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Abstract
Anthropogenic climate change is expected to strengthen upwelling events worldwide, driven by an increase of upwelling-
favorable winds. However, Earth System Models (ESM) tend to underestimate regional processes due to their coarse grid 
resolution, which can lead to local biases. We use a high-resolution ocean model ( 1∕12◦ ) forced by results from the Max-
Planck-Institute-ESM to analyze the impact of the RCP8.5 emission scenario on the upwelling of South Atlantic Central 
Water (SACW) in the South Brazil Bight (SBB). We find a stronger Ekman forcing and a higher spread of SACW over the 
shelf, but this does not translate into higher vertical velocities at the bottom of the mixed-layer in the end of the century. The 
increased winds’ effect is essentially balanced by an increase in water column stability due to the surface warming. This is 
particularly important during austral summer, when this process tends to weaken the upwelling. Vertical velocities decrease 
significantly along the shelf break. Here, the upwelling regime is governed by the Brazil Current (BC) and slight changes 
in transport induce large responses in upwelling strength. The consequences are increased sea surface temperatures over 
most of the shelf, although mitigated by the SACW upwelling and kept below global projections. However, temperatures 
decrease along Cabo Frio. In this region, shelf break upwelling dominates and is enhanced by a local increase in the BC 
transport. This highlights the importance of regional processes and, more specifically, of changes in the BC transport for 
the upwelling in the SBB.
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1  Introduction

The South Brazil Bight (SBB) is located between Cabo Frio 
and the Santa Marta Cape ( 23◦ to 28.5◦ S, Fig. 1) (Castro and 
Miranda 1998). Its most striking characteristic is an abrupt 
change in coastline orientation, from NE-SW to E-W in 
the Cabo Frio region. This is accompanied by a progres-
sively larger continental shelf, extending over 200 km at 
its central portion before reducing back to approximately 
70 km at the Santa Marta Cape (Piola et al. 2018). Campos 
et al. (1995) conducted one of the first studies regarding the 

thermodynamic state and circulation in the SBB, based on 
an array of CTD measurements and geostrophic calculations. 
Based on their analysis, the SBB water mass is mainly com-
posed of Tropical Water (TW: > 20 ◦C and salinity > 36.4 ), 
South Atlantic Central Water (SACW: < 20 ◦C and salin-
ity < 36.4 ) and Coastal Water (CW). The latter is a result 
of the dilution of ocean water by the local freshwater dis-
charge from several estuarine systems in this region. It is 
also affected by the intrusion of colder and fresher water 
associated with the Plata River (Campos et al. 1996), with 
its plume having been identified up to 24◦ S (Piola et al. 
2005) within the SBB. This intrusion happens mostly dur-
ing winter and is driven by southwesterly wind anomalies 
associated with cold fronts (Piola et al. 2005; Pimenta et al. 
2005), and to a lesser extent to very high discharge periods 
during El Niño events (Campos et al. 1999).

At the shelf-ocean interface, the SBB dynamics is domi-
nated by the Brazil Current (BC) (Campos et al. 1995, 2000; 
Silveira et al. 2000). The predominantly southwestward flow 
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associated with the BC is composed of TW in the upper 200 
m of the water column, followed by SACW until 750 m and 
Antarctic Intermediate Water (AAIW) down to 900 m (Cam-
pos et al. 1995). Of note is that the sudden change in coast-
line orientation creates intense meso-scale activity along 
the main BC flow, with a general conversion of eddy- to 
mean-kinetic energy (Oliveira et al. 2009). This meso-scale 
activity has been suggested to induce shelf break upwelling 
in the region, through the development of cyclonic meanders 
that propagates southward from Cabo Frio (Campos et al. 
2000; Castelao et al. 2004; Castro et al. 2006). These mean-
ders would be formed due to barotropic shear instabilities 
associated with topographic Rossby waves (Silveira et al. 
2000) developed along the BC. Palma and Matano (2009), 
however, suggested that this shelf break upwelling is rather a 
consequence of coastal geometry. They argued that changes 
in bottom topography would modify the meridional pressure 
gradient along the BC pathway and induce inshore flow in 
the bottom boundary layer. This process would be independ-
ent of the meso-scale activity and account for the differences 
in the effectiveness of the SACW upwelling in the northern 
and southern portions of the SBB.

Aside from the upwelling of SACW related to the BC 
dynamics, the SBB is characterized by the presence of a 
second upwelling regime that affects the region year-round 
(Campos et al. 2000; Palma and Matano 2009). This second 
regime is controlled by the wind-driven Ekman transport. 
In this region, wind-driven upwelling is favorable through-
out the year due to persistent northeasterly winds associ-
ated with the South Atlantic Subtropical High (Castro and 
Miranda 1998; Lima et al. 1996; Castelao et al. 2004). This 
process is most effective during austral summer, when Cerda 
and Castro (2014) found SACW volumes on the shelf twice 
as large as for the TW and Campos et al. (2000) found the 

SACW signal as close as 50 km to the coastline, retreating 
closer to the shelf break (depths > 100 m) during winter. 
These seasonal differences are mainly a consequence of the 
passage of cold atmospheric fronts during winter, bringing 
strong southerly winds to the region (Castro and Miranda 
1998). Möller et al. (2008) also demonstrated how this sea-
sonal wind variability controlled the water mass distribution 
along the Southern Brazilian shelf, south of the SBB, being 
responsible for the SACW upwelling at the Santa Marta 
Cape.

The SBB also has large economic importance for Brazil. 
It is the location of some of the largest crude oil deposits 
(Santos Bay) available for exploration, and very productive 
fisheries grounds that fuel local and international markets 
(Castro et al. 2006). On an ecological sense, Brandini et al. 
(2014) demonstrated how the SACW intrusion improved 
light conditions for phytoplankton growth and provided 
missing nutrients (especially nitrate), fueling primary pro-
duction at the base of the euphotic zone. They also proposed 
that the periodical intrusion and regression of SACW due to 
the wind-driven Ekman transport was used throughout the 
diatoms life cycle to maintain a presence within this nutri-
ent-rich environment, contributing to the formation of a deep 
chlorophyll maximum at the SACW/(TW, CW) interface. 
However, anthropogenic climate change has been shown to 
impact the ecological state of affected regions due to the 
ecosystem’s response to abiotic changes (e.g. temperature 
and sea level rise) and to emergent ecological responses (e.g. 
zonation patterns and biogeographical ranges) (Harley et al. 
2006). Recently, Brandini et al. (2018) stressed how under-
standing climate change’s impacts on the SBB is crucial for 
better management of its coastal tourism and aquaculture.

Notwithstanding, no long-term studies are available in 
this region about the impacts of a changing climate under 
increasing atmospheric greenhouse gas (GHG) concentra-
tions. Analysis of current observational data as well as future 
projections based on global Earth system models predict 
an overall expansion of the Hadley circulation (Davis and 
Rosenlof 2012; Hu et al. 2018) and a southward migration of 
the sub-polar jets (Barnes and Polvani 2013), with an accom-
panying southward migration of the Southern Hemisphere 
atmospheric circulation (Kushner et al. 2000; Rykaczewski 
et al. 2015). Under these conditions, a larger portion of the 
SBB could be under the influence of the stronger NE winds 
that favors upwelling conditions year-round. These could 
lead to an increase in the upwelling’s strength and/or per-
sistence. Similar effects have been found across different 
locations, both on the global (Sydeman et al. 2014; Wang 
et al. 2015) and regional (Snyder et al. 2003; Miranda et al. 
2013; Praveen et al. 2016; Sousa et al. 2017) scales. More 
recently, Varela et al. (2018) identified cooling trends north 
of the SBB when compared to the adjacent open ocean, 
based on a global analysis of AVHRR data from 1982 to 

Fig. 1   Location of the South Brazil Bight, showing its bathymetry. 
The white dashed line marks the shelf break (200 m isobath)
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2015. They linked this SST decrease to a reinforcement of 
upwelling favorable winds but did not investigate further 
potential changes in the course of future scenarios. Nev-
ertheless, despite the usefulness of global climate models 
in providing a general picture of the expected impacts of 
increased GHG concentrations, their ability to properly 
represent regional processes is limited due to their coarse 
resolution (Wang et al. 2010; Snyder et al. 2003). This can 
lead to biased responses on the regional scale due to the 
underrepresented local processes (Praveen et al. 2016).

In the present study, we conduct an investigation of poten-
tial climate impacts on the two upwelling regimes in the 
SBB that takes into account meso-scale processes in the 
ocean circulation. This is carried out by downscaling results 
from a global Earth system model (MPI-ESM-MR, Gior-
getta et al. 2013) using a regional ocean model (HAMSOM) 
of higher grid resolution, under a strong warming scenario 
(RCP8.5-IPCC 2014). This approach allows for an estima-
tion of the upper-bound effects associated with anthropo-
genic climate change and the influence of this external forc-
ing to the SBB, as well as to the mechanisms governing both 
upwelling regimes.

2 � Methods

In this study, we utilize the outputs of a large-scale Earth 
system model (MPI-ESM-MR, Max-Planck Earth System 
Model-Mixed Resolution (Giorgetta et al. 2013)) in the con-
text of the Coupled Model Intercomparison Project Phase 5 
(CMIP5) to provide boundary conditions (atmosphere and 
ocean) for a high-resolution domain ( 1∕12◦ ) spanning the 
whole South Atlantic ( 10◦ N and 54◦ S and 69◦ W and 19◦ 
E, approximately). The high-resolution simulations have 
been performed using the HAMSOM model (HAMburg 
Shelf Ocean Model Backhaus 1985; Pohlmann 1996, 2006) 
and focus on properly resolving the upper ocean flow with 
a crude resolution of the deep ocean circulation. All forcing 
data has been bias-corrected using a combination of AVISO 
satellite information, 3D temperature and salinity profiles 
from SODA (Carton and Giese 2008) and atmospheric data 
from the NCEP/NCAR reanalysis dataset (Kalnay et al. 
1996). For a detailed description of the model configura-
tion and setup and the model evaluation see de Souza et al. 
(2019).

Our total simulation period ranges from 1950 to 2100 
with the interval between 1950 and 1974 reserved to spin-
up the model, necessary due to the bias-correction and the 
increased horizontal resolution compared to the global 
model. The remaining 125 years are then separated into a 
historic (35 years, from 1975 to 2009) and prognostic peri-
ods (90 years, from 2010 to 2100). In order to characterize 
the impacts of climate change as an upper-bound effect in 

the SBB, we utilize MPI-ESM model results reflecting the 
representative concentration pathway 8.5 (RCP8.5, defined 
from 2005 onward) combined with the historical run (Hist, 
defined until 2004), and contrasting against pre-industrial 
GHG levels (Control) (IPCC 2014). For the combined Hist/
RCP8.5 simulations, five ensemble members have been pro-
duced. These ensemble members reflect random modifica-
tions (within 1% of their base values) to the initial tempera-
ture and salinity fields of our high-resolution simulations 
and account for the regional model’s internal variability.

HAMSOM’s results are saved as daily averages through-
out the whole simulation and consist of data on sea surface 
heights, temperature, salinity and zonal and meridional cur-
rent velocities. Seasonal patterns are analyzed by comparing 
austral summer (December, January and February - DJF) 
and winter (June, July and August—JJA) climatologies, 
derived from monthly-averaged data. Because we are also 
interested in the long-term effects associated with anthro-
pogenic climate change, all seasonal variability is then 
removed by applying a 12-months running mean, yielding 
the inter-annual signal.

Our analysis focuses on the SBB region (Fig. 1), limited 
offshore by the continental shelf break (depths < 200 m). 
Long-term climate effects are estimated by comparing time 
slices representing the end of century (EofC: 2071–2100) 
and the historical (Hist: 1980–2009) climatologies. These 
projected change signals are then compared with the vari-
ance of the Control simulation to assess statistical signifi-
cance. To derive a robust and representative variance of the 
Control scenario, we calculate all possible 30-year clima-
tologies, starting from 1980 until 2071. The standard-devi-
ation from these climatologies is then multiplied by 

√

2 to 
double the variance and increase confidence in the calcu-
lated changes, and by 1.96 to ascribe a significance level of 
95%. When the projected change signal is stronger than this 
boosted Control variance, we can consider the found differ-
ences statistically significant, while accounting for the pos-
sibility of model drift within the simulations. This process 
follows the methodology described by Mathis et al. (2018).

Traditionally, the intrusion of SACW in the SBB is esti-
mated based on vertical temperature profiles and isotherm 
depth ( 17 ◦C to 20 ◦C , Campos et al. 1995; Castelao et al. 
2004; Brandini et al. 2014; Castro 2014; Cerda and Castro 
2014), with modeling studies complementing these with bot-
tom velocities (Palma and Matano 2009) or vertical veloci-
ties at specified depths (Campos et al. 2000). Unfortunately, 
changes in temperature and salinity due to increased GHG 
emissions are expected to have a measurable effect in the 
upper 700 m of the Earth’s ocean (IPCC 2013), which would 
make separating changes in the isotherm position from the 
increased warming complicated in the depth range of the 
continental shelf ( ≈200 m). To evaluate this possibility in 
the SBB, we extracted all temperature and salinity data 
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along the shelf break (white dashed line in Fig. 1) for the 
Control and Hist/RCP8.5 scenarios and plotted them in a 
T-S diagram for the historical and end of century clima-
tologies (Fig. 2). Based on this diagram, we can see that no 
significant modifications on the water masses distribution 
is found during the Control simulation and the centroid of 
each climatology overlaps (white X in Fig. 2). At the same 
time, there is a clear shift in both properties for the Hist/
RCP8.5 scenario, affecting the whole water column. Based 
on these results, estimating the SACW’s change signal over 
the SBB based on water mass characteristics would lead 
to uncertainties due to the general temperature and salinity 
increases expected under a warming climate.

As an alternative, changes to the SACW upwelling are 
estimated based on the vertical velocity at the bottom of the 
mixed-layer (WMLD). The bottom-parallel flow associated 
with the upwelling at the shelf break is proportional to the 
vertical velocity over the shelf, while the upwelling associ-
ated with the meso-scale regime directly over the shelf break 
would have a clear vertical influence that should also be 
captured at the mixed-layer. This way, we can represent both 
upwelling regimes described in the literature for the SBB 
using a single reference property. The mixed-layer depth 
(MLD) was calculated based on the temperature difference 
criteria, using a threshold of −0.5 ◦C when compared to the 
sea surface temperature (SST), as first proposed by Levitus 
(1983). This ensures that the calculated WMLD is physically 
consistent throughout the simulation period, always repre-
senting changes in the vertical transport at the top of the 
thermocline. In case the calculated MLD is deeper than the 
total depth at the cell (possible close to the shoreline), all 
interpolated values at those cells are set as undefined for that 
time step and not considered in further calculations.

3 � Results

3.1 � Ensemble evaluation

To verify the quality of our ensemble simulations and 
evaluate the impact of the system’s internal variability on 
the model results, we calculate the domain-averaged (area 
of Fig. 1) SST, MLD and the upwelling velocities at the 
bottom of the mixed-layer (WUpw) for all five ensemble 
members as well as for the median of all ensembles. In 
this case, the median was chosen in order to ensure that 
the generated dataset is comprised of information found 
in at least one of the ensemble members.

For all evaluated variables, the median preserved the 
dominating frequency range of the time series (Fig. 3). 
Among these properties, the highest ensemble spread is 
found for WUpw. This is attributed to slight differences in 
the spatial upwelling spread over the seasonal scale within 
ensemble members. Nevertheless, there is a 0.92 ± 0.01 
correlation between each individual simulation and the 
median. Based on these results, uncertainties associated 
with the internal variability within our simulations can 
be disregarded, and the calculated median based on the 
ensemble members can be used as a representative case 
for the Hist/RCP8.5 scenario. This reflects the strong influ-
ence of the external forcing global model on the ensemble 
spread, which has also been shown for coupled ocean-
atmosphere downscalings for the Northwest European 
shelf (Mathis et al. 2018).

Fig. 2   T–S diagram of samples 
extracted along the SBB’s 
shelf break for the Control 
and Hist/RCP8.5 scenarios. 
Samples related to the histori-
cal climatology (1980–2009) 
are represented by triangles, 
whereas samples related to the 
end of century climatology 
(2071–2100) are represented 
by squares. The color scheme 
represents the depth at which 
each data was extracted. The 
white cross is the centroid of 
each point distribution, for each 
evaluated period. Green, yellow 
and blue backgrounds portray 
the temperature and salinity 
boundaries for the Coastal 
Water, Tropical Water and 
South Atlantic Central Water, 
respectively
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3.2 � Climatic impacts in the SBB

As expected, a clear seasonal signal of the upwelling was 
found across the SBB under present-day climatic condi-
tions (Fig. 4, left panels). This, however, is restricted to 
the middle and inner shelf regions. During austral summer, 
upwelling dominates the bottom of the mixed-layer in the 
central and southern parts of the SBB, with the process 
being interrupted during winter by the advances of cold 
atmospheric fronts from the south. The higher upwelling 
than downwelling rates lead to a dominant upwelling pattern 
in the inter-annual scale, stronger around the Santa Marta 
cape (refer to Fig. 1 for the location). In contrast, a dipole 
structure can be seen along the shelf break and the north-
ern sector (i.e., the Cabo Frio region). This dipole structure 
seems to have a strong correlation with the bottom topog-
raphy at the shelf break, with downwelling cores followed 
by upwelling cores as the BC flows south along the ridges. 
This structure shows a weak seasonality and, essentially, acts 
as a shelf boundary to the general upwelling found during 
summer for most of the SBB. At Cabo Frio, specifically, 
this upwelling extends throughout the whole shelf, leading 
to stronger upward flow when compared with the remaining 
of the SBB coastline. These results reflect the coexistence of 
two different upwelling regimes on the inner shelf and along 
the shelf break of the SBB (Campos et al. 2000).

Anthropogenic climate change impact on the upwelling is 
assessed through the calculation of the change signal (Fig. 4, 
right panels). We find a statistically significant decrease 
of the upwelling strength along the shelf break during all 
periods, showing a weakening of the dipole structure—i.e., 

positive values of the change signal are associated with 
downwelling cores and vice-versa. During austral summer, 
however, a reduction of the upwelling strength is also veri-
fied on the middle and inner shelf of the central and southern 
SBB sectors. The northeastern sector (around Cabo Frio) 
shows the weakest changes among the evaluated periods.

These strong upward vertical flows at the Cabo Frio 
region lead to a marked lower SST, in particular during 
summer, that is also persistent on the inter-annual scale 
(Fig. 5, left panels). In this region, SST is up to 4 ◦C lower 
than at the central sector. This is also apparent at the Santa 
Marta cape, although to a lesser geographical extent. Nev-
ertheless, lower temperatures are found across the whole 
SBB when compared with the warmer waters transported 
by the BC, reflecting the overall effectiveness of the SACW 
upwelling in cooling surface waters. On the inter-annual 
scale, we found the SST across the SBB to vary spatially 
by up to 1.8 ◦C and exceeding 2 ◦C during summer along the 
shoreline. These spatial differences are not as strong during 
winter, although we can still see slightly colder waters in the 

Fig. 3   Domain-averaged sea surface temperature (SST), mixed-layer 
depth (MLD) and upwelling velocity at the bottom of the mixed-layer 
(WUpw). Colored solid lines represent the different ensemble mem-
bers, whereas the black dashed line represents the median. The cho-
sen domain is depicted in Fig. 1

Fig. 4   Historical climatology of the vertical velocity at the bottom of 
the mixed-layer (WMLD— 1980–2009, left panels) for austral sum-
mer, winter and inter-annual scales and their respective projected 
change signals (EofC—Hist, right panels). Positive values for the 
climatologies indicate upward flow. Data is shown up to the 1000 m 
isobath, and the dashed white line identifies the 200 m isobath and 
marks the shelf break. Hashed regions in the projected change signals 
indicate where the difference is smaller than the control variability 
and therefore statistically not significant, and colors need to be inter-
preted in relation to the direction of the climatological flow. Arrows 
in the left panels represent the horizontal velocity field at the bottom 
of the mixed-layer. All values for the WMLD are in meters per day



656	 M. M. de Souza et al.

1 3

narrower shelf regions. The change signal at the end of the 
21st century also reflects these regional differences (Fig. 5, 
right panels). Although SST increases across most of the 
SBB, there is a slight but statistically significant temperature 
decrease at the northern sector of about 1 ◦C . This mainly 
extends between Cabo Frio and Ubatuba (see Fig. 1 for loca-
tion references). The increase in temperature is also smaller 
along the shelf break, being influenced by the shelf break 
upwelling regime. In contrast, bottom temperature increases 
along the shelf break (up to 1.2 ◦C ) but decreases across most 
of the middle and inner shelf regions (Fig. 6, right panels). 
The historical climatology (Fig. 6, left panels), in this case, 
can be considered a reflection of the SACW spread over the 
shelf, retreating offshore in winter when compared with the 
summer season. The projected bottom temperature increase 
is a reflection of the general warming found previously on 
the TS-diagram over the ocean-shelf edge (Fig. 2), whereas 
the decreasing temperatures over the shelf indicate a stronger 
influence of the SACW intruding closer to shore.

In contrast, changes to sea surface salinity (SSS) show 
a more homogeneous pattern when compared to the SST 
(Fig. 7). We found a statistically significant increase across 
the whole SBB with a maximum of  0.5 in winter close to 

the shelf break, with differences between summer and winter 
smaller than 0.2. The distinction between the SSS increase 
over the continental slope and the shelf is also much more 
evident in winter than summer, in contrast to changes in 
SST. This, combined with the presence of a clear plume 
signal propagating from the southern sector, indicates the 
influence of the Plata River Plume discharge in the SBB and 
suggests its importance as a dynamical feature of this region.

4 � Discussion

4.1 � The two upwelling regimes

Our results also reflect the presence of two different 
upwelling regimes in the SBB (Fig. 4). The first regime 
dominates the inner and middle shelf regions in the cen-
tral and southern SBB sectors and has a strong seasonality 
(Fig. 4, left panels). Physically, the process has been previ-
ously explained by Castro and Miranda (1998), where the 
prevalent NE summer winds induce offshore surface trans-
port in the SBB, being disrupted during winter by southerly 
winds associated with the passage of cold fronts. This is 

Fig. 5   Historical climatology of sea surface temperature (SST—
1980–2009, left panels) for austral summer, winter and inter-annual 
scales and their respective projected change signals (EofC–Hist, right 
panels). Data is shown up to the 1000 m isobath, and the dashed 
white line identifies the 200 m isobath and marks the shelf break. 
Hashed regions in the projected change signals indicate where the dif-
ference is smaller than the control variability and therefore not statis-
tically significant. All values are in degree Celsius

Fig. 6   Historical climatology of the shelf’s bottom temperatures 
(1980–2009, left panels) for summer, winter and inter-annual scales 
and their respective projected change signals (EofC–Hist, right pan-
els). Data is shown up to the 1000 m isobath, and the dashed white 
line identifies the 200 m isobath and marks the shelf break. Hashed 
regions in the projected change signals indicate where the difference 
is smaller than the control variability and therefore not statistically 
significant. All values are in degree Celsius
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the classical Ekman upwelling, and essentially balances the 
offshore transport of surface TW and CW with the onshore 
transport of subsurface SACW (Castro and Miranda 1998; 
Lima et  al. 1996; Castelao et  al. 2004). The numerical 
experiments of Campos et al. (2000) and the recent works of 
Cerda and Castro (2014), Castro (2014) and Brandini et al. 
(2014) based on survey data showed how this upwelling 
regime has an impact across all stretches of the SBB on the 
seasonal scale, supporting the results found herein.

The second regime, in contrast, dominates the shelf break 
and the northern sector of the SBB and shows only a weak 
seasonality (Fig. 4, left panels). Campos et al. (1995) first 
proposed that the shelf break upwelling is driven by cyclonic 
meanders of the BC. Later, Campos et al. (2000) showed 
how this shelf break regime co-existed with the Ekman 
upwelling and was effective year-round, based on a combina-
tion of hydrographic data and model results. Meanwhile, Sil-
veira et al. (2000) explained the formation of these cyclonic 
meanders based on the conservation of potential vorticity 
( � ). According to these authors, as the BC overshoots 
the region around Cabo Frio due to the change in coastal 
geometry, it veers westward to conserve � . This generates 
barotropic shear instability and leads to the creation of a 

topographical Rossby wave that propagates southwestward. 
This wave then generates the cyclonic meanders described 
by Campos et al. (2000), which produce upwelling at their 
leading edge and downwelling at their trailing edge. More 
recently, Palma and Matano (2009) did a comprehensive 
modeling study of the SBB and also identified a dominat-
ing role of the BC to the shelf break regime. However, they 
argued that it is rather its interaction with the bottom topog-
raphy along the BC path that creates changes of the along-
shore pressure gradient and drives the upwelling through 
the bottom boundary layer. Their proposed mechanism is 
similar to the one found by Oke and Middleton (2000) for 
the eastern Australian shelf.

Given both these explanations and based on our own 
results, we suggest that the mechanism is a combination of 
characteristics from both conceptual models. The experi-
ments of Song and Chao (2004) provide the basis for our 
proposed explanation. They conducted an idealized study 
on the interaction of a varying bottom topography with a 
strong boundary current, similar to the conditions found 
in the SBB, in which a series of ridges can be seen along 
the 200 m isobath starting around Cabo Frio (see Fig. 1). 
Their results show that as the boundary current flows along 
the ridge topography, it creates a dipole structure attached 
to the ridge. This structure consists of a downwelling core 
upstream and an upwelling core downstream of the ridge. 
They also related the development of these dipole structures 
to changes in the relative vorticity ( � ), producing anticy-
clonic and cyclonic circulations over the downwelling and 
upwelling cores as the boundary flow meanders around these 
bathymetrical features. As a result, these dipoles were fixed 
in space, as identified in our results as well (Fig. 4).

In essence, this would corroborate the basis of Silveira 
et al. (2000) argument that the potential vorticity drives 
the shelf break upwelling regime, but not because of the 
generation of a topographical Rossby wave associated with 
the BC overshooting the latitude of Cabo Frio. The BC is 
under geostrophic balance and, as such, has to conserve � 
( � =

(�+f )

D
 ) as it flows around a varying topography (Fig. 7, 

bottom right). Since its planetary vorticity (Coriolis param-
eter, f) is always decreasing along its path, local changes in 
depth (D) have to be mostly balanced by changes in � (Fig. 8, 
top panels). This means that it gains positive � and spins 
anticyclonically as it travels upslope, generating a down-
welling region. And the opposite is also valid, it gains nega-
tive � as it travels downslope, spinning cyclonically and gen-
erating upwelling. These changes in � also account for the 
meandering of the BC, as observed by Campos et al. (1995, 
2000) and Castelao et al. (2004). A similar explanation for 
topographically induced upwelling has been proposed for the 
Vietnamese coast (Hein et al. 2013) and the Hainan coast 
at the South China Sea (Su and Pohlmann 2009). Neverthe-
less, for our argument to hold, we first have to establish that 

Fig. 7   Historical climatology of sea surface salinity (SSS—1980–
2009, left panels) for austral summer, winter and inter-annual scales 
and their respective projected change signals (EofC—Hist, right pan-
els). Data is shown up to the 1000 m isobath, and the dashed white 
line identifies the 200 m isobath and marks the shelf break. Hashed 
regions in the projected change signals indicate where the difference 
is smaller than the control variability and therefore not statistically 
significant
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these ridges are indeed a feature of the local shelf break 
topography and that they are necessary to produce the shelf 
break upwelling.

To the first point, figure 4 of Campos et al. (2000) shows 
the 200 m isobath south of Ubatuba (for locations, see 
Fig. 1). In it, the presence of a ridge is clearly seen, similar 
to the profile found here. Not only that, but the presence of 
an upwelling core is seen downstream of this ridge, with no 
SACW signal upstream of it in any of their three cruises. 
The dipole structures found in our study can also be seen 
in their model results from their figure 7, where they show 
the cross-isopycnal velocity, although the shelf break profile 
was not superimposed in this image. The same ridge can also 
be seen in figure 13c) of Silveira et al. (2000), along with 
the ridges southeast of Cabo Frio and east of the S. Marta 
Cape (Fig. 1). Based on these results, we are confident in 
the presence of these ridges as actual topographical features 
along the SBB and their impact on the upwelling dynamics.

As for whether these features are necessary to produce the 
shelf break upwelling, it is interesting to compare our results 
to the ones from Palma and Matano (2009). Looking at their 
bathymetrical profile along the SBB (their figure 1), we can 
see that the 200 m isobath is very smooth and presents no 
features, although the change in coastal geometry around 
Cabo Frio is preserved. This means that, according to the 
argument from Silveira et al. (2000), the BC overshooting 
Cabo Frio should still produce the topographical Rossby 
wave that creates the cyclonic meanders. However, Palma 
and Matano (2009) results shown in their Figure 3 do not 
indicate any meandering of the BC flow. As a consequence, 
their upwelling signal is restricted to the northern sector 
around Cabo Frio, which is then transported southward by 
the surface flow over the shelf. This suggests that the shelf 
break upwelling regime is indeed dependent upon the topo-
graphical features. Unfortunately, they did not show results 

for the vertical velocities directly, so we have to limit our 
comparison qualitatively to the surface behavior of the BC.

Finally, as for the stronger upwelling signal found in 
the northern sector (Figs. 4, 5), the local reduction of the 
shelf width in front of Cabo Frio advectively accelerates the 
inshore flow and pushes the upwelled water from the shelf 
break towards the coastline. This is a process identified by 
Oke and Middleton (2000) with regards to the East Austral-
ian Current and by Cerda and Castro (2014) and Palma and 
Matano (2009) based on hydrographic climatologies and 
simulations for the SBB, respectively. Furthermore, it is 
likely further enhanced by the barotropic instabilities iden-
tified by Silveira et al. (2000), as the increased eddy kinetic 
energy generated in this region (Oliveira et al. 2009) can 
feed these dipole structures. These processes could contrib-
ute to maintain a strong presence of the SACW year-round 
in the Cabo Frio region (Fig. 4), as opposed to the rest of the 
SBB where the shelf is wider.

4.2 � Anthropogenic climate impacts 
to the upwelling regimes

Upwelling strength and duration is expected to increase in 
the Benguela Current System in the eastern South Atlantic 
under increased anthropogenic forcing (Wang et al. 2015). 
Change is mostly attributed to an increase of the alongshore 
winds over the subtropical South Atlantic (Sydeman et al. 
2014). This increase, in turn, is associated with a southward 
migration of the South Atlantic Subtropical High (Rykac-
zewski et al. 2015) in response to the expected southward 
migration of the westerlies over the Southern Ocean (Swart 
and Fyfe 2012; Wilcox et al. 2012; Barnes and Polvani 2013) 
and the widening of the Hadley circulation (Kang and Lu 
2012; Davis and Rosenlof 2012; Hu et al. 2018).

Fig. 8   Components of the 
potential vorticity conserva-
tion in the South Brazil Bight 
calculated at the bottom of the 
mixed-layer for the inter-annual 
variability case during the his-
torical period (1980–2009). Top 
figures are the relative vorticity 
( � , left) and its tendency ( �XY , 
right) and at the bottom are 
the absolute vorticity ( � + f  , 
left) and the potential vorticity 
( � , right). Streamlines over 
� represent the flow, with the 
varying thickness as an indica-
tion of relative flow strength. 
Data is shown up to the 1000 m 
isobath, and the dashed white 
line identifies the 200 m isobath 
and marks the shelf break
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To confirm this behavior within our simulations, we 
calculated the wind speed climatologies for the historical 
and end of the century periods (Fig. 9) over our South 
Atlantic domain. Although we see no significant changes 
in the wind speeds associated with the general circulation 
over the South Atlantic Subtropical High (SASH), there is 
a clear southward migration of its center of approximately 
2◦ . This is accompanied by a slight increase in wind veloc-
ities along the South American coast, as reported by Syde-
man et  al. (2014), but it also exposes the SBB to the 
stronger E-NE winds associated with the upper branch of 
the SASH. With this in mind, we calculated the offshore 
Ekman transport (Ek = �y

�wf
 ) for the SBB based on the 

alongshore wind stress ( �y ), considering a 45◦ coastline 
orientation (Fig. 10). We found an increase in the Ekman 
forcing across the SBB for all periods, albeit much 
stronger during winter than summer. The exception is in 
the northeastern sector, where a small reduction can be 
seen during summer. These results are in line with the 
global atmospheric trends mentioned above and can also 
explain the increased spread of SACW over the shelf’s 
bottom indicated by the bottom temperatures (Fig. 6). 
They do not, however, account for the reduction in the 
WMLD, specially considering that the northeastern sector 
showed the least amount of significant changes when com-
pared to the rest of the SBB.

On a regional level, increased Ekman forcing leading 
to increased coastal upwelling is also expected in the Cali-
fornian upwelling system (Snyder et al. 2003), the Iberian 
Peninsula (Miranda et al. 2013) and the Canary Upwelling 
Ecosystem (Sousa et al. 2017), based on the analysis of sur-
face temperature fields. Notwithstanding, we found a reduc-
tion of the upwelling strength in the SBB in spite of these 
general atmospheric trends (Fig. 4, right panels). Along the 
Oman coast in the Indian Ocean, regional heterogeneities 
in the Ekman transport patterns led to divergent modifica-
tions in vertical transport (Praveen et al. 2016), accentuating 
the importance of local processes in defining variations in 
local upwelling. In the SBB, the intrusion of the Plata River 
Plume can be one of such relevant processes. Piola et al. 
(2005) and Pimenta et al. (2005) identified its northward 
intrusion up to 24◦ S, which is congruent to the region of 
freshwater influence seen in the change signal in our results 
(Fig. 7). This plume brings fresher waters into the SBB, 
increasing the water column vertical stability. Its presence 
in the southern sector and along the middle shelf across all 
time scales also creates a clear cross-shelf salinity gradient 
and keeps the overall SSS increase below global projections 
for the southwestern South Atlantic (IPCC 2013). However, 

Fig. 9   Top and middle panels show the wind speed climatology for 
the historical (1980–2009) and end of the century (2071–2100) peri-
ods over the subtropical South Atlantic, respectively. Bottom panel 
highlights the change signal between both periods. The black box rep-
resents the South Brazil Bight domain analyzed in this study (Fig. 1). 
The red filled contour around 30◦S in the upper two panels marks the 
center of the South Atlantic Subtropical High (wind speeds less than 
0.3 m s−1 ). All values are in m.s−1

Fig. 10   Historical climatology of the offshore Ekman transport 
(1980–2009, left panels) of summer, winter and inter-annual scales 
and their respective projected change signals (EofC—Hist, right pan-
els). Data is shown up to the 1000 m isobath, and the dashed white 
line identifies the 200 m isobath and marks the shelf break. Hashed 
regions in the projected change signals indicate where the difference 
is smaller than the control variability and therefore not statistically 
significant. All values are in m2.s−1
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there is no predicted increase in the Plata River discharge for 
the RCP8.5, based on the MPI-ESM forcing utilized here, 
with a slight reduction of its volume input by approximately 
100 m3 s−1 at the end of the 21st century. This reduction is 
not statistically significant when we consider that the stand-
ard-deviation for this discharge is above 1000 m3 s−1 and 
implies that this plume mainly acts as a buffer, reducing the 
general SSS increase in the SBB but does not contribute to 
the changes seen in upwelling strength.

Aside from increased alongshore winds and the changes 
to SSS, anthropogenic climate change is mostly visible on 
temperatures, primarily affecting the upper 700 m of the 
water column (IPCC 2013). This heat input affects the 
energy budget in the system, which can change the amount 
available to be converted from potential energy (PE) to 
kinetic energy (KE) and to induce motion. This is the con-
cept of available potential energy (APE), first introduced by 
Lorenz (1955), and is considered a measure of the water col-
umn stability. We calculated the APE along the SBB as the 
change in PE between the actual state of water masses found 
within the model results and a reorganized stable water col-
umn (Fig. 11). This reorganization consists of rearranging 
vertical layers of the model, so that the highest densities are 
found at the bottom and the minimum PE state is achieved 
(i.e., the background potential energy). A more detailed 
description of this method can be found in Urakawa et al. 
(2013). We can see a decrease in APE across the inner and 
middle shelf regions at all temporal scales, indicating that 
the water column is becoming more stable under increased 
surface warming. For the winter and inter-annual scales, this 
means that the increase in the Ekman forcing is balanced 
by the higher stability and we see no significant changes 
to WMLD (Fig. 4, right middle and bottom panels). For the 
summer period, on the other hand, the smaller increase in Ek 
is not enough to balance the increased stability and we see 
a weakening of WMLD.

Urakawa and Hasumi (2009) showed how Ekman 
upwelling/downwelling represents a conversion from KE to 
PE, as the flow has to pull up/push down a heavier/lighter 
water parcel. This means that the change in water mass 
depth must come with gain/loss of PE, which is supplied 
by the conversion from KE. Under increased surface warm-
ing, the surface layer becomes lighter and requires more 
KE converted to PE to disturb the water column stability 
and pull-up the heavier water mass below. In our scenario, 
the KE input from the enhanced wind field is insufficient to 
overcome the stronger water column stability, decreasing 
the amount of water that is upwelled towards the mixed-
layer. Since the surface layer is still under increased Ekman 
forcing, the additional transport of surface water has to be 
compensated across a larger portion of the shelf, which leads 
to the wider bottom intrusion of SACW seen through the 
bottom temperatures (Fig. 6). This could lead to an increase 

in nutrient availability at deeper layers and enhance the deep 
chlorophyll maximum identified by Brandini et al. (2014), 
but reduces the input of SACW to the mixed-layer. Since we 
have not involved a biogeochemistry or ecosystem model 
in our simulations, a more targeted study considering these 
impacts on nutrients dynamics over the shelf would be 
necessary to properly clarify these questions and its conse-
quences to the shelf productivity.

Although the relation between increased Ekman forc-
ing and water column stability explains the weakening of 
the Ekman upwelling, it does not satisfactorily address the 
weakening of the shelf break upwelling as well. This is 
because we still see a decrease in WMLD in austral summer 
as well as winter, even though the APE change over the 
shelf break suggests a less stable water column during sum-
mer, particularly in the northern sector (Fig. 11). Both our 
results (see Sect. 4.1) and previous studies (Campos et al. 
1995, 2000; Silveira et al. 2000; Palma and Matano 2009) 
identify a close relation between this upwelling regime and 
the BC, so it behooves us to look at the BC dynamics over 
the 21st century (Fig. 12). A decreasing trend south of 25◦S 
can be clearly identified, which agrees spatially with the 
strongest decrease of the shelf break upwelling seen in our 

Fig. 11   Historical climatology of the available potential energy 
(1980–2009, left panels) for summer, winter and inter-annual scales 
and their respective projected change signals (EofC—Hist, right pan-
els). Data is shown up to the 1000 m isobath, and the dashed white 
line identifies the 200 m isobath and marks the shelf break. Hashed 
regions in the projected change signals indicate where the difference 
is smaller than the control variability and therefore not statistically 
significant. All values are in J.m−2
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results (Fig. 4). Not only that, but the slight increase in BC 
transport in the northern sector could explain why we found 
mostly no differences for this sector, or even a slight increase 
of the upwelling at the northern shelf break. However, these 
changes are mostly small and within our uncertainty range 
when considering our Control variability, which likely stems 
from the lack of a clear increase in the SASH wind circu-
lation (Fig. 9). In this case, these trends found on the BC 
transport would reflect its adjustment to the new gyre posi-
tion. It would also suggest that the shelf break regime is 
highly sensitive to changes in the BC transport. This would 
be a direct consequence to the dependence of the shelf break 
upwelling to changes in the relative vorticity, as increasing 
the BC would lead to increased flow divergence.

Finally, both upwelling regimes have a clear impact on 
surface warming (Fig. 5, right panels). In general, the maxi-
mum end of century SST increase over the shelf ( 1.8 ◦C , 
Fig. 4) is lower than the projected 2 ◦C to 3 ◦C increase 
over the SW South Atlantic for the RCP8.5 scenario (IPCC 
2013). The consistent upwelling of colder SACW seems 
to dampen the impact of increasing radiative forcing, even 
under a strong climate scenario. Similar results were found 
by Miranda et al. (2013) in the Iberian Peninsula, by Praveen 
et  al. (2016) along the Oman coast and by Sousa et  al. 
(2017) in the Canary upwelling system. The smaller SST 
increases over the shelf break when compared to the middle 
shelf would also suggest that the BC upwelling is a stronger 

mechanism in dampening the surface warming. This is 
even more striking over the NE sector of the SBB, where 
we see a decrease in SST. Our results suggest that SST in 
this region is strongly influenced by the SACW upwelled 
at the adjacent shelf break and advected towards the coast. 
This is then spread SW by the surface circulation along the 
SBB, with this pathway having also been identified by Cerda 
and Castro (2014) on hydrographic data. Thus, the decrease 
in SST between Cabo Frio and Ubatuba could be a direct 
consequence of the increase in BC transport around 23◦ S 
(Fig. 12), with this water being transported back to the shelf 
break, south of Ubatuba. This would make the central SBB 
region more susceptible to global warming, since it would 
mainly be affected by the Ekman upwelling, which is less 
capable of compensating the increased warming, thus lead-
ing to higher SST increases in this region.

5 � Conclusions

We presented further evidence of two distinct upwelling 
regimes in the SBB. The first is driven by the alongshore 
winds and represents the classical Ekman upwelling, 
whereas the second occurs mainly along the shelf break and 
is driven by relative vorticity, as the BC steers around the 
shelf edge. These two regimes would co-exist year-round 
and contribute to the overall upwelling of SACW in the 
SBB, although the Ekman upwelling has a stronger seasonal 
component. For the northern sector of the Bight, however, 
the shelf break upwelling acts as a significant year-long 
source of SACW, affecting the shelf region up towards the 
coastline.

During the 21st century, we found a general weaken-
ing of both upwelling regimes, although this behavior is in 
disagreement with what has been found in other systems 
worldwide. In our simulations, these reductions are mostly 
a response to increased water column stabilization due to 
the surface warming and a small reduction of the BC trans-
port south of 25◦ latitude. This evidences the importance of 
local processes in assessing the response of coastal envi-
ronments to global climate change. Most upwelling studies 
rely on indexes derived either from temperature differences 
between the coastal and oceanic zones, or on the strength of 
the overlaying winds. As we demonstrated for the SBB, we 
still found a reduction of vertical velocities even under an 
increased offshore Ekman forcing, although we also found 
evidence of increased bottom spread of SACW over the 
shelf. In this light, we believe that an accurate assessment 
in localized upwelling regions has to consider a combination 
of local atmospheric forcings and ocean variables to take 
regional responses into account.

In the SBB, the combination of these two upwelling 
regimes dominates the SST response. SST increases over 

Fig. 12   At the top, Hovmöller diagram of the Brazil current transport 
(in Sverdrups) along the extension of the South Brazil Bight during 
the analyzed time period (1980–2100). At the bottom, differences 
between its climatological transport at the end of the century (EofC, 
2071–2100) and the historical period (Hist, 1980–2009). The red 
solid line in the bottom graphic is the confidence interval calculated 
based on the control simulation. Samples within the red region are 
within our uncertainty range based on the control. Negative differ-
ences indicate a strengthening of the BC transport whereas positive 
values indicate weakening, since the Brazil current flows southward
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most of the shelf, but is lower than projections derived from 
Earth System Models under the RCP8.5 scenario. This is 
a direct response to the SACW upwelling that dampened 
the potential warming, up to the point of reducing surface 
temperatures over the northeastern sector when compared to 
present-day conditions. Over the middle and inner shelves 
in the central and southern sectors of the SBB, where the 
SACW signal was weaker, SST increases were similar to 
global projections of almost 2 ◦C under RCP8.5 conditions. 
As for the behavior at the northern sector, the SST decrease 
seems mostly driven by a slight strengthening of the BC at 
around 23◦ latitude, which in turn is driven by an adjustment 
of the BC flow to a southward migration of the Subtropi-
cal High. This interaction highlights how sensitive the shelf 
break upwelling is to small variations of the BC transport 
and how important the BC response to anthropogenic cli-
mate change is to the upwelling in the SBB. Additional sen-
sitivity studies focusing on isolating the effects promoted 
by the BC could shed further light into its response at the 
Cabo Frio region.
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