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a b s t r a c t
Modern sea surface temperatures (SSTs) were estimated from UK′37 values of ten core-top sediment samples collected under the Cabo Frio upwelling system and validated by comparison with satellite-derived SSTs. UK′37-SSTs
were found to reﬂect annual SST means in the offshore area and seasonal means (winter/spring) in the inshore
and central areas. The latter areas are mainly inﬂuenced by upwelling processes whereas the offshore area is
under the inﬂuence of the thermal front of the Brazil Current (BC). SST variability during the last century was
then reconstructed from three short sediment cores. The record showed a general cooling trend in the inshore
and central areas, suggesting intensiﬁcation of the upwelling process. The trends at the offshore area reﬂected
oscillations of the BC thermal front, with piling up of warmer BC waters closer to the coast since ca. 1950.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
The reconstruction of past sea surface temperatures (SSTs) from marine archives is crucial to improve our understanding of ocean variability and how much of it is due to ocean–atmosphere interactions or
internal dynamics, a key issue of climate research.
Alkenone-UK′37 is well established as a robust and reliable proxy for
reconstruction of past SST (see reviews by Herbert, 2003; Sachs et al.,
2007). A number of factors that potentially could inﬂuence the UK′37
index (e.g. light/nutrient levels, diagenesis) have been shown to little
affect the reliability of UK′37-SST reconstructions. However, there are
still two main issues to consider. Although most studies assume that
UK′37 values reﬂect temperatures at the sea surface, the depth of maximum production can show regional differences. In addition, alkenone
production from coccolithophorids generally shows strong seasonality
that may, in some cases, result in sedimentary UK′37 values reﬂecting
seasonal instead of mean annual temperatures (Leduc et al., 2010a). It
was recently shown that the seasonality of the maximum alkenone
ﬂux in sediment traps varies markedly across the oceans, depending
not only on latitude and light availability but also on local oceanographic conditions (Rosell-Melé and Prahl, 2013). In addition, advection of the
ﬁne-particles that are the alkenone carriers may additionally challenge
interpretations of the proxy, as evidenced in the Malvinas Current
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region (Benthien and Müller, 2000). Therefore, there is a need to constrain the application of the UK′37-SST proxy in different environments
through investigations on modern and/or recent past settings and comparisons with instrumental data.
Documenting the South Atlantic SST variability is of great interest
given its role in the global distribution of heat, which, in turn, governs
climate. Seasonal and interannual variability of South Atlantic SST
plays a fundamental role in the dynamics of the South Atlantic Convergence Zone (SACZ) (Robertson and Mechoso, 2000; Liebmann and
Marengo, 2001; Chaves and Nobre, 2004), which represents one of the
main features of the South American Monsoon System (SMAS) (Zhou
and Lau, 1998; Carvalho et al., 2004) that controls summer precipitation
over the southwestern portion of the continent. There are some sediment SST records in the South Atlantic, several in the eastern part
(Müller et al., 1998; Kim et al., 2002, 2003; Sachs and Anderson, 2003;
Kim et al., 2008; Leduc et al., 2010a) and fewer in the western one
(Benthien and Müller, 2000; Jaeschke et al., 2007; Kim et al., 2008;
Leduc et al., 2010b). But these studies mostly deal with deep ocean settings for rather large time windows. SST records for coastal sites and/or
focused on the recent past, thus enabling comparisons with available instrumental data, are insufﬁcient, with only one done by Mahiques et al.
(2005) for the South-Eastern Brazilian Continental Margin (SEBCM).
The Cabo Frio Upwelling System (CFUS) in the SW Atlantic is particularly interesting because it is a western boundary upwelling system. It
is located in an area where there is a conspicuous change in the shoreline orientation and where synergetic oceanographic mechanisms result in different upwelling areas on the shelf (Belem et al., 2013).
Productivity and sedimentation patterns promote organic matter
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accumulation areas, especially on a mud bank situated roughly along
the 100 m isobath in front of Cabo Frio, with a north-southeast direction.
Such areas are of particular interest because they allow for proxy reconstructions at high time resolution.
In order to document (multi)decadal SST oscillations for the last century, possibly linked to the upwelling variability, we reconstructed UK
′
37-SST from three short sediment cores recovered along a cross-shelf
transect on the mud bank of the Cabo Frio continental shelf. To further
constrain the use of the UK′37-SST proxy we also studied ten core-tops
and compared reconstructed SST with instrumental-derived data
(SeaWiFS, AVHRR and ICOADS/ERSST).
2. Materials and methods
2.1. Regional setting
The regional oceanography of CFUS is characterized by three main
water masses: the surface warm and low salinity Coastal Water (CW),
which ﬂows over the inner shelf (N 15 °C, salinity of 32–34 psu, b 30 m
depth) and results from the dilution of oceanic waters with continental
drainage water; the surface warm and saline Tropical Water (TW),
ﬂowing offshore (24–28 °C, salinity of ~ 37 psu, 0–200 m depth),
which comprises the southward branch of the Brazil Current (BC), the
main current in the area; and the South-Atlantic Central Water
(SACW: b18 °C, salinity of 35–36.4 psu), which is almost constantly located at the shelf bottom (N110 m depth). The complex interactions of
these water masses are thought to control the sedimentation processes
on the SEBCM (Mahiques et al., 2004).
Previous studies linked the occurrence of upwelling to the sudden
change in the axis of the continental shelf, followed by the north–
south oriented Brazil Current (BC) (Rodrigues and Lorenzzetti, 2001).
This setting results in an intermittent surface upwelling of cold and
nutrient-rich SACW at a focal point close to Cabo Frio Island or in a subsurface upwelling at mid-shelf (Valentin et al., 1987; Aidar et al., 1993;
Franchito et al., 2008). Moreover, the typical coastal upwelling mechanism takes place on the inner shelf (0 to ~10 km from coast), largely induced by northeasterly trade winds that favor the Ekman offshore
transport of surface waters (CW and TW) and result in the intrusion
of SACW over the shelf and into surface waters (Moreira da Silva,
1973; Valentin and Kempf, 1977; Valentin, 1984; Castelao and Barth,
2006; Franchito et al., 2008). However, the CFUS system appears to be
more complex than previously thought. On the mid-shelf the interaction of the wind curl, thermal fronts and eddies induced by the
meandering of the BC can favor the upwelling of SACW into the euphotic zone (Castro and Miranda, 1998; Castelao and Barth, 2006; Silveira
et al., 2008). At the shelf break, regional dynamics related to the BC thermal front positioning have also been shown to favor the intrusion of
SACW into the euphotic zone (Belem et al., 2013), contrasting with
the major inﬂuence of warmer waters from BC in this region.
The upwelling at Cabo Frio is intermittent, occurring as short episodic events all year-round, but particularly enhanced during austral
spring/summer under prevailing NE winds on the inner shelf (Castro
et al., 1987; Campos et al., 2000). In contrast, cold front S-SW winds during fall and winter inhibit the surface upwelling of SACW (Valentin
et al., 1987). On the mid- and outer shelf, Ekman pumping induced by
negative wind stress curl not only occurs year-round but also reaches
maximum values in summer (Castelao and Barth, 2006).
The upwelling at Cabo Frio induces pulses of enhanced chlorophyll
concentrations (0.5 to 6.0 mg Chl-a m−3) in the area close to the coast
(Valentin and Coutinho, 1990; Gonzalez-Rodriguez et al., 1992). Although these levels are much lower than those observed in eastern
boundary upwelling regions, such as Benguela: 15–31 mg Chl-a m−3
(Estrada, 1980) and Peru: 10–40 mg Chl-a m− 3 (Strickland et aI.,
1969), they contrast with the overall oligotrophic conditions in continental shelf and open waters off the Brazilian coast that are dominated
by warm tropical waters (Marone et al., 2010). Most importantly, the

elevated phytoplanktonic production of the Cabo Frio upwelling sustains one of the most important ﬁshery areas of the Brazilian continental
shelf (Moreira da Silva, 1971). Upwelling plumes also contribute in the
fertilization of adjacent areas and the export of biomass, which results in
organic-enriched deposits along the transport pathway (Lorenzzetti
and Gaeta, 1996).
A unique sedimentological feature along the continental shelf is a
ﬁne-grained deposit southeast of Cabo Frio Island, extending roughly
over the 100 m isobath in a north-southeast direction. This “mud
bank” was ﬁrst mapped by Dias et al. (1982) and subsequently by
Mahiques et al. (2004). There, sediments are characterized by high contents of silt–clays, especially in its central area (Cruz et al., 2013;
Sanders et al., 2014), relatively elevated total organic carbon (TOC)
and the presence of fresh organic matter (Mahiques et al., 2004, 2005;
Yoshinaga et al., 2008; Sanders et al., 2014). Sediment cores in this
area likely have a high potential for recording past biogeochemical
and oceanic variability at elevated time resolution.
2.2. Sampling location
Three box cores (ca. length of 20 cm, BCCF10-15, BCCF10-09,
BCCF10-01) and ten core-top samples (CT, ﬁrst 0.5 cm) were retrieved
in April 2010 along the mud bank on the continental shelf of Cabo
Frio. The sampling stations were located within an area of ca. 600 km2
(10–60 km offshore; 80–130 m water depth) (Fig. 1 and Table 1). The
box cores used for SST reconstruction were sampled continuously at
1-cm sampling steps.
2.3. Alkenone analysis and UK′37-SST estimation
Alkenones were extracted from dried sediments (ca. 4 g) with a mixture of dichloromethane/methanol (3/1, v/v) in an ultra-sonic bath and
isolated via silica-gel chromatography using solvent mixtures of increasing polarity. They were analyzed by gas chromatography on an Agilent
6890Plus series gas chromatograph equipped with a DB-5MS fused silica
capillary column (60 m, 0.32 mm i.d., 0.25 μm ﬁlm thickness). Helium
was used as the carrier gas. The GC oven temperature was programmed
to increase from 50 °C to 140 °C at 30 °C min−1 (3 min hold time), then
to 280 °C at 20 °C min−1 and to 310 °C at 0.5 °C min−1. The temperature of the on-column injector was programmed at the oven track
mode, and the Flame Ionization Detector (FID) was set to 320 °C. A
known amount of C36H74 was added to the alkenone fraction prior to
GC injection for quantitation. Selected samples were analyzed by gas
chromatography–mass spectrometry (GC–MS) to conﬁrm the alkenone
identiﬁcation and the absence of coeluting compounds. GC–MS analyses
were carried out on an Agilent 6890N GC coupled to an Agilent 5973N
MSD, operated with ionization energy of 70 eV and a scanning mass
range of m/z 50–800 at 3 scans per second.
SSTs were estimated from the alkenone U K′ 37 index ((C 37:2 ) /
(C37:2 + C37:3)) using the calibration of Müller et al. (1998).
2.4. Total organic carbon (TOC) determination
TOC was measured (following carbonate removal) in a PDZ Europa
ANCA-GSL elemental analyzer (1000 °C) at the Stable Isotope Facility
of University of California — Davis (USA) within an analytical precision
of ±0.09%.
2.5. Age models
The age models were based on the downcore proﬁles of excess 210Pb
determined by gamma spectrometry and conﬁrmed through 239 + 240Pu
fallout activities (Sanders et al., 2014). The sediment accumulation rates
(SARs) were obtained through the Constant Initial Concentration (CIC)
dating method (Appleby and Oldﬁeld, 1992), with 210Pb(ex) being ﬁtted
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Fig. 1. Cabo Frio continental shelf with the study area indicated with a polygon, the sampling sites highlighted and showing the 10-year mean sea surface temperature (SST) distribution
from AVHRR/PFEL-NOAA (A). The 50-year mean temperature distribution along the cross-shelf section obtained from a dataset of ca. 1200 oceanographic stations from the World Ocean
Data Center (B). Triangles represent box core samples and circles represent core-top samples.

via the least squares procedure, and the slope of the log-linear curve
was used to calculate the SAR.
2.6. Instrumental data
The monthly means of SST from the AVHRR Pathﬁnder program
(Kilpatrick et al., 2001) were obtained from the OceanWatch portal of
PFEL/NOAA. This dataset has a spatial resolution of 4.5 km and covers
the period from Sep/1981 to Dec/2009, including both day and night
passes. Seasonal and annual SST averages were calculated for each
core-top sampling location. Monthly SST data from ICOADS (International Comprehensive Ocean–atmosphere Dataset)/ERSST (Enhanced
Reconstructed Sea Surface Temperature) Version 3 (Smith et al., 2008)
were used to assess oscillations for the 1854–2010 interval. However,
due to the coarse 2° resolution of this dataset, a single location in the
mid-shelf was taken as being representative of the study area. To assess
the annual variation of surface Chlorophyll-a in the area, satellitederived data were obtained from monthly integrated Sea-viewing
Wide Field-of-view Sensor (SeaWiFS) dataset from OceanWatch/
NOAA (http://las.pfeg.noaa.gov/oceanWatch) for each sampling location, with a spatial resolution of 0.1°, for the period from 1997 to

2010. Global monthly Upwelling Index (UI) data for the period from
1981 to 2012 were obtained from PFEL/NOAA (http://www.pfeg.noaa.
gov/products/las/docs/global_upwell) derived from wind stress data,
just for the inshore area, using a coastline orientation of 40° (Bakun,
1973; Schwing et al., 1996).
3. Results and discussion
3.1. Spatial distribution of TOC and alkenones in core-top sediments
TOC contents in surface sediments (core-tops) of the study area
ranged from 1.1 to 2.7% (Table 1). They are low compared to those
found in eastern boundary upwelling systems, e.g., Peru (Henrichs and
Farrington, 1984) and Benguela (Robinson et al., 2002), reﬂecting
lower primary production in the CFUS. However, they contrast with
the b1% TOC contents reported for the oligotrophic SEBCM (Mahiques
et al., 2004; Rossi-Wongtschowski and Madureira, 2006) and highlight
the importance of the upwelling process in the study area. The obtained
TOC contents are overall higher than those reported previously by
Mahiques et al. (2004) (ca. 1.0–1.8%) and by Yoshinaga et al. (2008)
(0.11–1.5%) for the Cabo Frio area. This difference reﬂects the TOC
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Table 1
Sampling locations, TOC contents, concentration of alkenones, sediment accumulation rate, Sea Surface Temperature (SST) derived from alkenone (UK′37) and from instrumental data and
chlorophyll-a data from the Cabo Frio continental shelf.
Sample #
CORE-TOPS
CT-02
CT-04
CT-07
CT-08
CT-10
CT-11
CT-12
CT-13
CT-14
CT-16
Sample #

Lat
(°S)

Long
(°W)

Water depth
(m)

TOC
(%)

Chl-a
(mg m−3)

Uk′37-SST
(°C)

AVHRR-SST
(°C)

ΔT
(°C)

ΣAlk
(μg g−1)

23.3252
23.2764
23.1121
23.1982
23.1284
23.1054
23.1640
23.0651
23.1103
23.0707

41.5077
41.6447
41.6352
41.6751
41.7201
41.7356
41.8936
41.8317
41.9670
41.9810

119
120
93
113
101
96
121
82
113
103

1.1
2.2
1.7
2.7
1.8
1.6
1.9
1.4
2.7
2.4

0.27
0.29
0.34
0.34
0.36
0.36
0.41
0.45
0.55
0.71

24.0
23.9
22.7
22.8
23.1
22.3
22.7
23.3
21.9
22.2

23.78
23.70
22.41
22.42
22.40
22.40
22.43
22.36
22.34
22.0

−0.19
−0.23
−0.28
−0.42
−0.75
0.12
−0.29
−0.98
0.46
−0.23

1.07
1.77
0.51
1.23
1.25
0.75
1.12
0.95
1.08
1.23

Lat
(°S)

Long
(°W)

Water depth
(m)

b

TOC
(%)

SAR
(cm yr−1)

b k′
U 37-SST
(°C)

b

b
ΣAlk
(μg g−1)

23.0586
23.2014
23.4039

41.8761
41.7361
41.5900

79
117
128

1.7 (0.9–2.9)
2.0 (1.0–2.8)
1.4 (0.7–2.0)

0.55
0.17
0.10

22.7 (21.5–23.6)
20.7 (18.9–22.7)
24.3 (23.6–24.9)

23.0 (22.5–23.8)
22.8 (22.0–23.7)
24.0 (23.4–25.2)

0.53 (0.20–0.89)
6.9 (2.6–14)
0.56 (0.19–0.87)

ERSST (°C)

a

BOX CORES
BCCF10-15
BCCF10-09
BCCF10-01

Chl-a — satellite chlorophyll-a obtained from SeaWiFS; UK′37-SST — alkenone-derived sea surface temperature (SST); AVHRR-SST — satellite-derived SST from AVHRR/NOAA; ΔT — difference
between instrumental- and alkenone-derived SST; ΣAlk — sum of C37 and C38 alkenone concentrations; TOC — total organic carbon; SAR — sediment accumulation rate; ERSST — instrumentalderived SST from ICOADS; NA — not applicable.
a
Downcore distributions are given in the supplementary data (Table 2).
b
Median values and ranges.

enrichment of the ﬁne-grained sediments of the mud bank, where our
sampling stations are located. The inshore and central stations were
characterized by higher TOC contents (Table 1).
The concentrations of total alkenones (C37 + C38: ΣAlk) ranged from
0.51 to 1.8 μg g−1. They also showed higher values in the central area
(CT-04 and CT-08) and in the inshore area of CFUS (Table 1, Fig. 2A).
When normalized to organic carbon, the alkenone concentrations
(9–96 μg g−1 C) were higher at the offshore stations (Fig. 2B), consistent
with previous results, showing an enhanced contribution of diatomderived lipids in the organic carbon content of the inshore and central
areas (Yoshinaga et al., 2008) as opposed to coccolithophorid-derived
alkenones, which appear to be enhanced farther offshore. This ﬁnding
is in agreement with the typical phytoplankton succession in upwelling
systems, which is characterized by diatoms dominating marine productivity in newly upwelled waters, whereas dense coccolithophore communities are found further offshore (e.g. Henderiks et al., 2012). The
presence, albeit not dominant, of coccolithophores in upwellings has

allowed SST-reconstructions in a number of EBUS (e.g. McGregor
et al., 2007; Leduc et al., 2010a; Gutiérrez et al., 2011). In the study
area, on-going lipid investigations being done on surface sediments
and sediment traps will further deﬁne organic matter sources and
ﬂuxes, and their spatial/temporal trends.
3.2. Disentangling the UK′37-SST signal from core-tops of CFUS
To constrain the application of alkenone-derived SST in CFUS, we
present the UK′37-SST results for ten core-top (0.5 cm) samples in relation to satellite data in the study area.
The annual mean AVHRR-SSTs (1981–2009) at the core-top locations range from 22.0 to 23.8 °C (Table 1). Monthly means in the
study area show that warmer surface waters occur in summer and
early autumn (Fig. 3A). After this period SSTs decrease and then rise
again in spring. In spring and summer, a conspicuous offshore positive
gradient is observed, mainly due to the inﬂuence of the BC offshore.

Fig. 2. Spatial variability of the total alkenone concentrations (μg g−1) (A) and carbon-normalized alkenone concentrations (μg g−1C) (B) in core-top sediments from the Cabo Frio
continental shelf. The names of the sampling stations are given in map A.
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dynamic and complex continental shelf systems like the Cabo Frio
setting.
The differences between instrumental and proxy data (ΔT =
AVHRR-SST − UK′37-SST) are b 1 °C for the core-top samples (Table 1),
smaller than previously reported by Benthien and Müller (2000) in a
SW Atlantic study. The UK′37-SST values reported by these authors
were considered to be in agreement with instrumental data for areas
close to CFUS (the western tropical Atlantic, Brazil Current region and
South Atlantic Tropical Gyre north of 32°S). Overall, our study on coretops from the CFUS shows that the UK′37-SST proxy and the global calibration of Müller et al. (1998) yield reliable SST data in the study area,
provided that the core location is taken into account when interpreting
the data.
3.3. SST oscillations over the century

Fig. 3. Satellite-derived SST (AVHRR Pathﬁnder v.5) (A) and satellite chlorophyll-a
(SeaWiFs) (B) monthly mean values (points and bars) and standard errors (lines) from
inshore (sampling station #15), central (sampling station #09) and offshore (sampling
station #01) areas of the Cabo Frio continental shelf.

The SeaWiFS surface chlorophyll-a (Chl-a) concentrations were
inversely related to AVHRR-SSTs, being more abundant during winter/
autumn (Fig. 3B) and showing a decreasing trend from inshore
(0.71 mg m−3) to offshore (0.27 mg m−3). This spatial pattern of satellite SST and Chl-a is consistent with the inﬂuence of coastal upwelling
inshore and of warm, oligotrophic BC waters offshore.
The median SST derived from alkenone data (UK′37-SST) is 22.8 °C,
ranging from 21.9 to 24.0 °C and falling within the range of the annual
mean AVHRR-SST (Table 1, Fig. 4A). Similar UK′37-SST values were reported by Mahiques et al. (2005) for the last 200 years from a low resolution study of sediment cores in the Cabo Frio coast (ca. 21.5–25.0 °C).
Our UK′37-SST data in core-tops exhibit an increasing trend from inshore
to offshore stations (Fig. 4A), consistent with the inﬂuence of cooler upwelling waters closer to the coast and of warmer BC waters offshore.
However, the annual mean AVHRR-SSTs do not show this trend
(Fig. 4B), being higher than UK′37-SST in the inshore and the central
areas of CFUS. Taking into account that satellite-derived SST data show
a relevant seasonal pattern (Fig. 3), we explored possible seasonal responses of the UK′37-SST that would account for the discrepancies observed between UK′37-SST and mean annual satellite-SST. We found
that UK′37-SSTs at inshore and central stations better reﬂect winter/
spring SST means than annual means (Fig. 4A–B–C, see also Fig. 6 in
the supplementary data), likely recording local conditions such as coastal upwelling events. However, the warmer UK′37-SST values offshore reconstruct the annual mean SST of the dominant BC waters (or the
thermal front). Thus, the UK′37-SSTs in the study area better ﬁt with a
composite spring/winter (inshore and central areas) and annual (offshore) satellite-SSTs (Fig. 4D), showing a signiﬁcant correlation (0.72,
p b 0.05, Spearman). Our ﬁndings highlight the need for caution when
paleoenvironmental conditions are reconstructed from a single core in

Estimated sedimentation rates (SAR) are different for the three sediment cores we studied (0.10 to 0.55 cm yr− 1, Table 1). Thus, core
BCCF10-15 in the inshore area recovered the last 36 years (time resolution of ca 2 years), whereas core BCCF10-09 (central area) and core
BCCF10-01 (offshore area) recovered the last 112 and 164 years, with
a time resolution of ca. 6 and 9 years, respectively. Because age models
based on 210Pb can be applied with conﬁdence up to 130 years (Binford,
1990) cal. ages from 1846 to 1883 in the offshore core were estimated
based on linear regressions.
Differences between mean ERSST and UK′37-SST values are ca. 0.3 °C
for the inshore and offshore cores, but higher (2.1 °C) in the central core
(Table 1), where the lowest UK′37-SSTs were observed (see discussion
below). This discrepancy can be attributed to the low spatial resolution
(2° × 2°) of the ERSST data, which may not properly capture in detail SST
variations on the shelf, especially those likely related to upwelling,
where gridded data sets are likely to smooth out the cooler upwelled
waters.
The UK′37-SST values showed different temperature ranges for each
area of CFUS. Consistent with the core-top data, higher values are
found in the offshore core (23.6–24.9 °C). However, SST values were
lower in the central area (18.9–22.7 °C) than in the inshore area
(21.5–23.6 °C) (Table 1, Fig. 5).
In the inshore area (core BCCF10-15), UK′37-SSTs show a signiﬁcant
short-term variability superimposed on a general trend of cooling in
the last ca. 36 years (Fig. 5). Here, SST appears to be controlled by coastal upwelling events inasmuch as the UK′37-SST and PFEL/NOAA global
upwelling index show roughly opposite trends (Fig. 5). However, admixture with warm Coastal Waters may have also modulated the SST
values. Both UK′37-SST and the global upwelling index likely suggest intensiﬁcation of coastal upwelling over the last 30 years.
On the central area (core BCCF10-09), UK′37-SSTs show lowest values
(18.9–22.7 °C, Fig. 5) suggesting that this location preferentially records
the inﬂuence of the upwelled SACW. Highest TOC values and alkenone
concentrations (Table 1) are also consistent with upwelling-driven productivity signals, and associated proxies, being preferentially recorded
in the central sediments. These signals derive from phytoplankton productivity developing in the overlying surface waters and/or in surface
waters from the inshore area, where upwelling and productivity are enhanced (higher Chl-a concentrations, Fig. 3B). Both upwelling plumes
and particle advection favor such a cross-shelf transport. In addition,
oceanographic features of CFUS, such as the ﬂuctuation of SACW and
the displacement of the thermal front of BC, seem to enhance lateral
transport from inshore to adjacent offshore areas. The UK′37-SST record
in core BCCF10-09 also shows a gradual cooling trend (Fig. 5), suggesting increasing inﬂuence of the SACW, and thus upwelling strengthening, during the last century.
In the offshore area (core BCCF10-01), the UK′37-SST data reﬂect an
overall smooth cooling from 1840 to 1955 and then a slight warming
until the present. Offshore, SST variability is related to oscillations in
the position of the thermal front of the BC. When the thermal front is
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Fig. 4. UK′37-SST in core-top samples (A), annual mean AVHRR-SST (B), winter/spring mean AVHRR-SST (C) and the composition of the winter/spring mean AVHRR-SST at inshore and
central areas and the annual mean AVHRR-SST at offshore area (D) on the Cabo Frio continental shelf.

closer to the coast, SSTs increase, whereas when it is more distant, other
mechanisms in the shelf region are enhanced, including SACW shoaling
and coastal upwelling, resulting in lower SSTs. The adjustment of the BC

registered in the offshore core of the CFUS since ~1950 can be associated
with the intensiﬁcation of zonal winds across the tropical Atlantic due to
climate change, resulting in the piling up of warmer BC waters closer to

Fig. 5. Temporal oscillations of alkenone-derived SST (UK′37-SST) obtained for the inshore core (BCCF10-15), the central core (BCCF10-09) and the offshore core (BCCF10-01) and temporal
oscillations of the PFEL/NOAA global upwelling index and the foraminifera-derived upwelling index estimated from the Gb/Gr ratio (Globigerina bulloides and Globigerina ruber planktonic
foraminifera ratio) by Souto et al. (2011) on the Cabo Frio continental shelf.
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the coast. Increasing zonal winds, due to the repositioning of the Intertropical Convergence Zone (ITCZ), as part of the whole South Atlantic
atmosphere–ocean circulation system, can increase the momentum
transfer to the geostrophic currents, such as the BC, which is reﬂected
immediately in its ﬂow, through instabilities (Carton and Huang,
1994; Perez et al., 2011; Doi et al., 2012).
Souto et al. (2011), using the foraminifera-derived upwelling index,
(Fig. 5) and Mahiques et al. (2005), using SSTs reconstructed from
alkenones, similarly reported intensiﬁcation of the Cabo Frio coastal upwelling and associated it with regional atmospheric factors. Souto et al.
(2011) related the intensiﬁcation of the Cabo Frio upwelling from 1500
to 1830 AD to a southward displacement of the ITCZ, caused by a cooling
of the North Atlantic during the Little Ice Age (1400–1800), and that,
associated with the intensiﬁcation and southern positioning of the
SAH, could have intensiﬁed the NE winds over Cabo Frio and consequently induced upwelling. Intriguingly, recent intensiﬁcation of coastal
upwelling has also been reported for a number of eastern boundary systems, such as on the northwestern African margin (McGregor et al.,
2007), the southern Benguela Upwelling System (Leduc et al., 2010a)
and the Peru upwelling system (Gutiérrez et al., 2011).

4. Summary and conclusions
1. Investigation of alkenones in core-top sediments from the CFUS and
comparison with instrumental data allowed for constraining the application of the UK′37 proxy for SST reconstructions in the study area.
The inshore and central sediments are found to record mainly coastal
upwelling, with the central area appearing as preferentially capturing the upwelling-related SST signal. SST in the offshore area is
mainly controlled by the position of the thermal front of the Brazil
Current.
2. Observed cross-shelf spatial heterogeneities in SST call for
caution when paleoenvironmental conditions in complex and
dynamic continental shelf systems are reconstructed from only
a single core. They also highlight the need for complementary
investigations in modern settings and comparisons with instrumental data.
3. During the last century a conspicuous SST decline was observed in
the inshore and central areas, suggesting intensiﬁcation of coastal
upwelling and of subsurface intrusion of SACW. The intensiﬁcation
of upwelling mechanisms can be related to the southern displacement of the ITCZ and SAH, promoting enhanced NE winds involved
with driving upwelling. In parallel, the cross-shore SST gradient increased, despite the smooth cooling observed at the offshore area.
The slight warming of offshore waters over the last ca. 60 years can
be related to the adjustment of the BC since ~1950, which is possibly
associated with the intensiﬁcation of zonal winds in the South Atlantic due to climate change.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.palaeo.2014.01.020.
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