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Tropical precipitation patterns will most likely be altered by future climate change, with
major socioeconomic consequences for human populations that are highly reliant on water
availability for subsistence like populations in northeastern (NE) Brazil. Socioeconomic
consequences may be particularly disruptive in the occurrence of abrupt climate change.
Understanding the response of tropical precipitation to abrupt climate change is a crucial
task for improving future projections and devising adaptation policies. Past abrupt climate
change events such as the Dansgaard-Oeschger (DO) cycles may provide relevant
insights regarding the dynamics of the climate system under this type of climate
change. Here we present a paleoceanographic reconstruction off NE Brazil based on
geochemical analyses (stable oxygen isotopes, Mg/Ca and Ba/Ca) performed in
planktonic foraminifera, that focus on DO stadials of Marine Isotope Stage 5 (MIS5,
130–71 ka). Our new Ba/Ca record shows increases in fluvial discharge linked to
enhanced continental precipitation over NE Brazil during DO stadials of MIS5. Tropical
precipitation patterns were altered with enhanced rainfall in NE Brazil during DO stadials as
a consequence of a southward displacement of the Intertropical Convergence Zone,
which, in turn, was likely a response to changes in ocean heat transport and sea ice cover,
as highlighted by recent climate model simulations. The results presented here provide
useful information on how abrupt climate change can impact tropical rainfall, which is
crucial for tropical societies in order to delineate strategies to cope with future climate
change.
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INTRODUCTION

In the tropics, human populations are highly reliant on rainfall for socioeconomic development.
Thus, appropriately projecting the response of tropical precipitation to future climate is crucial since
it can have widespread socioeconomic impacts, especially in semiarid regions where water resources
are scarce. The semiarid region of northeastern (NE) Brazil is one of the most vulnerable regions to
climate change, and global and regional climate simulations suggest that this region will be impacted
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by rainfall deficit by the end of the century (Marengo et al., 2017).
Despite the importance of this topic, the projection of future
tropical rainfall by numerical models is still challenging and
requires improvement (Long et al., 2016). Tropical rainfall is
mainly localized in a narrow band of deep convective clouds
around the Equator known as the Intertropical Convergence
Zone (ITCZ). It is paramount for model projections that the
dynamics of ITCZ and its response to climate change is better
constrained, since tropical rainfall is strongly controlled by its
latitudinal migrations (Li and Xie, 2014). Thus, reconstructing
precipitation changes during past abrupt climate events creates a
deeper understanding on the response of the ITCZ to climate
change, helping in the assessment of future impacts (McGee et al.,
2014).

Dansgaard-Oeschger (DO) cycles can provide important
insights regarding the response of the ITCZ to abrupt climate
change (Zhang et al., 2017). DO cycles are characterized by an
initial fast warming (interstadial) followed by a gradual cooling
with an abrupt cooling at the end (stadial), as described by
reconstructions from the high latitudes of the Northern
Hemisphere (Wolff et al., 2010). Multiple triggers have been
potentially linked to the occurrence of DO cycles such as changes
in strength of the Atlantic meridional overturning circulation
(AMOC) (Henry et al., 2016), sea ice dynamics (Li et al., 2010;
Dokken et al., 2013), solar forcing (Braun et al., 2008), and even
volcanism (Bay et al., 2004). Differences between DO cycles that
occurred during Marine Isotope Stage 3 (MIS3) and Marine
Isotope Stage 5 (MIS5) are also noteworthy. During MIS5, DO
cycles lasted longer and the background climate conditions were
different from MIS3, since global temperature was higher, the
westerlies exhibited a more southerly position and AMOC was
more stable (Buizert and Schmittner, 2015; Santos et al., 2020).
These different climate backgrounds may have produced distinct
responses in the tropics during MIS5, which still need to be more
investigated in the literature, especially considering that abrupt
events that occurred in past interglacials have the potential to
occur in future warmer climates.

In the tropics, impacts of the DO cycles in rainfall patterns
due to changes in the position of the ITCZ have been reported
by several studies (Peterson et al., 2000; Itambi et al., 2009;
Deplazes et al., 2013; Zhang et al., 2017). Weldeab et al. (2007)
showed the impact of DO cycles in the West African Monsoon
for the last 155 kyr, showing millennial-scale fluctuations in
riverine freshwater input during the DO cycles of MIS5.
However, the lack of appropriate records from the western
margin of the equatorial Atlantic hinders the assessment of the
hydrological impact of DO cycles of MIS5 to NE Brazilian
precipitation.

In order to address this issue, we present new high-resolution
stable oxygen isotopes (δ18O), Mg/Ca and Ba/Ca from planktonic
foraminifera to reconstruct past changes in surface hydrography
and in riverine discharge to the western equatorial Atlantic with
focus on the DO cycles of MIS5. Our data show increases in
fluvial discharge off NE Brazil linked to enhanced continental
precipitation during DO stadials of MIS5. These results also
allowed us to investigate the most probable factors responsible
for such climate fluctuations.

REGIONAL SETTING

Marine sediment core GL-1248 (0°55.2′S, 43°24.1′W, 2264 m
water depth) was collected in the western equatorial Atlantic
(Figure 1). The upper ocean circulation in this region is mainly
influenced 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
(<100 m), the NBC transports Tropical Water (TW), which is
a warm (>20°C) and saline (>36 psu) 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 bifurcation northward and weakens the NBC
(Rodrigues et al., 2007). At the same time rainfall over
northeastern Brazil increases, peaking from March to April.
During austral winter and spring, the southeast (SE) trade
winds strengthen and the ITCZ mean position is displaced
northward, consequently decreasing precipitation over NE
Brazil (Hastenrath and Merle, 1987).

The Parnaíba River is the main river discharging nearby our
core site, and consequently the dominant source of fluvial waters
and sediments to our study area under modern and past
conditions (Figure 1) (e.g., Zhang et al., 2015; Sousa et al.,
2021). Its main course has a length of approximately 1,400 km
(Ramos et al., 2014), while the modern Parnaíba drainage basin
area is approximately 344,000 km2 (Marques et al., 2004), the
latitudinal range covered by the Parnaíba basin is approximately
2–10°S.

MATERIALS AND METHODS

The age model of core GL-1248 is based on 12 AMS radiocarbon
ages and the alignment of the Ti/Ca record of core GL-1248 to the
ice δ18O record of the North Greenland Ice Core Project (NGRIP)
using the extended Greenland Ice Core Chronology
(GICC05modelext) (Andersen et al., 2004; Wolff et al., 2010).
Between 6.30 and 16.66 m core depth, the chronology of core GL-
1248 was derived from the alignment of the Ti/Ca record of the
core with NGRIP δ18O (Supplementary Figure S1). 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 Last Interglacial 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
approximately 129 ka on the AICC2012 time scale (Veres et al.,
2013), similarly to previous studies (e.g., Govin et al., 2015). 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 (Supplementary
Figure S2). The age model was supported by the U/Th-dated
growth intervals of Brazilian speleothems during stadials (Wang
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et al., 2004). Since these growth intervals correspond to wet
periods in northeastern Brazil, they should be coeval to the Ti/
Ca peaks in our record. Radiocarbon ages and tie-points for core
GL-1248 with their respective errors are summarized in
Supplementary Table S1. Further details of the age model of
core GL-1248 are described in Venancio et al. (2018).

Ten tests of Globigerinoides ruber (white) (250–355 μm) from
core GL-1248 were analyzed for δ18O. All tests were handpicked
under a binocular microscope. Oxygen isotope analyses were
performed with a Finnigan MAT 252 mass spectrometer
equipped with an automated carbonate preparation device Kiel
III at MARUM, University of Bremen (Germany). Isotopic results
were calibrated relative 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 also 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). Samples were gently crushed
and cleaned following the procedure described by Barker et al.
(2003). Before dilution, samples were centrifuged for 10 min 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 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.
Elements were measured at the following spectral lines: Mg
(279.553 nm), Ca (315.887 nm), Ba (455.403 nm), Al
(167.019 nm) and Fe (238.204 nm). The calibration series
concentration for Ca ranged from 5 to 80 ppm. Each set of
samples comprised four or five different dilutions, plus one blank.
Only samples with Al/Ca <0.5 mmol/mol were used.
Contamination was also monitored by analyzing the Fe/Ca
ratios. The Fe/Ca ratio was higher than the cut off value
(0.1 mmol/mol) proposed by Barker et al. (2003). However, no
correlation was found between Ba/Ca and Mg/Ca on the one
hand with Fe/Ca and Al/Ca (R2 < 0.1) on the other hand

(Supplementary Figure S3), providing no evidence for a link
between the concentration of potential contamination-indicator
elements (Fe and Al) and paleoenvironmental-indicator ratios
(Mg/Ca and Ba/Ca). The Mg/Ca results were converted to
temperatures using the Mg/Ca temperature equation of Gray
and Evans (2019) for G. ruber (white). This equation iteratively
corrects for seawater salinity and carbonate chemistry effects and
we followed the method that uses pCO2 to estimate seawater pH
(Gray and Evans, 2019). Results of the Mg/Ca ratios and the SST
estimations with their standard deviations are provided in the
supplementary material.

The δ18O of seawater (δ18Osw) was estimated using Mg/Ca-
SST and δ18O from G. ruber (white) and by applying the
paleotemperature equation of Mulitza et al. (2003). A
conversion 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) to
estimate an ice-volume corrected δ18Osw (δ18Osw-ivc). δ18Osw

estimation takes into account an uncertainty of 1.34°C for the
Mg/Ca-SST estimations using the equation of Gray and Evans
(2019), which is equivalent to 0.30‰ δ18O change (Mulitza et al.,
2003) and an analytical error for δ18O of 0.07‰. Hence, the
propagated error estimated for the δ18Osw is ±0.32‰. The δ18Osw

results are provided in the supplementary material.

RESULTS

The δ18O of G. ruber (white) ranged between −1.71 and −0.13‰
during MIS5 (Figure 2B). G. ruber (white) δ18O values show
marked millennial-scale increases (up to 0.6‰), which can be
linked to the main DO stadials of MIS5 (Figures 2A,B). G. ruber
(white) Mg/Ca values ranged from 3.36 to 4.77 mmol/mol, which
is equivalent to SST estimates of 22.48–27.79°C (Figure 2C). In
contrast with the δ18O values, the Mg/Ca of G. ruber (white) do
not exhibit a well-marked millennial-scale pattern during MIS5.
The Ba/Ca values ranged from 1.25 to 4.86 μmol/mol

FIGURE 1 | Location of sediment cores GL-1248 (black dot) and core MD03-2707 (Weldeab et al., 2007) (black dot). Color-scale exhibits the mean precipitation
(mm/day) betweenMarch andMay extracted fromGPCP dataset stored at NOAA/ESRL PSD (Adler et al., 2003) version 2.3. The Parnaíba River Basin and Sanaga/Niger
River Basin (black contours) are displayed in the map.
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(Figure 2D). Despite the more scattered data, Ba/Ca of G. ruber
(white) values show millennial-scale increases (up to 3.3 μmol/
mol) during most of the DO stadials of MIS5 (Figure 2D). The
δ18Osw-ivc exhibited values ranging from 0.78 to 2.06‰ and
similarly to the δ18O values showed a well-marked millennial-
scale pattern during MIS5 (Figure 2E), with increases in δ18Osw-

ivc values (up to 1.2‰) during DO stadials. Besides the millennial-
scale variations across MIS5, our results show a marked increase
(decrease) in mean values of δ18O (Mg/Ca-SST) of G. ruber
(white) at 76 ka. Mean values of δ18O and Mg/Ca-SST of G. ruber
(white) subsequent to 76 ka were -0.51‰ and 23.66°C,
respectively. Prior to 76 ka the δ18O and Mg/Ca-SST of G.
ruber (white) were −1.15‰ and 25.86°C, respectively.

DISCUSSION

Tropical MIS5 millennial-scale changes in sea surface salinity
(SSS) linked to variations in riverine runoff were previously
reported for the Gulf of Guinea (Weldeab et al., 2007). The
authors showed well-marked decreases in Ba/Ca and increases in
δ18Osw records from core MD03-2707 during DO stadials of
MIS5, both proxies suggesting increase in SSS (Figures 3D,E).
Their results indicate a reduction in precipitation over the
catchments of the Niger and Sanaga rivers (3–25°N) during
the DO stadials of MIS5, which was linked to reduced West
African monsoonal rainfall (Weldeab et al., 2007). A comparison
between our Ba/Ca record from GL-1248 with the Ba/Ca from

FIGURE 2 |Geochemical results from core GL-1248 compared to North Greenland Ice Core Project (NGRIP) ice stable oxygen isotope record (δ18Oice). (A) δ18Oice

from NGRIP on the GICC05modelext time scale (Andersen e al., 2004; Wolff et al., 2010; black line). (B) δ18O of Globigerinoides ruber (white) from core GL-1248 (blue
line). (C) Sea surface temperature (SST) derived from Mg/Ca of Globigerinoides ruber (white) from core GL-1248 (red line). (D) ice volume corrected δ18O of seawater
(δ18Osw-ivc) ofGlobigerinoides ruber (white) from coreGL-1248 (light blue line). (E)Ba/Ca ratios ofGlobigerinoides ruber (white) from core GL-1248 (orange line). Ba/
Ca results are shown as 5-point running-average of the data points. Dansgaard-Oeschger (DO) stadials are marked by the grey bars, and the number of the DO cycles is
exhibited in panel a.
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core MD03-2707 (Figure 3) shows an opposite pattern of both
records during DO stadials of MIS5, with core GL-1248 showing
increases in Ba/Ca while core MD03-2707 shows decrease in Ba/
Ca values. However, the δ18Osw record from core GL-1248
(Figure 3) shows increased values during DO stadials,
similarly to the record of core MD03-2707.

The increases in Ba/Ca in core GL-1248 indicate enhanced
riverine runoff during DO stadials of MIS5 (Figure 3). This
suggestion agrees with data fromWang et al. (2004), which shows
speleothem growth phases linked to high rainfall periods over
northeastern Brazil (Figure 3). Thus, the enhanced runoff during
DO stadials was probably due to enhanced continental

precipitation over the Parnaiba catchment area. Fe/K and Fe/
Ca ratios records from core GL-1248, as well as from a nearby
core (CDH-86; Nace et al., 2014), confirm the occurrence of
intense chemical weathering and terrestrial input, respectively
(Fadina et al., 2019; Sousa et al., 2021; Piacsek et al., 2021)
(Supplementary Figure S4). Concomitantly, Ti/Ca values
from core MD99-2198 (Tobago Basin), as molybdenum (Mo)
values from core MD03-2622 (Cariaco Basin), decrease during
DO stadials, indicating a reduction in terrigenous contribution at
those locations (Zhuravleva et al., 2021; Gibson and Peterson,
2014). The observed increases in δ18Osw in GL-1248 (Figure 3)
were probably caused by distinct ocean-atmosphere processes

FIGURE 3 | Comparison of hydrological changes between eastern and western equatorial Atlantic. (A) Growth intervals of speleothem and travertine from
northeastern Brazil with their respective dating errors (Wang et al., 2004, blue squares). (B) δ18Osw-ivc ofGlobigerinoides ruber (white) from core GL-1248 (light blue line).
(C) δ18Osw ofGlobigerinoides ruber (pink) from core MD03-2707 (dark blue line, Weldeab et al., 2007). (D) Ba/Ca ratios ofGlobigerinoides ruber (pink) from core MD03-
2707 (green line, Weldeab et al., 2007). (E) Ba/Ca ratios of Globigerinoides ruber (white) from core GL-1248 (orange line). Ba/Ca results are shown as 5-point
running-average of the data points. Dansgaard-Oeschger stadials are marked by the grey bars.
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that influenced the δ18Osw signal, but not the Ba/Ca values. Bahr
et al. (2013) explained this divergence between the Ba/Ca and
δ18Osw by showing that these proxies have different mixing
behaviors, it is conservative for δ18Osw and non-linear for Ba/
Ca. This means that the signal of δ18Osw is more affected by the
conservative mixing of different water end-members (e.g.
freshwater or ocean water masses), while Ba can be removed
or added into water by geochemical processes during mixing. For
example, removal of adsorbed Ba by ion exchange during mixing
of river and marine waters can introduce dissolved Ba into
seawater (Hanor and Chan, 1977). Using core-top samples
from the western tropical Atlantic, Bahr et al. (2013) showed
that high Ba/Ca ratios in foraminiferal calcite can be recorded
without any change in the δ18Osw.

The intriguing divergence between Ba/Ca and δ18Osw signals in
the western tropical Atlantic during MIS5 was also observed for the
last termination. Venancio et al. (2020) showed that Ba/Ca of core
GL-1248 increased during the Younger Dryas (YD), while several
δ18Osw records for the western tropical Atlantic showed increases or
no clear changes in the values, with the exception of the record from
core CDH-86 (Nace et al., 2014) that showed a decrease in δ18Osw

during the YD. The increases in δ18Osw in the western tropical
Atlantic were attributed to a reduction of the cross-equatorial
transport of saline waters due to a weakening of the NBC linked
to slowdowns of the AMOC during the YD (Weldeab et al., 2006;
Venancio et al., 2020). The results from our study and previous
published works (Bahr et al., 2013; Venancio et al., 2020) show that
Ba/Ca is a reliable proxy to track past changes fluvial discharge.
δ18Osw gives a signal that is the result of freshwater discharge and
ocean-atmosphere processes. The enhanced freshwater discharge
during DO stadials of MIS5, as revealed by the Ba/Ca record,
should have been translated into a decrease in δ18Osw at our site.
However, we observe increases in δ18Osw, which is probably due to
oceanic processes that are driving the signal in an opposite direction.
The most plausible explanation is that salinity increased off
northeastern Brazil during DO stadials of MIS5 as a result of salt
accumulation due to the weakening of the NBC, which is a coherent
scenario considering slowdowns of the AMOC during these stadials
(Böhm et al., 2015) and the coupling between AMOC and NBC
dynamics (Weldeab et al., 2006). This explains the increases in δ18Osw

in core GL-1248 during DO stadials of MIS5, and shows that
freshwater discharge influence was surpassed by oceanic processes,
which were recorded in the δ18Osw record at our site.

The antiphase rainfall responses to DO stadials of MIS5
between West Africa and northeastern Brazil suggests a
common climatic mechanism. Since precipitation in both
regions are influenced by the dynamics of the ITCZ, it is
plausible that changes in ITCZ position caused changes in
continental precipitation over the Parnaiba and Sanaga/Niger
basins. Southward shifts of the ITCZ have been reported to occur
during DO stadials, impacting rainfall patterns over the Cariaco
Basin (Peterson et al., 2000; Deplazes et al., 2013; Gibson and
Peterson, 2014), Tobago Basin (Zhuravleva et al., 2021),
northeastern Brazil (Jaeschke et al., 2007; Zhang et al., 2017)
and West Africa (Tjallingii et al., 2008; Itambi et al., 2009).
Regarding the DO stadials of MIS5, the regional picture that
emerges for tropical South America is a reduction in precipitation

and runoff in Cariaco and Tobago Basins (Gibson and Peterson,
2014; Zhuravleva et al., 2021), with a concomitantly enhanced
rainfall and fluvial discharge off northeastern Brazil, as shown by
this study. Moreover, particularly in these regions located in
South America, as in West Africa, local rainfall correlates with
zonal mean ITCZ changes (Roberts et al., 2017) and might be
used to evaluate large scale patterns of tropical rainfall. However,
the main climatic forcing driving tropical rainfall changes linked
to ITCZ shifts during DO cycles, especially during MIS5, remains
elusive.

Wang et al. (2004) observed a strong correlation between
speleothem growth phases and high austral autumn insolation at
10°S. This led the authors to conclude that additionally to the
response of the ITCZ to the thermal bipolar seesaw (Crowley,
1992; Stocker and Johnsen, 2003), enhanced rainfall over
northeastern Brazil was related to southward shifts of the
ITCZ due to increased land/sea thermal contrast modulated by
precessional forcing. However, although the precessional
mechanism explains the enhanced rainfall during DO stadials
25 and 22, it does not explain DO stadials 21 and 20. During DO
stadials 21 and 20, high Ba/Ca values off northeastern Brazil and
low Ba/Ca off West Africa are observed (Figures 3, 4). Thus,
although precessional forcing may have modulated tropical
rainfall related to the ITCZ dynamics during the past (e.g.,
Nascimento et al., 2021), it cannot be the sole factor that
explains these proxy records during DO stadials of MIS5.

Utida et al. (2019) suggested that past ITCZ shifts were
modulated by tropical South Atlantic (TSA) SST, where
positive TSA-SST anomalies led to southward displacements of
the annual-mean position of the ITCZ and enhanced
precipitation over northeastern Brazil. This is consistent with
previous interpretations which suggested a major role of the
tropical forcing over ITCZ excursions (e.g., Xie and Carton,
2004). However, TSA-SST records from cores GL-1248 and
MD03-2707 do not show well-marked increases during DO
stadials (Figure 4). This indicates that TSA-SST probably
played a secondary role regarding southward displacements of
the annual-mean position of the ITCZ during DO stadials of
MIS5. Thus, it is plausible to assume that extratropical forcing
might be the dominant factor linked to ITCZ shifts, in line with
recent studies (Schneider et al., 2014; Seo et al., 2014; Mulitza
et al., 2017; Kang et al., 2018; Kang, 2020).

Recently, the study of Santos et al. (2020) suggested that the
subtropical South Atlantic acted as a heat reservoir in periods of
weakened AMOC during DO stadials of MIS 5. By using
geochemical analyses performed in foraminifera recording the
permanent thermocline from the western South Atlantic, the
authors showed subsurface temperature and salinity increases
during these events, which may also hold for the sea surface but
can be hampered by local ocean-atmosphere feedbacks
(Venancio et al., 2020). Such heat accumulation in the
subtropics due to a weakened AMOC probably influenced the
Hadley cell circulation and contributed to a southward ITCZ
displacement (Frierson et al., 2013; Mulitza et al., 2017).
Warming of one hemisphere leads to an ITCZ shift in order
to balance the oceanic heating via cross-equatorial atmospheric
energy transport (Donohoe et al., 2013; Marshall et al., 2014).
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Such ITCZ responses to cross-equatorial energy transport linked
to AMOC changes were highlighted as the main factor that
determines the magnitude of ITCZ shifts, especially if
hemispherically asymmetric solar forcing is concentrated at
higher latitudes (Yu and Pritchard, 2019). Except for DO
stadial 25, periods with high Ba/Ca in core GL-1248 seem to
coincide with the observed changes in South Atlantic subtropical
heat content, exemplified by permanent thermocline δ18O from
core GL-1090 (Figure 4) (Santos et al., 2020). This indicates that
such atmospheric adjustments due to variations in ocean heat
transport contributes to the understanding of past changes in
tropical precipitation.

Climate model simulations show that sea ice cover may also
influence the position of the ITCZ (Chiang and Bitz, 2005).
Advances in Northern Hemisphere sea ice cause cooling in
high northern latitudes, which propagates towards the equator
via ocean-atmosphere feedbacks and results in a southward shift
of the ITCZ (Chiang and Bitz, 2005). Changes in Northern
Hemisphere sea ice are also viewed as one of the main

mechanisms linked to DO cycles (Li et al., 2010; Dokken
et al., 2013). Thus, the southward displacements of ITCZ
during DO stadials of MIS5 revealed by our proxy records
may be caused by southward expansion of sea ice in high
northern latitudes. Indeed, Rama-Corredor et al. (2015) show
abrupt decreases in tropical North Atlantic SST during DO
stadials of MIS5 as a consequence of rapid transmission of
climate signals from high to low latitudes. This is also
corroborated by the results from Deplazes et al. (2013), which
show that the ITCZ system responds primarily to changes in
Northern Hemisphere temperatures.

The SST reconstruction from core GL-1248, together with
other tropical SST records, discarded amajor role of TSA-SST as a
trigger of rainfall changes during DO stadials of MIS5. Also,
autumn insolation cannot be the sole factor controlling ITCZ
displacements duringMIS5, since our Ba/Ca record and XRF data
for core GL-1248 do not display a precessional pace, and autumn
insolation was low during DO stadials 21 and 20, while Ba/Ca
exhibited high values. Therefore, our results indicate that

FIGURE 4 | Climatic forcings related to the tropical climate response to Dansgaard-Oeschger stadials. (A) Austral autumn insolation at 10°S (grey line, Berger and
Loutre, 1991). (B) Sea surface temperature (SST) derived from Mg/Ca of Globigerinoides ruber (white) from core GL-1248 (red line) and from Mg/Ca of Globigerinoides
ruber (pink) from core MD03-2707 (pink line). (C) δ18O ofGloborotalia inflata from core GL-1090 (light green line, Santos et al., 2020). (D) Ba/Ca ratios ofGlobigerinoides
ruber (white) from core GL-1248 (orange line). Ba/Ca results are shown as running-average of the data points. Dansgaard-Oeschger stadials are marked by the
grey bars.
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extratropical forcing related mainly to interhemispheric ocean
heat transport and sea ice cover is probably the key factor
influencing tropical rainfall changes due to ITCZ shifts during
DO cycles of MIS5. Both processes impact ocean thermal
gradients, which may be the main cause of the ITCZ
displacements. This is in line with climate model simulations
showing that tropical rainfall cannot be explained only by ocean
heat transport or changes in sea ice extent (Roberts and Hopcroft,
2020). It is most probable that a combination of both factors is
important in order to promote North Atlantic SST changes and
consequently influence ITCZ position (Roberts and Hopcroft,
2020). Thus, tropical rainfall changes during DO stadials of MIS5
were mainly the result of meridional displacements of the ITCZ
position due to extratropical perturbations. This might have been
caused by ocean-atmosphere feedbacks (Chiang and Bitz, 2005)
and/or changes in the energy budget (Marshall et al., 2014).

CONCLUSION

We reconstructed ocean surface conditions of the western
equatorial Atlantic based on the δ18O, Mg/Ca and Ba/Ca ratios
of planktonic foraminifera G. ruber (white) in order to investigate
ocean-atmosphere changes during the DO stadials of MIS5. Our
Ba/Ca record shows higher fluvial discharge during DO stadials,
indicating enhanced rainfall over northeastern Brazil. The
comparison with a Ba/Ca record from the eastern tropical
Atlantic revealed opposite trends in rainfall between the West
Africanmonsoon domain and northern northeastern Brazil during
DO stadials of MIS5. These opposite trends were probably caused
by fluctuations in the latitudinal position of the ITCZ. We suggest
that the main causes for these ITCZ displacements are changes in
ocean heat transport and Northern Hemisphere sea ice cover. Our
interpretations are in line with recent climate model simulations,
which suggest that both factors influence the position of the ITCZ
and tropical rainfall during abrupt climate events. In this sense,
future changes in the meridional overturning circulation and sea
ice cover, which are likely to occur under global warming, will
probably alter tropical rainfall patterns, with major consequences
to tropical societies. Our results provide an in-depth understanding
of the dynamics of the climate system during abrupt climate
change events, and highlight the need to improve strategies for
mitigation and adaptation to future climate change, especially in
semiarid regions which present high vulnerability to changes in the
hydrological cycle.
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