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Abstract Surface ocean circulation in the western equatorial Atlantic is mainly wind driven and plays a
major role for the transport of warm waters to the North Atlantic. Past changes in the strength and
direction of the trade winds are well documented, but the response of the western equatorial Atlantic
circulation and water column structure to these changes is unclear. Here we used the difference between the
stable isotopic oxygen composition of two species of planktonic foraminifera (Globigerinoides ruberwhite and
Neogloboquadrina dutertrei) from two sediment cores collected off northeastern Brazil to investigate
millennial- and orbital-scale changes in upper ocean stratification since the Last Interglacial. Our records
indicate enhanced upper ocean stratification during several Heinrich stadials, partly due to a shoaling of the
thermocline, which was linked to a decrease in the strength of southeast trades winds. In addition, we show
that a decrease in wind zonality induced by increases in Northern Hemisphere low-latitude summer
insolation causes a shoaling of the thermocline in the western equatorial Atlantic. These ocean-atmosphere
changes contributed to a reduction in the cross-equatorial transport of warm waters, particularly during
Heinrich stadials and Marine Isotope Stage 4.

1. Introduction

Trade winds form the lower limb of the Hadley circulation and are a dominant large-scale feature that influ-
ences continental climate and surface ocean circulation in the Atlantic (McGee et al., 2018). Blowing west-
ward, these winds carry moisture to the Amazon basin and have a central role boosting the seasonal
monsoon activity over South America (Marengo et al., 1993). Trade winds also have a major role on the trans-
port and dispersal of African dust, which is considered to be a major aerosol source that influences the radia-
tive balance over the Atlantic (Ridley et al., 2014). Over the ocean, trade winds push warm surface waters
toward South America and pump cold and nutrient-rich deep waters to the surface on the vicinities of the
African continent. This results in high-productivity areas offshore Namibia and Mauritania (Wefer & Fischer,
1993), while nutrient-depleted areas are commonly found in the western tropical Atlantic (Oudot et al., 1998).

In the equatorial Atlantic, relaxation or intensification of the trade winds influences the transport and path-
way of the main ocean surface currents (Johns et al., 1998). For example, during boreal summer strengthened
southeast (SE) trades cause an intensification of the South Equatorial Current (SEC) and consequently of the
North Brazil Current (NBC), since the northern branch of the SEC feeds the NBC (Johns et al., 1998; Stramma
et al., 1995). At the same time, increased westward wind stress produced by the strengthened SE trade winds
piles up warm waters in the western and causes upwelling in the eastern equatorial Atlantic, producing an
east-west asymmetry of the thermocline (Hastenrath & Merle, 1987). In addition, heat transported from the
tropics and subtropics into the western equatorial Atlantic, which subsequently crosses the equator via the
NBC, is increased during periods of strong SE trades (Johns et al., 1998; Kim et al., 2003). Part of this heat is
deflected eastward by the NBC retroflection during boreal summer (Richardson & Reverdin, 1987). Thus,
the trade winds not only create a thermocline asymmetry at the equator but also have an effect on cross-
equatorial heat transport in the Atlantic.
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Paleoclimate studies using multiple proxies (e.g., dust, sea surface temperature, and the relative abundance
of planktonic foraminifera species) have shown that the trade wind system varied on millennial and glacial-
interglacial timescales (Collins et al., 2013; Kim et al., 2003; Little et al., 1997; Stuut et al., 2002), which probably
affected the upper ocean circulation and stratification in the equatorial Atlantic. In the western tropical
Atlantic, planktonic foraminifera assemblages from gravity cores led Wolff et al. (1999) to suggest that
glacial-interglacial changes of the thermocline depth were primarily driven by the strength of the SE trade
winds. Other studies, using coccolithophores (Kinkel et al., 2000) and the oxygen-isotopic difference of plank-
tonic foraminifera species (Rühlemann et al., 2001), reconstructed the thermocline depth in the western
equatorial Atlantic and supported the mechanism described by Wolff et al. (1999). However, these previous
works in the western equatorial Atlantic could not explore millennial-scale changes of the thermocline depth
due to the low resolution of their records. Recently, a high-resolution record of planktonic foraminifera
assemblages covering the last 30 ka, indicated that a shallow mixed layer depth occurred in the western
equatorial Atlantic during Heinrich stadials (HS) 2 and 1, as well as the Younger Dryas (YD; Portilho-Ramos
et al., 2017). The authors proposed that the increased stratification was linked to the excess of freshwater flux
below the Intertropical Convergence Zone (ITCZ) that hinders wind-driven vertical mixing. In the eastern
equatorial Atlantic, the direction (zonal vs. meridional) of the trade winds is considered as a main driver of
past precession-related upper ocean changes in the eastern tropical Atlantic (McIntyre et al., 1989; Molfino
& McIntyre, 1990), which probably influenced the westward transport of waters and consequently the upper
ocean stratification in the western margin. However, Wolff et al. (1999) suggested that thermoclines in the
eastern and western tropical Atlantic are dominated by different periodicities and ocean-atmosphere inter-
actions. Therefore, a paleoceanographic investigation that addresses the changes in ocean stratification in
the equatorial Atlantic on millennial and orbital timescales, considering all the plausible mechanisms, is
still needed.

We present high-resolution reconstructions of the thermocline depth using two sediment cores (GL-1248 and
GeoB16202-2) from the continental slope off northeastern Brazil, extending back to the Last Interglacial (LIG).
We use the difference between the stable oxygen isotopic composition (δ18O) of two planktonic foraminifera
species (Globigerinoides ruber white and Neogloboquadrina dutertrei; Δδ18Odut-rub) as a proxy for past upper
water column stratification or thermocline depth. We compare our results with other records from the east-
ern and western Atlantic to address the large-scale responses of upper ocean stratification on millennial and
orbital timescales. Our results indicate a shoaling of the thermocline depth in the western equatorial Atlantic
during Heinrich stadials, as a consequence of reduced westward transport of warm waters due to a weaken-
ing of the SE trade winds. Furthermore, spectral analysis performed on our Δδ18Odut-rub records shows signif-
icant periodicities in the 19- to 23-kyr frequency band, which supports a response of upper ocean
stratification to precessional forcing.

2. Background
2.1. Regional Setting

Modern surface ocean circulation in the western equatorial Atlantic is dominated by the northwestward-
flowing NBC, which transports warm and salty waters to the North Atlantic (Figure 1). The NBC originates from
the northern branch of the SEC bifurcation around 10°S (Stramma et al., 1995) and has an annual mean trans-
port of approximately 26 Sv (Johns et al., 1998). Seasonal variability of the NBC transport is linked to changes
in the trade wind system and ITCZ position. During boreal summer and fall, when SE trade winds are strong
(Figure 2a), a maximum transport of 36 Sv of the NBC is observed (Johns et al., 1998). Such intensification of
the NBC is partially due to the southernmost position of the SEC bifurcation, which is in turn associated with
the northward displacement of the ITCZ (Rodrigues et al., 2007). At the same time, the NBC keeps its main
route, flowing northwestward, until it reaches 6–7°N where it retroflects (Johns et al., 1998) and feeds the
North Equatorial Counter Current (NECC). The NECC transports surface waters eastward (Richardson &
Reverdin, 1987), causing a deepening of the thermocline along its pathway (Figure 2e). At the NBC retroflec-
tion, large anticyclonic eddies known as NBC rings are detached and are responsible for the northward trans-
port of heat and mass (Goni & Johns, 2001). Also, during this period, the SEC transport increases, piling up
warm waters and consequently deepening the thermocline in the western equatorial Atlantic (Hastenrath
& Merle, 1987; Figures 2c and S1 in the supporting information). During boreal winter and spring, the
northeast (NE) trade winds are strong, and the NBC transport decreases to 13 Sv (Johns et al., 1998). The
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SEC bifurcation moves north, when the ITCZ is at its southernmost posi-
tion, contributing to a reduction in the NBC transport (Rodrigues et al.,
2007). During this time, the NBC retroflection and the NECC are weak (or
not present), which favors the NBC northwestward flow along the conti-
nental margin of South America (Hastenrath & Merle, 1987; Stramma
et al., 1995; Figure 2b). In addition, the east-west pressure gradient and
thermocline tilt weaken (Figure 2d), smoothing out the latitudinal varia-
tions in thermocline depth across the equator (Figure 2f). The southward
migration of the ITCZ during this period, especially between March and
April, characterizes the rainy season over northeastern Brazil
(Hastenrath, 2012).

Seasonal changes in upper water column stratification and thermocline
depth in the western equatorial Atlantic are connected to variations in sur-
face ocean circulation, which are in turn influenced by the strength and
direction (zonal vs. meridional) of the trade winds (Hastenrath & Merle,
1987). The strength of the trade winds depends on the atmospheric pres-
sure gradients, which are modulated by meridional SST gradients in the
ocean (Rind, 1998). Thus, during boreal winter (summer), the SE trade
winds are weak (strong), and the SEC transport of warm waters to the wes-
tern equatorial Atlantic decreases (increases), which causes a relaxation
(accentuation) of the east-west thermocline tilt and consequently a shoal-
ing (deepening) of the thermocline in the west (Figures 2a–2d).

2.2. Upper Ocean Stratification Recorded by Interspecific Planktonic
Foraminiferal Oxygen Isotopic Composition

One of the most widely used planktonic foraminiferal proxies to recon-
struct the upper ocean stratification (or thermocline depth) is the differ-
ence in oxygen isotopic composition between surface and thermocline
species. This proxy can be applied using shallow and deep-dwelling plank-
tonic foraminiferal species (Mulitza et al., 1997; Williams & Healy-Williams,
1980) and requires knowledge of the calcification depths of the chosen
species. Studies using core top δ18O values of G. ruber (white) and N. duter-
trei in the western tropical Atlantic have estimated the apparent calcifica-
tion depths of both species (Cléroux et al., 2013; Farmer et al., 2007; Steph
et al., 2009). These studies show that G. ruber (white) δ18O records the con-
ditions within the mixed layer, calcifying around 16 m as estimated by
Farmer et al. (2007), or around 89 m as suggested by Steph et al. (2009),
where the difference between these estimations can be attributed to dis-
tinct methodologies used by these studies. On the other hand, N. dutertrei
δ18O records the upper thermocline with apparent average calcification
depths varying between 104 and 118 m (Cléroux et al., 2013; Farmer et al.,
2007; Steph et al., 2009).

Here we first verify the apparent calcification depth of both planktonic
foraminifera species at our core sites. We compare the core top calcite
δ18O values (δ18Oc) measured for both species in cores GL-1248 and
GeoB16202-2 to the predicted δ18Oc profile at our core sites. We use the

nearest temperature and salinity profiles (0.5°S, 43.5°W) from the World Ocean Atlas (2013; Locarnini et al.,
2013) to derive the vertical profile of predicted δ18Oc. First, the δ

18O of seawater (δ18Osw) was calculated from
the salinity profile using the salinity-δ18Osw relationship suggested by Regenberg et al. (2009) for the tropical
Atlantic. The δ18Osw values were converted from Vienna Standard Mean Ocean Water to Vienna Pee Dee
Belemnite by subtracting 0.27‰ (Hut, 1987). Then, a profile of the predicted δ18O of the calcite was
generated for each species at the core sites by applying paleo-temperature equations to the water column
temperature and the estimated δ18Osw profiles. For G. ruber (white) we applied the equation of Mulitza

Figure 1. Location of the studied cores and other records discussed in the
text. (a) Cores GL-1248 and GeoB16202-2 (blue dots) analyzed in this study
together with the following cores discussed in the text (black dots):
OCE326-GGC5 (McManus et al., 2004), KNR191-CDH19 (Henry et al., 2016),
MD96-2094 (Stuut et al., 2002), GeoB1711-4 (Kirst et al., 1999; Little et al.,
1997), GeoB7920-2 (Collins et al., 2013), M35003-4 (Hüls & Zahn, 2000),
RC2402/RC2408/RC2417 (McIntyre & Molfino, 1996). The dashed white rec-
tangle marks the area enlarged in panel b. (b) Besides cores GL-1248 and
GeoB16202-2, the other cores in the western equatorial Atlantic are
GeoB2204-2 (Wolff et al., 1999), GeoB1523-1 (Kinkel et al., 2000), CDH-86
(Nace et al., 2014), and GeoB16206-1 (Portilho-Ramos et al., 2017). Black solid
lines with arrows indicate surface currents and white dotted lines the sea-
sonal range of the Intertropical Convergence Zone (ITCZ). The surface cur-
rents shown are the Brazil Current (BC), North Brazil Current (NBC), North
Equatorial Countercurrent (NECC), and the southern and central branches of
the South Equatorial Current (SEC and cSEC, respectively). The figure was
generated using the software Ocean Data View (Schlitzer, 2017).
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et al. (2003) for this species, and for N. dutertrei we applied the equation from Bemis et al. (1998) for O.
universa (culture-low light). We chose not to apply the species-specific equation for N. dutertrei from
Bouvier-Soumagnac and Duplessy (1985), because the coefficients of this equation show large errors and
the equation was built in a narrow temperature range (24–30 °C; Wejnert et al., 2013), which does not
represent the vertical temperature range at our sites. The projection of the measured core top δ18Oc

values onto the predicted δ18Oc profile shows that, indeed, G. ruber (white) has an apparent calcification
depth within the mixed layer, while N. dutertrei has an apparent calcification depth between 100 and
150 m at both sites (Figure 3). This result is in agreement with previous studies (Cléroux et al., 2013;
Farmer et al., 2007; Steph et al., 2009).

The δ18O difference between G. ruber (white) and N. dutertrei (Δδ18Odut-rub) should track the latitudinal and
longitudinal changes in thermocline depth in the tropical Atlantic (Figures 2c–2f). Therefore, we used pub-
lished core top δ18O values (Arbuszewski et al., 2010; Cléroux et al., 2013; Steph et al., 2009) to calculate values
for Δδ18Odut-rub along one latitudinal and one longitudinal transect (Figure S2). The results show that
Δδ18Odut-rub reproduces relatively well the modern upper ocean stratification in the tropical Atlantic. In the
latitudinal transect, theΔδ18Odut-rub values indicate a deep thermocline close to the subtropical gyres on both
hemispheres and a shallow thermocline around the equator (Figure S2a). This proxy is even sensitive to slight
deepening of the thermocline observed around 0–5°N (Figure S2a), which is probably due to the influence of
the NECC, or of the NBC retroflection. Furthermore, despite the scatter of data points, the Δδ18Odut-rub seems
to capture the thermocline tilt between the eastern and western tropical Atlantic (Figure S2b).

Figure 2. August and April mean states of the tropical wind system and thermal stratification. (a and b) Seasonal variation of the Intertropical Convergence Zone
(ITCZ) position (white dotted line), as well as of the northeast and southeast trade winds (white arrows), where the relative strength of the winds is represented
by the thickness of the lines. (c and d) Upper Atlantic temperature distribution during August (c) and April (d) on a longitudinal transect along the equator (black
dashed line in panels a and b). (e and f) Upper Atlantic temperature distribution during August (e) and April (f) on a latitudinal transect (black solid line panels a
and b). The position of the cores considered in this study relative to the temperature distribution depicted in the transects is shown with vertical dotted lines in
panels c to f. Data are from the World Ocean Atlas (2013; Locarnini et al., 2013). The figure was generated using the software Ocean Data View (Schlitzer, 2017).
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Finally, core top (0–2 cm) Δδ18Odut-rub values of 1.09‰ and 1.24‰ were
calculated for cores GL-1248 and GeoB16202-2, respectively. These values
are close to the range of regional Δδ18Odut-rub values from other core tops
(Figure S2). Thus, assuming that the calcification depths of G. ruber (white)
and N. dutertrei are constant through time, high Δδ18Odut-rub values mean
a shallow thermocline and a strong upper ocean stratification between the
surface and the thermocline, while low Δδ18Odut-rub values imply the
opposite oceanographic conditions.

3. Material and Methods
3.1. Location and Lithology of Sediment Cores

Sediment core GL-1248 (0°55.20S, 43°24.1 0W, 2,264-m water depth,
19.29 m long) was retrieved by Petrobras on the continental slope off
northeastern Brazil, 170 km from the coastline and 280 km to the north
of the mouth of the Parnaíba River (Figure 1). Between 1.00–12.99 m and
16.60–19.29 m, core GL-1248 consists mainly of greenish to olive sedi-
ments, which are rich in silty clay. GL-1248 contains carbonate-rich sedi-
ments between 0–1.00 m and 12.99 to 16–60 m, which are represented
by more reddish-brown and whitish clays. Sediment core GeoB16202–2
(1°54.500S, 41°35.500W, 2,248-m water depth, 7.73 m long) was taken
during the cruise MSM20/3 (Mulitza et al., 2013) also from the continental
slope off northeastern Brazil, 92 km from the coastline and 101 km to the
north of the Parnaíba River mouth (Figure 1). The entire lithology of
GeoB16202-2 consists of clay-rich sediments with colors varying between
greenish gray and dark olive.

3.2. Stable Oxygen Isotopes

Ten tests of G. ruber (white; 250–355 μm) and eight tests of N. dutertrei
(350–415 μm) were analyzed for δ18O every ~4 cm of core GL-1248 from
the top of the core until 16.60 m. For core GeoB16202-2, five to 10 tests
of G. ruber (white; 350–500 μm) and a sufficient number of tests of of N.
dutertrei (350–450 μm) were selected every ~10 cm and analyzed for
δ18O (Huppertz, 2014). All tests were handpicked under a binocular micro-
scope. Stable oxygen isotope analyses were performed with a Finnigan
MAT 252 mass spectrometer equipped with an automatic carbonate pre-
paration device at MARUM, University of Bremen (Germany). Isotopic
results were calibrated relative to the Vienna Pee Dee Belemnite using
the standards NBS18, 19 and 20. The standard deviation of the laboratory
standard was lower than 0.07‰ for the measuring period.

3.3. Major Element Composition

The Ti and Ca intensities of core GL-1248 were obtained by scanning the core surface of the archive half with
X-ray fluorescence Core Scanner II (AVAATECH Serial No. 2) at the MARUM, University of Bremen (Germany).
The X-ray fluorescence data were measured downcore every 0.5 cm for GL-1248 by irradiating a surface of
about 10 mm × 12 mm for 20 s at 10 kV. This analysis allows the determination of Ti/Ca ratios for core
GL-1248, which similarly to Fe/Ca ratios is a well establish proxy for terrigenous input of fluvial origin offshore
northeastern Brazil (Arz et al., 1998; Govin et al., 2012; Jaeschke et al., 2007; Mulitza et al., 2017; Zhang et al.,
2015). Millennial-scale maxima in Ti/Ca ratios reflects enhanced erosion and fluvial transport of terrigenous
material to the ocean, occurring during periods characterized by abrupt increases in precipitation on the
adjacent continent (Arz et al., 1998; Jaeschke et al., 2007).

3.4. Age Model

The age model for core GeoB16202-2 is based on 13 AMS radiocarbon ages performed on two shallow-
dwelling planktonic foraminifera species (G. ruber and Trilobatus sacculifer) measured at the Poznań

Figure 3. Oceanographic profile from the World Ocean atlas (2013)
(Locarnini et al., 2013) at 0.5°S, 43.5°W, near to the position of cores GL-
1248 and GeoB16202–2, with temperature (red line), salinity (green line) and
the estimated δ18O values of seawater (δ18Osw,blue line). The predicted
δ18O of the calcite (δ18Oc, black line) was estimated using the paleotem-
perature equations from Mulitza et al. (2003) (solid line) for G. ruber (white)
and the equation from Bemis et al. (1998) (dotted line) for O. universa (cul-
ture-low light). The measured δ18O core top values of G. ruber white (star
symbols) and N. dutertrei (square symbols) for GL-1248 (yellow symbols)
and GeoB16202–2 (green symbols) were plotted on the δ18Oc vertical
profiles in order to estimate the apparent calcification depths of the two
species at the core sites.
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Radiocarbon Laboratory (Mulitza et al., 2017). Downcore ages were modeled using BACON software version
2.2 (Blaauw & Christen, 2011) and the radiocarbon ages were calibrated with the IntCal13 calibration curve
(Reimer et al., 2013) with a reservoir age of 400 ± 200 years (2σ) and no additional local reservoir effect
(ΔR = 0; Mulitza et al., 2017). The age model for core GL-1248 is based on 12 AMS radiocarbon ages for the
upper 6.30-m core depth. Two age reversals at 278 and 322 cm were not included and may be due to the
presence of dark material inside some planktonic foraminifera shells, which probably contained older
carbonate fragments derived from reworked material. Each radiocarbon sample contained about 400–500
tests of G. ruber and T. sacculifer handpicked from the fraction larger than 150 μm. Samples were analyzed
at the Beta Analytic Radiocarbon Dating Laboratory, USA. For the sake of consistency and comparison
between data from core GeoB16202-2 and GL-1248, we used the same calibration curve, reservoir age,
and local reservoir effect used for GeoB16202-2 for the age model of core GL-1248, but downcore ages
were modeled using the software clam 2.2 (Blaauw, 2010).

For the lower part of core GL-1248 (6.30- to 16.66-m core depth; ≈44–129 ka), the chronology was derived
from the alignment of the Ti/Ca record of core GL-1248 to the ice δ18O (Figure 4) record of the North
Greenland Ice Core Project (NGRIP) using the extended Greenland Ice Core Chronology (GICC05modelext)

Figure 4. Reference curves and age–depth model of core GL-1248. (a) Calibrated radiocarbon dates (red symbols) and tie-
points (open circles) with their respective 2σ errors. (b) EPICA dome C (EDC) methane record (Loulergue et al., 2008) on the
AICC2012 timescale (Veres et al., 2013) (black line). (c) δ18Oice from NGRIP on the GICC05modelext time scale (NGRIP
members, 2004; Wolff et al., 2010; blue line). (d) Ti/ca record from GL-1248 versus core depth (orange line). The black dotted
lines represent the tie-point alignment.
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(NGIRP members, 2004; Wolff et al., 2010). The underlying assumption to
this alignment is that Greenland stadials are associated with increased pre-
cipitation over northeastern Brazil and increased delivery of terrigenous
material to the western equatorial Atlantic, as supported by speleothem
and marine records of the last glacial period (e.g., Jaeschke et al., 2007;
Wang et al., 2004; Zhang et al., 2017). Thus, the major Ti/Ca fluctuations
of core GL-1248 were matched with the major changes in δ18O from the
NGRIP record, with tie points being mostly located at the midpoint of
abrupt excursions on both records. In addition, the onset of the LIG was
defined by aligning the Ti/Ca record of core GL-1248 with the Antarctic
methane record from EPICA Dome C (Loulergue et al., 2008) at approxi-
mately 129 ka on the AICC2012 timescale (Veres et al., 2013), similarly to
previous studies (e.g., Govin et al., 2015). The rationale behind this align-
ment is that abrupt Greenland warming events occurred simultaneously
with methane increases during millennial-scale events of the last glacial
period and the last deglaciation (Baumgartner et al., 2014; Chappellaz
et al., 1993; Huber et al., 2006). We estimated the error for the defined tie
points by taking into account (1) the mean resolution of the Ti/Ca record
from GL-1248, (2) the mean resolution and dating uncertainty of the refer-
ence curves, and (3) an estimated matching error when defining a tie
point. Since the GICC05modelext chronology does not have an intrinsic
age error estimate between 60 and 123 ka, we assumed that the errors
from GICC05modelext are similar to AICC2012 (Veres et al., 2013). The
complete age model was constructed using linear interpolation with the
software clam 2.2 (Blaauw, 2010), where we used the median values of
the calibrated age distributions. Then, using the same approach as

Jaeschke et al. (2007), we used U/Th-dated growth intervals of Brazilian speleothems during stadials (Wang
et al., 2004) to verify our age model (Figure S4). Since these growth intervals correspond to wet periods in
northeastern Brazil, synchronous with cold events (stadials) in the North Atlantic, they should be coeval to
the Ti/Ca peaks in our record. Radiocarbon ages and tie points defined for GL-1248 with their respective
2σ errors are summarized in Table S1.

To assess the uncertainty in the δ18O difference between G. ruber and N. dutertrei, we drew 10,000 ages from
probability density functions of each of the age-control point and combined the resulting age model ensem-
ble with an ensemble of 10,000 noisy downcore proxy series representing the analytical uncertainty of 0.07‰
(1 SD). The resulting 10,000 time series were interpolated to the mean of all ages at each depth where stable
isotopes have been measured to estimate the 95% confidence margin (i.e., Breitenbach et al., 2012).

Core GeoB16202-2 reaches 23.9 ka (± 0.6) close to its base at 7.63-m core depth (Mulitza et al., 2017). For core
GL-1248, radiocarbon dating suggest an age of about 44.0 ± 0.7 ka at 6.30-m core depth, and the bottom age
is 128.7 ka at 16.66-m core depth (Figure 5). The very low sedimentation rate (≈3 cm/kyr) between 2.18- and
1.70-m core depth (29.1 and 14.8 ka, respectively) is unusual for this region and period (see Zhang et al.,
2015), suggesting the presence of a hiatus, even though no significant change in lithology is observed; thus,
the data of GL-1248 within this interval was not interpreted. A potential driver of this hiatus could be local
changes in depocenters due to variations in sea level and ocean currents strength during the Last Glacial
Maximum (LGM) and Termination I. Outside the hiatus interval, the mean sedimentation rate for GL-1248
is 21 cm/kyr, with higher values reaching 67 cm/kyr during Marine Isotope Stage 3 (MIS3) and lower values
under 10 cm/kyr during MIS1 and MIS5. Finally, the peaks in Ti/Ca from core GL-1248 coincide with the
U/Th-dated growth intervals of Brazilian speleothems during stadials (Wang et al., 2004), which supports
our age model for core GL-1248 (Figure S3).

3.5. Time Series Analysis

In order to test for the presence of periodicities in our data set, spectral analysis was performed. The
Δδ18Odut-rub composite (GeoB16202-2/GL-1248) was analyzed using the REDFIT algorithm (Schulz &
Mudelsee, 2002) as implemented in the software PAST (Hammer et al., 2001). This algorithm allows us to

Figure 5. Age-depth model and sedimentation rates for core GL-1248.
Vertical error bars denote 2σ confidence interval of the calibrated ages
(red), tie points (black), and age reversals (gray). The gray line represents the
age-depth model constructed based on the linear interpolation between
adjacent calibrated radiocarbon ages and tie points. The step plot shows the
changes in sedimentation rate based on the median values of the calibrated
ages. The yellow bar shows the position of a hiatus.
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work directly with unevenly spaced data, avoiding the introduction of bias
during interpolation (Schulz & Mudelsee, 2002). For this analysis, a setting
of three segments tapered with aWelch spectral windowwas selected, the
oversampling factor was set to 4, and the data were linearly detrended
with the software PAST. Spectral peaks exceeding the false-alarm level of
Thomson (1990) as well as 95% and 99% were considered during the
interpretation of the results.

4. Results
4.1. Stable Oxygen Isotopes

The G. ruber (white) δ18O values vary between�1.74‰ and 0.00‰ in core
GeoB16202-2 and between �1.80‰ and �0.29‰ in core GL-1248
(Figure 6a). N. dutertrei δ18O values range from �0.76‰ to 1.37‰ in core
GeoB16202-2 and from�0.77‰ to 1.22‰ in core GL-1248. Oxygen isoto-
pic values for both cores overlap over the last 14.5 ka with good
agreement (Figure 6a).

High Δδ18Odut-rub values, which indicate increased upper ocean stratifica-
tion, were observed during several time intervals (Figure 6b). During
MIS5, wide peaks between 110–100 ka and 90–80 ka, as well as short
peaks (centered near 117 and 77 ka) in Δδ18Odut-rub values of core
GL-1248, are present with values higher than 1.0‰. From MIS5 to
MIS4, a long-term increase in the Δδ18Odut-rub values of core GL-1248
can be observed. During MIS4, the Δδ18Odut-rub values of core GL-1248
are generally higher than 1.2‰. The two distinguishable peaks in
Δδ18Odut-rub during MIS4 (centered near 68 and 62 ka) are divided by a
short-time decrease in Δδ18Odut-rub at 65 ka. For MIS3, abrupt increases
can be observed in the Δδ18Odut-rub of core GL-1248, where the most
pronounced increases occurred around 55, 48, 42, and 39 ka. The peaks
centered near 42 and 39 ka appear to be part of a long-term trend
(Figure 6b) during the late MIS3 (47–30 ka). In core GeoB16202–2, low
Δδ18Odut-rub values (< 1.1 ‰) are present during the LGM. During the
deglacial, the highest Δδ18Odut-rub value (2.12 ‰) in core GeoB16202-2

is observed near 17 ka and a minor peak in Δδ18Odut-rub is present in both cores around 12.6 ka. In the
Holocene, high Δδ18Odut-rub values were observed for the Early Holocene (EH; 10–8 ka) on both cores,
subsequently decreasing toward the present.

During several of the mentioned periods of increased stratification, the values of δ18O of G. ruber (white)
decreased, and the values of N. dutertrei increased (Figures 6a and S4). However, exceptions to this pattern
are observed: (1) during the EH, with no clear increase in δ18O values of N. dutertrei in both cores; (2) during
the late MIS3 (47–30 ka), where a trend toward high values of δ18O is observed for N. dutertrei and no trend is
present in δ18O values of G. ruber (white) from core GL-1248; and (3) for the cold substages of MIS5 (110–95
and 90–80 ka), where the δ18O values of both species coeval in core GL-1248 but a larger increase in δ18O
values of N. dutertrei is observed (Figure 6b). Data from cores GL-1248 and GeoB16202-2 is available in
Data Set S1. Finally, the combined use of data from both cores for the next sections is supported by the fact
that isotopic data from these cores show good agreement over the last 14.5 ka, the two cores are under the
influence of the NBC, and they receive terrigenous material from the Parnaíba River, as evidenced by cores
nearby (Nace et al., 2014; Zhang et al., 2015).

4.2. Time Series Analysis

The Δδ18Odut-rub composite record (GeoB16202-2/GL-1248) revealed the presence of short- and long-term
periodicities (Figure 7). The results show the presence of a periodicity centered at 19.5 ka (21.1–16.9 ka) with
a high spectral power and above the 99.5% false-alarm level (after Thomson, 1990). Other periodicities
centered near 7.4, 4.4, 2.6, and 0.8 ka can also be observed above the 95% level.

Figure 6. Stable oxygen isotopic results from cores GL-1248 and
GeoB16202-2. (a) δ18O of Globigerinoides ruber (white) and
Neogloboquadrina dutertrei from GeoB16202-2 (pink and yellow lines,
respectively) and from GL-1248 (purple and green lines, respectively).
(b) Monte Carlo ensemble mean Δδ18Odut-rub values from both cores,
GeoB16202-2 (red line) and GL-1248 (red line for the lower part and light red
line for the upper part of the record). Shadings with the same color code
indicate the 95% confidence envelope including age and analytical uncer-
tainties. The arrows represent the Δδ18Odut-rub core top values for core
GeoB16202-2 (orange) and GL-1248 (red). (c) Calibrated radiocarbon ages
(red inverted triangles) and tie points (black circles) with their respective 2σ
errors are displayed above the lower x-axis. Gray bars highlight the peaks
in Δδ18Odut-rub. The Younger Dryas (YD) and Heinrich Stadials (HS) are
marked close to the upper x-axis. Black arrow highlights a trend during late
MIS 3 in the Δδ18Odut-rub. The hiatus in core GL-1248 is marked with a
yellow rectangle close the lower x-axis. Marine isotope stages (MIS) are
highlighted below the upper x-axis.
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5. Discussion
5.1. Potential Factors Influencing the Δδ18Odut-rub Variations

The Δδ18Odut-rub can be used as a proxy for the reconstruction of past
upper ocean stratification (see section 2.2). However, variations in stratifi-
cation of the upper water column can occur due to changes in the surface
ocean, through changes in sea surface temperature or salinity, and/or in
the subsurface layers, owing to vertical displacements of the thermocline
depth for example. Therefore, prior to the interpretation of the major
Δδ18Odut-rub variations in our records, it is necessary to evaluate the ocea-
nographic processes that might influence the final Δδ18Odut-rub recorded
at our site.

Core CDH-86 (Nace et al., 2014) provides the nearest Ti/Ca, SST, and
δ18Osw records to our sites (Figure 1b). The Ti/Ca results from core CDH-
86 match relatively well our Ti/Ca results from core GL-1248 (Figure S5).
Mismatches between both Ti/Ca records only occur during late MIS5
and MIS4 (Figure S5). For late MIS5, the Ti/Ca peak centered at 87 ka in
GL-1248 apparently occurs at 90 ka in CDH-86, and this mismatch is prob-
ably due to age model uncertainties from both cores. Results from core
CDH-86 show an abrupt increase in Ti/Ca at the end of MIS4, possibly
linked to HS6, while our results from core GL1248 display high Ti/Ca
values during the entire MIS4. Despite this mismatch, our results are in
agreement with other studies that indicate increase in precipitation over
northeastern Brazil (Wang et al., 2004; Figure S3) and a southward displa-
cement of the ITCZ (Deplazes et al., 2013) during the entire MIS4. The
general congruence between the Ti/Ca results from cores CDH-86 and

GL-1248 reinforces the notion that both archives record similar climate-related variations in the study area,
thus allowing comparisons between records derived from these cores.

Sea surface temperature and δ18Osw (a proxy for SSS) curves from CDH-86 show similar variations, in which
increases in SST and increases (or no significant change) in δ18Osw occur during the majority of the periods
where we observed peaks in Δδ18Odut-rub values (Figures S6a and S6b). While an increase in SST would
decrease the δ18O of G. ruber (white), an increase in δ18Osw would have the opposite effect. This is a possible
explanation for the fact that the amplitude of variations in G. ruber (white) δ18O is not as high as the one in N.
dutertrei δ18O during the events of increased stratification (Figures S6c and S6d). Exceptions to this general
pattern of SST and δ18Osw changes are the YD, where a clear reduction in SST and δ18Osw is observed, and
HS4, where a decrease in δ18Osw can be noticed. Nevertheless, besides the Δδ18Odut-rub variation during
the EH, the responses of the stratification proxy during other periods are predominantly modulated by
changes in the δ18O of N. dutertrei. In order to explain our N. dutertrei δ18O record, temperature and δ18Osw

reconstructions at subsurface would be needed, but this type of data is still scarce for this area. To our knowl-
edge, Portilho-Ramos et al. (2017) is the only study that presents a subsurface temperature reconstruction for
the last 30 ka in this region, using the Modern Analog Technique applied to planktonic foraminifera assem-
blages. Their data from core GeoB16206-1 (Figure 1b) indicates a subsurface cooling during HS2, HS1, and the
YD, which were associated with a shoaling of the mixed layer (Figure S7a). This is consistent with our obser-
vations of increased δ18O values of N. dutertrei during HS1 and the YD (Figure S7a). Hence, the increase in
δ18O of N. dutertrei during HS1 and the YD can be explained by a decrease in subsurface temperature, linked
to a shoaling of the mixed layer and thermocline depth. In addition, the changes recorded by their RNG/g ratio
(proxy for mixed layer depth, Portilho-Ramos et al., 2017) are in agreement with our Δδ18Odut-rub changes
for the LGM, HS1, and the YD. A dissimilarity between both proxies can only be noticed during the EH
(Figure S7b). However, it is still important to further assess if the increased stratification was mainly
triggered by surface or subsurface changes.

The amplitude of the variations in δ18O of each species across the periods of major Δδ18Odut-rub change can
serve as an indicator of the prevailing oceanographic processes responsible for the Δδ18Odut-rub signal.
Considering the main periods of increased upper ocean stratification, the amplitude of the variation in

Figure 7. Spectral analysis performed on the Δδ18Odut-rub composite
(GeoB16202-2/GL-1248) with the REDFIT algorithm (Schulz & Mudelsee,
2002). The red line represents the red-noise spectrum, and the green lines
show the false-alarm levels at 95% (dot-dashed line), 99% (dashed line), and
99.5% (after Thomson, 1990; solid line). The black symbol indicates 6-dB
bandwidth (Bw). Labels above spectral peaks indicate corresponding periods
in ka.
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δ18O of G. ruber (white) is only higher than the amplitude of the δ18O signal of N. dutertrei during the EH and
HS1 (Figure 6b). Consequently, during these two periods, the variations in SST and δ18Osw in the surface layer
are the dominant factor over the final Δδ18Odut-rub signature. In the case of HS1, although the amplitude of
the variation in δ18O of N. dutertrei is lower compared to the one of G. ruber (white), the increase in the
δ18O values of N. dutertrei is responsible for approximately one third of the final Δδ18Odut-rub signal and indi-
cates a shallow thermocline depth during this event. For all the other periods of increased upper ocean stra-
tification, the amplitude of the variation in δ18O of N. dutertrei is larger than the one of G. ruber (white), which
suggests that changes in the subsurface layer linked to the shoaling of the thermocline depth is the prevail-
ing factor over the recorded Δδ18Odut-rub signal. Therefore, despite the fact that Δδ18Odut-rub signal may be
dominated by surface ocean changes during certain periods (EH and HS1), in all periods of increased upper
ocean stratification, subsurface variations consistent with a shoaling of the thermocline depth are observed.
Based on this evidence, it is now possible to explore the mechanisms behind such thermocline depth fluctua-
tions through time in our records.

5.2. Changes in Thermocline Depth in the Western Equatorial Atlantic During Heinrich Stadials

Our Δδ18Odut-rub record indicates an increase in upper ocean stratification in the western equatorial Atlantic
(partly due to a shoaling of the thermocline; see section 5.1) during HS, particularly during HS5a, HS5, and HS1
(Figures 8d and 8h). Our Δδ18Odut-rub record from GeoB16202-2 agrees with the RN/Gg tracer from core
GeoB16206-1 (defined as % Neogloboquadrina/ (% Neogloboquadrina + % G. glutinata, Portilho-Ramos et al.,
2017) (Figures 8d and S7), which further supports our interpretation of enhanced upper ocean stratification.
Portilho-Ramos et al. (2017) interpret the change in RN/Gg during HS1 as a shallow mixed layer depth, which
would allow the presence of thermocline waters closer to the surface. They attribute this shoaling of the
mixed layer to changes in the density of the upper water column, caused by enhanced precipitation due
to a southward shift of the ITCZ position, which would reduce the efficiency of wind-driven vertical mixing.
We propose here that the shoaling of the thermocline depth observed in the western equatorial Atlantic dur-
ing HS (mostly HS1, HS5, and HS5a; Figure 8) results from the reduced SEC transport of warm waters due to a
weakening of SE trades winds, similar to what occurs during modern boreal winter (see section 2.1 and
Figure 2), on top of the mechanism proposed by Portilho-Ramos et al. (2017). Indeed, even though different
triggers and mechanisms are proposed here and in Portilho-Ramos et al. (2017) to explain the observed
changes in upper ocean stratification, we do not discard the possibility that bothmechanisms could be acting
synergistically to increase upper ocean stratification in this region during HS.

The agreement between these different proxies (Δδ18Odut-rub and RN/Gg) only supports the notion that upper
ocean stratification changed locally (offshore northeastern Brazil) during HS. In order to verify if the changes
in thermocline depth occurred at, at least, the regional scale, we compared our results with other available
records from the western equatorial Atlantic and from the eastern Atlantic that have enough resolution to
resolve millennial-scale events (Figure 8). In the western equatorial Atlantic, we compare our results with
planktonic foraminifera assemblages from sediment core M35003-4 (Hüls & Zahn, 2000) located north of
the equator. We calculated downcore changes in the RN/Gg ratio (Portilho-Ramos et al., 2017) from faunal
assemblages of core M35003-4, to allow for a more direct comparison of variations in upper ocean stratifica-
tion. Increases in our Δδ18Odut-rub values match decreases in the RN/Gg values from core M35003-4 during sev-
eral HS (Figure 8), indicating antiphased stratification changes to the north and south of the equator in the
western equatorial Atlantic during these events. We propose that this antiphase behavior is a response to
hemispherically asymmetric trade wind changes during HS, which is supported by further proxy data, as
discussed below.

There is multiple evidence for weakened (strengthened) SE (NE) trade winds in the Atlantic during HS. As
pointed out by McGee et al. (2018), the highest-quality records documenting the strength of SE and NE trade
winds are located in the southeastern and northeastern Atlantic, respectively. In the subtropical southeastern
Atlantic, well-dated alkenone-derived SST records support the occurrence of weak SE trade winds during HS1
(Kim et al., 2003), by showing a weak upwelling south of the Angola-Benguela Front and less tropical warm-
water transport toward the area north of this oceanic front. Other proxy records from the SE Atlantic endorse
the scenario of a weakening of the SE trades during HS (Figure 8). Decreases in the abundance of a cold-water
foraminifera species (e.g., Neogloboquadrina pachyderma sinistral) in the SE Atlantic during HS1, HS5, and
HS5a (Little et al., 1997) suggest a weak Benguela upwelling, which is linked to weakened SE trades winds
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(Figures 8c and 8g). Moreover, reductions in dust grain size in SE Atlantic sediments during HS1 and HS5
(Stuut et al., 2002) reflect a reduced wind transport of coarse-grained dust from the continent, thus
indicating weakened SE trades (Figures 8c and 8g). In contrast, the dust record from Stuut et al. (2002)
seems to suggest an intensification of winds during HS5a (Figure 8g). However, very low values of grain

Figure 8. Upper ocean stratification in the western equatorial Atlantic during Heinrich stadials compared to other proxies. (a) 231Pa/230Th records from core
OCE326-GGC5 from the Bermuda rise (McManus et al., 2004; brown line and squares) and reconstruction of hemispheric surface temperature difference (Shakun
et al., 2012; yellow line). The brown dotted line represents the 231Pa/230Th production ratio of 0.093, which indicates sluggish or absent overturning circulation.
(b) Stratification proxy from the western tropical North Atlantic and a dust record from the eastern tropical North Atlantic. The RN/Gg ratio (%Neogloboquadrina/
(%Neogloboquadrina + %G. glutinata) from core M35003-4 (Hüls & Zahn, 2000; Portilho-Ramos et al., 2017; blue line and diamonds) in the western tropical North
Atlantic. Relative percentage of dust from core GeoB7920-2 (Collins et al., 2013; orange line and diamonds) in the eastern tropical North Atlantic. (c) Proxies from the
subtropical South Atlantic near the Benguela upwelling system (Figure 1b) linked to southeast trade wind intensity. Relative abundance of Neogloboquadrina
pachyderma (sinistral) from core GeoB1711-4 (Little et al., 1997; pink line and circles). Relative abundance of coarse-grained dust to total windblown dust from core
MD96-2094 (Stuut et al., 2002; green line and circles). (d) Proxies for stratification in the western equatorial Atlantic. The RN/Gg ratio (%Neogloboquadrina/
(%Neogloboquadrina + %G. glutinata) from core GeoB16206-1 (Portilho-Ramos et al., 2017; gray line and circles) and the Monte Carlo ensemble Δδ18Odut-rub mean
values from core GeoB16202-2 (this study; red line). Red shading indicates the 95% confidence envelope including age and analytical uncertainties. The red dotted
line represents the Δδ18Odut-rub core top value from GeoB16202-2. The gray bar marks the time interval of Heinrich stadial 1 (18–15 ka). (e) 231Pa/230Th records
from core KNR191-CDH19 also from the Bermuda rise (Henry et al., 2016; brown line and squares). The brown dotted line represents the 231Pa/230Th production
ratio of 0.093. (e) Same records as in (b). (f) Same records as in (c). (g) The Monte Carlo ensemble Δδ18Odut-rub mean values from core GL-1248 (red line), with the red
95% confidence envelope (red shading). The red dotted line represents the Δδ18Odut-rub core top value from GL-1248. Gray bars highlight the Heinrich stadials
(HS3, HS4, HS5, HS5a, and HS6). Note that the published records presented here are shown on their original chronologies.
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size observed around 53 ka could highlight a delayed response of this proxy during HS5a, or the result of age
model uncertainties. Nevertheless, the trade wind proxies from the Benguela upwelling system generally
show good agreement and suggest weakened SE trades winds during HS1, HS5, and HS5a (Figures 8c and
8g). In the tropical northeastern Atlantic, several records indicate increases in windblown dust transport
during HS, which reflect increases in NE trade winds (McGee et al., 2018; Mulitza et al., 2008). Dust records
from the work of Collins et al. (2013) provide information regarding wind strength for the last 60 ka and show
increases in NE trade winds during several HS. In addition, the increases in the strength of NE trade winds,
revealed from the dust record of core GeoB7920-2 (Collins et al., 2013), match considerably well the increases
in mixed layer depth at the western equatorial North Atlantic, represented by the RN/Gg variations from core
M35003-4 (Hüls & Zahn, 2000), during several HS (Figures 8b and 8f). This observation provides further
support to the assumption that the antiphase behavior between upper ocean stratification north and south
of the western equatorial Atlantic is linked to the asymmetric response of the trade winds during HS. The
weakening (strengthening) of SE (NE) trade winds during HS is supported by angular momentum constrains
and model results (McGee et al., 2018). This response occurs due to a cooling of the Northern Hemisphere
compared to the Southern Hemisphere, where a southward shift of the ITCZ position is followed by a weak-
ening (strengthening) of the Southern (Northern) Hemisphere Hadley cell and associated trade winds
(Chiang & Friedman, 2012; McGee et al., 2018). Such adjustment of the ITCZ position resulted from the
enhanced cross-equatorial temperature gradient (with a widespread South Atlantic warming, e.g., Shakun
et al., 2012) and the reduced northward ocean heat transport (Frierson et al., 2013) that were caused by
the slowdown of the AMOC during HS (McManus et al., 2004; Stocker, 1998).

We now use the analogy of the modern boreal winter situation to discuss how weak SE (strong NE) trade
winds could be responsible for a shoaling (deepening) of the thermocline and increased (decreased) upper
ocean stratification recorded in the western equatorial South (tropical North) Atlantic, as for a relaxation of
the east-west equatorial thermocline tilt, during HS (Figure 8). In the western equatorial South Atlantic, since
the intensity of the SEC and the NBC transports is modulated by the SE trade winds (Johns et al., 1998;
Stramma et al., 1995), the observed reductions in the strength of the SE trade winds during HS probably influ-
enced the transport of heat from the South Atlantic into the North Atlantic. Under modern conditions, when
SE trade winds are weak, a reduction in the SEC and in the NBC transport can be observed (see section 2.1).
Thus, during HS, a decrease in the transport of the SEC, particularly the central branch (cSEC), probably pro-
moted a reduction in the transport of warm waters from east to west, producing a shoaling of the thermo-
cline in the western equatorial South Atlantic (Figure 8). In the western tropical North Atlantic, the highest
westward transport of the Caribbean Current occurs during boreal winter, when the NE trade winds are at
their maximum strength (Murphy et al., 1999; Vink et al., 2001). During this period, surface waters pile up
along the northern boundary of the Caribbean Sea due to the increase in the wind stress of NE trades
(Kinder et al., 1985; Vink et al., 2001). The stacking of surface waters probably increased during HS, in response
to increased NE trade winds, and caused a deepening of the thermocline in the western tropical North
Atlantic (Figure 8). It is also noteworthy that the weak tropical easterlies during HS would also decrease
the divergence in the eastern equatorial Atlantic and produce a shoaling of the thermocline in this region.
Because the eastern equatorial Atlantic divergence and western Atlantic thermocline depth are both con-
nected to changes in the intensity of the SE trade winds (Hastenrath & Merle, 1987), the aforementioned pro-
cess probably promoted a relaxation of the east-west thermocline tilt. This is in agreement with the findings
from McIntyre and Molfino (1996), showing decreases in wind-driven divergence in the eastern equatorial
Atlantic during several HS, and with our results, which confirm a shallow thermocline in the west for the same
events. Spectral analysis provides additional support to the notion that both east (McIntyre & Molfino, 1996)
and west (this study) records are linked through a similar forcing or mechanism, since both studies present
similar centennial- to millennial-scale periodicities (~0.8 and 7.4 kyr). The presence of a 7- to 8-kyr cycle
further supports the idea of a link between low-latitude climate modulated by precessional forcing and
the rather regular timing of HS (HS6 to HS1), described by previous studies (De Winter et al., 2014;
Heinrich, 1988; McIntyre & Molfino, 1996). These observations endorse the idea of a broad-scale change in
thermocline depth in the equatorial Atlantic during HS. Moreover, the southward migration of the ITCZ
during HS should also promote a northward displacement of the SEC bifurcation, which also contributes to
a reduction in the NBC transport (Rodrigues et al., 2007). Thus, during HS, the cross-equatorial transport of
warm surface waters to the North Atlantic probably decreased following the reductions in the intensity of
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these ocean currents triggered by the proposed mechanisms. This is also in line with the observations in the
western tropical Atlantic fromWeldeab et al. (2006), indicating a less vigorous NBC and a reduced transport of
warm surface waters to the North Atlantic during periods of decreased AMOC strength. Therefore, such
alterations in the vertical structure of the water column and in the wind-driven ocean circulation in the equa-
torial Atlantic might have contributed as an additional climatic perturbation to the already reduced
AMOC strength.

Interestingly, during HS4 and HS6, periods of marked reductions in the AMOC strength (Henry et al., 2016;
Figure 8e) and SE trade wind intensity (Little et al., 1997; Stuut et al., 2002; Figure 8g), our Δδ18Odut-rub record
from GL-1248 only indicates a minor increase in upper ocean stratification (Figure 8h). In our Δδ18Odut-rub

record, the weak responses during HS4 and HS6 seem to be part of long-term trends. For HS4, the response
is part of a trend toward increased upper ocean stratification ranging from 45 to 30 ka, while for HS6 it is part
of an overall increase in Δδ18Odut-rub during MIS4 (Figure 8h). These long-term trends in the Δδ18Odut-rub

values are mainly driven by variations in the δ18O of N. dutertrei (Figure 6), indicating a change in the thermo-
cline depth. In addition, the shallow thermocline observed for MIS4 at our site seems to correspond with a
deep thermocline in the eastern equatorial Atlantic, as indicated by the relative abundances of
Florisphaera profunda from cores RC2402 and RC2417 (McIntyre & Molfino, 1996). Such long-term trends in
our record are probably related to orbital-scale variability (section 5.3), which may mask the millennial-scale
variations at our core site during late MIS3 and MIS4.

5.3. Upper Ocean Stratification Changes in the Western Equatorial Atlantic Linked to Variations in
Trade Wind Zonality

Previous studies support the idea of the strength of SE trade winds acting as themain driver of changes in the
thermocline depth on glacial-interglacial timescales in the western equatorial Atlantic. Analyzing planktonic
foraminiferal assemblages from cores GeoB2204-2 and GeoB1523-1 (Figure 1b), Wolff et al. (1999) suggested
that during glacials, steep meridional temperature gradients over the Southern Hemisphere led to strong SE
trade winds, which caused a deepening of the thermocline in the western tropical Atlantic. Using the relative
abundances of Florisphaera profunda from Kinkel et al. (2000) and the oxygen isotopic difference (Δδ18O)
between T. sacculifer and Globorotalia tumida as proxies for upper ocean stratification, Rühlemann et al.
(2001) also show a deepening of the thermocline during the cold stages of MIS5 in core GeoB1523-1, support-
ing the mechanism described by Wolff et al. (1999). Trade-wind related proxies from the subtropical SE
Atlantic (Figure 9a) also suggest strong SE trade winds during glacials and cold substages of the last
130 ka. Based on these findings, we expected to observe at our core site a deepening of the thermocline dur-
ing these cold periods of enhanced SE trade winds. Contrary to our expectations, our new Δδ18Odut-rub

records show that a shallow thermocline occurred in the western equatorial Atlantic during MIS5d, MIS5b,
MIS4, and late MIS3 (Figure 9b). This result indicates that in contrast to glacial millennial-scale events, the
strength of the SE trade winds was not the main driver of upper ocean stratification changes in the western
tropical Atlantic during these periods and that other mechanisms need to be considered.

The Δδ18Odut-rub variations in our records appear to be coupled with low latitude Northern Hemisphere sum-
mer insolation changes modulated by the precessional component (Figure 9b). This is in line with the idea
that the tropical trade wind system responds to insolation changes, which in the past were largely modulated
by precessional variations (McIntyre et al., 1989; McIntyre & Molfino, 1996; Molfino & McIntyre, 1990;
Schneider et al., 1995). Spectral analysis performed on our Δδ18Odut-rub records (Figure 7) shows significant
periodicities in the 19- to 23-kyr frequency band, which supports the direct response of upper ocean strati-
fication to precession. Wolff et al. (1999) did not observe precessional-related cycles in their records, probably
due to the locations of their cores, which were more influenced by the NECC (GeoB1523-1) and by the south-
ern branch of the SEC (GeoB2204-2). Because our core sites receive surface waters from the eastern equatorial
Atlantic via the central branch of the SEC, they are more suited to capture past variations in east-to-west
thermocline tilt, which are closely linked to the dynamics of the SE trade winds (Hastenrath & Merle, 1987)
modulated by precession (McIntyre et al., 1989; McIntyre & Molfino, 1996; Molfino & McIntyre, 1990).

Our Δδ18Odut-rub records show increased stratification during periods of Northern Hemisphere summer inso-
lation maxima (Figure 9b). These periods are also intervals of minimal SE trades zonality, as suggested by pre-
vious studies (McIntyre et al., 1989; Molfino & McIntyre, 1990; Schneider et al., 1995). The zonal component of
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the SE trades weakens or strengthens depending on precession-related
changes in Northern Hemisphere summer insolation and on the intensity
of the monsoon over North Africa (Schneider et al., 1995). When perihelion
was centered on boreal summer, North African monsoon intensified and
weakened the zonal component of the tropical easterlies (Bassinot et al.,
1997; McIntyre et al., 1989; Molfino & McIntyre, 1990). Less zonal SE trades
would then reduce the westward transport of warm waters via the central
branch of the SEC and induce a shallow thermocline in the western equa-
torial Atlantic, as observed during MIS5d, MIS5b, MIS4, and late
MIS3 (Figure 9b).

Low-latitude insolation changes at semiprecessional timescales (Berger
et al., 2006; McIntyre & Molfino, 1996) may also have modulated the inten-
sity of the SE trade winds, consequently influencing upper ocean stratifica-
tion at our sites. Over one precessional cycle, there are two moments
where perihelion is coincident with the solstice in Northern Hemisphere
summer (Berger et al., 2006; McIntyre & Molfino, 1996), and thus, two inter-
vals of minimum zonality of the tropical easterlies may have occurred.
Although in the tropics the dominant forcing would still be the primary
precessional components (19–23 kyr), this effect would produce harmonic
periods with values of 11 and 9.5 kyr (McIntyre & Molfino, 1996). In the
eastern equatorial Atlantic, McIntyre and Molfino (1996) observed periodi-
cities centered on 7.6 to 8.4 kyr on the relative abundance of the cocco-
lithophore Florisphaera profunda of several cores and concluded that
variations in the zonal wind-driven divergence were produced by a semi-
precessional component. The spectral analysis performed on our
Δδ18Odut-rub records (Figure 7) also show the presence of periodicities cen-
tered at 7.4 kyr. This result indicates that the zonal intensity of the SE trade
winds modulated by a semiprecessional component was also an impor-
tant driver of stratification changes in the western equatorial Atlantic.
These findings reinforce the close connection between the eastern and
western equatorial Atlantic regarding upper ocean stratification changes

related to SE trade winds zonality (Hastenrath & Merle, 1987). These results also support the idea of
McIntyre and Molfino (1996) that advection of low-latitude warm surface waters to the high-latitude North
Atlantic is influenced by variations in the zonality of the tropical easterlies.

Finally, our Δδ18Odut-rub record from GL-1248 reveals MIS4 as an interesting period in the western equatorial
Atlantic. During MIS4, high boreal summer insolation is responsible for less zonal SE trade winds and for the
shallow thermocline indicated by the high Δδ18Odut-rub values. Although the evolution of Δδ18Odut-rub from
core GL-1248 does not exactly follow insolation changes during MIS4 (Figure 9b), a deepening of the thermo-
cline is observed in records located in the eastern equatorial Atlantic for the same period (McIntyre &Molfino,
1996). This observation gives further support to the idea of coupled east-west thermocline tilt changes. In
addition, we propose here that the mechanism described by Portilho-Ramos et al. (2017) was probably oper-
ating duringMIS4. The shallow thermocline during early MIS4 would thus be related to changes in the density
of the upper water column, caused by enhanced direct precipitation over the ocean due to a southward shift
of the ITCZ position. A southward position of the ITCZ during the entire MIS4 is supported by speleothem
records (Wang et al., 2004) from NE Brazil and reflectance data from Cariaco Basin (Deplazes et al., 2013).
Such an ITCZ shift then probably promoted a decrease in the NBC transport due to a northward displacement
of the SEC bifurcation (Rodrigues et al., 2007). Thus, the less zonal tropical easterlies did not favor the trans-
port of warm waters via the central branch of the SEC to the western equatorial Atlantic, consequently redu-
cing the cross-equatorial transport of warm waters. Particularly, such a reduction in the transport of surface
warm waters to higher latitudes during MIS4, possibly contributed to the glacial descent in the midlatitudes
and high latitudes described by Barker and Diz (2014), and led to the storage of warm waters in the low lati-
tudes of the western tropical Atlantic as suggested by Santos et al. (2017). These observations emphasize the
importance of climatic mechanisms linked to the wind-driven ocean circulation at low latitudes for

Figure 9. Upper ocean stratification in the western equatorial Atlantic com-
pared to trade wind strength and zonality for the last 130 ka. (a) Proxies from
the subtropical South Atlantic near the Benguela upwelling system
(Figure 1b) linked to southeast trade wind intensity. Relative abundance of N.
pachyderma (sinistral) from core GeoB1711-4 (Little et al., 1997; pink line)
with a 5-point running average (thick pink line). Relative abundance of
coarse-grained dust to total windblown dust from core MD96-2094 (Stuut
et al., 2002; green line) with a 5-point running average (thick green line).
Alkenone-based sea surface temperatures from core GeoB1711-4 (Kirst et al.,
1999; blue line). (b) Our Monte Carlo ensemble Δδ18Odut-rub mean values
from cores GeoB16202-2 (red line) and GL-1248 (red line for the lower part
and light red line for the upper part of the record). Shadings with the same
color code indicate the 95% confidence envelope including age and
analytical uncertainties. Mid-June 30°N insolation (solid gray line) are
displayed (Berger & Loutre, 1991). Marine isotope stages (MIS) are high-
lighted below the upper x-axis. Gray bars highlight key periods of increased
stratification on our Δδ18Odut-rub records (GL-1248 and GeoB16202-2) and
increased mid-June 30°N insolation.
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determining the density structure and the pathway of the waters that will enter the North Atlantic and
contribute to the upper-limb of the AMOC.

6. Conclusions

Our new Δδ18Odut-rub records document changes in thermocline depth in the western equatorial Atlantic on
both millennial and orbital timescales since the LIG. On millennial timescales, the Δδ18Odut-rub record
suggests enhanced upper ocean stratification during several HS (i.e., HS1, HS5, and HS5a), partly due to a
shoaling of the thermocline depth. The shoaling of the thermocline was linked to a weakening of the SE
trade winds due to a widespread warming of the South Atlantic during periods of reduced AMOC strength.
The Δδ18Odut-rub signal during other HS (i.e., HS3, HS4, and HS6) is likely masked by long-term trends. On
longer timescales, changes in thermocline depth at our study area cannot be explained by the changing
strength of the SE trades, and we propose that variations in SE trade winds zonality play an important role.
During periods of low latitude Northern Hemisphere summer insolation maxima, the SE trade winds were
less zonal, promoting a relaxation of the thermocline depth in the western equatorial Atlantic. This process
is particularly important to explain the shoaling of the thermocline during the late MIS3, MIS4, and the cold
substages of MIS5. During MIS4, the variations in upper ocean stratification do not exactly follow insolation
changes, and we proposed that changes in the density of the upper water column, caused by enhanced
direct precipitation over the ocean due to a southward shift of the ITCZ position acted as an additional
mechanism. The observed past changes in water column structure and wind-driven circulation probably
caused a reduction in the transport of warm surface waters to high latitudes of the North Atlantic during
HS, as well as during MIS4.
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