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A B S T R A C T

Paleoceanographic reconstructions in upwelling regions can provide relevant information about changes in
primary productivity, ocean–atmosphere interactions and the carbon budget. Here, we assessed new data on
planktonic foraminifera from a sediment core located near to coastal upwelling zones along the Brazilian coast.
Our new data was combined with previous records to reveal the state of upwelling systems along the western
South Atlantic margin throughout the last two deglacial and interglacial periods sensu lato. Despite the con-
temporary oligotrophic scenario of the Santos Basin, a remarkably high relative abundance of Globigerina bul-
loides and low temperatures at a depth of 100 m indicated upwelling conditions similar to current shelf up-
welling zones from 130 to 90 kyr BP. Comparing these results with previous studies, we argue that Brazilian shelf
upwelling zones expanded offshore between 20 and 28°S. We develop two conceptual scenarios to characterize
the system: (1) during Marine Isotopic Stage (MIS 5), the system expanded along the continental margin between
20 and 28°S following the eccentricity maximum; and (2) after 20 kyr BP, the system retracted to current
continental shelf zones. We propose a new mechanism whereby variation of the Earth's eccentricity, which
drives seasonality, is the main factor controlling expansion or retraction of the Brazilian upwelling system.
Absence of such conditions in more recent periods supports our model and indicates that current upwelling zones
are the remnants of a larger upwelling system. However, more studies are required to better define the latitu-
dinal boundaries of the Brazilian upwelling system in the past and its possible influences over the regional
carbon budget.

1. Introduction

Upwelling zones encompass only 2% of the world's oceans.
However, 7% of total oceanic primary production and about 20% of
fishery captures occur in upwelling systems (Pauly and Christensen,
1995; Wang et al., 2015). Well-known upwelling systems are located on
the eastern margins of the Pacific and Atlantic oceans, such as the
Humboldt and Benguela upwelling systems, respectively (Heymans and
Baird, 2000; Thiel et al., 2007; Wang et al., 2015). Western oceanic
margins also host important upwelling systems, such as the Cariaco and
Arabian systems (Muller-Karger et al., 2001; Peeters et al., 2002).
Western border upwelling systems are usually related to the action of
trade winds and/or instabilities of ocean surface fluxes (e.g. Campos
et al., 2000), so they are highly sensitive to ocean-atmosphere coupling.
Thus, intensification of the land-sea pressure gradient and meridional
wind stress have the capacity to enhance upwelling around the world

(Bakun, 1990; Narayan et al., 2010).
Variations in wind strength have also been documented as altering

upwelling intensity (e.g. Little et al., 1997a, 1997b). Where upwelling is
strongly linked to regional wind systems, past changes in ocean-atmo-
sphere interactions and variability of the regional wind system can be
indirectly achieved by upwelling reconstructions. In eastern boundary
upwelling systems, studies have revealed that upwelling was stronger
during glacial stages due to intensification of regional trade winds
(Abrantes, 1991, 1992; Weber et al., 1995; Wells and Okada, 1996; Kim
et al., 2003; Romero et al., 2008; Matsuzaki et al., 2011). However,
Anderson and Prell (1993) reported stronger events in the Oman up-
welling system (western boundary) during interglacial stages due to
increased equatorial-originating SW monsoonal winds.

One of the most powerful tools to reconstruct past upwelling var-
iations is faunal analysis of planktonic foraminifera, since some species
are tightly linked to strong upwelling events (e.g. Salgueiro et al.,
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2008). Furthermore, faunal analysis allows a straightforward estima-
tion of ocean temperature (Kucera, 2007). The most common species
that indicate changes in upwelling intensity are Neogloboquadrina pa-
chyderma and Globigerina bulloides (Thunnell and Sautter, 1992; Little
et al., 1997a; Marchant et al., 1999). In western boundary upwelling
systems, G. bulloides alone has been used as an indicator of enhanced
upwelling (Anderson and Prell, 1993; Peeters et al., 2002; Kucera,
2007; Tedesco and Thunnell, 2003).

The Southeast Brazilian margin of the South Atlantic hosts small
western boundary upwelling zones, which are the result of interactions
among NE winds, instabilities of the Brazil Current (BC) flow, and
abrupt changes in the orientation of the continental margin (Gaeta
et al., 1999; Rodrigues and Lorenzzetti, 2001; Calado et al., 2010;
Belem et al., 2013; Campos et al., 2013). Nonetheless, long-term evo-
lution of this upwelling system is rather underexplored. In this study,
we employed abundances of planktonic foraminifera and paleo-
temperature reconstructions at the upper (10 m) and lower (100 m)
photic zone from a core at 24°S to detail upwelling occurrence in the SE
Brazilian margin during two time intervals. These intervals comprise
Marine Isotope Stage (MIS) 6 - 5 (140–75 kyr BP)), and MIS 2 - 1
(20–6 kyr BP). The choice for studying a core at 24°S (Santos Basin) was
to test the hypothesis that the SE Brazilian shelf upwelling systems
expanded offshore, as seen by Portilho-Ramos et al. (2015) and Petró
et al. (2016) at 21°S (Campos Basin), suggesting a large-scale upwelling
system. In addition, our new data shows that expanded upwelling
system was not a general interglacial feature since it is absent in the
present. Different from the present interglacial, the last interglacial
(MIS 5e) presented a distinct orbital variation, which intensified fa-
vorable oceanographic and atmospheric settings promoting the ex-
pansion of the upwelling.

2. Regional settings

Surface currents and vertical temperature distribution of the
Southeast Brazilian continental margin (20–28°S) encompassing the
Campos (20–23°S) and Santos (23–28°S) basins are shown in Fig. 1. The
surface layer (0–200 m) is characterized by the warm and oligotrophic
Tropical Water (TW), with temperatures between 18 and 27 °C and
salinity above 36 (da Silveira et al., 2000). The presence of the TW in
the photic zone of the BC maintains high sea surface temperatures (SST)
and the thermocline below 200 m, thereby limiting productivity. The
South Atlantic Central Water (SACW), formed in the Brazil–Malvinas
Confluence zone at 38°S (in the vicinity of the mouth of the River
Plata), flows in the thermocline layer. The SACW sinks and flows be-
neath the TW in the Subtropical front at 200–800 m, recirculates in the
Subtropical Gyre, and is incorporated into the BC at 20°S (Stramma and
England, 1999). The SACW has a temperature range of 6–18 °C and a
salinity range of 34.5–36 (da Silveira et al., 2000). The SACW is the
water mass responsible for high productivity events in the SE Brazilian
margin where it upwells into the photic zone.

Despite the predominant oligotrophic scenario of the subtropical
western South Atlantic, some important shelf upwelling zones occur
along the Southeast Brazilian continental shelf (Fig. 1), including: (1)
Vitória Upwelling System at 20°S generated through the cyclonic Vi-
tória Eddy that is formed by friction between the BC and Abrolhos Bank
(Schmid et al., 1995; Gaeta et al., 1999; Arruda et al., 2013); (2) Cabo
de São Tomé (Calado et al., 2010); (3) the Cabo Frio Upwelling System
(CFUS) between 22°–23°S that is the most important upwelling zone,
presenting a high biological productivity zone encompassing the neritic
realm (Valentin, 1984; Albuquerque et al., 2014); and, (4) the Cabo de
Santa Marta Upwelling System at 28°S. These upwelling systems are
favored by the topography of the continental margin and interactions
with NE winds that promote BC instabilities and wind stress curl along
the continental shelf. Those features induce SACW upwelling either on
the coast and shelf or on the shelf break (Campos et al., 2000; Castelao
and Barth, 2006; Campos et al., 2013; Belem et al., 2013; Aguiar et al.,

2014).
The CFUS has provided data for most of the paleo-reconstructions of

Brazilian upwelling zones, including assemblages of planktonic for-
aminifera. The CFUS is located on the continental shelf near the site of
our core GL-1090 and, therefore, it can be used as a control area to
evaluate variations in upwelling in relation to our reconstructions using
the planktonic foraminifera assemblage. In areas adjacent to the CFUS,
the relative abundance of G. bulloides remained below 5% throughout
the Holocene and the last deglacial (Toledo et al., 2008; Lessa et al.,
2014; Portilho-Ramos et al., 2015). However, within the CFUS, the
relative abundance of G. bulloides during the Holocene reached values
of up to 14 ± 3% for specimens of> 125 μm and values of up
to18 ± 5% for specimens> 150 μm (Lessa et al., 2014, 2016). These
values are close to those of important eastern boundary upwelling
systems such as the Humboldt, Mauritania and Benguela (20–40%) and
the SW Indonesia (15–30%) currents (Giraudeau et al., 1993; Kucera
et al., 2005; Mohtadi et al., 2005, 2007).

3. Material and methods

The sediment core GL-1090 (Fig. 1) was collected by Petrobras in
the Santos Basin slope (24.92°S, 42.51°W) in a water depth of 2225 m,
recovering a sediment column of 19.14 m. The core GL-1090 covers a
time range from 185 to 6 kyr and its mean sedimentation rate is 13 cm/
kyr with the lowest values occurring during interglacials (MIS 5e and
MIS 1) and highest values during MIS 4. The age model of core GL-1090
was described in details in Santos et al. (2017).

The planktonic foraminifera assemblage was defined for core sec-
tions representing ages from 140 to 75 kyr BP (MIS 6 and MIS 5) and
from 20 to 5 kyr BP (MIS 2 and MIS 1). We analyzed assemblages with
4 cm resolution for MIS 1 and 5e sections due to low sedimentation
rate, and 10 cm for the other sections. We washed 10 cm3 of sediment
through a 150 μm mesh sieve and the residue was dried at 50 °C for
24 h. The fraction> 150 μm was re-sieved dry and then divided until
300–500 individuals remained for identification at species level.
Species were identified according to Kennett and Srinivasan (1983) and
Loeblich and Tappan (1988). Individuals identified as Globigerina ber-
mudezi (e.g. Vicalvi, 1997) were classified as G. bulloides since the single
difference between them is the occurrence of one or two big kummer-
form chambers in G. bermudezi tests. However, G. bermudezi individuals
were always much rarer than G. bulloides sensu stricto individuals. We
did not consider the influence of dissolution on the assemblage's com-
position or for our paleoceanographic interpretations since core GL-
1090 was collected from a depth above the lysocline (Van Andel et al.,
1977).

Using census counts of planktonic foraminifera, we calculated the
relative abundances of Globigerinoides ruber white (TW dwelling) and G.
bulloides (related to upwelling-driven high productivity) and we esti-
mated paleotemperatures with the whole assemblage through the
Modern Analog Technique (MAT) (Hutson, 1980). To do that, we used
the MARGO project databank of 891 core tops with planktonic for-
aminifera assemblages and temperature values from the entire Atlantic
(Kucera et al., 2005). We chose to use the entire Atlantic database ra-
ther than the South Atlantic database alone due to a lack of South
Atlantic analogs between 5 and 15 °C and because both reconstructed
temperature variations and noise were similar in both developed
models. In addition, 161 core tops from upwelling areas off Iberian
Peninsula and NW Africa (Salgueiro et al., 2014) were added to data
base aiming to increase the number of analogs for upwelling conditions.
Temperature values were extracted for each core top in two water
column layers (10 and 100 m) from the World Ocean Atlas (WOA) 2013
(Boyer et al., 2013) using the Ocean Data View software (Schlitzer,
2014). The choice of temperatures at 10 and 100 m is referent to upper
and lower limits of the photic zone and it allows us visualize the po-
tential influence of SACW upwelling over the maximum primary pro-
ductivity layers. The MAT method is based on calculations of
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Fig. 1. (a) Map of the South Atlantic surface circulation
(modified from Peterson and Stramma, 1991) and the SST
spatial distribution. (b) View of the study area (yellow
rectangle in (a)) showing the bathymetry (filling) high-
lighting the 100 m isobath, location of core GL-1090 used
in this study (black circle) and cores from Santos (24°S) and
Campos (21°S) basins used for comparison (Portilho-Ramos
et al., 2015; Petró et al., 2016; Lessa et al., 2014, 2016;
Almeida et al., 2015) (white circles), as well as current
upwelling zones (cyan crosses). (c) Vertical distribution of
the temperature in the first 450 m depth of the Santos Basin
transect (small map) showing the water masses (separated
by the 18 °C isotherm, according to Albuquerque et al.,
2014) responsible for coastal and shelf upwelling events.
Acronyms: SEC – South Equatorial Current; SECC – South
Equatorial Countercurrent; NBC – North Brazil Current;
NECC – North Equatorial Countercurrent; BC - Brazil Cur-
rent; SAC – South Atlantic Current; MC – Malvinas (Falk-
land) Current; TW – Tropical Water; SACW – South Atlantic
Central Water. (For interpretation of the references to color
in this figure legend, the reader is referred to the web
version of this article.)

Fig. 2. Graphical modeling of the MAT method for paleo-
temperature reconstruction showing the correlation and
residuals between observed and estimated temperatures at
10 m (a), and 100 m (b) using the core-tops foraminifera
databank (North and South Atlantic) from Kucera et al.
(2005) and Salgueiro et al. (2008, 2014). Numerical data
on model performances are summarized in Table 1.
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dissimilarity between the downcore assemblage (fossil) and the core-
tops data base (Hutson, 1980). We performed the MAT method in the
C2 software (Juggins, 2003), and performance of the models in re-
constructing paleotemperatures was cross-validated using the leave one
outmethod. Analogs dissimilarity was calculated using the Square Chord
distance and the estimated paleotemperature was obtained by the
weighted mean from the 10 best core-top analogs. Graphical and nu-
meric representations of model performances are summarized in Fig. 2
and Table 1.

4. Results

Estimated temperatures at 10 m (T10m) ranged between 21.5 and
27 °C (Fig. 3), with low values between 140 and 120 kyr BP and high
values during MIS 5c, 5a and during the last 20 kyr. Estimated tem-
peratures at 100 m (T100m) ranged between 15.8 and 23.5 °C and var-
iations exhibited the opposite trend to the surface layer, except after
10 kyr BP. For T100m, values were high during MIS 6, 5a and most of the
last 20 kyr. Low values ranged from MIS 5e to Early MIS 5c and at about
15 kyr BP.

The relative abundance of G. ruber white ranged between 18 and
63% (average 36.2 ± 8.48%) (Fig. 3). The highest percentages oc-
curred between 90 and 80 kyr BP (MIS 5b) and after 20 kyr BP. The
lowest percentages occurred during the MIS 5e and 5d (130 and 110 kyr
BP). The relative abundance of G. bulloides ranged between 0.4 and 28%
(average 10.5 ± 7.25%), with the highest values occurring from the
end of the penultimate deglacial to MIS 5c (130–98 kyr BP), which were
generally within or above the CFUS average Holocene range. Low
percentages of G. bulloides occurred after 20 kyr BP.

5. Discussion

The relative abundance of G. bulloides has been used as an upwelling
indicator in several studies (Little et al., 1997a; Marchant et al., 1999;
Anderson and Prell, 1993; Lessa et al., 2014). In the CFUS and adjacent
areas, Lessa et al. (2014) described the distribution of G. bulloides be-
tween the Campos and Santos basins and showed that high abundances
of this species occur only in the CFUS (up to 15%). Considering
only> 150 µm sized individuals in the assemblage of that study, the
average relative abundance of G. bulloides increased up to 18%. Overall,
that study indicated that relative abundance values ≥15% can be
linked to upwelling conditions in the SE Brazilian margin. The relative
abundance values of G. bulloides for the CFUS are similar to those re-
ported in eastern boundary upwelling systems such as the Humboldt,
Mauritania and Benguela (20–40%) and the SW Indonesia (15–30%)
systems (Giraudeau et al., 1993; Kucera et al., 2005; Mohtadi et al.,
2005, 2007). Therefore, we compared the range of G. bulloides relative
abundance in the CFUS (Lessa et al., 2014, 2016) during the Holocene
to our G. bulloides relative abundance values from core GL-1090 to
identify and evaluate periods of expansion of the coastal upwelling
zones. In addition, we used a ratio between G. bulloides and G. ruber
white (Gb/Gr) to verify changes in upwelling intensity during high-
intensity periods (Fig. 4). High Gb/Gr ratios suggest cold water intru-
sions in the surface layer, whereas low values suggest a predominance
of warm surface waters (Conan et al., 2002; Toledo et al., 2008; Lessa
et al., 2014; Lessa et al., 2016).

Our results for core GL-1090 indicate high relative abundances of G.
bulloides, frequently above 20%, from MIS 5e to 5c that are comparable
to values from the CFUS (Fig. 3). Such high values and the divergence
between T10m and T100m indicate that our site at 24°S presented up-
welling conditions similar to or stronger than the Holocene CFUS be-
tween 130 and 98 kyr BP. The presence of the SACW in the surface
layer was at its maximum between 120 and 115 kyr BP, migrating to
deeper layers towards MIS 4. In contrast, high abundances of G. ruber
white, low Gb/Gr values, and high T10m and T100m indicated the pre-
dominance of the TW after 20 kyr BP (Figs. 3 and 4). After 20 kyr, the
thermocline was likely deeper and the state of the BC was similar to
nowadays, with a thick warm layer covering the entire photic zone that
favored tropical and subtropical planktonic foraminifera species, such

Table 1
MAT performance for temperature reconstructions for two targeted water depths using
leave-one-out cross-validation.

Model R2 RMSEP (°C) Average bias
(°C)

Maximum bias
(°C)

Temperature 10 m 0.990 0.850 0.053 1.008
Temperature 100 m 0.980 0.893 0.0903 1.019

Fig. 3. Estimated paleotemperatures by MAT at depths of
10 m (red) and 100 m (blue) with a 7 points weighted
running mean to MIS 5 (thick lines).Relative abundances of
G. ruber white (brown; a Tropical Water indicator) and G.
bulloides (green; an upwelling indicator) along the MIS 5
and the last 20 kyr of core GL-1090. Marine isotopic stages
(MIS) are partitioned into white and light grey subdivi-
sions. Triangles (along X-axis of left panel) indicate 14C
AMS-dated ages and crosses (along X-axis of right panel)
indicate chosen benthic foraminifera δ18O tie-points ac-
cording to Santos et al. (2017). Boxplot shows G. bulloides
abundance variation at Cabo Frio Upwelling System (CFUS)
during the Holocene (size fraction> 150 μm; solid line and
grey band represent recent mean and standard deviation
(Lessa et al., 2014); dotted lines represent Holocene max-
imum and minimum values (Lessa et al., 2016)).
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as G. ruber. Thus, we assume that the modern foraminiferal assemblage
was established at 20 kyr BP. The difference in foraminiferal assem-
blages between MIS 1 and MIS 5 found here and described in another
study (Portilho-Ramos et al., 2015) is puzzling. Our results prompted us
to consider that a warmer climate alone is insufficient to promote up-
welling expansion.

In Fig. 5, we plot the observed variation in relative abundances of G.
bulloides from Portilho-Ramos et al. (2015) and Petró et al. (2016) from
Campos Basin (21°S) and our data from core GL-1090 (24°S) to in-
vestigate spatial expansion of the upwelling system along the western
South Atlantic. The records at 21°S mirror our results at 24°S, i.e. they
exhibit high relative abundances of G. bulloides during MIS 5 (exceeding
the CFUS mean value of 20%) and values lower than the CFUS
minimum after 20 kyr BP (Fig. 5). The concordance of these three da-
tasets clearly reveals that a large-scale expansion of the upwelling
system dominated most of MIS 5. Portilho-Ramos et al. (2015) attrib-
uted the high abundance of large G. bulloides specimens between 110
and 88 kyr BP to changes in coastline configuration due to a lower sea-
level stand (20–70 m lower than today). This lower sea-level promoted
greater instability of the BC when it passed the Abrolhos Bank, which
favored upwelling of the SACW (Portilho-Ramos et al., 2015). If this
reasoning was correct, during MIS 5e when the sea-level was 7 ± 12 m

higher than present (Thompson and Goldstein, 2005; Rohling et al.,
2008; Spratt and Lisiecki, 2016), a low G. bulloides relative abundance
should have been observed. However, our new data and that of Petró
et al. (2016), exhibit a sharp increase in G. bulloides abundances with
the onset of MIS 5e. Therefore, interglacial ocean-atmosphere dynamics
should be invoked as the main factor responsible for this expanded
upwelling system, and not sea-level fluctuations.

Since upwelling systems are generally wind-driven, insolation and
orbital configurations may play an important role in intensifying or
weakening wind systems over the long term (Little et al., 1997b; Peeters
et al., 2004). MIS 5 is characterized by eccentricity values above 0.033,
which are consistently higher than the eccentricity after 20 kyr BP
(Fig. 5). The eccentricity maximum during MIS 5 boosted the preces-
sional amplitude, leading to a stronger seasonal modulation of insola-
tion. Thus, these high eccentricity values would have influenced the
wind regime at our study site by controlling the amplitude of the winter
and summer insolation and, as a consequence, altering seasonality
(Fischer and Jungclaus, 2010; Bakker et al., 2014; Kostadinov and Gilb,
2014). Warmer summers during MIS 5 would have induced stronger NE
winds, which are fundamental to contemporary continental shelf up-
welling in this region. Model simulations comparing MIS 5e and pre-
industrial periods revealed a warmer and drier climate in Brazil and the

Fig. 4. Variation of the ratio between G. bulloides and G.
ruber white (Gb/Gr) and the MAT temperature at 100 m
along MIS 2 - 1 (a) and MIS 5 (b) GL-1090 core sections.
Dotted lines indicate the Holocene TW–SACW boundary.
Triangles indicate 14C AMS-dated ages and crosses indicate
benthic foraminifera δ18O tie-points according to Santos
et al. (2017).

Fig. 5. Comparison of orbital parameters (extracted from
Berger and Loutre, 1991) and G. bulloides relative abun-
dances in 21°S cores (Portilho-Ramos et al., 2015; Petró
et al., 2016) and a 24°S core (GL-1090, this study) along the
(a) last 20 kyr and (b) MIS 5 core sections. The boxplot
shows the range of G. bulloides relative abundance for the
Holocene at the CFUS (Lessa et al., 2014, 2016). Triangles
indicate 14C AMS-dated ages and crosses indicate benthic
foraminifera δ18O tie-points according to Santos et al.
(2017).
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western South Atlantic during MIS 5e (Fischer and Jungclaus, 2010).
These simulations suggested a westward displacement of the South
Atlantic high pressure system during the Last Interglacial, which con-
sequently reduced the moisture and increased the air temperature over
South America. This reasoning could be applied to most of MIS 5, since
not only MIS 5e presented high eccentricity values (Fig. 5). Considering
that the NE winds represent the western border of the South Atlantic
high pressure system, more prolonged NE wind episodes might have
been common in our study area during MIS 5 summers. In contrast, the
eccentricity values below 0.002 might not have been able to enhance
NE winds and bring the South Atlantic high-pressure system near en-
ough to the continental margin to promote expansion of the upwelling
zone after 20 kyr BP (Fig. 5).

Fig. 6 and Table 2 summarize the contrasting conditions between
140 and 75 kyr BP and 20–6 kyr BP. The upwelling intensification ob-
served during MIS 5 led to a shoaling of the 18 °C isotherm (which
represents the present-day TW-SACW boundary, Belem et al., 2013),
driving the nutrient-rich SACW into the photic zone (Fig. 6a). During
the last 20 kyr BP, the upwelling system weakened and offshore waters
presented low productivity (Fig. 6b). With a more stable BC flux in the
last 20 kyr BP, the SACW rarely reached the photic zone in offshore

areas, restricting high productivity areas to current shelf upwelling
zones. Therefore, we suggest that an expanding–retreating upwelling
system is likely located between the latitudes of 20°S and 28°S. This
spatial range is based on the locality where modern continental shelf
upwelling zones are observed (Fig. 1). Therefore, the CFUS and other
upwelling zones along the Brazilian continental margin are modern
remnants of this more extensive system.

Besides the SE Brazilian margin, strong upwelling events during MIS
5 have also been documented for the Arabian monsoonal upwelling
system (Leuschner and Sirocko, 2003; Ishikawa and Oda, 2007). The
similarities between these two western oceanic boundary areas indicate
that the wind regime of low latitudes is an important regulator of up-
welling dynamics at these locations. In addition, more broadly, i.e.
encompassing both the Indian and South Atlantic basins, the wind re-
gime could determine oligotrophic or eutrophic conditions in both the
western South Atlantic and western Indian basins. Based on our new
results, we suggest that a close relationship exists between variations in
the amplitude of eccentricity and offshore expansions of upwelling
systems between the latitudes of 20 and 28°S. However, more studies
with a wider time range and atmospheric modeling in the South
Atlantic are necessary to confirm or refute our hypothesis. We also

Fig. 6. Conceptualization of the Southwest Subtropical
Atlantic surface circulation for MIS 5 (a) and after 20 kyr
BP (b), highlighting the favorable oceanographic and at-
mospheric factors for expansion and retreat of the upwel-
ling system, with spatial (left) and vertical (right) views.
Dashed lines in panels at right indicate the photic zone
boundary. WSC = wind stress curl.

Table 2
Summary of the reconstructed interglacial scenarios in the Southwest Subtropical Atlantic (SWSA) upwelling system.

SWSA upwelling system Time Main characteristics

Expanded mode MIS 5 (130–90 kyr BP) • Intense wind regime due to enhanced summer signal (high eccentricity)

• Unstable BC flux combined with wind stress curl on shelf and coastal Ekman transport.

• Shallow offshore thermocline due to BC instabilities.
Retreated mode Last 20 kyr BP • Reduced summer signal (low eccentricity)

• More stable BC flux, so upwelling restricted to shelf zones.

• Offshore thermocline below the photic zone.
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highlight that future studies using proxies related to the carbon cycle
(e.g. stable isotopes of carbon and boron) could generate valuable in-
sights into the consequences of this expansion of upwelling systems in
terms of the carbon budget during MIS 5.

6. Conclusions

Using relative abundance of G. bulloides and temperature re-
constructions from core GL-1090, we observed intense upwelling events
in the Santos Basin (24°S) during MIS 5. The agreement between several
marine records suggests that current coastal upwelling zones are rem-
nants of a larger expanding–retreating western boundary upwelling
system that spanned 20 to 28°S of the SE Brazilian continental margin.
This upwelling system was characterized by the presence of the TW in
the uppermost layer, while the deep photic layer was dominated by
intrusions of the SACW associated with prolonged episodes of intense
NE winds. We suggest that variation in seasonal amplitude, modulated
by eccentricity, was the dominant factor contributing to upwelling
system expansion during MIS 5 and retreat after 20 kyr BP.
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