Earth and Planetary Science Letters 300 (2010) 407-414

Contents lists available at ScienceDirect FARTH
shLyvmn

Earth and Planetary Science Letters

journal homepage: www.elsevier.com/locate/epsl

Glacial-interglacial variability in Atlantic meridional overturning circulation and
thermocline adjustments in the tropical North Atlantic

Raquel A. Lopes dos Santos **, Matthias Prange b Isla S. Castafieda ?, Enno SchefuR °, Stefan Mulitza ®,
Michael Schulz?, Eva M. Niedermeyer ”!, Jaap S. Sinninghe Damsté ¢, Stefan Schouten ?

2 Royal Netherlands Institute for Sea Research (NIOZ), Department of Marine Organic Biogeochemistry, P.0. Box 59 AB Den Burg, Texel, The Netherlands
> MARUM-Center for Marine Environmental Sciences, University of Bremen, Leobener Strasse, D-28359 Bremen, Germany

ARTICLE INFO

ABSTRACT

Article history:

Received 13 August 2010

Received in revised form 15 October 2010
Accepted 20 October 2010

Editor: M.L. Delaney

Keywords:

Ut

TEXgg

Atlantic meridional overturning circulation
thermocline

Changes in the strength of Atlantic meridional overturning circulation (AMOC) are known to have profound
impacts on global climate. Coupled modelling studies have suggested that, on annual to multi-decadal time
scales, a slowdown of AMOC causes a deepening of the thermocline in the tropical Atlantic. However, this
process has been poorly constrained by sedimentary geochemical records. Here, we reconstruct surface (U,
Index) and thermocline (TEXYs) water temperatures from the Guinea Plateau Margin (Eastern tropical
Atlantic) over the last two glacial-interglacial cycles (~192 kyr). These paleotemperature records show that
periods of reduced AMOC, as indicated by the &' C benthic foraminiferal record from the same core, coincide
with a reduction in the near-surface vertical temperature gradient, demonstrating for the first time that
AMOC-induced tropical Atlantic thermocline adjustment exists on longer, millennial time scales. Modelling
results support the interpretation of the geochemical records and show that thermocline adjustment is
particularly pronounced in the eastern tropical Atlantic. Thus, variations in AMOC strength appear to be an
important driver of the thermocline structure in the tropical Atlantic from annual to multi-millennial time

scales.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The ocean is a fundamental component of the Earth's climate due
to its capacity to store and transport large amounts of heat. The
Atlantic meridional overturning circulation (AMOC) transports heat
through warm (and saline) surface currents from the tropics to the
polar and subpolar North Atlantic where heat is released to the
atmosphere producing a southward current of cold water in the deep
Atlantic (Ganachaud and Wunsch, 2003). It is widely accepted that
past variations in AMOC induced substantial changes in the global
temperature distribution, wind fields and the hydrologic cycle
(Rahmstorf, 2002). Additionally, some climate models predict a
slowdown of the AMOC for increased future atmospheric CO,
concentrations (Gregory et al., 2005). Therefore, it is crucial to gain
deeper insight into past AMOC variations and their impact on ocean
properties.

Previous studies, using coupled climate models and observational
data, showed that an anticorrelated variation between surface and
subsurface temperature in the tropical North Atlantic is a distinctive
signature of AMOC variability on (multi-)decadal time scales (Chiang
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et al.,, 2008; Zhang, 2007) that is clearly distinguishable from the
response pattern of external radiative forcing (Zhang, 2007). The
physics behind these temperature variations have been investigated
in previous studies: upon AMOC slowdown, strengthened northeast
trade winds, associated with a southward displacement of the Atlantic
intertropical convergence zone, tend to cool the surface of the tropical
North Atlantic mainly due to enhanced evaporative latent heat fluxes
(Chiang et al., 2008; Zhang, 2007), a process that cannot be simulated
with uncoupled ocean-only models. Simultaneously, subsurface
waters in the tropical Atlantic warm due to reduced import of
relatively cold water into the tropical Atlantic from the south and
reduced warm-water export to the north (Chiang et al., 2008). This
goes along with a deepening of the permanent (Huang et al., 2000;
Rahmstorf, 2002) and tropical (Haarsma et al., 2008) thermoclines,
accomplished by rapid baroclinic wave adjustment processes (Zhang,
2007).

Although this process is well documented on (multi-)decadal time
scales, it is not known how important this pattern of tropical upper-
ocean temperature is on longer, millennial time scales, both from a
modelling perspective as well as in geochemical records. Here, we use
a combined geochemical and modelling approach to investigate the
impact of AMOC changes on surface and subsurface temperature
variations in the eastern tropical North Atlantic on multi-millennial
time scales and assess the potential of this temperature difference for
reconstructing past AMOC variability.
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2. Study location and regional setting

The geochemical records were derived from marine sediment core
GeoB9528-3 (09°09.96’N, 17°39.81'W; 3057 m water depth; Fig. 1)
retrieved from the Guinea Plateau Margin which spans the last 192 kyr
(thousand years) (Castafieda et al., 2009). The oceanographic system of
the Guinea coast region (NW Africa) is strongly influenced by deep water
masses including the North Atlantic Deep Water (NADW) and also by
several other surface and subsurface flows (Fig. 1). The main surface
current that connects the tropical North Atlantic with the extratropics is
the Canary Current (CC), which comes from the North Atlantic. It is
characterized by cool, wide and slow water flow towards the equator
throughout the year (Batteen et al., 2000; Wooster et al., 1976). On
average, this current is about 500 m deep underlain by South Atlantic
Central Water (SACW) and deeper by North Atlantic Central Water
(NACW) (Wooster et al., 1976). The Antarctic Intermediate Water
(AAIW) is found around 800 m depth with a salinity between 34.6 and
349 at the latitude of the study area. Below 1500 m, the North Atlantic
Deep Water (NADW) is found with a salinity between 34.9 and 35
(Mulitza et al., 2006). This region is influenced by several other surface
and subsurface currents including the North Equatorial Current (NEC)
(Fig. 1), which is a broad westward flowing current, found around 7°N to
about 20°N, mainly fed by cooler waters from the northeast Atlantic
(Schott et al., 2002). The Equatorial Under Current (EUC), an eastward-
flowing current characterized by relatively high temperature and
salinity, transports heat and salt to the study area in subsurface layers
of ~100 m depth (Peterson and Stramma, 1991). Near the southern
boundary of the NEC, the North Equatorial Counter Current (NECC), an
eastward flow, is sometimes present (Richardson and Walsh, 1986). The
main source of the NECC is the retroflection from the upper layers
(100 m) of the North Brazil Current (NBC), starting between 5° and 8°N
(Bourles et al., 1999; Schott et al., 2002; Wilson et al., 1994). The NBC also
contributes to the intermediate layers of the NECC/NEUC system (Wilson
etal,, 1994) and eventually to the Caribbean Current. The Guinea Dome is
a thermal upwelling dome in the northeastern tropical Atlantic with the
core located near 10°N, 22°W and linked to a cyclonic circulation
composed of the NECC, NEUC, and NEC (Mazeika, 1967). Sediment core
GeoB9528-3 is located outside the Guinea Dome (Fig. 1).

3. Materials and methods
3.1. Geochemical analyses of core GeoB9528-3

Sediment core GeoB9528-3 was sampled at 5-cm intervals for
organic geochemical analyses. The age model of this core is based on
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Fig. 1. Location of core GeoB9528-3 in Northwest Africa and core ODP 999A (Schmidt et al.,
2006) in the Cariaco basin. The black arrows indicate the major surface ocean currents in
this area and the dashed arrows the main subsurface currents. CC—Canary Current, NEC—
North Equatorial Current, NECC—North Equatorial Counter Current, GD—Guinea Dome,
NEUC—North Equatorial Under Current, EUC—Equatorial Under Current, NBC—North
Brasil Current. Figure based on Schott et al. (2004).

oxygen isotope stratigraphy of Cibicidoides wuellerstorfi and covers the
interval from ~7 to 192 kyr. The age model has been previously
published by Castafieda et al. (2009). The &'> C measurements of
C. wuellerstorfi of this core is also described by Castafieda et al. (2009)
and is used as a proxy for changes in deep water circulation.

Sediment samples from the core were freeze-dried, homogenized
and extracted as described by Castafieda et al. (2009). After
extraction, each sample was separated into an apolar, ketone and
polar fraction via alumina column chromatography using solvent
mixtures of 9:1 (v/v) hexane:DCM, 1:1 hexane:DCM, and 1:1 DCM:
MeOH, respectively. The alkenones were analysed for U%; as described
previously (Castafieda et al., 2009). The polar fractions were analyzed
using high-pressure liquid chromatography (HPLC). The conditions
for TEXge analysis of the sediments from GeoB9528-3 were described
by Schouten et al. (2007). Since the location is in a tropical area, we
used the TEXYs proxy, which is applicable in high-temperature
settings (>15 °C), and converted it into temperature values using
the calibration of Kim et al. (2010):

TEXTL, — log( [GDGT—2] + [GDGT—3] + [Cren’] )

[GDGT—1] + [GDGT—2] + [GDGT—3] + [Cren’]

Temp|°C| = 68.4(TEXy;) + 38.6

3.2. NW Africa surface sediment analysis

In addition to sediment core GeoB9528-3, we also examined 12
surface sediment samples collected from NW Africa near the core
location (Table 1) to obtain information on the modern distribution of
U%; and TEXYs ratios. The TEXYs temperatures from these surface
sediments were derived from Kim et al. (2010). The U% analysis of the
NW Africa surface sediment samples were done as described in
Niedermeyer et al. (2009) and converted into temperature using the
calibration of Miiller et al. (1998).

3.3. Model experiment

To establish the equilibrated SST and subsurface temperature
response in the tropical Atlantic to an AMOC shutdown, simulations
were performed with the coupled atmosphere-ocean model ECBILT-
CLIO. For our sensitivity experiments, we used the global atmosphere-
ocean model ECBILT-CLIO version 3 (www.knmi.nl/onderzk/CKO/ecbilt.
html). The coupled model derives from the atmosphere model ECBILT
(Opsteegh et al., 1998) and the ocean/sea-ice model CLIO (Goosse and
Fichefet, 1999). The atmospheric component solves the quasigeostrophic
equations and ageostrophic correction terms in T21-resolution using
three layers. The ocean component is a state-of-the-art free-surface
primitive equation general circulation model which includes

Table 1
Summary table of core names locations and reconstructed temperature data from NW
Africa surface sediments.

Sample (GeoB) Latitude [°N] Longitude ["W] U%; [°C] TEXYs [°C]
9501 16°50.38 16°43.92 22.9 21.2
9506 15°36.48 18°20.48 24.0 232
9508 15°29.89 17°56.44 241 229
9510 15°24.98 17°39.24 23.7 222
9512 15°20.22 17°22.01 238 22.8
9520 13°49.76 17°35.45 231 224
9521 13°50.90 17°29.42 23.6 22.8
9525 12°38.39 17°52.76 24.6 22.7
9528 09°10.02 17°39.79 26.9 23.7
9529 09°21.19 17°22.13 27.0 23.7
9534 08°54.03 14°56.15 26.6 24.1
9535 08°52.53 14°57.62 26.8 24.0
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parameterization for downsloping currents, eddy-flux parameterization
for sub-gridscale horizontal mixing (Goosse et al., 1999), and a vertical
mixing scheme based on the Mellor-Yamada (Mellor and Yamada, 1982)
level 2.5 model (Goosse et al.,, 1999). These sophisticated parameteriza-
tions are of utmost importance for the simulation of the tropical
thermocline which would largely be eroded by simplistic mixing with too
high diffusivity. The ocean grid has a horizontal resolution of 3 degrees
and 20 levels in the vertical (6 levels within the topmost 100 m). Sea-ice
dynamics involves a viscous-plastic rheology. There is no local flux
correction in ECBILT-CLIO. However, precipitation over the Atlantic and
Arctic basins is artificially reduced by 8.5% and 25%, respectively, and
homogeneously redistributed over the North Pacific. The implementa-
tion of this regional flux adjustment considerably improves the
simulation of the modern climate and produces a realistic AMOC (e.g.
Prange and Schulz, 2004).

From a 5000-year control run with modern boundary conditions
(Prange and Schulz, 2004), three freshwater hosing experiments
(with different magnitudes of globally uncompensated freshwater
forcing to the North Atlantic between 50°N and 70°N: 0.1 Sv, 0.2 Sv,
0.5 Sv) were branched off. The hosing experiments were designed to
elucidate the relationship between AMOC and the tropical thermo-
cline. Freshwater hosing is a convenient and common method to slow
down the AMOC in numerical climate models (e.g. (Stouffer et al.,
2006). We do not imply, however, that anomalous North Atlantic
freshwater fluxes were the only possible forcing mechanism of Late
Quaternary AMOC variations in reality. All hosing experiments were
integrated for another 500 years, i.e. long enough for the AMOC and
the tropical thermocline to equilibrate (Fig. 2). The last 100 years of
each experiment were used for further analysis.

In order to quantify a relationship between AMOC strength (i.e.
volume flux of NADW) and surface-subsurface temperature difference
AT, we use the following approach: a considerable portion of the
meridional overturning in the North Atlantic immediately recirculates
north of 20°N (see Figure 1 in Prange and Schulz (2004)) and, hence,

NADW flux [Sv]
> &8

[3)]

AT [°C]

0 200 400 600 800
Model time [yr]
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Fig. 2. Timeseries from the 0.5-Sv freshwater-hosing experiment as an example of
experimental design and analysis. a, NADW volume flux (i.e. AMOC strength) calculated as
described in the text. b, Surface-subsurface temperature difference AT, where the
subsurface temperature is taken at 100 m as described in Section 4.3. Time O corresponds
to the end of a 5000-year control run with modern boundary conditions and marks the
beginning of the freshwater-hosing experiment. Freshwater was injected into the North
Atlantic for 500 years (blue box). Averages from the last 100 years (red bar) were taken to
construct the graph in Fig. 7.

does not contribute to the southward flow of NADW in the tropical and
South Atlantic. Therefore, a better measure of NADW volume flux-
which is also commonly used and which we have taken in this study -is
the maximum of the meridional overturning streamfunction in the
South Atlantic at 30°S (also referred to as the net export of NADW). Note
that negative values are associated with the southern overturning cell
and are not related to the NADW flux; therefore, negative values were
set to zero.

4. Results and discussion

4.1. U%; and TEXss temperature reconstructions in the eastern tropical
North Atlantic

Two organic geochemical proxies, U, and TEX;, were applied to
reconstruct water temperatures of the eastern tropical North Atlantic.
Both the UY; index, based on the ratio of di- and tri-unsaturated long-
chain ketones produced by haptophyte algae (Prahl and Wakeham,
1987), and the initial TEXgg proxy (Schouten et al., 2002), which is based
on glycerol dialkyl glycerol tetraethers (GDGTs) produced by Marine
Group 1 Crenarchaeota, are usually thought to reflect SST (Kim et al.,
2008; Schouten et al., 2002). To confirm this, we analyzed surface
sediments collected on a transect along the NW African coast (Table 1)
for UX; and compared this with TEXYs values (Kim et al., 2010) for the
same set of samples. This showed that the U% index corresponds well to
annual mean SST (Locarnini et al, 2006) (Fig. 3). However, TEX5;
temperatures are substantially lower compared to U%,-based SST, and
are similar or slightly lower than thermocline temperatures from
around 30 m depth (Fig. 3). The difference between U, and TEXYs for a
number of sites is around 1.5 °C, which may be explained by the
calibration errors of the two proxies (Kim et al., 2008, 2010; Miiller and
Fischer, 2001). However, for sites closer to the equator (<10°N) this
difference is larger and up to ~3 °C (Table 1 and Fig. 3). There could be
several explanations for these cooler TEXYs; temperatures in comparison
to the U%;. First, the TEXYs record could be influenced by input from soil-
derived isoprenoid GDGTs (Weijers et al., 2006). The branched and
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Fig. 3. U,-derived SST, TEX5s-derived temperatures and AT (U%,-TEX"g) differences in
surface sediment samples from the northwest African margin at different latitudes.
a) The UX,-TEXYs temperature difference plotted against latitude. The GeoB station
numbers are listed next to the data points and GeoB station locations are listed in Table 1.
Note that the surface sediment samples collected from latitudes of 8-10°N, including
site GeoB9528-3, display the greatest difference between the U%, and TEXYs records.
b) Comparison of winter, summer and annual mean SST at 0 m (Locarnini et al., 2006)
and water column temperatures at 30 and 50 m (Locarnini et al., 2006) with UK'3; and
TEXYs (Kim et al., 2010) reconstructed temperatures for GeoB stations plotted against
latitude. Note that UK's; derived temperatures (red triangles) agree well with SST
(green circles). In contrast, TEXHs-derived temperatures (blue squares) indicate cooler
temperatures compared to SST and display a better agreement with water column
temperatures at 30 m (yellow circles).


image of Fig.�2
image of Fig.�3

410 RA. Lopes dos Santos et al. / Earth and Planetary Science Letters 300 (2010) 407-414

isoprenoid tetraether (BIT) index (Hopmans et al., 2004) provides a
method to assess the relative amount of soil organic matter input and
thus possible influences on the TEX"gg record (Hopmans et al., 2004). In
general, TEXYs is considered to be applicable in settings where the BIT
index is ~<0.3 (Weijers et al., 2006). However, BIT values in the surface
sediments were always <0.1 (Kim et al,, 2008). These low BIT values
were expected since the coring site is remote from the coast and river
inputs. Thus, soil-derived GDGTs can be ruled out as an influence on the
TEXYs in this region. A second explanation for the difference in
temperature values between the TEXSs and U%; proxies could be due

to differences in the growth season between the source organisms
(Huguet et al.,2006). Indeed, there are large seasonal variations in SST at
the sites > 10°N but at latitudes below 10°N, including our core site
GeoB9528-3, seasonal variation alone cannot explain the full temper-
ature difference between the two proxies (Fig. 3). A third explanation
could be lateral transport of GDGTs from colder areas to the region of
NW Africa. However, alkenones have been shown to be affected more by
long-distance lateral transport than crenarchaeol (Mollenhauer et al.,
2005, 2007; Shah et al., 2008). The fact that the U%; values in the surface
sediments correspond well to SST argues against a substantial effect of
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Fig. 4. Comparison of geochemical records from eastern and western tropical Atlantic. a, 5'0 of C. wuellerstorfi of eastern Atlantic core GeoB9528-3 (Castafieda et al., 2009); b, U%,
(Castafieda et al., 2009) and c, TEXE; records of core GeoB9528-3; the error bars on the U, and TEXES records represent the standard deviation of multiple runs; d, Mg/Ca record from
core ODP 999A from western Atlantic (Schmidt et al., 2006); e, Difference of UY; and TEXs-derived temperatures (AT) for GeoB9528-3; f, '3 C of C. wuellerstorfi of core GeoB9528-3
(Castafieda et al., 2009) and g, Nd isotope ratios of core RC11-83/TN0O57-21 from south Atlantic (Piotrowski et al., 2005). Shaded bars indicate periods of minor thermal stratification
(AT<2 °C). The records show that depleted benthic 6'> C values (f) and increased neodymium isotope ratios (g), indicating that low AMOC strength, correspond to reduced AT (e). In
all panels, the bold colored line represents the smoothed data points obtained by using a 5-point running mean whereas the black circles represent all available data points.
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lateral transport in this area. Variations in upwelling intensity could be
another factor influencing TEXYs temperatures as suggested by previous
studies (Kim et al., 2008; Wuchter et al., 2006). However, the pattern of
cooler TEXYs temperatures in comparison to U% is observed in surface
sediments located near the permanent upwelling cell of NW Africa,
which is centered at ~20-25°N, but we also observe this pattern at sites
located outside of the upwelling cell. Therefore, it seems that at site
GeoB9528-3, upwelling is not the main cause of this temperature
difference. The fifth and, in our view, the most likely explanation to
explain the cooler TEXHs temperatures compared to U, is that TEXHs
reflects a deeper and cooler water mass in comparison to the U, index.
Indeed, Crenarchaeota can reside deeper in the water column (Karner et
al.,2001) and, thus, can potentially reflect temperatures of deeper water
masses (Huguet et al., 2007) compared to haptophyte algae, which must
remain within the photic zone. Previous studies have shown that TEXgg
reflects subsurface rather than surface temperatures in the Santa
Barbara Basin (Huguet et al., 2007) and, importantly, in the nearby
Benguela upwelling region (Lee et al., 2008). In the latter study, it was
found that TEXge in suspended particulate matter was fairly uniform in
the upper water layer and similar to TEXgs values in the surface
sediments. TEXgs temperatures were substantially lower than SST,
indicating a predominant contribution of crenarchaeota living in colder
deeper waters. This deeper depth production may be to avoid
competition for e.g.,, ammonia (Martens-Habbena et al., 2009). Future
seasonal studies of Crenarcheota abundance and crenarchaeotal lipid
fluxes will be fundamental to better understand the TEX86. However, it
is reasonable to assume that in the eastern tropical Atlantic, TEXYs is
reflecting subsurface temperatures, likely around the thermocline,
rather than annual mean surface temperatures.

4.2. Millennial scale temperature records from the eastern tropical North
Atlantic

The pattern of cooler TEXYs temperature estimates compared to U
is also consistently found for the sedimentary record of GeoB9528-3
(Fig. 4). The difference between the two proxies is up to 7 °C, for certain
time intervals, which is much larger than the present seasonal
temperature variations. Thus, it seems unlikely that seasonality is the
main factor leading to this temperature difference at this latitude. Since
BIT values are always below 0.3 (Fig. 5), soil organic matter input has not
influenced the TEXYs record. This suggests that TEXEs records subsurface
temperatures over the last ~192 kyr at this site. The U%; SST corresponds
well to the general trends observed in the 6'20 record of the benthic
foraminifera C. wuellerstorfi (Castafieda et al, 2009) (Fig. 4ab),
displaying the warmest temperatures during interglacials, Marine
Isotope Stages (MIS) 1 and 5e, and the coolest temperatures during
MIS 2, 4 and 6. Previous studies noted similarities in SST between these
two interglacial periods in the equatorial eastern Atlantic (Hippler et al.,
2006; Weldeab et al.,2007) with the coolest SSTs during MIS 2 and MIS 6
(Weldeab et al., 2007). Interestingly, during these cold intervals, the
TEXYs record registers warm conditions in the thermocline (Fig. 4b, c).
Enhanced subsurface temperatures are especially pronounced during
the transitions from MIS 6 to 5,4 to 3,and 2 to 1, as well as during MIS 6
(shaded bars, Fig. 4). The transitions were paralleled by sea-level rise
and presumably meltwater input into the North Atlantic, originating
from a decaying Laurentide ice sheet (Carlson et al,, 2007; Chang et al.,
2008; Hippler et al., 2006; Piotrowski et al., 2005, 2008). An exception is
the subsurface warming during MIS 6, for which there is no evidence for
large-scale sea-level rise and associated meltwater injection into the
North Atlantic. When comparing the 83 C of C. wuellerstorfi from
GeoB9528-3 (Castafieda et al., 2009) and a neodymium isotope (&€nq)
record (Piotrowski et al., 2008) from the South Atlantic, both proxies for
deep-water ventilation (Lynch-Stieglitz et al, 2007), we find that
depleted 6' C values and increased €yq, indicating low AMOC strength,
correspond to smaller temperature differences (AT) between U%; and
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Fig. 5. BIT index values of core GeoB9528-3 (in black) together with the TEXHgg (in
blue) and U, (in red) records of the same core. The dashed line represents a BIT value
of 0.3. Nearly all samples in GeoB9528-3 have a BIT value of <0.3 and thus soil organic
matter input is not biasing the TEXg; record.

TEXYs (Fig. 4e, f, g) thus reflecting thermocline warming during these
periods.

Remarkably, there is also a significant correspondence (linear
regression r>=0.54; p<0.001) between the TEX}s temperature record
and the Mg/Ca SST record from ODP site 999A from the Caribbean
basin on the western side of the tropical Atlantic (Schmidt et al., 2006)
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Fig. 6. Upper-ocean temperature stratification in the northeast tropical Atlantic at core
location GeoB9528-3. a, profiles of annual-mean temperature in observed climatology
(red) and ECBILT-CLIO modern control run (blue; calculated from long-term mean).
b, corresponding vertical gradients. Data source: Locarnini et al. (2006).
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(Fig. 4c,d). This is in agreement with the study of Schmidt et al.
(2004), showing that during periods of AMOC slowdown, widespread
surface cooling in the tropical North Atlantic is not reflected in the
western Caribbean. Instead, SST warming occurs here due to the
accumulation of warm and saline water in response to AMOC
slowdown. This all suggests that AMOC is an important driver of the
tropical thermocline adjustment processes.

4.3. Modelling tropical thermocline adjustment

Further support for the interpretation of the geochemical records
comes with our modelling experiment to simulate the impact of AMOC
slowdown on surface and thermocline temperatures in the eastern
tropical Atlantic. The GeoB9528-3 core top data suggest that TEXHs
reflects temperatures at around 30 m depth (Fig. 3), whichis close to the
present day maximum vertical temperature gradient (Fig. 6). Conse-
quently, water temperature at this depth is particularly sensitive to
vertical movements of the tropical thermocline, resulting in large
variations of TEXYs temperatures in response to AMOC-induced
thermocline shifts. To capture this TEXYs signal by the climate model
and hence to allow for a reasonable data-model comparison, we
“measure” temperature changes at a depth close to the modelled (rather
than the observed) maximum vertical temperature gradient. As shown
in Fig. 6, the modelled tropical thermocline at the location of core
GeoB9528-3 occurs somewhat deeper than in reality (the maximum
vertical temperature gradient is at a depth of ~100 m in the model). In
order to make modelled subsurface temperature variations comparable

to the TEXYs reconstruction, we therefore use the ocean-model
temperature at 100 m to calculate changes of the surface-subsurface
temperature difference (AT) in the freshwater-hosing experiments (cf.
Fig. 7¢).

In a first hosing experiment with 0.5 Sv freshwater forcing, NADW
formation completely stops (Fig. 2). An overall surface cooling, in
comparison to modern SST, of the tropical North Atlantic is simulated,
except for the western Caribbean, where SST slightly (~0.2 °C;
statistically significant at the 0.01 significance level) increases (Fig. 7a).
The cooling takes place only in a thin layer; below ~30 m (eastern
tropical North Atlantic) to 100 m (western equatorial Atlantic) the ocean
warms. Maximum warming indeed occurs around the depth of the
tropical thermocline, pointing to an important role of vertical shifts in the
position of the thermocline in subsurface warming. This subsurface
warming leads to a substantially reduced surface-subsurface tempera-
ture difference in comparison to the control case, particularly in the
eastern tropical Atlantic (Fig. 7b). These model results are thus in
agreement with our TEXYs record showing eastern tropical Atlantic
subsurface warming in phase with Caribbean SST warming and AMOC
slowdown.

Further model experiments with moderate AMOC slowdowns reveal
that the magnitude of the surface-subsurface temperature difference at
site GeoB9528-3 (Fig. 7b) scales nearly linearly with the magnitude of
the AMOC anomaly (Fig. 7c). In the tropical North Atlantic, the
thermocline adjustments can be ascribed to the mechanisms described
above (Chiang et al., 2008; Haarsma et al,, 2008; Zhang, 2007). While
weakened southeast trades during times of reduced AMOC may
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Fig. 7. Oceanic temperature response to AMOC changes simulated using a coupled climate model. a, SST difference between control run with 16.2 Sv (1 Sv=106 m3 s ') of North
Atlantic Deepwater (NADW) export (modern conditions) and a run with deepwater formation completely shut down by a strong freshwater injection into the subpolar North
Atlantic. The positions of sediment cores ODP Site 999A and GeoB9528-3 are marked by red dots. b, Same as in (a) but for the surface-subsurface temperature difference anomaly,
where the subsurface temperature is calculated as a vertical average over 30-200 m depth. c, relationship between absolute surface-subsurface temperature difference in the
tropical northeast Atlantic around site GeoB9528-3 (area averaged over the red square indicated in b) and NADW flux, where the subsurface temperature is taken at 100 m (i.e. at the
depth of the maximum vertical temperature gradient in the model as described in Section 4.3). NADW flux is defined as the maximum of the meridional overturning streamfunction
in the South Atlantic at 30°S (see Section 3.3 for details). Different NADW fluxes have been obtained by varyingly strong freshwater injections. All results correspond to 100-year-

averaged equilibrated annual means.
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contribute to thermocline deepening in the eastern tropical South
Atlantic (McIntyre and Molfino, 1996), northeasterly wind anomalies
over the eastern tropical North Atlantic would counteract tropical
thermocline deepening here and, hence, can be ruled out as a possible
driver for the observed thermocline adjustment. Our model results
suggest that reconstructed surface-subsurface temperature differences
may be taken as a measure of AMOC variability also on time scales much
longer than decadal, and that ideal locations for reconstructing surface—
subsurface temperature differences may be found in the eastern tropical
North Atlantic (Fig. 7b).

Our simulations allow for a rough estimate of the AMOC variability
associated with these temperature variations (Fig. 7c), although the
exact number is uncertain due to uncertainties in the temperature
proxies and model details and changing boundary conditions
including greenhouse gases, orbital parameters and glacial ice sheets
(which may influence thermocline depth through mechanisms other
than AMOC changes (Paul and Schafer-Neth, 2003), but are not
considered here). Using the geochemical records and the modeled
relation between AT and NADW flux (Fig. 7c), we estimate that
(multi-)millennial AMOC changes were roughly on the order of 10 Sv.
While this absolute number should be interpreted carefully, it does
suggest that the AMOC changes were quite substantial. These
variations in tropical thermocline depth, in turn, are likely to have a
substantial impact on biological productivity in the euphotic zone
(McIntyre and Molfino, 1996) and interannual tropical Atlantic
climate variability (Haarsma et al., 2008). However, care has to be
taken in interpreting this quantitative estimate as both the model and
record of temperature differences across the thermocline are subject
to the aforementioned uncertainties.

5. Conclusions

In the northeastern tropical Atlantic, TEX}s turns out to be a proxy for
subsurface temperature. In combination with a surface paleother-
mometer like UX5, this allows for reconstructing past changes in tropical
thermocline structure. Our sediment records and model results support
the notion that a slowdown of the AMOC results in a deepening of the
tropical Atlantic thermocline and that this also holds on (multi-)
millennial and glacial-interglacial time scales. The depth-adjustment of
the thermocline results in a change in the temperature difference
between surface and subsurface. The model experiments suggest that
the reconstructed temperature changes of up to 7 °C may be indicative
of AMOC variations on the order of 10 Sv. Accordingly, the eastern
tropical North Atlantic appears to be a particularly sensitive region for
thermocline adjustments caused by the variability in AMOC strength.
Sediment records from this area may thus be particularly useful for
constraining past AMOC variability and its impact on the tropical
Atlantic Ocean.
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Appendix A. TEX!gs and BIT Index data for core GeoB9528-3

Note that for one sample it was not possible to calculate a BIT value
as some of the GDGTs needed to calculate this index were not present.
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