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A B S T R A C T

During the Younger Dryas (YD), paleoceanographic proxies indicate a weakening of the Atlantic Meridional Overturning Circulation (AMOC) resulting in a wide-
spread surface cooling of the North Atlantic and a southward displacement of the Intertropical Convergence Zone (ITCZ). In the western tropical Atlantic, competing
ocean and atmospheric processes may result in contrasting surface hydrography scenarios north and south of the equator during the YD. Based on new and compiled
data, we provide an up-to-date model-data comparison of changes in western tropical Atlantic surface hydrography during the YD. We show that both transient
model simulations and proxy results indicate warming of sea surface temperatures (SST) in the western tropical South Atlantic, but disagree for the SST in the western
tropical North Atlantic. Proxies also reveal a complex spatial pattern in surface salinity in the western tropical Atlantic, while a broad negative anomaly is observed in
the model output. By comparing planktonic foraminiferal Ba/Ca records from different records in the western tropical Atlantic we constrain ITCZ shifts from the YD
to the early Holocene. Based on the Ba/Ca records, the ITCZ reached its southernmost position between 13 and 11.8 ka and started to move northward reaching its
northernmost position between 10.8 and 9.7 ka.

1. Introduction

Over the course of the last deglaciation, the warming trend in the
North Atlantic was discontinuous due to the occurrence of abrupt
cooling events such as the Younger Dryas (YD) (12.9–11.6 ka) (Carlson,
2013). Several mechanisms such as reduced solar activity (Renssen
et al., 2000) and an extraterrestrial impact (Firestone et al., 2007) may
have caused the YD and promoted its global climate signal (Renssen
et al., 2015). However, the most accepted cause of the YD is the drai-
nage of Lake Agassiz, which increased freshwater discharge to the
North Atlantic and, consequently, abruptly reduced the strength of the
Atlantic Meridional Overturning Circulation (AMOC) (Johnson and
McClure, 1976; Rooth, 1982; Broecker et al., 1985).

During the YD, Greenland ice cores (NGRIP members, 2004) and sea
surface temperature (SST) records from the northeastern North Atlantic
(Bard et al., 2000) reveal an abrupt cooling. In the western tropical
Atlantic, the scenario is more complex (Carlson, 2013). SST records
show a warming of the Caribbean, Tobago Basin and off northeastern

Brazil (Schmidt et al., 2004; Rühlemann et al., 1999; Weldeab et al.,
2006), while cooling is indicated at Barbados, Cariaco and Guiana
Basins (Guilderson et al., 2001; Lea et al., 2003; Rama-Corredor et al.,
2015).

Paleoclimate proxies from the western tropical Atlantic provide
evidence for a southward shift of the Intertropical Convergence Zone
(ITCZ) during the YD (Haug et al., 2001; Wang et al., 2004; Portilho-
Ramos et al., 2017; Bouimetarhan et al., 2018; Reißig et al., 2019). This
should have lead to an increase in sea surface salinity (SSS) over the
western tropical North Atlantic and a decrease in the western tropical
South Atlantic, as pointed out by Wan et al. (2010). However, positive
SSS anomalies have been reconstructed for the northern and southern
western tropical Atlantic during the YD (Schmidt et al., 2004; Weldeab
et al., 2006; Hoffmann et al., 2014). Thus, additional factors forcing the
changes in surface hydrography (SST and SSS) in the western tropical
Atlantic are required during the YD.

Here we investigate changes in surface hydrography during the YD
in the western tropical Atlantic. Specifically, our goals are to: (1)
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provide an up-to-date compilation of surface hydrographic proxies for
the YD in the western tropical Atlantic; (2) compare the proxy compi-
lation with a state-of-the-art coupled climate model simulation for the
last deglaciation using the Community Climate System Model CCSM3
(TraCE-21 ka; Liu et al., 2009; He, 2011); (3) investigate the associated
ocean-atmosphere processes; and (4) reconstruct ITCZ shifts. We pre-
sent new records of surface hydrographic changes during the YD based
on δ18O, Mg/Ca and Ba/Ca from planktonic foraminifera species

Globigerinoides ruber for cores GL-1248 and GeoB16202-2 collected in
the western tropical South Atlantic.

2. Study area

Cores GL-1248 (0°55.2′S, 43°24.1′W, 2264m water depth) and
GeoB16202-2 (1°54.50′ S, 41°35.50′ W, 2248m water depth) were
collected from the continental slope off northeastern Brazil (Fig. 1).
Upper ocean circulation in the western South Atlantic is dominated by
the northward-flowing North Brazil Current (NBC), which originates
from the bifurcation of the South Equatorial Current (SEC) around 10°S
(Peterson and Stramma, 1991; Stramma and England, 1999). In the
upper-ocean (< 100m), the NBC transports Tropical Water (TW),
which is a warm (> 20 °C) and saline (> 36) water mass (Stramma and
England, 1999).

Seasonal changes in the trade wind system drive the variability of
the NBC transport (Stramma et al., 1995). During austral summer and
fall the ITCZ relocates southward, and the northeast (NE) trade winds
strengthen (Hastenrath and Merle, 1987). This shifts the SEC bifurca-
tion northward and weakens the NBC (Rodrigues et al., 2007). At the
same time rainfall over northeastern Brazil increases, peaking from
March until April. During austral winter and spring, the southeast (SE)
trade winds strengthen and the ITCZ mean position is displaced
northward, consequently decreasing the precipitation over northeastern
Brazil (Hastenrath and Merle, 1987).

3. Material and Methods

We analyzed the uppermost portions of cores GL-1248 (upper 1.6m)
and GeoB16202-2 (upper 3.0m). The complete age models of cores GL-
1248 and GeoB16202-2 were previously published in Venancio et al.
(2018) and Mulitza et al. (2017), respectively. Radiocarbon samples
containing tests of G. ruber and Trilobatus sacculifer were handpicked
from the fraction larger than 150 μm. Samples from core GL-1248 were
analyzed at Beta Analytic Radiocarbon Dating Laboratory, while sam-
ples from core GeoB16202-2 were analyzed at the Poznań Radiocarbon
Laboratory. Radiocarbon ages for both cores 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).
The age model of core GL-1248 was constructed using linear inter-
polation with the software clam 2.2 (Blaauw, 2010), while the software
BACON version 2.2 (Blaauw and Christeny, 2011) was used for con-
structing the age model of core GeoB16202-2. Some of the radiocarbon
ages of both cores suggest calibrated ages within the YD chronozone.

Ten tests of G. ruber (white) (250–355 μm) from core GL-1248 and
five to ten tests of G. ruber (white) (350–500 μm) from core
GeoB16202–2 were analyzed for oxygen stable isotopes (δ18O). All tests
were handpicked under a binocular microscope. Oxygen isotope ana-
lyses were performed with a Finnigan MAT 252 mass spectrometer
equipped with an automatic carbonate preparation device at MARUM,
University of Bremen (Germany). Isotopic results were calibrated re-
lative to the Vienna Pee Dee Belemnite (VPDB) using the NBS19. The
standard deviation of the laboratory standard was lower than 0.07‰
for the measuring period. These results were previously reported in
Venancio et al. (2018).

Mg/Ca and Ba/Ca were analyzed in planktonic foraminifera G. ruber
(white). For core GL-1248, Mg/Ca and Ba/Ca analyses were performed
on samples comprising 30 shells of G. ruber (white, 250–300 μm). For
core GeoB16202–2, Mg/Ca analyses were performed on samples with
10–30 shells of G. ruber (white) (350–500 μm) (Vahlenkamp, 2013).
Samples were gently crushed and cleaned following the procedure de-
scribed by Barker et al. (2003). Before dilution, samples were cen-
trifuged for 10min to exclude any remaining insoluble particles from
the analyses (Groeneveld and Chiessi, 2011). The diluted solutions were
analyzed with an ICP-OES Agilent Technologies 700 Series with an
autosampler (ASX-520 Cetac) and a micro-nebulizer at MARUM. Each

Fig. 1. TraCE-21 ka (Liu et al., 2009) precipitation, temperature and salinity
anomalies during the Younger Dryas (12.9–11.6 ka) relative to the
Bølling–Allerød (14.7–13 ka) (YD-BA) together with the location of the studied
cores (stars: GL-1248, marked as 1 and GeoB16202–2, marked as 2), as well as
other tropical records (see Table S1 for identification of each record). (a) YD-BA
precipitation anomaly from TraCE-21 ka (color-scale) and proxy information
(circles). Information regarding precipitation changes during the YD (wetter –
blue, drier – red and no change – no fill) derived from proxies is displayed. The
lines in the continent represent the tributaries (or catchments) of the Amazon
(grey), Parnaíba (green) and Orinoco Rivers (brown). (b) YD-BA sea surface
temperature (SST) (color-scale) and surface ocean circulation (arrows)
anomalies from TraCE-21 ka and proxy information (circles). Information re-
garding SST changes during the YD (warmer – red and colder – blue) derived
from proxies is shown. (c) YD-BA sea surface salinity (SSS) (color-scale)
anomaly from TraCE-21 ka and proxy (δ18Osw-ivc) information (circles). In-
formation regarding SSS changes during the YD (saltier – red, fresher – blue and
no significant change – white) derived from proxies is shown. The rectangle
with dashed lines marks the area of major decrease in SSS. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Mg/Ca and Ba/Ca value is averaged from three replicate runs. After
every five samples one of two laboratory standards was measured to
estimate the external reproducibility. Means± 1 SD were
5.165 ± 0.024mmol/mol for Mg/Ca and 14.37 ± 0.14 μmol/mol for
Ba/Ca for standard 1 (n=96), and 3.294 ± 0.012mmol/mol for Mg/
Ca and 3.04 ± 0.10 μmol/mol for Ba/Ca for standard 2 (n=67).
Elements were measured at the following spectral lines: Mg
(279.553 nm), Ca (315.887 nm), Ba (455.403 nm), Al (167.019 nm), Fe
(238.204 nm), and Mn (257.610 nm). The calibrated concentration
range for Ca was 5–80 ppm. Two sets of calibration solutions were used
on different portions of the core, with Mg/Ca and Ba/Ca close to those
of the two laboratory standards. Each set comprised four or five dif-
ferent dilutions, plus one blank. Ba/Ca outliers (values higher than
Quartile3+1.5 x Interquartile Range) were removed (Fig. S1) and
represent 6.5% of the dataset. Only samples with Al/Ca<0.5mmol/
mol were used. Contamination was also monitored by analyzing the Fe/
Ca and Mn/Ca ratios. The Fe/Ca and Mn/Ca ratios in some of our
samples were higher than the 0.1mmol/mol cutoff proposed by Barker
et al. (2003). However, correlations between Ba/Ca and Mg/Ca with
Fe/Ca and Mn/Ca were insignificant (R2 < 0.1, p> > 0.1) (Fig. S2).
This suggests that our analyses were not affected by the presence of
mineral phases rich in Fe and Mn. The Mg/Ca results were converted to
temperature values using the Mg/Ca-temperature equation of Anand
et al. (2003).

The δ18O of seawater (δ18Osw) was estimated using Mg/Ca and δ18O
from G. ruber (white) and by applying the paleotemperature equation of
Mulitza et al. (2003) together with the obtained Mg/Ca-SST. A con-
version constant of 0.27‰ was applied to convert the values from
VPDB to Vienna Standard Mean Ocean Water (VSMOW) (Hut, 1987).
The effect of changes in global sea level was subtracted from the δ18Osw

by considering the sea level reconstruction of Grant et al. (2012) and a
glacial δ18O increase of 0.008‰ m−1 sea level lowering (Schrag et al.,
2002). δ18Osw estimation takes into account an uncertainty of 1 °C for
the Mg/Ca-SST equation from Anand et al. (2003), which is equivalent
to 0.2‰ δ18O change (Mulitza et al., 2003) and an analytical error for
δ18O of 0.07‰. Hence, the propagated error estimated for the δ18Osw

was±0.21‰.

4. Results

For core GL-1248, the δ18O values of G. ruber (white) are between
−1.88 and− 0.84‰, and Mg/Ca values range from 3.87 to
5.01mmol/mol (Fig. S3). Estimates of SST based on Mg/Ca values of G.
ruber (white) are between 25.8 and 28.7 °C (Fig. S3). Mg/Ca-SST exhibit
only a minor increase from 26.5 to 27.6 °C during the YD. The δ18Osw-ivc

values vary between 1.10 and 1.82‰, with high values during the mid-
Holocene (1.82‰) (Fig. S3). Ba/Ca of G. ruber (white) values range
from 1.14 to 3.20 μmol/mol, increasing abruptly from 1.15 to
3.25 μmol/mol during the YD (Fig. S3). For core GeoB16202–2, the
δ18O values of G. ruber (white) are between −1.74 and− 0.70‰ and
Mg/Ca values range from 3.91 to 4.99mmol/mol (Fig. S3). Mg/Ca-SST
vary from 25.9 to 28.6 °C, where an increase in Mg/Ca-SST up to
28.1 °C is present during the YD (Fig. S3). The δ18Osw-ivc vary from 1.28
to 1.91‰, with high values during the YD and the mid-Holocene (Fig.
S3), similarly to core GL-1248.

5. Discussion

5.1. SST responses over the western tropical Atlantic during the Younger
Dryas

The SST estimates from model results and proxy data indicate a
warming of the western tropical South Atlantic during the YD relative
to the Bølling-Allerød (BA) (Figs. 1b and 2c). Model and proxy data
agree regarding the magnitude of such warming during the YD relative
to the BA (YD-BA) in the western South Atlantic. TraCE-21 ka results

show<1 °C warming in the western tropical South Atlantic (Fig. 1b),
which is supported by the proxy results (Weldeab et al., 2006; Jaeschke
et al., 2007; this study) that show increases in SST between 0.2 and
1.0 °C for the YD-BA. This agreement between model and proxy data in
the sign of SST change during the YD, however, is not observed for the
western tropical North Atlantic (Fig. 1b). In addition, although some
records display a cooling (Guilderson et al., 2001; Lea et al., 2003; Nace
et al., 2014; Rama-Corredor et al., 2015), which is also revealed by the
TraCE-21 ka results (Liu et al., 2009), other records suggest a warming
during the YD-BA (Rühlemann et al., 1999; Schmidt et al., 2012;
Hoffmann et al., 2014). The incongruence between model and proxy
SST for the western tropical North Atlantic may be a consequence of
local oceanic changes and/or proxy sensitivity, as described below.

Wan et al. (2009) using model simulations suggested that the
complex SST pattern during the YD in the tropics is the result of com-
peting oceanographic and atmospheric processes. The authors show
that if SST changes are only attributed to ocean circulation changes,
during the YD the weakened AMOC produces a surface warming in the
entire tropical Atlantic basin. This surface warming originates in the
subsurface of the ocean and is caused by the weakening of the western
boundary currents (Chang et al., 2008). In another model experiment,
with no change in ocean circulation during the YD, Wan et al. (2009)
observed a surface cooling in the tropical Atlantic basin due to a series
of ocean-atmosphere feedback mechanisms, for example the wind-
evaporation-SST (WES) feedback (Xie and Philander, 1994; Chang
et al., 1997), that intensified the evaporative cooling in the region.
Extensive ice cover in the northern high latitudes cools and dries the
atmosphere above the sea surface initiating a cooling of the northern
high- and mid-latitudes through advection, and then the WES feedback
provides a further progression of the cold SST signal to low latitudes.
The resulted meridional SST gradient induces a southward shift of the
ITCZ and positive ocean-atmosphere feedbacks amplify and maintain
this ITCZ displacement. Summarizing, WES feedback enhances the
propagation of the high-latitude cooling to the TNA and is responsible
for the southward ITCZ shift, as for the development of a cross-equa-
torial SST gradient with a negative SST anomaly in the TNA and posi-
tive anomaly in the TSA (Chiang and Bitz, 2005; Mahajan et al., 2011).
Thus, as suggested by Wan et al. (2009) the SST proxy signal (warming
or cooling) depends on whether the temperature change at the site is
dominated by atmospheric or oceanic processes. We suggest that in the
TNA it is possible that surface cooling produced by reduced cross-
equatorial ocean heat transport and the WES feedback counterbalanced
an increase in SST triggered by a change in heat advection in the sub-
surface (Schmidt et al., 2012). However, in the TSA such counter-
balance effect is probably not occurring, as evidenced by the similar
SST patterns between the records. The SST response in the TSA during
the YD is probably linked to the heat accumulation due to reduced
cross-equatorial ocean heat transport and by a weakening of the NBC
(Arz et al., 1999; Chang et al., 2008; Zhang et al., 2015).

In the TNA, the mismatch between proxy results might also be due
to proxy sensitivity or other factors that influence the different proxies.
Crivellari et al. (2019) point out that the negative anomalies during
millennial-scale events shown by the alkenone-based record from
MD03–2616 (Rama-Corredor et al., 2015) are probably the result of
non-thermal physiological effects on the alkenone producers related to
the presence of the Amazon River plume. This is supported by the fact
that northern records (M-78/1–235-1 and M35003–4), which are less
(or not) influenced by the plume of the Amazon River, show positive
SST anomalies during the YD (Rühlemann et al., 1999; Hoffmann et al.,
2014). Although Amazon freshwater may reach the Caribbean under
modern conditions (Muller-Karger et al., 1988), in a YD scenario of
southward ITCZ migration, strong NE trade winds and weak NBC, these
northern records (M-78/1–235-1 and M35003–4) were probably less
(or not) influenced by the Amazon plume. In another TNA site,
Guilderson et al. (2001) suggested a cooling based on the δ18O data
from Barbados corals, but this may be overestimated since increased
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coral δ18O may as well be produced by enhanced salinity. In the Cariaco
Basin, the negative SST anomaly described by Lea et al. (2003) can be a
local signal caused by enhanced upwelling during the YD due to strong
NE trade winds and consequently increased Ekman transport. Finally,
the low sedimentation rate (i.e., 3 cm/kyr) of the composite core CDH-
86/GGC-81/BC-82 (Nace et al., 2014) prevents a detailed investigation
of a YD signal. The above reasons might explain the different signs of
the proxy-based SST anomalies in the TNA during the YD. Since Wan
et al. (2009) focused solely on the investigation of the physical pro-
cesses, our evaluations regarding the proxies signals contribute sig-
nificantly to the understanding of the SST pattern in the western tro-
pical Atlantic during the YD.

Furthermore, we show that the most representative proxies in the
TNA show a positive SST anomaly in the TNA, which does not match
the TraCE-21 ka results but is in agreement with results from other
model simulations that focused on events of AMOC slowdown (Knutti
et al., 2004; Kageyama et al., 2009). The cooling in the TNA revealed by
the TraCE-21 ka simulations can be associated to bipolar seesaw re-
sponse, manifested even in low latitudes of the North Atlantic, or to the
WES feedback and its connection with ITCZ dynamics, since this model
may overestimate climate variability linked to the ITCZ over the tro-
pical Atlantic (Liu et al., 2009).

5.2. Model-data comparison of SSS anomalies over the western tropical
Atlantic

SSS anomalies (δ18Osw-ivc) from most records indicate an increase or
no clear change (Fig. 1c and 2e), while the TraCE-21 ka results (Liu
et al., 2009) point towards a decrease in SSS in the western tropical
Atlantic during the YD (Fig. 1c). A decrease in SSS in the western tro-
pical South Atlantic is consistent with the presence of an atmospheric
forcing, where increased precipitation over the ocean (Fig. 1a) occurs

due to a southward displacement of the ITCZ during the YD (Fig. 2d;
Haug et al., 2001). The increase in continental precipitation over
northeastern Brazil (Fig. 1a and 2f), which is supported by speleothem
δ18O, deuterium isotopic composition of plant waxes and palynological
records (Wang et al., 2004; Mulitza et al., 2017; Bouimetarhan et al.,
2018), resulted in enhanced freshwater discharge, explaining reduced
SSS close to the mouths of the Amazon and Parnaíba Rivers (Fig. 1c).
Although δ18Osw-ivc is affected by freshwater discharge and evapora-
tion-precipitation balance the δ18Osw-ivc results from most cores did not
capture the negative SSS anomaly during the YD displayed by the
TraCE-21 ka results, with exception of CDH-86 (Nace et al., 2014).
Some δ18Osw-ivc records show an increase in SSS in the TNA (Hoffmann
et al., 2014) and TSA (Weldeab et al., 2006) during the YD. In the TSA,
the increase in δ18Osw-ivc (or SSS) may be explained by a reduction of
the cross-equatorial transport of saline waters and a weakening of the
NBC, which would accumulate saline waters in this area (Weldeab
et al., 2006). However, for the TNA the increase in δ18Osw-ivc can be
related to higher wind stress and evaporation and reduced precipitation
in this area (Fig. 1a; Hoffmann et al., 2014), or to a coastal upwelling of
subsurface warm and saline waters (Wan et al., 2009; Schmidt et al.,
2012). These responses linked to the increase of SSS are not supported
by the TraCE-21 ka results (Liu et al., 2009). By comparing modern SSS
values from TraCE-21 ka to modern SSS datasets (Fig. S4) we notice that
TraCE-21 ka results underestimate the SSS in the study area. This in-
dicates that this model may not provide an ideal representation of SSS
for the western tropical Atlantic. Although the model results show in-
creased convergence of winds at low levels of the atmosphere that
support the increased precipitation in the TSA due to southward ITCZ
migration (Fig. S5), the model may overestimate the influence of the
ITCZ over the tropics (Liu et al., 2009) producing the observed SSS
pattern during the YD (Fig. 1c).

Although TraCE-21 ka underestimates the SSS in the western

Fig. 2. Paleoceanographic proxies covering the final
portion of the last deglaciation and the early
Holocene. (a) 231Pa/230Th record from core OCE326-
GGC5 (McManus et al., 2004) (blue line and squares)
and reconstruction of hemispheric sea surface tem-
perature difference (Shakun et al., 2012) (orange
line). (b) Sea surface temperature (SST) records from
cores located in the western tropical North Atlantic
(TNA). SST records from cores PL07-39PC (Lea et al.,
2003; ID: 10) (green line), M78/1-235-1 (Hoffmann
et al., 2014; ID: 8) (pink line) and M35003-4
(Rühlemann et al., 1999; ID: 9) (yellow line). (c) SST
records from cores located in the western tropical
South Atlantic (TSA). SST records from cores
GeoB3910–2 (Jaeschke et al., 2007; ID: 6) (light blue
line), GeoB3129-1/3911-3 (Weldeab et al., 2006; ID:
5) (grey line), GeoB16202-2 (this study; ID: 2)
(purple line) and GL-1248 (this study; ID: 1) (red
line). Panels (b) and (c) do not show all records
displayed in Fig. 1b, since not all records were
available in data publishers. (d) Titanium content in
sediments of the Cariaco Basin (Haug et al., 2001; ID:
11) (black line) and ice volume corrected δ18O of
seawater (δ18Osw-ivc) record from core M78/1–235-1
(Hoffmann et al., 2014; ID: 8) (pink line) located in
the TNA. (e) δ18Osw-ivc from cores located in the TSA,
GeoB3129/3911 (Weldeab et al., 2006; ID: 5) (grey
line), GeoB16202–2 (this study; ID: 2) (purple line)
and GL-1248 (this study; ID: 1) (red line). (f) Fe/Ca
(a proxy linked to precipitation changes) ratios from
cores GL-1248 (this study; ID: 1) (orange) and
GeoB16202–2 (Mulitza et al., 2017; ID: 2) (yellow),
travertine growth from northeastern Brazil (Wang

et al., 2004; ID: 14) (green squares) and ice volume corrected δD of terrestrial plant wax from core GeoB16202–2 (Mulitza et al., 2017; ID: 2) (blue line and dots).
Grey bar marks the Younger Dryas. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

I.M. Venancio, et al. Global and Planetary Change 184 (2020) 103047

4



tropical Atlantic, we may consider an alternative explanation for the
lack of a strong decrease in δ18Osw-ivc in most records. The δ18Osw-ivc

records from GL-1248 and GeoB16202-2 suggest a decrease in δ18Osw

(lower SSS) and an increase in δ18Osw (higher SSS), respectively, across
the YD, but the changes are within error limits (< 0.21‰). Thus, nei-
ther a strong decrease nor increase in δ18Osw-ivc is recorded in cores GL-
1248 and GeoB16202-2. A possible explanation is that the accumula-
tion of salty waters due to a decrease in AMOC strength produces a
positive SSS anomaly. Some δ18Osw-ivc records (GeoB 3129-1/GeoB
3911-3 and M78/1-235-1) show increases in δ18Osw-ivc during the YD
(Fig. 1c), probably due to a larger positive SSS anomaly, linked to re-
duced AMOC strength, than the negative anomaly by the processes
mentioned above. At the same time, other records show a decrease
(CDH-86) or no clear change (GL-1248 and GeoB16202-2) in δ18Osw-ivc

during the YD. These records are close to major rivers (Amazon and
Parnaíba) that probably increased their discharge during the YD, as
revealed by previous studies (i.e. Zhang et al., 2015) and the TraCE-
21 ka results (Fig. S6). Thus, an increase in river runoff probably
dampened the AMOC-driven SSS increase at these sites. This highlights
the importance of considering local factors (i.e. river discharge) to
understand the SSS spatial pattern in the western tropical Atlantic
during the YD. Wan et al. (2010) discarded the changes in river dis-
charge as a major process, but they did not have the information pro-
vided by these new δ18Osw-ivc records (CDH-86, Nace et al., 2014; GL-
1248 and GeoB16202-2, this study).

5.3. Changes in fluvial discharge recorded by Ba/ca of planktonic
foraminifera

Since Ba/Ca of seawater is incorporated into foraminiferal calcite
with no dependency on temperature or salinity (Hönisch et al., 2011)
and fluvial waters have higher Ba/Ca than seawater (Hall and Chan,
2004), Ba/Ca ratio can be used as a proxy for river runoff (Bahr et al.,
2013; Hoffmann et al., 2014). The high Ba/Ca values of G. ruber from
core GL-1248 reveal an enhanced fluvial freshwater discharge to the
western equatorial Atlantic during the YD (Fig. 3a), probably from the
Parnaíba River as suggested by sediment provenance proxies from an
adjacent core (Zhang et al., 2015). Although Ba/Ca generally reflects

changes in fluvial water input, it may be modified by changes in the Ba/
Ca-endmember of the river water and by changes in mixed layer pro-
ductivity (Bahr et al., 2013). However, as pointed out by Bahr et al.
(2013) if Ba/Ca of G. ruber was modulated by productivity changes, it
should correlate with the δ13C of G. ruber, which is not the case for our
results (Fig. S7). In addition, similarly to the findings of Bahr et al.
(2013), our high Ba/Ca values occur concomitantly with low abun-
dances of productivity-related planktonic foraminiferal species (i.e.
Globigerina bulloides) (Fig. S8), which reinforces our interpretation that
the high Ba/Ca values during the YD are indeed linked to an increase in
fluvial discharge.

We are not able to exclude possible changes of the Ba/Ca-end-
member, since information on the concentration of Ba2+ in the dif-
ferent tributaries of the Parnaíba River is not available. However, since
the Parnaíba drainage basin is relatively small, we do not expect that
major changes in the composition of the freshwater source within the
basin happened from the BA to the YD. Further, high Ba/Ca values
occur simultaneously with high sedimentary Fe/Ca (Fig. 2f) in core GL-
1248 suggesting that the increase in Ba/Ca during the YD is more likely
caused by enhanced river runoff (Fig. 3). A major increase in river
runoff during the YD is in agreement with TraCE-21 ka simulations (Fig.
S6), which also indicate an enhanced precipitation over parts of the
drainage basins of the Amazon and Parnaíba Rivers (Fig. 3a). In addi-
tion, a peak in Fe/Ca during the YD is also evident in other cores from
this region (Zhang et al., 2015; Mulitza et al., 2017; Bouimetarhan
et al., 2018), supporting the hypothesis of enhanced runoff of the
Parnaíba River.

The similarity between Ba/Ca recorded in G. ruber (white) and Fe/
Ca values from core GL-1248 (Fig. S3) indicates that the high Ba/Ca
values are caused by desorption of Ba2+ from the river suspension load,
similar to what occurs in the modern Orinoco discharge area (Bahr
et al., 2013). In addition, this mechanism would explain why we ob-
serve a divergence between the Ba/Ca and δ18Osw-ivc from core GL-1248
during the YD. Bahr et al. (2013) suggested different mixing behaviors
for Ba/Ca and δ18Osw-ivc, it is conservative for δ18Osw-ivc and non-linear
for Ba/Ca. In this sense, Bahr et al. (2013) using samples from the
western tropical Atlantic showed that high Ba/Ca ratios in foraminiferal
calcite can be recorded without any change in the δ18O. Therefore, with

Fig. 3. Precipitation anomalies derived from TraCE-21 ka (Liu
et al., 2009) results and Ba/Ca records from the western tro-
pical Atlantic (Hoffmann et al., 2014; this study). (a) The
panel shows the precipitation anomaly of the Younger Dryas
relative to the Bølling–Allerød (YD-BA) and the location of
cores GL-1248 and M78/1-235-1. (b) The panel shows the
precipitation anomaly of a post-YD period (11–9.5 ka) relative
to the YD (Post YD-YD) and the location of cores GL-1248 and
M78/1-235-1. (c) The panel exhibits the Ba/Ca of Globiger-
inoides ruber from cores GL-1248 (this study; orange line) and
M78/1-235-1 (Hoffmann et al., 2014; blue line). The dashed
line bars mark the post-YD, YD and BA intervals. The thick
lines in the right panels represent a 5-point running average.
The lines in the continent represent the tributaries (or
catchments) of the Amazon (grey), Parnaíba (green) and Or-
inoco Rivers (brown). (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article.)
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our Ba/Ca results from core GL-1248 it is possible to capture the in-
crease in river discharge to the ocean, which are probably related to the
negative SSS anomaly close to the river mouths in the western equa-
torial Atlantic as indicated by TraCE-21 ka outputs (Fig. 1c), but not
recorded by the δ18Osw-ivc from cores GL-1248 and GeoB16202-2
(Figs. 3).

During the YD, we observe high Ba/Ca values in core GL-1248
linked to enhanced fluvial discharge associated with a southern position
of the ITCZ, while Ba/Ca record from core M78/1-235-1 (Hoffmann
et al., 2014) exhibits low values during the same period (Fig. 3a).
Afterwards, during the transition to the Holocene, Ba/Ca decreases for
core GL-1248 but increases for core M78/1-235-1, and from 11 to 10 ka
Ba/Ca values increases abruptly for core M78/1-235-1 and a minor
increase is observed for GL-1248 (Fig. 3b). Hoffmann et al. (2014)
argue that their high Ba/Ca values in the early Holocene indicate a
change in the source of fluvial waters due to a northward shift of the
ITCZ induced by increased low-latitude Northern Hemisphere summer
insolation. A Ba/Ca record from the eastern tropical Atlantic further
supports a southward shift of the ITCZ during the YD (MD03-2707;
Weldeab et al., 2007). The comparison between the three available Ba/
Ca records from the tropical Atlantic show decreased fluvial discharge
from the Orinoco and Niger-Sanaga Rivers, while an increase in fluvial
discharge is observed in the Parnaíba River (Fig. S9b). Results from the
TraCE-21 ka support these findings, showing a decrease in precipitation
in the Orinoco and Niger-Sanaga River basins and an increase in the
Parnaíba River basin (Fig. S9a). Since fluvial discharge at these sites is
influenced by continental precipitation changes linked to the ITCZ, it is
possible to track the ITCZ position using the Ba/Ca records from these
cores. Thus, the ITCZ reached its southernmost position between 13 and
11.8 ka, where Ba/Ca from core GL-1248 were maximum, and started
to move northward reaching its northernmost position between 10.8
and 9.7 ka, where Ba/Ca from core M78/1–235-1 exhibit the highest
values.

6. Conclusions

Paleoclimate records from the western tropical Atlantic were com-
pared to TraCE-21 ka outputs and used to constrain the changes in
surface hydrography during the YD. Proxy data and model results for
the TSA agree well, showing ca. 1 °C warming during the YD relative to
the BA (YD-BA). Such warming was probably the result of a weakening
of the AMOC and of the western boundary currents. However, in the
TNA the proxy and model results show disagreements. This is probably
related to the competing atmospheric and oceanic mechanisms acting
in this area during the YD, and/or to different proxy sensitivity. In the
case of SSS changes, TraCE-21 ka outputs suggest a widespread de-
crease in SSS during the YD, which is not corroborated by the proxy
(δ18Osw-ivc) records. Such disagreement may be explained by (i) the fact
that TraCE-21 ka do not appropriately simulate tropical salinity, and (ii)
because of the opposite SSS anomalies triggered by a decrease in AMOC
strength (positive) and by the enhanced continental freshwater dis-
charge and direct precipitation (negative), which influences the δ18Osw-

ivc records differently depending on their location. The Ba/Ca of G.
ruber (white) from core GL-1248 reveals an increase in runoff during
the YD, which is supported by high Fe/Ca values in the same core.
Further, the comparison between the Ba/Ca records from cores GL-
1248 and M78/1–235-1 indicates a southward (northward) displace-
ment of the ITCZ during the YD (early Holocene). This highlights the
potential of Ba/Ca records along the western tropical Atlantic to con-
strain past ITCZ shifts.
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