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a b s t r a c t

The 2013–2014 summer in the Southeast Brazil region set records for negative precipitation anomalies
and the highest sea surface temperatures. Such event was attributed to the anomalous presence of
atmospheric blocking, which prevented the propagation of a cold front towards the Equator and the
establishment of the South Atlantic Convergence Zone, two phenomena that regulate the precipitation
regime in this area. These blocking episodes are relatively important to the climate in mid-latitudes,
but the feedback of the coastal ocean is still poorly understood under these anomalous conditions.
This paper investigates, from a numerical perspective, the impacts on the thermohaline properties
and circulation in the South Brazil Bight (SBB). We found that enhanced shortwave radiation leads to
intense surface heating and that the presence of northeasterly winds strengthens the coastal upwelling
nearby Cabo Frio. The South Atlantic Coastal Waters, transported into the SBB, regulate the extreme
heating in the northern half of the domain, while, in the southern half, the absence of cold waters leads
to the development of a warm-water pool. The final thermohaline structure induced an enlargement
and intensification of the northwestward currents south of São Sebastião Island. Between Ubatuba
and Cabo Frio, in the northern half, the northeasterly winds developed an intense surface advection
towards offshore, and in the northern region, compensated by an opposite advection, towards the coast.
We conclude that the coastal ocean feedback could present extreme anomalous conditions during
atmospheric blocking events, leading to impacts upon the thermodynamical properties. Further studies
are needed to understand the impacts of these events on biogeochemical properties.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Atmospheric blocking, a large-scale, quasi-stationary weather
henomenon (Pinheiro et al., 2019), can strongly affect the upper
cean properties and circulation (Häkkinen et al., 2011), leading
o the establishment of anomalous meteorological and oceanic
onditions (Tibaldi and Molteni, 2018). During these events, mid-
atitude westerly jet and synoptic scale transient weather sys-
ems might be interrupted or displaced during several days or
eeks (Berrisford et al., 2007; Mendes et al., 2008). Their pres-
nce is associated with several extreme weather events, such as
evere droughts (García-Herrera et al., 2007; Dong et al., 2018),
triking heatwaves (Beniston, 2004; Chase et al., 2006), and flood-
ng (Hong et al., 2011). Therefore, atmospheric blocking plays an
mportant role in the mid-latitude weather variability (Sillmann
nd Croci-Maspoli, 2009; Woollings et al., 2018).
Blocking episodes occur more often in the southwestern Pa-

ific (Lejenäs, 1984; Trenberth and Mo, 1985; Mendes et al.,
008), and with lower frequency in the western South Atlantic
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(Berrisford et al., 2007), persisting for 5 to 7 days. However,
rare episodes can persist for more than 10 days, affecting several
processes that regulate the local weather, such as the neighboring
surface temperature and precipitation fields. Therefore, they have
great potential to develop the aforementioned extreme weather
events (Rodrigues and Woollings, 2017).

An example of this rare atmospheric condition is the extreme
blocking event which occurred during the 2013–2014 summer
in Southeast Brazil. During this period, the atmospheric blocking
changed the wind regime in the region by blocking northeast-
ward winds, associated with cold fronts (Fig. 1a to c). This high-
pressure system also suppresses cloud formation. The result of
that was extreme incoming shortwave radiation (Fig. 1d). In other
words, this event drastically changed the ocean forcings and,
consequently, the ocean conditions in the South Brazil Bight.

Despite the importance of atmospheric blocking to the cli-
mate in mid-latitudes, the feedback of the ocean is still poorly
understood. The goal of this study is to examine the atmospheric
blocking event of the 2013–2014 summer in further detail by
assessing the impacts over the inner and middle shelves of the

South Brazil Bight circulation and thermohaline properties.
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Fig. 1. The top panels present winds (meteorological convention) from the Buoy National Program (PNBOIA) at the South Brazil Bight from 2011 to 2017. Figure (a)
shows the directional histogram of all data throughout the years, (b) only summer months in the same period, and (c) only 2013–2014 summer months. The colors
indicate the intensity bands, varying from 0 to 10 m s−2 , and the distribution is in percentage. The directional histogram radial limits were kept different so it will
e easier to observe the 2014 summer conditions relative to a typical summer. The lower panel (d) presents the histogram of the maximum monthly incoming solar
adiation, from 2013 to 2017, observed in Ubatuba, at the meteorological station of the Oceanographic Institute of the University of São Paulo. The values are given
n W m−2 , and colors highlight summer months (blue) and 2013–2014 summer months (red). (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of this article.)
Fig. 2. Study area with full numerical domain (in light gray) and bathymetry (in meters) as colors. Three contours near the coastline identify the 40, 80 and 200 m
sobaths and the four cross-shore red lines presents the transects used to discuss the numerical outputs. Markers on the map shows the location of each mooring
sed to validate the numerical model. The inset map highlights the São Sebastião Channel. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of this article.)
.1. The 2013–2014 summer event

In southern South America, blocking episodes prevent the
quatorward propagation of cold fronts (Nieto-Ferreira et al.,
011), affecting the South Atlantic Convergence Zone (SACZ) es-
ablishment and, therefore, the precipitation regime. Due to the
2

subsidence activity, atmospheric blocking can also affect cloud
cover, causing intensification of the incoming solar radiation and
affecting the surface temperature field (Pfahl and Wernli, 2012).

During the 2013–2014 summer, the South Brazil Bight was
under the influence of the most persistent event of atmospheric
blocking ever registered in the area (Rodrigues and Woollings,
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able 1
ontinental input used in both control (2006) and anomalous (2014) experi-
ents, with average discharges obtained in the literature and reduced discharges
omputed based on the methodology described in Section 2.4.

Cananéia [m3s−1] Santos [m3s−1]

2006 2014 2006 2014

January 43 36.96 54 46.41
February 43 16.41 54 20.62

2017). Its persistence of almost 50 days resulted in relatively high
values of air and sea surface temperature, as reported by Dottori
et al. (2015), and a record negative precipitation anomaly (Coelho
et al., 2016).

Some of the meteorological conditions during the 2014 sum-
er are illustrated in Fig. 1. The wind regime was highly im-
acted, changing from winds varying from N/E/S (Fig. 1b) to
inds blowing from N/NE (Fig. 1c). Remark that these two direc-
ional histograms have different radial axes limits to contrast the
irectional differences between a typical and anomalous event.
nother major impact was the highest incoming solar radiation
ecorded in the Ubatuba (SP) meteorological station (Fig. 1d), dur-
ng the 2014 summer months. During this summer, the highest
aximum incoming solar radiation observed reached about 1200
m−2.
These extreme weather conditions led to the development of

he worst drought episode faced by the Southeast Brazil
etropolitan region (Nobre et al., 2016), culminating in the hydri-
al crisis of late 2015 that affected industries, tourism, recreation
nd food prices and energy fees, among other factors (Marengo
t al., 2015).

.2. The study region - SBB

The South Brazil Bight (SBB) is located in the southwestern
outh Atlantic (Fig. 2). It is a relatively wide shelf in the central
egion, with maximum width of 230 km, but it is narrow at
ts boundaries, ranging from 50–60 km (Castro, 2014) at Cabo
rio and Santa Marta Cape. The Brazil Current flows southward
long the continental slope, transporting Tropical Water (TW) and
outh Atlantic Central Water (SACW) in the first 200 m of the
ater column (da Silveira et al., 2000). The first has temperature
nd salinity values higher than 20 ◦C and 36 psu, respectively,
hile the second has temperatures lower than 18 ◦C and salin-

ties ranging between 35 and 36 psu. Coastal Water (CW), the
hird water mass of the SBB that occupies the nearshore zone,
esults from the mixing between TW, SACW, and low-salinity
iver-runoff waters (Castro and Miranda, 1998). Based on the
haracteristics of each water mass, the 18 ◦C-isotherm and the
36 psu isohaline are commonly used to identify the limits of the
SACW and the TW, respectively.

The thermohaline structure of the SBB was used by Castro
(1996) to separate the central sector of this continental shelf into
three compartments: the inner, middle, and outer shelves. The
synoptic wind regime and buoyancy advection, generated by the
outflow of small rivers along the coast, dominate the inner shelf
circulation (Castro, 2014; Morais, 2016). The resultant current
flows northeastward, leaving the coastline to the left (Fontes and
de Castro, 2017). The middle shelf exhibits a barotropic response
to the wind regime, with the direction depending on that of the
wind, both local (Dottori and Castro, 2009) and remote (Dottori
and Castro, 2018). The outer shelf circulation is primarily driven
by the BC and, to a weaker degree, by the synoptic wind (Castro
et al., 2008).

The wind regime in the SBB is produced by two meteoro-
logical systems: the large-scale South Atlantic Subtropical High
3

(SASH) and the passage of meso-scale cold front systems (Castro
and Miranda, 1998). The first corresponds to a more persistent
system, blowing from East-Northeast, and the second presents
an intermittent characteristic, with a synoptic frequency of 6
to 11 days, blowing from south/southwest (Stech et al., 1992).
The cold front systems, with synoptic scales, are associated with
heavy rainfall in southern Brazil (Teixeira and Satyamurty, 2007)
and, when combined with the South Atlantic Convergence Zone
(SACZ), regulate the precipitation regime in the region.

2. Materials and methods

In this study, we use an implementation of the Estuarine,
Coastal and Ocean Model, called ECOM, (Blumberg and Mellor,
1987) for the South Brazil Bight. The model description and its
setup are provided in Section 2.1 and follow a similar configu-
ration as in Costa et al. (2019). We select the simulation periods
based on the methods detailed in Section 2.2 and described in
Sections 2.3 and 2.4. Finally, we validate the model by performing
quantitative and qualitative approaches, based on in situ observa-
tions and remotely sensed sea surface temperature, respectively
(Section 2.5).

2.1. Model setup

The model used in this study is an implementation of the
Estuarine, Coastal and Ocean Model (ECOM) (Blumberg and Mel-
lor, 1987) to the South Brazil Bight. The hydrodynamic module
uses the finite difference method to solve the primitive equations,
under the hydrostatic assumption and Boussinesq approximation,
to compute prognostics of sea surface elevation and 3D fields
of currents, temperature and salinity. The model also includes
a second-order turbulence closure model (Mellor and Yamada,
1982) and the Smagorinsky (1963) formulation to parameterize
the vertical and horizontal mixing processes.

The numerical domain (Fig. 2), adapted from Pereira et al.
(2007) to fit with the available climatological information, is an
orthogonal, curvilinear Arakawa C-grid with sigma vertical coor-
dinates. It covers the South Brazil Bight from Santa Marta Cape
to São Tomé Cape, and is designed to present a higher resolution
in the São Sebastião Channel (inset map in Fig. 2), at the central
region of the study area. Therefore, the alongshore direction has
110 grid cells, decreasing the resolution from 0.5 km, at the
center, to 35 km, towards the open boundary. In the cross-shore
direction, there is a total of 137 grid cells, varying from 0.2 km,
in the inner continental shelf, to 35 km in the deep ocean area.
The depth varies from 5 to 2.000 m in 21 equally spaced sigma
levels. The vertical resolution was chosen in order to reduce the
artificial pressure gradient error generated by the steep topogra-
phy. Pereira et al. (2007) shows that for this same numerical grid,
24 sigma levels generates an alongshore geostrophic flow error
of 0.5–1.5 mm s−1, which is much lower than the alongshore
currents observed in the SBB.

As initial conditions, we warmed the model with a 12-day
spin-up run, forced only by three-dimensional summer climato-
logical fields of temperature and salinity. This climatology
presents the main thermohaline patterns in the study area, like
the coastal upwelling near Cabo Frio, the low-temperature wa-
ters coming from the Rio de la Plata, and the low-salinities
strip nearshore, resulted from several small rivers along the
coast (Costa et al., 2019). Rezende (2003) show that a 12-days
spin-up is enough to warm up the SBB, reproducing patterns
like the Brazil Current flowing southward at the shelfbreak, and
northeastward currents nearshore, corroborating with the main
current patterns in the SBB (Castro, 1996; Dottori and Castro,

2009; Costa et al., 2019). The open boundary condition was set
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Fig. 3. Cold front occurrences during summer months from 1981 to 2014 (a) and boxplot summarizing statistical parameters computed with this time series (b). In
oth figures, colors highlight the 2006 (red) and 2014 (green) summers. (For interpretation of the references to color in this figure legend, the reader is referred to
he web version of this article.)
Fig. 4. Taylor’s diagram for (a) cross (gray) and alongshore (black) current components and (b) for seawater temperature. In this figure (b), each color represent a
location showed in Fig. 2. The markers represent vertical levels of observations: circle for near surface and squares for near bottom. The skill score is indicated as
gray continuous contour lines on the diagram. The period used to compute these statistics goes from January 14th to March 1st of 2014 and all values are statistically
significant, above the 95% confidence level, using the method of Ebisuzaki (1997). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
as radiative using the formulation proposed by Reid and Bodine
(1968), which allows the energy crossing in both directions at
the boundaries. Since the main focus of this domain are the São
Paulo and Rio de Janeiro continental shelves, a broader numerical
grid was chosen to reduce the propagation of numerical errors
from the boundaries. Additionally, we prescribed temperature
and salinity climatologies at the open boundaries. The time steps
used to solve the internal and external modes were 10 s and
1 s, respectively. All experiments were conducted in the prog-
nostic mode, which enables the development of the thermohaline
structure during the simulations.

More details about this particular ECOM setup and the SBB
model grid can be found in Costa et al. (2019).

2.2. Summer selection

Two experiments were carried out in this study. One of them
consists of a control experiment, a summer with an average
amount of cold fronts occurrences (CE from now on), and an-
other covering the 2013–2014 summer (Anomalous Experiment
or AE). Since the atypical period of 2014 was characterized by
the absence of frontal systems, we used the number of cold fronts
during the summer as the criterion to choose the period classified
as the control/typical summer. This selection was made based
on the occurrences of cold fronts in the Southeast Brazil region
during summer extracted from two different datasets. From 1981
4

to 2002, we obtained cold front occurrences from Dametto and
Rocha (2006), and from 1996 to 2014, we extracted this informa-
tion from the Climanalise Bulletin, available at http://climanalise.
cptec.inpe.br/~rclimanl/boletim/. The coincident period between
these two datasets presents differences of no more than one cold
front in a month, and thus we combine them. With 34 years
of cold front occurrences during summer months, from 1981 to
2014, we used basic statistical (mean and standard deviation)
parameters to select the average summer. Given these criteria,
we select the 2006 summer, which included a total of 9 cold front
passages.

We integrated the model from January 9th to March 1st of
2006 (CE) and 2014 (AE). However, we only analyzed the outputs
between January 13th and February 14th, considering the period
of the most persistent blocking event detected in the Southeast
Brazil region (Rodrigues and Woollings, 2017). During this pe-
riod, notable observations include an absence of southwesterly
winds and cloud cover, anomalous negative precipitation rates,
and positive anomalies with respect to incoming solar radiation,
as already described. Once again, the simulations depart from a
dynamical condition established by the spin-up.

2.3. Atmospheric input

Due to its superior performance in representing extreme
events (Stopa and Cheung, 2014), we prescribed surface mete-
orological fields of wind and heat fluxes from CFSR (Saha et al.,

http://climanalise.cptec.inpe.br/~rclimanl/boletim/
http://climanalise.cptec.inpe.br/~rclimanl/boletim/
http://climanalise.cptec.inpe.br/~rclimanl/boletim/
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Fig. 5. Low pass filtered time series of alongshore (top panels) and cross-shore (lower panels) current components in m s−1 . Dashed line are for observed data and
he continuous lines represent modeled products. The period presented includes January 14th to March 1st of 2014.
Fig. 6. Maps of qualitative comparison between sea surface temperature from (a) Level 4 Multiscale Ultrahigh-Resolution (MUR) and (b) output from the Anomalous
Experiment for February 13th of 2014. The white contour inside (a) stands for the sectors used to compute a box-averaged daily time series used to produce the
statistical parameters on the diagram (c): the blue square is related to the southernmost area (Cananéia and Santos), the green square is the central area (Santos
and Ubatuba), and the red square is the northernmost area (Ubatuba and Cabo Frio). The skill score is indicated as gray continuous contour lines on the diagram
and all values are statistically significant, above the 95% confidence level, using the method of Ebisuzaki (1997). Data from MUR were extracted from the Physical
Oceanography Distributed Active Archive Center (PODAAC), found in http://podaac.jpl.nasa.gov/. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
2010) and CSFv2 (Saha et al., 2014) reanalysis database, provided
by NCEP/NCAR, to force the exchange of momentum and heat
between the atmosphere and the ocean.

The 10-m wind components were used to compute wind shear
t the surface of the ocean, with a classical quadratic param-
terization, calculating the drag coefficient based on the wind
ntensity, as proposed by Large and Pond (1981). We compute the
et heat flux (Qnet ) based on the following equation:

net = QSW + QLW + Qh + Qe (1)

where QSW is shortwave radiation flux, QLW is the longwave
radiation flux, Qh is the sensible heat flux and Qe is the latent
heat flux, all of which are extracted from the reanalysis dataset.
Both forms of meteorological data were interpolated on the SBB
grid, retaining the 6-hourly frequency resolution.
5

2.4. Continental input

Freshwater inputs were specified at two locations, represent-
ing the major estuarine systems in the SBB: Santos and Cananéia
(indicated in Fig. 2). The first, located in the central area of the
numerical domain, has an average discharge of 54 m3 s−1 during
typical summer conditions, computed from the values presented
by Roversi et al. (2016), while the second, in the south, con-
tributes mean values of 43 m3 s−1 (Bonetti Filho and de Miranda,
1997).

Due to the lack of flow monitoring in the Santos and Cananeia
estuarine system, reduced discharges had to be estimated to
represent a decrease in the flow associated with the drought
during the summer of 2014. Monthly climatological precipitation
rates (Pclim) for January (231.3 mm) and February (215.2 mm)
were used to compute the reduced river discharge. These values
were extracted from the Quarterly Climatological Bulletin for
DJF 2013/2014 of the Institute of Astronomy, Geophysics and

http://podaac.jpl.nasa.gov/
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Fig. 7. Transect of temperature off Cabo Frio (a and b), Ubatuba (c and d),
antos (e and f) and Cananéia (g and h). The left column presents the summer
limatology for each transect, used to initialize the simulations, and the right
olumn provides the daily mean for February 13th of 2014. The white line
epresent the 18 ◦C-isotherm.

Atmospheric Sciences of the University of São Paulo, accessed
at http://www.estacao.iag.usp.br/Boletins/DJF20132014.pdf. We
then combine the average estuarine discharges (Qf ) and the
onthly precipitation rates (P2014) for January 2014 (199.3 mm)
nd February 2014 (81.1 mm) to estimate the reduced estuarine
ischarges (Q 2014

f ) during January and February 2014 using the
ollowing:

2014
f =

Qf P2014

Pclim
(2)

The values used in each simulation are summarized in Table 1.

2.5. Model performance

To ensure the performance of the model, we used several
moorings with current meters and temperature sensors, dis-
tributed in the central area of the numerical domain (Fig. 2).
All dataset were corrected for the magnetic declination, using
the nearest coastline orientation to decompose vectors to along
6

and cross-shore components and then low-pass filtered using
a Lanczos square filter (Duchon, 1979), with a cutoff frequency
of 40 h to remove inertial and tidal frequency oscillations. The
observed time series was used to compute the Pearson Coefficient
Correlation (R, henceforward), the root mean square error (RMSE)
and the Skill Score proposed by Willmott (1981).

The observational data used came from two projects con-
ducted by the Oceanographic Institute of the University of São
Paulo. The ECOSAN project (squared markers in Fig. 2), collected
data during 2005 and 2006. Therefore, we validate the CE sea-
water temperature output. The other project, called TRADICASS
(star marker in Fig. 2), is a long-term effort to monitor the
seawater physical properties in the middle of the São Sebastião
Channel (SSC). From this dataset, we used observations for the
2014 summer, validating the currents and seawater temperature
from the AE results.

We also used Level 4 SST extracted from the Multiscale
Ultrahigh-Resolution (MUR) dataset (Chin et al., 2017) for com-
parison with the modeled SST. This dataset provides daily grid-
ded SST with 1-km spatial resolution, available in the Physical
Oceanography Distributed Active Archive Center (PODAAC–http:
//podaac.jpl.nasa.gov/).

3. Results

3.1. Cold front distribution

The number of cold fronts obtained from the Climanalise Bul-
letin and Dametto and Rocha (2006) are presented in Fig. 3. The
results show a relatively regular cycle from 1981 to 2006. After
this period, from 2007 to 2014, there is a substantial decrease
in the number of cold front systems, with extreme cases in 2010
(1), 2011 (1) and 2014 (0). On average, there are 7 ± 3 cold fronts
in total per summer. From this same dataset, the 2006 summer
exhibited a total of 9 cold front occurrences, within the upper
quartile (Fig. 3b) and was also the last summer before the abrupt
decrease of occurrences. Therefore, we use this year as the typical
summer in the control experiment (CE).

3.2. Model evaluation

The quantitative assessment focused on the ability of the
model to reproduce the alongshore and cross-shore current com-
ponents and the temperature in several locations (indicated in
Fig. 2). Near the surface, the alongshore (cross-shore) component
(Fig. 4a) shows skill of 0.65 (0.65), correlation of 0.57 (0.48) and
RMSE of 0.09 (0.01) m s−1. The best statistical values were found
near the bottom, with the alongshore (cross-shore) component
presenting a skill of 0.73 (0.73), a correlation of 0.61 (0.60) and
RMSE of 0.07 (< 0.01) m s−1. This good agreement between the
EA output and the observations are presented in Fig. 5. Regarding
the seawater temperature (Fig. 4b), we found skill values ranging
from 0.6 to 0.9, correlation coefficients between 0.4 and 0.9.

We quantitatively compared SST from remotely-sensed prod-
ucts (MUR) with the Anomalous experiment output (Fig. 6a and
b), that exhibited good agreement, presenting the main features
in the South Brazil Bight domain. To quantify this assessment,
we extract a box-averaged daily time series for both datasets in
three sectors between the transects (white contour in Fig. 6a): (I)
between Cananéia and Santos, (II) between Santos and Ubatuba,
and (III) between Ubatuba and Cabo Frio. The statistics between
these time series (Fig. 6c) presents correlation coefficients of 0.25,
0.72 and 0.9 for the sectors I, II and III respectively.

http://www.estacao.iag.usp.br/Boletins/DJF20132014.pdf
http://podaac.jpl.nasa.gov/
http://podaac.jpl.nasa.gov/
http://podaac.jpl.nasa.gov/
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Fig. 8. Horizontal distribution of temperature for the surface (a and b), 40-m depth (c and d) and 80-m depth (e and f). The left column presents the summer
climatology in each layer, and the right column provides the daily mean for February 13th of 2014. The white line represent the 18 ◦C-isotherm.
.3. The thermohaline structure

The description of the anomalous thermohaline structure is
chieved by comparing temperature and salinity model outputs
f February 13th with the summer climatological data, using the
8 ◦C-isotherm and the 36 psu isohaline as proxies for the SACW
nd TW displacement, respectively.
The vertical distribution of SACW and TW is assessed by the

nalysis of four transects distributed along the SBB off Cananéia,
antos, Ubatuba and Cabo Frio (Fig. 2). Additionally, the hori-
ontal distributions of temperature and salinity are presented in
hree vertical layers: at the surface, 40 m deep and 80 m deep.

In Cabo Frio (Fig. 7, a and b), there is an intense prevalence
f waters colder than 18 oC, both for climatological and anoma-

lous conditions. However, at the end of the anomalous period,
the entire shelf is filled with SACW, delimited by the 18 ◦C-
isotherm, including the surface. Off Ubatuba (Fig. 7, c and d), the
18 oC-isotherm rises considerably, mainly offshore. However, this
region is more stratified than the previous transect. In this sec-
tion, warmed waters occupy the first 10 meters near the surface,
but with values which remain colder than the climatology.

Off Santos (Fig. 7.e and f), there is a slight 18 oC-isotherm

uplift, reaching regions shallower than 20 m between 50 and 70

7

km offshore. Due to the influence of subsurface cold waters, the
surface temperatures are lower than the climatology near the 60-
m isobath and approximately 100-km offshore, decreasing from
24 oC to 22 oC when compared to the climatology. The most
prominent feature, however, is observed near the coast, with
temperatures reaching anomalous values higher than 30 oC.

Off Cananéia (Fig. 7, g and h), we observe small variations of
the 18 oC-isotherm position, warmer surface waters along the
transect, and extreme heating of the entire water column from
the coast up to 30-km offshore, with temperatures higher than
30 oC, similar to the Santos transect. The pattern found in this
transect suggest an advance of cold offshore waters near the
bottom that is balanced by the anomalous heating of surface
waters, resulting in smaller variations.

The sea surface temperature distribution (Fig. 8.a and b) shows
an intensification of coastal upwelling, with a cold water core
near Cabo Frio that was advected into the SBB, mainly in the
middle shelf (between the 40-m and the 80-m isobaths). SST
varies between 17 oC and 20 oC in the northern region. In the
south, however, warm waters dominate the temperature field,
from the coast to the shelf break, with values higher than 29 oC.

The temperature distribution 40 m deep (Fig. 8.c and d) shows
this increase in the upwelling, as well as the intrusion of cold
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Fig. 9. Transect of salinity off Cabo Frio (a and b), Ubatuba (c and d), Santos (e
nd f) and Cananéia (g and h). The left column presents the summer climatology
or each transect, used to initialize the simulations, and the right column
rovides the daily mean for February 13th of 2014. The white line represent
he 36 psu isohaline.

aters by both cross and alongshore advection. Finally, in the 80-
deep layer (Fig. 8.e and f), colder waters than the climatology

re presented in the northern region of the domain, with almost
o distribution change in the southern portion.
Regarding the salinity, an intense homogenization occurs off

abo Frio (Fig. 9, a and b), with lower than climatological salinity
aters covering the entire transect, varying from 35.3 to 35.4 psu.
ff Ubatuba, Santos, and Cananéia (Fig. 9, c and d, e and f, g and
, respectively), there is a weakening of the vertical salt gradient,
ut with a broader range of horizontal variation, from 35.4 to
5.8 psu, while climatologically, salinity varies from 34.8 to 35.8
su due to the runoff discharge influence in those areas. The
sohalines suggest an advection of water towards the coast, while
t the surface this transport occurs in the opposite direction. This
ppears to be evident in the 35.6 psu isohaline pattern, mainly in
he Ubatuba and Santos transects.

At the surface, saltier waters fill the inner shelf, increasing
alinity from the climatological value of 34.5 to 35.5 psu, mostly
etween Cananéia and Santos. For the entire middle shelf, salinity
8

changes from 34.8 to values higher than 35.5 psu at the surface
(Fig. 10, a and b). Even with this increase, the 36 psu isohaline
moved to deeper regions, reaching the 1000-m isobath in some
areas, and decreasing the horizontal salinity gradient. This dis-
placement is also observed at 40 m and 80 m depth layers (Fig. 10,
c and d, d and f, respectively), but mainly in the northern area. In
both layers, we observe a decrease in the salinities surrounding
Cabo Frio, with values decreasing from 36 to lower than 35.5 psu.
In the rest of the domain, however, no pronounced changes were
found.

3.4. Circulation

We decomposed the currents into alongshore and cross-shore
components. Positive values indicate an offshore flow for the
cross-shore component (Fig. 12, left) and northeasterly flow for
the alongshore component (Fig. 12, right).

In general, there is a northeastward current intensification
over the inner shelf from the coastline to the 40-m isobath. In
this region, current intensities higher than 0.2 m s−1 occurred
n February 13th (Fig. 11a and b). South of São Sebastião Island
SSI), we can also identify an enlargement of the northeastward
urrents reaching the 80-m isobath. In the northern region, how-
ver, the inner and middle shelf surface current response tends
o transport waters towards offshore, characterized by surface
urrents almost perpendicular to the coastline (southeastward).
espite the intensification of the currents, the 40-m depth layer
Fig. 11c and d) exhibited small variations on February 13th
ompared with the average circulation in the control experiment.
t the 80-m depth layer (Fig. 11e and f), however, the northern
egion presents currents towards the coast, transporting waters
rom the shelfbreak to shallower regions, compensating for the
urface offshore transport.
In terms of vertical structure, off Cabo Frio there is cross-shore

omponent towards offshore (Fig. 12a), with current magnitudes
igher than 0.2 m s−1 in the first 20 m of the water column.
he alongshore component (Fig. 12b), however, is dominated by
ositive magnitudes, between 0.2 and 0.3 m s−1, which indicates
ortheastward currents in this area. Off Ubatuba a similar pattern
ere observed for the cross-shore component (Fig. 12c), but
he alongshore is dominated by negative values (southwestward)
Fig. 12d).

For Santos and Cananéia, cross-shore components (Fig. 12e
nd g) towards offshore dominate both transects, with magni-
udes of 0.2 m s−1 located from the coastline to approximately
0 km offshore. In addition, the northeastward alongshore com-
onent (Fig. 12f and h) dominates from the coast to the 20-m
sobath, with higher intensities confined near the coast. From the
0-m isobath, there is a reversion of the alongshore component,
resenting mild and negative values (southeastward).
In respect to the cross-shelf currents – currents decomposed

sing the orientation of the 80-m isobath along the continental
helf – (Fig. 13), we observed a general intensification. Offshore
urrents of 0.3 m s−1 on average dominate the surface levels, but
ith extreme and deeper offshore currents in two main regions:
outh of São Sebastião Island, where offshore currents dominate
ll the water column, and west of Cabo Frio.
From 10 m to the bottom, onshore cross-shelf components

ominate the section, except between 180–280 km from the
oast, varying between 0.01 and 0.03 m s−1, with extreme values
igher than 0.06 m s−1 concentrated in a single well-defined core.
elative to the average CE condition (Fig. 13a), this formation
uffers an enlargement and deepening, changing from about 100-
m wide and 40-m thick up to 200-km and 70-m, respectively.
here is no well-defined organization for the onshore currents
etween 0 and 150-km.
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Fig. 10. Horizontal distribution of salinity for the surface (a and b), 40-m depth (c and d) and 80-m depth (e and f). The left column presents the summer climatology
in each layer, and the right column provides the daily mean for February 13th of 2014. The white line represent the 36 psu isohaline.
4. Discussion

The quantitative assessment shows that the model exhibited
ood agreement with the alongshore component (Fig. 4.a), with
etter results found near the bottom. These results suggest that
he model properly reproduces the hydrodynamical response to
he main processes that drive the circulation, such as winds and
hermohaline forcings (Castro, 1990). Since the São Sebastião
hannel dynamics is highly driven by the adjacent continental
helf dynamics (Castro, 1996; Dottori and Castro, 2009; Dottori
t al., 2015; Dottori and Castro, 2018), we can extend this assess-
ent for the inner and mid-shelves, the main region of analysis

n this work.
The temperature comparison (Fig. 4.b) presents better results

ear the bottom than the surface, mainly because of the processes
hat control this variable at each vertical level. At the bottom,
orizontal advection of cold water dominates the temperature
ariability in the summer (Cerda and Castro, 2014), while heat
luxes in the air-sea interface near the surface seem to be the
ain mechanism that controls the SST. However, the heat flux
ataset used in this work is susceptible to biases caused by
he parameterization process (Zeng et al., 1998; Josey, 2001).
he correlations between modeled and observed temperatures
9

are comparable with similar studies that evaluate the perfor-
mance of hydrodynamic models in continental shelf regions, such
as Zhang et al. (2012) and Hetland and DiMarco (2012) for the
Texas-Louisiana continental shelf circulation and temperature.

The SST assessment (Fig. 6a and b) shows lower values in the
northern region, with an offset of approximately 5 ◦C. This offset
is discussed by Pereira et al. (2020), indicating that Level 4 SST
MUR products exhibit discrepancies when confronted with in situ
observations, with higher differences observed during upwelling
days. Even with the bias inserted into the model by the heat flux
dataset used, as discussed above, the absence of a two-way air-
sea exchange configuration in the model can explain the higher
SST values observed in the southern region. Despite that, quali-
tatively the main mesoscale features are well represented in the
simulation, showing an extension of cold waters plume from Cabo
Frio to Ubatuba and the warm-water pool, in the southern region,
with higher SST. The box-averaged SST correlation coefficients
(Fig. 6c) computed are quite acceptable for the upwelling and the
central zones (R of 0.9 and 0.7, respectively). The low correlation
in the warm-water pool (R of 0.24) might be associated to the fact
that it was not possible to reproduce the transition zone position
appropriately, relative to the MUR product. While in our results
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Fig. 11. Horizontal distribution of velocity for the surface (a and b), 40-m depth (c and d) and 80-m depth (e and f). The left column presents the average circulation
n the Control Experiment for each layer, and the right column provides the daily mean for February 13th of 2014.
he transition zone is oriented in the along shelf direction (30 ◦C-
sotherm in Fig. 4b), in the remotely-sensed SST we observed a
orth-south oriented transition zone (28 ◦C-isotherm in Fig. 4.a).

.1. Thermal blocking and TW displacement

At the SBB, northeasterly winds are well known as upwelling-
avorable (Emilsson, 1961; Ikeda, 1977). In the northern SBB
egion, the narrow shelf enhances this dynamical process, result-
ng in the coastal upwelling around Cabo Frio (Valentin, 2001).
he northeasterly winds persistence for more than 30 days in
014 caused a coastal upwelling intensification (Fig. 6). The cold
aters plume reach regions further south than the climatologi-
al limits, transported by the Brazil Current and southwestward
urrents at the mid-continental shelf surface levels.
Off Ubatuba, we do not observe a classical coastal upwelling

s expected due to a narrow shelf in this area. Instead, an 18 ◦C-
sotherm uplift takes place, suggesting that the near-bottom on-
hore cold waters advection was thermally blocked by nearshore
eated waters (Fig. 7d). This blocking force the SACW uplift
owards the surface, but it was not enough to suppress the su-
erficial anomalous heating. Along with the Ekman transport, the
10
SACW uplift displaced TW towards deeper regions, as suggested
by the 36 psu isohaline (Fig. 10).

The uplift mechanism was observed during a campaign in
February 2014, by Aguilar (2019). The authors found more than
50% of SACW at approximately 5-m depth and sea surface tem-
peratures higher than 27 ◦C, which decreases rapidly until 16 ◦C
near the bottom. These observations corroborate the results found
by numerical modeling, endorsing the cold waters uplift. Similar
patterns were also observed by Dottori et al. (2015) at the São
Sebastião Channel for the same period. Fig. 14 illustrates this
mechanism considering a longer transect.

The southern SBB portion has a wider shelf than the northern
portion, not presenting a distinguished SACW onshore advec-
tion (Castro, 1996). The lower availability of cold waters, along
with the offshore Ekman transport, also displace the TW limits
further offshore. However, in the subsurface, the 36 psu isohaline
shows little variations in its position relative to the climatology
(Fig. 10). This pattern suggests a retreat of the TW only at the
surface, and it makes sense since we do not have an 18 ◦C-
isotherm uplift in this area. Consequently, without a source of
cold waters to buffer the surface heating, this region develops a
warm water pool restricted to the surface. Fig. 14b illustrates this

mechanism considering a longer transect.
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Fig. 12. Transect of cross-shore (left column) and alongshore (right column)
elocity components off Cabo Frio (a and b), Ubatuba (c and d), Santos (e and f)
nd Cananéia (g and h) for February 13th of 2014. Positive (negative) intensity
alues indicate the onshore (offshore) cross-shore component and the northward
southward) alongshore component.

Due to the alongshelf cold waters transport from Cabo Frio,
he Santos transect presents relatively cold waters at the surface
ver near the 100-m isobath (Fig. 7). This cold water contributes
n reducing the solar heating at the surface, resulting in relatively
oderate temperatures. Braga et al. (2017) observed a well-
efined stratification during January 2014 over the 40-m isobath
ff Santos. In this vertical profile, they reported sea surface tem-
eratures higher than 30 ◦C and temperatures lower than 16 ◦C

near the bottom, very similar with the results shown in Fig. 7f.
The absence of cold waters off Cananéia (Fig. 7h), due to

the cross or alongshelf advection, contributes to surface heating,
resulting in extreme high sea surface temperatures. Rodrigues
et al. (2019) describe the low latent heat flux and the high
shortwave radiation, due to the lack of cloud coverage, as the
leading mechanisms for the development of a large-scale marine
heatwave in the southwestern Atlantic Ocean. The warm-water
pool presented here might be part of this large-scale feature,
with a duration of approximately 40 days, as observed in Fig. S1
of Rodrigues et al. (2019).
11
4.2. Hydrodynamical response

Despite the salinity homogenization near the coast, caused by
a reduced continental runoff due to the drought period (Coelho
et al., 2016), we observed stronger northwestward currents in
the southern sector inner shelf (Fig. 11). Since this sector is
highly influenced by buoyancy forces (Castro, 1996), promoting
northwestward currents due to geostrophic balance (Csanady,
1997; Brink, 2005), the cross-shore SST gradient enhancement
(Fig. 8) strengthened these currents. Climatologically, this pattern
extends from the coast up to the 40-m isobath (Castro, 1996;
Mazzini, 2009; Fontes and de Castro, 2017) but, during the 2013–
2014 summer, the outer limits reached the 80-m isobath. This
enlargement suppressed the typical barotropic response to the
winds (Dottori and Castro, 2009). Over the 40-m isobath off
Santos, Fontes and de Castro (2017) observed a similar behavior
in 2014, presenting currents with preferred direction that leave
the isobaths to the left in all vertical levels.

The northern sector presented a reduced horizontal density
gradient due to the thermohaline homogenization (Fig. 8), weak-
ening the alongshore component. The wind-driven response was
more intense due to upwelling-favorable winds persistence dur-
ing the atmospheric blocking event. However, the expected de-
velopment of an Ekman cell (Lentz, 2001) was not observed on
the inner and mid shelves (Fig. 12a and c), despite their develop-
ment in the CE average state (not shown). This might be related
to the thermal blocking. The weakening of alongshore component
with stronger cross-shore components resulted in divergent cur-
rents at the surface in the northern sector (Fig. 11), transporting
nearshore waters towards offshore. The mass conservation is
balanced by an intensified cross-shelf onshore transport between
10-m depth and the bottom in the northern sector (Fig. 13b).

The scarcity of in situ measurements represents a major prob-
lem to investigate the influence of these events on biogeochemi-
cal water properties. Some studies have shown a negative impact
of blocking episodes over the phytoplankton concentration due
to high temperatures on large scales (Whitney, 2015; Le et al.,
2019). Nearshore, such impacts might be positive, as Brandini
et al. (2019) observed biogeochemical changes in the composition
of oligotrophic waters, from the South Brazil Bight northern area,
during the atmospheric blocking investigated in this work.

5. Conclusion

The 2013–2014 summer in southern South America presented
anomalous climatic conditions with respect to wind, solar radia-
tion, and a deficit in precipitation. This was due to the persistent
establishment of atmospheric blocking, which deflects cold fronts
eastward and suppresses SACZ formation, impacting the cloud
coverage and precipitation regime. In this work, we investigate
the consequences of this episode over shallow waters from a
numerical perspective.

We found that enhanced shortwave radiation leads to intense
surface heating and that the presence of northeasterly winds
strengthens the coastal upwelling near Cabo Frio. The SACW was
transported into the SBB, regulating the extreme heating in the
northern half of the domain. However, without a strong source
of bottom cold water, the southern half develops a warm-water
pool that may be part of the marine heatwave described by Ro-
drigues et al. (2019) in the southwestern South Atlantic during
the same period. Salinity variations, on the other hand, were not
significant, but we observe a displacement of TW offshore. The
final thermohaline structure induced an enlargement and inten-
sification of the northeastward currents near the coast between
Cananéia and south of São Sebastião Island. Between Ubatuba
and Cabo Frio, the cross-shore component was more intense than
the alongshore component due to intensified advection towards
offshore, compensated with near bottom advection towards the

coast.
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Fig. 13. Cross-shelf current component transect over the 80-m isobath, between Cananéia and Cabo Frio, for (a) the average state for CE and (b) for February 13th of
014. Positive (negative) intensity values indicate offshore (onshore) cross-shelf component. The red triangles in both transects represents the location of cross-shelf
ransect used in this work, as well as the inset map highlighting this transect location.
Fig. 14. Schemes that summarize the mechanisms suggested in this work, for each region of the domain, during the summer of 2014. Northern section includes
batuba and Cabo Frio, while the Southern section includes Cananéia and Santos. The acronyms in the images stand for South Atlantic Central Waters (SACW),
ropical Waters (TW), and Coastal Waters (CW).
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