varian Bond Elute; 1 cc
per 100 mg). The DCM fraction was saponified at 80°C for
2 h with 300 pl of 0.1 M KOH in 90:10 MeOH/H,O. The
neutral fraction containing the alkenones was obtained by
partitioning into hexane. The MeOH/DCM (1:1;v/v) frac-
tion was used for GDGT analysis.

2.4. Alkenone Analysis and Uk SST

[11] Peak areas of Cs;., and Cs7.3 alkenones were deter-
mined by GC analysis [cf. Kim et al., 2002]. The alkenone
unsaturation index U, was calculated from U, = (C370)/
(C37., + C57.3), where Csz7., and Csy.3 are the di- and tri-
unsaturated Cs; methyl alkenones [Prahl and Wakeham,
1987]. The Ul3‘7/ values were converted into temperature

values applying the global core top calibration (U, =
0.033 x T + 0.044) of Miiller et al. [1998].

2.5. GDGT Analysis and TEXgs SST

[12] For cores NIOP905 and 74KL, the polar fractions
(DCM/MeOH, 1:1; v/v) were analyzed for GDGTs accord-
ing to the procedure described by Hopmans et al. [2000].
Aliquots of polar fractions were blown down under a stream
of nitrogen, redissolved in hexane/propanol (99:1;v/v), and
filtered through 0.45 pm PTFE filters. The samples were
analyzed with an HP (Palo Alto, CA, USA) 1100 series LC-
MS equipped with an autoinjector and Chemstation chro-
matography manager software. Separation was achieved on
a Prevail Cyano column (2.1 x 150 mm, 3 um; Alltech,
Deerfield, Tllinois, USA), maintained at 30°C. The GDGTs
were eluted using a changing mixture of hexane (A) and
propanol (B) as follows, 99 A:1 B for 5 min, then a linear
gradient to 1.8 B in 45 min. Detection was achieved using
atmospheric pressure chemical ionization mass spectrome-
try of the eluent. Single Ion Monitoring (SIM) was used as it
gives better reproducibility than full mass scanning by
reducing the signal-to-noise ratio. The SIM method was
set to scan the 5 [M']+H ions of the GDGTs with a dwell
time of 237 ms for each ion. All TEXgs analyses were
performed at least in duplicate.

[13] The TEX86 ratio (TEX86: (GDGT2 + GDGT3 +
Crenarchaeol-isomer)/(GDGT; + GDGT, + GDGT; +
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Figure 3. Trme series of (a) stable §'%0 record of the planktic foraminifera G. ruber [Sirocko et al.,
1993] and (b) UL and (c) TEXgs SST records for core 74KL, plotted against calendar ages. Triangles on
lower axis show age control points. Broad shaded bar indicates the time interval for Termination I.

Crenarchaeol-isomer)) was calculated based on the relative
abundance of GDGTs and converted into temperature val-
ues applying the calibration (TEXgs = 0.015 x T + 0.028)
of Schouten et al. [2002].

2.6. Analytical Reproducibility

[14] To determine the analytical reproducibility of the ug,
and TEXge SST values, a set of 12 subsamples from a large
homogenized batch of sediment from GeoB 1707-1 (recov-
ered during METEOR cruise M20/2 at 1232 m near the
Angola coast in the Atlantic Ocean; 19°41’S, 10°39'E) were
extracted independently and measured at regular intervals
during the analysis of the 74KL sample series. The standard
deviation of the UY; and TEXgs SST analysis of these
subsamples was 0.2°C (=1o) and 0.4°C (£10), respectively.

3. Results
3.1. Core NIOP905

[15] The U%; SST range for NIOP905 is fairly narrow and
varies between 25.0 and 26.5°C for the time interval
between 23 and 0 cal kyr B.P. This is in contrast to the
§'%0 record of G. ruber [Jung et al., 2001] which shows a
gradual decrease during Termination I (Figure 2a). US, SST
during the LGM (23-19 cal kyr B.P.) was 25.5°C with only
a small, relatively abrupt increase in SST during the glacial-
interglacial transition between 18 to 16 cal kyr B.P. of
~0.5°C (Figure 2b). After this rise, the NIOP905 record
shows a small drop in U37 SST of ~0.5°C between 16 and

14 cal kyr B.P. and a rise of ~0.5°C between 14 and
12.5 cal kyr B.P. This is followed by a decrease of
~0.7°C between 12 and 10.5 cal kyr B.P. Then SST
stabilized around 25.7°C until 5 cal kyr B.P. and then rose
to the core top value of 26.3°C.

[16] The TEX86 record for NIOP905 is quite different
from the US, SST record and the §'%0 record. TEXgs SST
values for the studied interval of 23—0 cal kyr B.P. range
from 22 to approximately 30°C with a few data points
above 30°C (Figure 2c). TEXgs SST is ~22.5°C during the
LGM (23-19 cal kyr B.P.) and increased to 29°C between
18 and 16 cal kyr B.P. This ~6°C increase is significant
compared to the analytical error of 0.4°C. After the rapid
warming of SST between 18 and 16 cal kyr B.P. there was a
substantial lowering of SST to ~26°C between 16 and 14 cal
kyr B.P. (Figure 2c). After this cooling, the TEXgs SST
increased again by up to 5°C to a maximum of 31°C at 12 cal
kyr B.P. before rapid cooling of ~3°C until 11 cal kyr B.P.
An additional SST spike of ~3°C is noticeable at around
10.5 cal kyr B.P. and SST then slowly decreased from 27°C
at 10 cal kyr B.P. to the present-day core top value of
25.7°C.

3.2. Core 74KL

[17] The U%; SST range for 74KL is larger than for
NIOP905 and varies from 24.8 to 27.3°C between 23 and
0 cal kyr B.P. (Figure 3b). SST during the LGM (23—19 cal
kyr B.P.) was again 25°C as with NIOP905 but the increase
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Table 2. Mean Monthly Sea Surface Temperature (0—10 m) Data Corresponding to Core Sites [World Ocean Atlas, 1998], Calculated
Flux Weighted TEXgs and UX SST, and Core Top TEXge and UX SST Values for NIOP905 and 74KL

Site NIOP905 Site 74KL
Monthly Seasonal Monthly Seasonal
Mean Mean Mean Mean
Temperature, Temperature, Temperature, Temperature,
Phase/Month °C °C °C °C

Northeast Monsoon

December 26.4 26.0

January 259 25.4

February 25.8 26.0 25.1 25.5
Summer Intermonsoon

March 26.9 26.7

April 28.7 28.8

May 28.6 28.2 29.7 28.4
Southwest Monsoon

June 26.1 28.7

July 233 25.7

August 22.7 24.8

September
Fall Intermonsoon 23.8 24.0 25.4 26.2

October 26.9 27.5

November 27.2 27.1 27.2 27.4

Site NIOP905 Site 74KL

Annual mean 26.0 26.8
Alkenone flux weighted mean® 24.6 259
GDGT flux weighted mean® 26.0 26.8
UY, core top® 25.7 26.6
UY core top? 25.9 273
UY core top® 26.3 27.3
TEXgq core top 25.7 26.4

Calculated using flux data of Prahl et al. [2000] and mean monthly SST.

®Calculated using flux data of Wuchter et al. [2005] and mean monthly SST.
“According to the calibration of Prahl et al. [1988]: T [°C] = (UI3<7’-0.039)/0.034.
9According to the calibration of Sonzogni et al. [1997]: T [°C] = (U5-0.317)/0.023.
°According to the calibration of Miiller et al. [1998]: T [°C] = (U5-0.033)/0.04.

in SST during Termination I was larger (~1.5°C) and more
gradual in 74KL and was synchronous with the decrease in
§'%0 values of G. ruber (Figures 3a and 3b). After Termi-
nation I U%; SST increased slightly up to the core top value
of 27.3°C.

[18] The TEXgq record at 74KL is again quite different
from U%; SST record, but closely resembles the pattern
evident in the TEXgs record from core NIOP905. TEXg¢
SST values for 74KL have a somewhat smaller range than
in NIOP905 and vary between 24° and 30°C (Figure 3c).
LGM SSTs for 74KL (~24°C) were slightly higher than at
NIOP905 (~22.5°C). TEXgs SST values then rapidly in-
creased to ~30°C between 18 and 16 cal kyr B.P. followed
by a drop in SST down to 26°C between 16 and 14 cal kyr
B.P. SST then rapidly increased again to 29°C at 12.5 cal
kyr B.P. followed by a rapid drop to 27.5°C. SST then
slowly decreased to the core top value of 26.4°C.

4. Discussion
4.1. Comparison of Core Tops and Present-Day SSTs

[19] One way of establishing the origin of the recon-
structed SST of proxies is to compare core top reconstructed
SSTs (0—2.5 cm depth representing the last ~300 years)
with those of annual mean and seasonal mean SST (0—10 m

7 of

depth). For NIOP905 the TEXg4 and the U%; give a core top
SSTs of 25.7 and 26.3°C, respectively. Considering the
analytical error of 0.4°C and 0.2°C, respectively, these
results correspond well with present-day annual mean SST
0f 26.0°C (Table 2). Similarly, at site 74KL both TEXg and
U, SST, with core top values of 26.4°C and 27.3°C,
respectively, correspond well with present-day annual mean
SST of 26.8°C.

[20] Although both proxies seem to record annual mean
SSTs, it has been reported that both Crenarchaeota
[Massana et al., 1998; Murray et al., 1999; Wuchter et
al., 2005] and haptophyte algae [e.g., Bac et al., 2003] vary
considerably in abundance during the annual cycle. In the
Arabian Sea primary production is strongly associated with
upwelling dynamics and monsoonal cycles (Figure 1). This
most likely determines the annual cycle of the abundance of
organisms that produce the biomarkers on which the SST
proxies are based. Trap studies in the coastal and central
Arabian Sea show that more than 50% of the particle flux to
the sediments occurs during the SW monsoon and to a
lesser extent (~25%) during the NE monsoon [Prahl et al.,
2000; Wakeham et al., 2002]. Wakeham et al. [2002]
described a distinct succession in phytoplankton biomarker
fluxes. During the early SW monsoon the biomarker flux is
dominated by Cj;p-diol and Cjp-ketols from Proboscia
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diatoms [Sinninghe Damsté et al., 2003]. This is followed
by maximum fluxes of alkenones, and diatom and
dinoflagellate sterols. At the end of the upwelling season
the flux of 25:3 highly branched isoprenoid produced by
Rhizosolenoid diatoms increase substantially. These find-
ings are in good agreement with results from other sediment
trap studies in central Arabian Sea area, where a sharp peak
in the flux of alkenones was measured in the middle of the
SW monsoon as well as a minor peak during the NE
monsoon [Prahl et al., 2000]. Taken together these studies
indicate that sedimentary alkenones are mainly derived from
alkenones produced during the SW monsoon and, to a lesser
extent, during the NE monsoon. A recent study on the same
sediment trap material from the Wakeham et al. [2002] in
the Arabian Sea, showed that fluxes of GDGT material in a
location near 74KL (Figure 1) were also highest during the
SW monsoon and to a lesser degree in the NE monsoon
(Wuchter et al., submitted manuscript, 2006). However,
GDGT fluxes only moderately increased during both mon-
soon periods compared to the intermonsoon periods (ap-
proximately 3 times). In contrast, the fluxes of alkenones
were substantially higher (approximately 9 times) during
monsoon periods than in intermonsoon periods. Wuchter et
al. (submitted manuscript, 2006) suggested that this is
because the relative abundance of Crenarchaeota during
upwelling is lower than outside the upwelling period, while
the opposite is observed for phytoplankton abundance. This
is in agreement with previous studies which showed a
negative correlation between Crenarchaeota and phyto-
plankton abundance [Massana et al., 1998; Murray et al.,
1999; Wuchter et al., 2005]. On the basis of the above
considerations, U5, SST values in the present-day Arabian
Sea should correspond to the SST prevalent during the SW
monsoon, while the crenarchaeotal TEXgq is also influenced
by SST from periods outside the SW monsoon and thus
perhaps reflects a more annual mean signal.

[21] On the basis of the sediment trap studies reported we
can estimate the flux weighted annual SST for alkenones
and GDGTs, i.e., the annual mean SST corrected for the
times of the largest fluxes of these components, by com-
bining alkenone and GDGT flux data from the central
Arabian Sea [Prahl et al., 2000; Wakeham et al., 2002;
Wauchter et al., submitted manuscript, 2006] and monthly
average SST (Table 2). The flux welghted annual SST for
alkenones is 1.4°C lower than U% SST core top value for
NIOP905 but only 0.8°C lower than core top U%; SST at
74KL (Table 2). The comparison of core top values to
monthly mean SSTs (Table 2) suggests that the U%; is not
recording the upwelling of cold water between June and
September. During the SW monsoon, the Arabian Sea
shows substantially lower SSTs, especially at NIOP905
where SSTs are up to 3°C lower than annual mean SST
(Table 2). Hence it seems that the pulses in alkenone
production during upwelling seasons do not have a sub-
stantial effect on the temperature signal recorded by US in
the sediment It should be noted however, that most
sediment trap studies cover just one cycle at one specific
location and that interannual variability in production could
be of importance [Herbert, 2003]. Furthermore, it is impor-
tant to take into account that the core top (0—2.5 cm)
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represents an integrated SST signal of up to 300 years.
Finally, the SST estimate from U35 analysis will also depend
on the calibration used and can vary by up to 0.7°C
(Table 2). However, other studies in the Arabian Sea show
similar results, in that the flux of alkenones to the sediment
is seasonal, yet an annual mean SST is recorded in the
sediment core tops [Doose-Rolinski et al., 2001; Rosell-
Melé et al., 2004]. A similar calculation for GDGT flux-
weighted TEXge SST yields 26.0°C and 26.8°C for
NIOP905 and 74KL, respectively (Table 2). These values
are identical to the actual annual mean SST and are within
analytical error of the core top TEXgs value. The ﬂux
welghted TEXge SST is higher than the flux-weighted u¥
SST in agreement with the relatively higher fluxes of
alkenones compared to GDGT during the SW monsoon.
This suggests that the TEXgg is recording annual mean SST
although on the basis of the above considerations for the
UK, we cannot exclude that certain seasonal periods may
have a substantial influence on the TEXgg.

[22] We can thus not rule out that there is a seasonal
component in our SST proxies, even though this is not
apparent from our core top results. It is also possible that the
seasonal signal was stronger during certain periods of time,
e.g., during the LGM, which may explain why the proxies
show different behavior in our sedimentary record (see
section 4.2).

4.2. Comparison of SST Proxy Records

[23] The U, records of the two cores differ in both timing
and magnltude of SST variations durmg deglaciation but
both record relatlvely small variations in SST of <3°C.
Remarkably, UX SSTs reconstructed for the LGM for both
sites are very similar at 25°C but the rise in SST during
Termination I was much larger at 74 KL (2°C) than at
NIOP905 (0.5°C). This is in agreement with prev1ous
results of Sonzogni et al. [1998] who showed that the U%
SST rising during Termination I is only 0.3°C for NIOP 905
but 1°-3°C at other sites in the Indian Ocean. The reasons
for the different US, records of the two sites are unclear but
based on the study of Sonzogni et al. [1998] the unusual U%;
record at NIOP905 seems to be a local feature. After
Termination I, UY, SST in both records vary by <1°C
sulggesting relatively stable conditions. Remarkably, the

> record at 74KL is roughly similar in phase to changes
in 6180 record, which contains a substantial SST compo-
nent, in contrast to the U, record at NIOP905 which is
dissimilar to the §'%0 record. However, it should be noted
that comparison of U, record and 6180 record should be
done with caution as SST is not the only factor determining
§'%0 (e.g., 6'%0 of seawater, salinity) and, despite being
analyzed in the same sediment layer, could represent SST of
different ages [cf. Ohkouchi et al., 2002]

[24] Both 74KL and NIOP905 cores gave similar TEXgg
SST records, taking into account the errors in TEXge
analysis and the age models. However, they are quite
different from the UY, records at both sites and show
substantially larger variability in SST. For example, SSTs
rose by 4°~6°C during Termination I with a pronounced
cooling between 15.5 and 12 cal kyr B.P. while U%;, SST
rose fairly smoothly by only 0.5°—1.5°C. The trends in the
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TEXge SST records are also different from those in §'*0
records; for example, the §'%0 records show a more gradual
trend from LGM to Holocene and no pronounced cooling
between 15.5 and 12 cal kyr B P. However, comparison
between the TEXg record and §'%0 record are hampered by
the same problems as discussed for the U record and §'*0
record. In contrast, the differences between the two organic
SST proxy records, TEXgs and U37, are unlikely to be
caused by seawater composition changes and are more
likely to be caused by the different response of the proxy-
producing organisms to changes in climatic conditions such
as monsoon and upwelling intensity, as has been docu-
mented for this area [e.g., Ivanochko, 2005]. Thus both
proxies probably do not record annual mean SST but are
strongly influenced by seasonal SSTs. Below we attempt to
explain the impact of this component on LGM SST recon-
struction, and the phasing of SST changes.

4.3. LGM SST Reconstructions

[25] Large discrepancies exist in estimates of tropical
LGM temperatures [Mix et al., 2001]. These discrepancies
are dependent on the method used to estimate LGM temper-
atures. Transfer function values of distributions of planktic
foraminifera show small SST changes for the glacial-inter-
glacial transition; for example, the CLIMAP project recon-
struction suggests SSTs of 2°C lower for the LGM in the
Arabian Sea [CLIMAP Project Members, 1981]. Mix et al.
[2001] suggested that CLIMAP might have underestimated
ice age cooling in the troplcs and that SST could have
cooled almost 3°C. UY studies in the Arabian Sea and
Indian Ocean show differences between the LGM and
present-day SST of 1.5 to 2.5°C [Bard et al., 1997,
Sonzogni et al., 1998; Schulte and Miiller, 2001; Rosell-
Melé et al., 2004]. Analyses of Mg/Ca ratios of planktic
foraminifera at tropical areas in the equatorial Atlantic and
Pacific show a 2.5°-3°C cooler SST during the LGM
[Hastings et al., 1998; Lea et al., 2000] while a recent
summary suggested 2°—3.5°C lower SSTs in tropical areas
during the LGM [Barker et al., 2005, and references
therein]. Sr/Ca ratios in corals indicate up to 5°C difference
in SST between the LGM and the present [Guilderson et al.,
1994]. Reconstructions of SST in the western Arabian Sea
using artificial neural networks based on quantitative anal-
ysis of planktonic foraminifera suggests LGM SST 2°C
below Holocene values [Naidu and Malmgren, 2005], in
agreement with predictions based on atmosphere-ocean
models [Mix et al., 2001, and references therein]. Some
modeling results also suggest relatively cool temperatures in
the tropics with LGM SST values approximately 4°C lower
than Holocene SST values for the Arabian Sea [7oracinta et
al., 2004]. In general, proxy data suggest LGM SSTs
between 1.5° and 5°C lower than present-day values,
suggesting that Arabian Sea LGM temperatures were be-
tween 21.5° and 24.5°C.

[26] The proxy records in this study also reveal a differ-
ence, i.e., SSTs estimated for the LGM are ~23°C with
TEXgs and ~25°C with the U%. Thus the temperature
increase from the LGM to present day is 0.5°—1.5°C when
measured with Uy, and 3°~4°C when we use the TEXgs.
The LGM SST values reconstructed with TEXgg are slightly
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lower than other LGM estimates (see above). However,
LGM SST TEXgg estimates are still well within the range
measured by other proxies in the tropical area. Furthermore,
preliminary measurements of Mg/Ca ratio of planktic fora-
minifera in the NIOP905 core suggest that calcification
temperatures were up to 3°C lower during the LGM
compared to the late Holocene (P. Anand et al., personal
communication, 2004). This is in good agreement with the
TEXge proxy estimates of glacial-interglacial SST changes
in the Arabian Sea.

[27] On the other hand, U, SSTs in both cores indicate
that the LGM was only 0.5°—1.5°C cooler than present day
and suggest LGM SSTs of 25°C. These temperatures are
somewhat higher than SST estimates based on inorganic
proxies and the TEXge. Several studies show that in general
alkenone-based SSTs give smaller changes from the LGM
to the Holocene in tropical and subtropical areas compared
to other proxies such as St/Ca or 6'*0 [Rosell-Melé et al.,
2004; Toracinta et al., 2004] for reasons which are presently
unclear. Thus it seems that the LGM TEX86 SST estimates
are somewhat lower than estlmates using other proxies and
modeling results while our UY, LGM SST estimates are
somewhat higher.

[28] The strong control of primary production in the area
by upwelling may explain why alkenone-based glacial SSTs
are substantially higher than those based on the TEXgs A
decrease in the upwelling intensity has been documented for
the Arabian Sea during the LGM [e.g., Naidu and
Malmgren, 2005] and the Ba/Al record from NIOP90S5, a
measure for marine productivity, shows lower ratios during
the LGM and at the beginning of Termination I [/vanochko
et al., 2005] suggesting lower productivity. It is reasonable
to assume that these large changes could affect the seasonal
abundance of the organisms living in the upwelling region.
A decrease in the intensity of the SW monsoon during the
LGM would indeed affect the depth of alkenone production,
increase the stratification of surface waters and reduce
production. All those changes would affect the alkenone
temperature signal [Mix et al., 2000, Prahl et al., 2003] and
could, likewise, affect the production and flux of crenarch-
aeotal GDGTs during the annual cycle. It has been sug-
gested that the monsoon dynamics might have been
different during the LGM with a very weak SW monsoon
and relatively strong NE monsoon resulting in a shift in
alkenone production to the winter months in the Arabian
Sea [Higginson et al., 2004]. This would result in relatively
higher SSTs during the LGM as temperatures during the SW
monsoon are lower than during the NE monsoon (Table 2).
The idea of a seasonal shift in alkenone production has
indeed been used to explam the relatively warm glacial SST
measured by U in the subtropical North Atlantic
[Chapman et al., 1996] If this also occurred at our study
sites then the U37 glacial SSTs values may be reﬂectlng
preferentially NE monsoon SST during the LGM. This is in
contrast to the present-day situation in which the alkenones
seem to record annual mean temperature. Possibly, such
changes in monsoon strength were of lesser importance for
the TEXgs SST record as the seasonal abundance of
Crenarchaeota is probably not so tied to upwelling dynam-
ics and the relative GDGT flux increase during monsoon
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4.4. Phasing of SST Records During Termination I
[29] Comparison of the TEXgq SST records with ice core

strong upwelling sites, such as those at NIOP905 and 74KL,  records reflecting temperature from Antarctica (6D EPICA
ges in ocean circulation Dome C, Figure 4f) [Jouzel et al., 2003] and Greenland
is way have affected the (§'%0 GISP2, Figure 4a) [Dansgaard et al., 1993] shows

that the increase in TEXgg SST from the LGM to the Early

may have shifted through chan
during the last 23 kyr and in th
dynamics of the organic proxies.
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Holocene is in phase with the Southern Hemisphere warm-
ing, suggesting that this proxy is primarily forced by
Southern Hemisphere climate change (Figure 4). The
TEXge SST records also show a cooling during Termination
I in phase with the Antarctic cold reversal, which has been
noted exclusively in the Southern Hemisphere [Stenni et al.,
2001] (Figure 4). The U SSTs at 74KL lag Antarctlc
records and resemble more the Arctic ice record (Figure 4)
while U SST record at NIOP905 does not show much
variation at all and perhaps only slightly resembles the
Antarctica record (Figure 4). In addition, the U%;, SST
record at 74KL shows a small drop in SST in phase with
the Younger Dryas in the Northern Hemlsphere Previous
studies in the Arabian Sea area show that the U37 records
from the Oman and Pakistan Margins are also predominantly
affected by Northern Hemisphere climate dynamics [Schulte
and Miiller, 2001; Doose- Rolznskl et al., 2001; Higginson et
al., 2004]. The reason why the U SST record at NIOP905
is not reflecting Northern Hemisphere dynamlcs is unclear.
It should be noted that the NIOP 905 U37 record is very
different from other U% records in the area [Sonzogni et al.,
1998], suggesting that local features may have overwritten
the global change in SST.

[30] The question thus remains why we detect Southern
Hemisphere dynamlcs with the TEXg4 proxy, even at 74KL,
and not with the U37 proxy. This may only be explained if
the TEXgs proxy is more influenced by the SW monsoon,
when the Southern Hemisphere dynamics dominate the
area, even when this was substantially reduced during the
LGM and Termination L. In contrast, the U may be more
influenced by the NE monsoon during this time, as sug-
gested previously [Higginson et al., 2004] and therefore
records Northern Hemisphere climate. To the best of our
knowledge SST records of tropical oceans have not
revealed, until now, a dominant Southern Hemisphere
component making it difficult to speculate what the mech-
anism behind the control on the TEXgs SST is.

4.5. Holocene SST Reconstructions

[31] Similar to the ice core records no large short-term
changes in SST are observed  during the Late Holocene in
neither the TEX% nor the U% SST records. However, both
TEXgs and UY; values for NIOP905 and 74KL show
relatively consistent opposing SST trends during the Holo-
cene. While the TEXg, values show a slight decrease in SST
from Termination I to present day values, the UY record
indicates a small increase in SST in this time period. Using
artificial neural networks analysis of the distributions of
planktic foraminifera, Naidu and Malmgren [2005] show a
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cooling trend in the Arabian Sea in the Holocene, which is
more pronounced in boreal winter than in boreal summer.
This cooling trend is also observed in the western Pacific,
eastern Atlantic and western Mediterranean as well as in the
Arabian Sea [Naidu and Malmgren, 2005, and references
therein]. In contrast, UY SST records over the last 7 kyr
have shown a general warmmg in the tropics [Kim et al.,

2004]. A data-model comparison study based on globally
distributed U, SST records and transient ensemble climate
simulations suggests that the Holocene warming in the
tropics is due to an orbitally driven insolation increase
during the boreal winter (December-January-February) in
the low latitudes [Lorenz et al., 2006]. The apparent
discrepancy between TEXgs SST records and Uz SST
records is most likely caused by the fact that SST proxies
are not consistently recording annual mean SST but sea-
sonal SST.

5. Conclusions

[32] UY, and TEXge SST records from two sites in the
Arabian Sea revealed different temperature variations over
the last 23 kyr for each proxy. TEXgs SST records were
similar at two sampling sites in the Arabian Sea over the last
glacial-interglacial cycle and they are in phase with tem-
perature changes recorded in Antarctica ice core records.
This suggests that the TEXge records of SST in the area are
mainly controlled by the Southern Hemrsphere climate
dynamics during the SW monsoon. UL, SST records from
the same cores are different in magnitude of change and
differ also in phase, and are party in phase with Northern
Hemisphere climate dynamics during the NE monsoon.
This is likely due to different growing seasons of the
biomarker source organisms, and to a change in the upwell-
ing dynamics and monsoon strengths between the LGM and
the Holocene. Our results suggest that if the impact of
seasonality on the different organic proxies can be better
constrained, then complementary information on SST can
be obtained by this multiproxy approach.
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