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The circulation at the Eastern Brazilian Shelf (EBS), near 131S, is discussed in terms of the currents and

hydrography, associating large-scale circulation, transient and local processes to establish a regional

picture of the EBS circulation. The results show that the circulation within the continental shelf and

slope region is strongly affected by the seasonal changes in the wind field and meso/large-scale

circulation. Transient processes associated to the passage of Cold Front systems or meso-scale activity

and the presence of a local canyon add more complexity to the system. During the austral spring and

summer seasons, the prevailing upwelling favorable winds blowing from E–NE were responsible for

driving southwestward shelf currents. The interaction with the Western Boundary Current (the Brazil

Current), especially during summer, was significant and a considerable vertical shear in the velocity

field was observed at the outer shelf. The passage of a Cold Front system during the springtime caused a

complete reversal of the mean flow and contributed to the deepening of the Mixed Layer Depth (MLD).

In addition, the presence of Salvador Canyon, subject to an upwelling favorable boundary current,

enhanced the upwelling system, when compared to the upwelling observed at the adjacent shelf.

During the austral autumn and winter seasons the prevailing downwelling favorable winds blowing

from the SE acted to total reverse the shelf circulation, resulting in a northeastward flow. The passage of

a strong Cold Front, during the autumn season, contributed not only to the strengthening of the flow

but also to the deepening of the MLD. The presence of the Salvador Canyon, when subject to a

downwelling favorable boundary current, caused an intensification of the downwelling process.

Interestingly, the alongshore velocity at the shelf region adjacent to the head of the canyon was less

affected when compared to the upwelling situation.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The continental shelf along the state of Bahia, NE Brazil,
encompasses almost the entire extension of the Eastern Brazilian
Shelf (hereinafter EBS). The EBS is geographically limited between
131S and 221S (Knoppers et al., 1999) and apart from the Abrolhos
Bank, on its southernmost position, it represents the narrowest
straight continental shelf along the Brazilian coastline (average
width of 17 km at the study region). In the world context, this
turns the EBS into a peculiar region, since narrow shelves are not
a common feature along passive continental margins.

The oceanography of the EBS is highly influenced by the
northern limb of the subtropical gyre, where the bifurcation of
ll rights reserved.
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the South Equatorial Current (SEC), at its upper level, originates
the two major shelf/slope Western Boundary Currents (WBC): the
poleward Brazil Current (BC) and the equatorward North Brazil
Current/North Brazil Undercurrent (NBC/NBUC). While in some
regions, mesoscale processes related to the WBCs influence only
the outer shelf region, as observed at the South Atlantic Bight (e.g.
Allen et al., 1983; Lee et al., 1984), here, as reported by Amorim
et al. (2011), these features can also influence the mid-shelf
region, causing events of complete reversals of the shelf currents.

The meteorological forcings at the EBS and adjacent offshore
region are subject to a strong meridional wind seasonal cycle
associated to the variability in the amplitude of the local wind
stress curl, due to the annual north–south displacement of the
marine Inter-tropical Convergence Zone—ITCZ (Dominguez, 2006;
Rodrigues et al., 2007). As an ocean response, the SEC bifurcation
also undergoes a seasonal latitudinal excursion (Fig. 1). According
to Rodrigues et al. (2007), during the austral spring/summer, local
positive wind stress curl produces an anomalous anti-cyclonic
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Fig. 1. Schematic seasonal variation of the Western Boundary Currents (WBC) at

the upper levels along the East Brazilian Shelf/slope region. The gray line shows

the southernmost (171S in July) position of the bifurcation of the South Equatorial

Current (SEC), while the black line shows the northernmost position (131S in

November) of the bifurcation of the SEC according to Rodrigues et al. (2007). The

poleward WBC is the Brazil Current (BC) while the equatorward WBC is the North

Brazil Current/North Brazil Undercurrent System (NBC/NBUC). The locations of the

important ecosystems are also shown.
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Fig. 2. Location map of the study region. R1, R2 and R3 are the transects, where

the � symbols represent the CTD stations (1–9 at R1 and R3 and 1–11 at R2) and

the � symbols delimit the ADCP transects. The isobaths are represented by the

10 m, 20 m, 30 m, 50 m, 200 m, 1000 m and 2000 m contours. The 50 m isobath,

which represents the shelf-break and the Salvador canyon rim, is in bold.

The Salvador Canyon is located at transect R2.
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circulation which moves the SEC bifurcation northward. Conver-
sely, local negative wind stress curl during the austral winter
produces an anomalous cyclonic circulation, causing a southward
shift of the SEC bifurcation. According to these authors, this
latitudinal excursion is strongest in the top 400 m, reaching its
southernmost (northernmost) position � 171S in July ð � 131S in
November).

In a more recent study, Soutelino et al. (2011) showed that the
near surface (50 m) flow at the shelf/slope region of the SEC
bifurcation is associated with eddy structures. These authors
argue that between 151S and 201S, the BC could be interpreted
as the flow composed by the coastal border of three robust
anticyclones. North of this latitude, a cyclonic structure might
be associated with the start of the surface NBC.

The remote wind forcing is also an important driving mechan-
ism in the local hydrodynamics. Following the large scale season-
ality of the trade wind regime, the EBS circulation is mainly
driven by winds from E/SE to the north of 201S during the
autumn/winter seasons, and by winds from NE to the south of
121S during the spring/summer seasons (Dominguez, 2006),
presenting very distinct scenarios between seasons, with a
complete reversal of the mean shelf flow (Amorim et al., 2011).
These authors also point to the importance of the passage of
atmospheric Cold Front systems along the EBS, which according
to the season, are related to episodic reversals of the preferential
shelf flow.

In addition to the complexity of the EBS system forcing
mechanisms presented above, the topography of the EBS is also
marked by the presence of few submarine canyons. According to
Allen and Durrieu de Madron (2009), these topographic features
are conduits of enhanced transport between the shelf and the
deep ocean and could strongly affect the local circulation. The
literature on the dynamics of narrow canyons has fortunately
increased during the last few decades. For the Astoria Canyon, at
the northwestern coast of North America, She and Klinck (2000)
based on numerical modeling have shown that for upwelling
favorable winds, the onshore cross-shore pressure gradient that
supports the alongshore geostrophic flow, when interacting with
the canyon topography, breaks the geostrophic constraint and
drives water into the canyon, inducing upwelling. This upwelled
water is larger than the wind-driven upwelling along the adjacent
shelf break and is capable of rising water from depths up to 300 m
below the canyon rim. Kampf (2006) also suggests that for an
upwelling wind system, the up-canyon flow is a response of the
rapid geostrophic adjustment to barotropic pressure gradients
established across the canyon and the disturbances in the density
field operate to enhance the canyon upwelling process, with the
formation of a cyclonic eddy within the canyon as a major effect
of the stratification. For downwelling favorable winds, the oppo-
site situation occurs and an anticyclone is formed (She and Klinck,
2000). These authors point out that the circulation near the top of
the canyon, in this situation, is more alongshore oriented, while
for upwelling favorable winds it is mainly cross-shore oriented.

As it had been shown, the EBS is a very interesting region in
terms of hydrodynamics. Due to its narrow shelf, the WBC
originated from the SEC bifurcation and the mesoscale processes
associated with these WBCs are expected to interact closely with
the wind-driven shelf currents. All of these processes have indeed
a significant seasonal cycle. But, although these forcings mechan-
isms were to some extent addressed isolatedly in few selected
works, until now, no attempt has been made to combine them to
elucidate the dynamics of the seasonal circulation of the EBS.
With this purpose, and focusing on the central coast of Bahia
(around 131S), this study aims to establish a first regional picture
on the influence of large-scale circulation and transient processes,
as well as local topographic features, on the seasonal EBS
circulation.

To accomplish this task, a set of original in situ oceanographic
data (hydrography and currents) sampled along the shelf and
slope region, covering the four austral seasons, is explored. The
paper is organized as follows. The regional setting of the study
area is presented in Section 2. Data and the methodologies
adopted are given in Section 3. Section 4 describes the major
results relating the wind pattern during the cruise days with the
hydrodynamics and thermohaline structure. Finally, an integrated
discussion of the results is presented in Section 5.
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2. Regional setting

The region of study is located at the central coast of the state of
Bahia, in NE Brazil (131S; Fig. 2), just south of the place where the
EBS reaches its narrowest width ð � 7 kmÞ. The shelf break is
situated at about 50–60 m.

As mentioned in Section 1, due to the narrowness of the shelf,
the adjacent WBC and its associated mesoscale activity is
expected to influence the shelf dynamics. Since the latitude of
the SEC bifurcation, at the upper levels, changes seasonally, a
possible change in the direction of the WBC is also expected to
occur during the annual cycle. Due to: (i) the lack of available data
and (ii) the fact that there are several ways of defining a WBC, the
origin of both the northward NBC and the southward BC is
somehow difficult to define (see Fig. 4 of Stramma and Schott,
1999). Here, we adopt the change in the direction of the annual
mean velocity at several cross-sections obtained from 13 years of
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Fig. 3. The seasonal Mixed Layer Depth (MLD) over the study area derived from the glob

(c) autumn and (d) winter. The box indicates the region of study.
drifting buoys from Oliveira et al. (2009) to position the origin of
the NBC and BC at 101S and 151S, respectively. The regional
circulation associated to the WBCs during the cruise periods is
discussed in more detail in Section 4.2.

While the NBC is an intense equatorward WBC (Silveira et al.,
1994), at its origin, the poleward BC is a weak and shallow
ð � 100 mÞ flow, generally associated with the warm and salty
Tropical Water (T4201 C, S436 and syo25.7 kg m�3). As the BC
flow southwards, it not only is strengthened but also deepens,
eventually incorporating the upper thermocline water of the
South Atlantic Central Water. According to the literature though,
that only occurs near 221S (Stramma and England, 1999; Silveira
et al., 2000; Cirano et al., 2006). Due to that, at the region of study,
the upper thermocline water, underneath the surface layer,
always flows northward carried by the NBUC. This permanent
northward flow at the NBUC level is clearly shown at 141S, on the
numerical modeling results from Rezende et al. (2011).
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The upper surface water is strongly affected by the local winds
and surface air temperature changes, which contribute to a
remarkable change in the mixed layer depth (MLD) between
seasons. The MLD here is based on the temperature criteria
defined by Montégut et al. (2004) that uses a 0.21C threshold
value calculated from the temperature at 10 m depth. According
to these authors, the use of this depth avoids a large part of the
strong diurnal cycle in the top few meters of the ocean. Since the
Montégut et al. (2004) MLD climatology has a 11�11 horizontal
resolution, we have to take into account that it does not have
enough resolution to include the effect of abrupt changes in
topography on the local MLD, reflecting mostly the shelf-wide
pattern. For the region of study, the Montégut et al. (2004)
seasonal climatology of the MLD (Fig. 3) shows values varying
from about 35 m in summer to 75 m in winter. A springtime re-
stratification is also well defined with values close to those
observed during the summertime.

In terms of the seasonality of the shelf currents, the only
reference available in the literature is related to Amorim et al.
(2011). Their results are based on two current-meter shelf
moorings covering the 2002/2003 austral summer and the 2003
austral autumn and, as pointed out in Section 1, show that the
currents at the shelf are mainly wind driven, experiencing a
complete reversal between seasons due to a similar change in
the wind field. Their results also show that at the inner-shelf
(local depth of 28 m), the alongshore velocity was mostly driven
by forcings at the sub-inertial frequency. While at the mid-shelf
(local depth of 42 m), a similar pattern was also observed, a larger
contribution of the sub-inertial forcings was found during
autumn. The authors argued that this could be related to a weaker
autumn stratification, resulting in a more barotropic signature.

The influence of tides in the region is of secondary importance.
Amorim et al. (2011), for the data described above, have shown
that the near surface tidal currents account for up to 31% and 22%
of the variability of the cross-shore and alongshore components of
the velocity, respectively. In addition Pereira et al. (2005), study-
ing the tide–topography interaction along the EBS from 141S to
191S, found that the northern portion of their region (vertical slice
f in their Fig. 1), which is the closest location to our study region,
is the least affected by internal tides.

As mentioned in Section 1, the presence of abrupt changes
in topography could add more complexity to the circulation
and associated thermohaline field. Fig. 2 shows the location of
Salvador Canyon, which is a quite long ð � 24 kmÞ and narrow
canyon with an axial bottom depth (H) of 450 m and a half-width
(L) of 7.7 km, giving an aspect ratio (H/L) of 0.06. The canyon is
relatively symmetrical in shape and roughly aligned perpendicu-
lar to the local isobaths, that is to say that the geostrophic
alongshore currents, which follow the NE–SW direction of the
local isobaths, intersect the canyon axis at right angles. To
evaluate the influence of the canyon topography in the local
circulation, and following Hickey (1997), the stratification para-
meter (S¼NH=fL) and relevant length scales such as the vertical
stratification scale (Tr¼ fL/N) and the internal Rossby radius of
deformation (Rd¼NH/f) are provided. Each of these parameters
depend on the latitude, through the Coriolis parameter (f), and on
the stratification, through the buoyancy frequency (N2). For the
study region f¼�3.4�10�5 s�1 and based on the in situ data
that are presented in Section 4, the buoyancy frequency varies
from 5.5�10�3oNo6.9�10�3 s�1, the stratification parameter
range is 9oSo12, the vertical stratification scale range is about
50oTr o40 m and the internal Rossby radius range is about
70oRDo90 km for weak (winter) and strong (summer) stratifi-
cation, respectively. As a consequence, the Salvador Canyon will
certainly affect the circulation and a dynamics similar to what
was described in Section 1 is expected to occur.
3. Data and methods

Hydrographic surveys, covering of the four austral seasons,
were carried out during the following periods: (i) 17–24 October
2006—austral spring, (ii) 24–28 January 2007—austral summer,
(iii) 9–16 May 2007—austral autumn and (iv) 2–5 August
2007—austral winter. In each survey, temperature and salinity
casts were sampled along 29 hydrographic stations distributed in
three cross-shelf transects (Fig. 2). Additionally, velocity profiles
for the shelf region were also registered along each transect using
a bottom-tracking ADCP. In order to minimize possible secondary
effects of tides, as reported in Hickey (1997) for the Astoria
Canyon, all the samplings at the R2 transects were performed
during the neap tide, with ADCP profiling preferably being
performed close to the slack water, which was the case for the
spring and summer cruises.

The hydrographic measurements were taken with a SBE 19 plus

SEACAT Profiler Seabird CTD, with a sampling frequency of 4 Hz.
The vertical profilers reached a maximum depth of 500 m, due to
the instrument limitations. The current measurements were
made with a Workhorse 600 kHz RD ADCP, registering the currents
structure between the 10 m and 50 m isobaths (Fig. 2), due to the
instrument range. However, for the transect R2, the deeper limit
of the ADCP transect was placed between the 50 m and 200 m
isobaths in order to have a better representation of the current
dynamics at the canyon axis. The equipment was set up with 2 m
vertical resolution cells, performing temporal means of four
ensembles at a sampling frequency of 4 Hz.

The hydrographic data were subsequently filtered to remove
possible spikes and then a bin average was carried out (Emery and
Thomson, 1997). Hydrodynamics will be evaluated, among other
criteria, based on the MLD evolution, which is capable to capture
important features in the global ocean and plays a key role in
several ocean processes (Montégut et al., 2004; Gonzalez-Pola
et al., 2007). The MLD defines the extent of turbulent penetration
into the ocean due to air–sea fluxes, establishing the atmosphere–
ocean heat exchange regime (Gonzalez-Pola et al., 2007). The MDL
will be evaluated based on the same criteria used for the Montégut
et al. (2004) climatology, described in Section 2.

The currents were rotated based on the orientation of each
transect relative to the true north (1T), which were 331T, 37.81T
and 181T for transects R1, R2 and R3, respectively. Depth-
averaged velocity vectors were calculated based on the vertical
distribution of these currents. The AVISO Ssalto/Duacs Gridded
Absolute Dynamic Topography and absolute geostrophic veloci-
ties (1/31�1/31 horizontal resolution) obtained from AVISO
(2011) were also used to provide information on the regional
and large-scale circulation at the seasonal cruises.

The regional wind field was investigated for the whole month
where each cruise took place in order to establish a relationship
with regional circulation dynamics. The data were based on a
3-hourly oceanic meteorological station (INPE, 2009b) located at
Salvador city, distant approximately 42 km from the region of
interest (Fig. 2). Since most of the analyses are made for offshore
data (depths4100 m), we applied a correction on the meteoro-
logical station data based on the criterion proposed by Hsu
(1986), which relates the wind sea data with the wind land data
according to the equation Usea ¼ 1:62þ1:17Uland, where U is the
wind speed. This criterion is recommended for operational use
and climatological applications and strongly agrees with the
criterion proposed by Liu et al. (1984), which takes the air–sea
temperature differences into consideration (see Fig. 3 from Hsu,
1986). Wind data derived from the NCEP Reanalysis II (Kanamitsu
et al., 2002) for a point located in the center of the study region
were also taken into consideration and the data showed similar
intensity values when compared to the corrected data from the
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meteorological station, but due to the low temporal resolution of
the first (6-hourly), the NCEP data were discarded.
4. Results and discussion

In order to have a better understanding of the results, which are
discussed primarily in terms of the seasons, it is important to
mention that at each cruise, the transects were performed within
a variable time window of 3–7 days. This also allows us to discuss
the effects of transient processes in the local circulation. Considering
that the meteorological forcing is an important part of the local
dynamics, a brief contextualization on the general patterns of
the winds before and after each seasonal cruise is provided in
Section 4.1. With this scenario in mind, an overview of the regional
meso/large scale circulation derived from AVISO, for each cruise or
at the closest date available, is analyzed together with the shelf
circulation derived from the ADCP data in Section 4.2. Finally,
Section 4.3 presents the hydrographic data, focusing on the general
patterns of the temperature and salinity observed during the cruises.
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During the spring cruise, the prevailing winds were from
the E–NE with a mean velocity of 2.9 m s�1 (Fig. 4a). Between
21–22 October and before the occupancy of transect R1, a Cold
Front passage was registered (INPE, 2009a). At that stage, winds
reversed from the SE, with the mean velocity polarized at the
alongshore direction, with an intensity of 5.7 m s�1, a value
almost twice of the monthly mean. For the summer cruise, there
were no records of a Cold Front passage and winds followed the
preferential direction for this season, blowing from the E–NE with
a mean intensity of 3.7 m s�1 during the cruise days (Fig. 4b). The
alongshore component of the wind was quite weak, with a mean
of �1.34 m s�1.

During the autumn campaign the mean wind intensity was
2.6 m s�1, but, a strong Cold Front was registered before the
occupancy of transects R1 and R2, and a magnification of the SE
winds occurred, reaching a mean intensity of 6.6 m s�1 (Fig. 4c).
Finally, the winter cruise was made under typical wintertime
conditions, with mean SE winds of 3.6 m s�1. However, intensity
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peaks greater than þ5.0 m s�1 were registered for the alongshore
component of the wind during the cruise days (Fig. 4d).

4.2. The shelf and shelf/slope circulation

Before describing the shelf currents derived from the ADCP at
the transects R1–R3 during the seasonal cruises, it is important to
provide an overview of the circulation at the shelf/slope region
Fig. 5. Maps of geostrophic velocity and absolute dynamic topography (in shading colo

(c) autumn and (d) winter cruises. The mean topography was subtracted from the plo

200 m. The box indicates the region of study. (For interpretation of the references to c
during the cruise periods, so that the influence of the WBC can be
evaluated in the area. According to Amorim et al. (2011), the
circulation on the inner and mid-shelf is strongly related to the
wind pattern, however, meso-scale activity associated to the WBC
flowing at the shelf/slope can influence periodically the circula-
tion within the shelf, causing significant current reversals.

For this purpose, maps of the AVISO surface geostrophic
currents and associated dynamic topography (AVISO, 2011)
r) derived from AVISO for the closest available day of the (a) spring, (b) summer,

ts to facilitate inter-comparison. Data are only presented at depths greater than

olor in this figure legend, the reader is referred to the web version of this article.)



F.N. Amorim et al. / Continental Shelf Research 32 (2012) 47–61 53
for the shelf/slope (depths 4200 mÞ were obtained for the
closest available day at each seasonal cruise and are presented
in Fig. 5.

The shelf/slope circulation during the spring cruise (Fig. 5a)
shows three anti-cyclones occupying the region from 121S to 181S,
leading to a southward current at this region, a similar pattern of
the BC north of 201S described by Soutelino et al. (2011). At the
oceanic portion of the region, one can also clearly notice the
westward oriented flow of the SEC, which is associated with these
anti-cyclones. The scenario at the summer cruise (Fig. 5b) is
somehow similar to was observed during the spring cruise, with
the exception that the shelf/slope region is less dominated by
eddies and that the westward SEC is now a broader flow.

During the autumn cruise (Fig. 5c), the circulation at the shelf/
slope region and north of 151S is now defined as a continuous N/NE
oriented flow, mostly driven by the bifurcation of the westward
SEC flow that enters the region south of 151S. The offshore sea
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the data were obtained after the passage of a Cold Front.
surface gradient that supports this flow is evident along the whole
region. During the winter cruise (Fig. 5d), the general pattern of the
shelf/slope flow is somehow similar, but now the meso-scale
features are more evident, such as the large cyclonic feature that
occupies the region from 101S to 141S.

With the circulation at the shelf/slope region in mind, one can
now analyze the shelf circulation (between the 10 m and 50 m
isobaths) based on the horizontal distribution of the depth-averaged
currents derived from the three ADCP transects obtained during the
seasonal cruises (Fig. 6) and some vertical sections of the horizontal
velocity components at these transects to illustrate specific details
(Figs. 7–10).

During the spring and summer season the prevailing upwel-
ling favorable E–NE winds (Fig. 4a and b) acted to drive the
southward shelf currents at transect R3 (Fig. 6a and b). At transect
R2, although the measurements were still under typical condi-
tions (E–NE winds), what is observed is a reversal of the shelf
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circulation, with the flow being northeast oriented, the along-
shore component being reduced and the cross-shore component
being magnified (Fig. 6a and b), which can be seen in more detail
in Fig. 7.
As mentioned in Section 2, it is important to remember that
transect R2 is located adjacent to the head of Salvador Canyon, a
narrow canyon that has a shallow rim. The dynamics observed
here is somehow compatible to what is observed in the literature
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(Hickey, 1997; She and Klinck, 2000). For an upwelling favorable
current, a cyclonic circulation at the canyon mouth is generated,
cross-shore exchanges are magnified and upwelling at the can-
yon, when compared to the surrounding shelf-break regions, is
enhanced. These results will be described in detail in Section 4.3.
Considering that the canyon rim is at a depth of 50 m, which is
similar to the vertical stratification scale (minimum value of 40 m
during summer), the canyon is expected to influence the circula-
tion along the whole water column. The vertical structure of the
cross-shore flow that connects the shelf region with the head of
the canyon is presented in Fig. 7 and shows the offshore flow at
the upper layers that is associated to the upwelling process that
occurs at the shelf/slope region.

At transect R1, which is affected by the downstream flank of
the canyon, an additional signature of the cyclonic circulation can
be observed in the summer cruise (Fig. 6b). Despite the measure-
ments were taken under typical summertime conditions (E–NE
upwelling favorable winds), the flow at the inner portion of the
transect is to NE, following the flow direction observed at transect
R2, while a 50 cm s�1 surface southward oriented flow occupies a
great portion of the shelf with a significant vertical shear (Fig. 8b).
During the spring cruise, the passage of a strong Cold Front before
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the realization of transect R1 (Fig. 4a) did not allow one to verify a
similar pattern, since it contributed to a total reversal of the shelf
current (Fig. 6a). However, a feature to be explored is that at the
end of the ADCP transect a mean SW flow was maintained, with
surface velocities of about 15 cm s�1 and some vertical shear
(Fig. 8a). This flow appears to be related to the circulation at the
shelf/slope region. In both spring and summer cruises, the AVISO
surface geostrophic currents show a southward oriented WBC at
the study region (Fig. 5a and b).

During autumn and winter seasons, the prevailing winds are
now from the S/SE and currents are downwelling favorable. With
the exception of transect R3 during autumn cruise, a complete
reversal of the mean flow was observed, with northeastward
oriented currents at all transects (Fig. 6c and d). When relating to
the spring/summer scenario, few differences now occur. During
the passage of Cold Front systems, the shelf circulation is
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magnified (transects R1 and R2 in Fig. 6c compared to Fig. 6d),
the influence of the WBC (Fig. 5c) becomes more clear during
these events and the vertical shear in the velocity field is reduced
(Fig. 9a). The reduction of the vertical shear is probably associated
to the fact that the WBC is now downwelling favorable and the
MLD is deeper.

At transect R2, the influence of the canyon, when compared to
the spring/summer scenario is reduced and the alongshore com-
ponent of the velocity is enlarged (Fig. 9b compared to Fig. 10a).
The reduction of the cross-shore flow when a canyon is affected by
a downwelling favorable current (Fig. 10a and b) when compared
to the case of an upwelling favorable current (Fig. 7a and b) is in
agreement with the results of She and Klinck (2000). Despite the
reduction of the strength, the general pattern of the cross-shore
circulation reverses from the spring/summer scenario to the
autumn/winter scenario.
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4.3. Hydrography

In order to provide an overview of the seasonal variation of the
hydrographic data sampled at the three transects during each
cruise, vertical mean profiles of temperature, salinity and sigma-y
for the outer-shelf (depths 4100 mÞ stations were performed
and are presented in Fig. 11. The hydrography of the shelf and
shelf/slope region is then discussed in more detail in the sequence
of this section.

Fig. 11 shows the presence of two water masses, the warm and
salty Tropical Water (TW) and the South Atlantic Central Water
(SACW). The TW changed seasonally, being warmer and with
almost constant salinity during summer. During spring and winter
seasons, the temperature of the upper waters was lower and
salinity was more variable. The SACW, which occupied mainly the
thermocline, showed almost no change in the thermohaline
structure, with the exception of winter, when a deepening of the
interface between these two water masses was observed.

The progressively deepening of the isothermal layer (tempera-
ture variation r0:21C) from 20 m (summer) to � 170 m (winter)
is presented in Fig. 11b. Changes in the thickness of the iso-
thermal layer can be attributed to the mixing, enhanced by the
local winds and to the stratification rupture due to the top water
cooling. As will be pointed out later, in the study region, local and
large scale dynamics, also contributed to changes in the isother-
mal layer. The mean temperature at the isothermal layer varied
from a maximum of 27.81C during summer to a minimum of 251C
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Fig. 13. Cross-shelf (depths o100 m) sections of (a) temperature and (b) salinity for

represented by r (see Fig. 2 for location). The acronym ACF was used to indicate the t
during winter. Due to the deepening of the isothermal layer
during the winter season, warm waters occupied the depths
below 100 m in comparison to the other seasons (Fig. 11b, heavy
gray line). The thermocline region was mainly occupied by
the SACW, starting at depths of � 150 m ð � 220 mÞ during the
summer (winter) season. Changes in the upper salinity were less
pronounced, with the maximum value of 37.3 being registered
during wintertime, when the salinity values along depth were
higher than the other seasons (Fig. 11c).

With the purpose of evaluating the influence of winds, local
topography and transient processes on the seasonal changes of
the hydrographic properties, the vertical distribution of tempera-
ture for the shelf/slope region is presented in Fig. 12 for all cruises
and the results are compared with the climatological MLD values
obtained from Montégut et al. (2004) (Fig. 3).

During the spring season, the hydrographic measurements made
at transects R2 and R3 were under typical conditions, with E–NE
mean winds of 2.7 m s�1 (Fig. 4a). The observed MLD at transects R2
and R3 was less than 12 m (Fig. 12a and b), which does not agree
neither with the climatological value ð � 35 m, Fig. 3a) nor with the
surface Ekman layer depth (DE) of about 46 m, according to the

Stewart (2005) formulation (DE ¼ 7:6U10

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin9j9

q.
), where U10 is the

wind speed at 10 m above the sea and j is the latitude of reference.
Considering that transect R2 is located at the Salvador Canyon

head (Fig. 2) and in accordance with what was observed by She
and Klinck (2000), upwelling from depths of up to 200 m is
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observed in the region (Fig. 12b). Since the canyon rim is very
shallow and the vertical stratification scale is of the same order,
the whole water column above the rim is also affected by the
canyon dynamics. In analogy to what was observed by Hickey
(1997), the upwelling at the depth of the rim results in a
compression of the layers (see Fig. 13a for a detailed view at
the upper layer), while at greater depth layers are stretched. The
trapped cyclonic circulation resulted from the interaction of this
upwelling favorable current with the canyon topography, as
described by Hickey (1997) and She and Klinck (2000), is also
clearly seen at this transect, where the center of the cell is
approximately located at 10 km in Fig. 12b.

While the upwelling at transect R2 is mostly enhanced by
the local canyon topography, at the adjacent shelf (transect R3,
Fig. 12a), the shortening of the MLD when compared to the
climatology seems to be influenced by the circulation at the
shelf/slope region, where the interaction of the two anti-cyclonic
cells that occurs at the surroundings of the study area (Fig. 5a)
generates a relatively low pressure system which can contribute
to raise the MLD near the coastal region. Campos et al. (2000),
at the Southeast Brazilian Bight, where the shelf is wider than
the EBS, argue that the combined effect of coastal wind-driven
upwelling and meander induced upwelling during the summer,
results in a strong mechanism capable of bringing cold waters
from the slope regions to near the coast. According to the authors,
during wintertime, when coastal upwelling is diminished, practi-
cally only the meander-induced upwelling occurs.
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The measurements taken at R1 transect, still during the spring
season, but under the influence of a strong Cold Front (mean SE
wind of 5.7 m s�1, Fig. 4a) shows that the MLD drooped to about
50 m depth (Fig. 12c), a value lower than the depth of the surface
Ekman layer (DEffi90 m) due to the mean downwelling favorable
wind. At Fig. 12c, a strongly homogeneous scenario could also be
observed at the R1 shelf with almost no change over the shelf
neither in temperature (Fig. 13a) nor salinity (Fig. 13b).

The cruise made during the summer season did not experience
the passage of a Cold Front, being made under typical summer-
time conditions (upwelling favorable NE winds, Fig. 4b). Once
again, the MLD did not agree neither with the climatological
mean for this season ð � 35 m, Fig. 3b) nor with the Ekman layer
depth (DEffi58 m), reaching depths of less than 15 m at transect
R3 and being almost non-existent at transects R1 and R2
(Fig. 12d–f). Here, in analogy to what was observed in transect
R2 during springtime, the canyon topography enhances upwelling
(Fig. 12b and e), when compared to the surrounding shelf regions
located at transects R1 and R3, and a cyclonic trapped circulation
at the canyon is again observed. This cyclonic circulation also
affects the coastal region north of the canyon head, leading to a
downward of the isotherms at the inner shelf (Fig. 14a, R1) and a
weak northeastward flow (Fig. 6b, R1). At the canyon head, in
transect R2, this downward of the isotherms occurs at the shelf
and shelf-break region and lays underneath of an intense strati-
fication in the top 20 m of the water column. At transect R3
(Fig. 12d), in analogy with what observed at transects R1 and R2
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(Fig. 12e and f), a strongly stratified scenario is observed in the
upper layers, and the relatively cold water intrusion that occurs in
the shelf is a result of the prevailing upwelling favorable winds
alone (Fig. 14a, R3). Overall, the summertime salinity at transects
R1–R3 showed a strong homogeneity (Fig. 14b).

During the autumn cruise, a strong Cold Front was observed
in the middle of the cruise (Fig. 4c), affecting the R1 and R2
transects. The MLD at transect R3 (under typical autumn condi-
tions) reached 45 m depth (Fig. 12g) and is in agreement with the
climatological value presented in Fig. 3c and with the Ekman
layer depth of about 42 m. Although at transect R3 the shelf
region temperature was very homogeneous, a moderate vertical
stratification was presented in the salinity field (Fig. 15a and b).

After the passage of the Cold Front, a drop in the temperature
was observed at the shelf region of transects R1 and R2, although
water was still kept homogeneous. Salinity horizontal gradients
started to develop, with less saline waters along the inner-shelf
(Fig. 15, R1 and R2), which supports the northeastward shelf
currents (Fig. 6c, R1 and R2). Cirano and Lessa (2007), studying
the oceanography of Todos os Santos Bay, located about 42 km
from the northwest border of the study region, found May to be
the month with the largest net inflow of freshwater (only
evaporation–precipitation flux) and one of the largest climatolo-
gical monthly values of overall freshwater inflow (evaporation–
precipitation flux and fluvial discharges). During the wet period,
but for July, these authors also found mean salinity values of 35.8
(surface) and 36.8 (bottom) at the adjacent shelf (at a water
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represented by r (see Fig. 2 for location). The acronym ACF was used to indicate the t
column of 33 m). These less haline values found at the shelf
region during the autumn cruise are consistent with the results of
Cirano and Lessa (2007) and reflect the influence (although small)
of the continental drainage. The major rivers surrounding the
study region are located at the Todos os Santos Bay. At Camamu
Bay, located about 60 km to the south, river discharges are lower
and do not change significantly between seasons (Amorim et al.,
2011).

At the shelf/slope region of transects R1 and R2, the MLD
drooped to about 100 m depth (Fig. 12h and i), which is almost
twice of the climatological value (Fig. 3c) but strongly agrees with
the Ekman layer depth of 105 m due to the mean downwelling
favorable winds of 6.6 m s�1 (Fig. 4c), although the MLD also
depends on the past history of the local wind, and the Ekman
depth is expected to be rather less than the MLD if the latter was
influenced by short periods of strong winds (Pond and Pickard,
1983), which was the case prior to the realization of transects R1
and R2. Not only that, as shown in Fig. 5c, the region of study is
largely influenced by a WBC, which is downwelling favorable. In
addition, at least for transect R2 (Fig. 12h), the vertical mixing
may have been enhanced by the intensification of the down-
welling system due to the canyon, as reported by She and Klinck
(2000). The effects of the canyon topography also contributed to
form an anti-cyclonic circulation at the thermocline region of
transect R2 ð � 150 m depth).

Finally, the winter cruise was made under typical wintertime
conditions (S–SE winds, Fig. 4d) and did not experience the
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passage of a Cold Front system. Here, a deeper MLD (depth
4120 mÞ was observed at all transects (Fig. 12j–l), with values
significantly higher than the climatological value of 75 m (Fig. 3d).
At transect R2, in analogy to what was observed during the
autumn cruise, the presence of the canyon, certainly contributed
to the deepening of the MLD. But, probably, the most reasonable
explanation for this deepening of the MLD at all transects is the
interaction with the shelf–slope current, which is downwelling
favorable. If one considers that the bifurcation of the SEC reaches
its most southern position (171S) in July, this period is probably
affected by more episodes of intense northward WBC, such as the
one that occurred at the beginning of August (Fig. 5d). At the shelf
region, although temperature is very homogeneous (Fig. 16a), the
continental drainage, in a similar way to what was observed
during the autumn cruise, seemed to affect the coastal region,
where horizontal (at transects R1 and R3) and vertical (at transect R2)
gradients of salinity (Fig. 16b) are observed.
5. Summary and conclusions

The physical properties observed at the Eastern Brazilian Shelf
(centered at 131S) and associated slope region during the four
original seasonal cruises were able to show the variety of forcing
mechanisms that the region is exposed, which include, the local
winds and topography, transient processes and interaction with
meso/large scale circulation. The major features to be pointed out
are: (i) the outer-shelf was influenced by the meso/large scale
dynamics and local topography; (ii) inner and mid-shelves were
influenced by the local winds and by the dynamics associated with
the local topography; and (iii) the whole system was influenced by
the seasonal changes in the large scale and atmospheric circula-
tion and transient events, presenting very distinct scenarios
between spring/summer and autumn/winter seasons.

During the austral spring and summer seasons, the prevailing
upwelling favorable winds blowing from E–NE were responsible
for driving southwestward shelf currents. The interaction with
the Western Boundary Current (the Brazil Current), especially
during summer, was significant and a considerable vertical shear
in the velocity field was observed at the outer shelf. The passage
of a Cold Front system during the springtime caused a complete
reversal of the mean flow and contributed to the deepening of the
Mixed Layer Depth (MLD) at transect R1. In addition, the presence
of a steep topography at transect R2, the Salvador Canyon, added
more features to the local circulation during these seasons.

A scale analysis has shown that Salvador Canyon is a narrow
canyon, implying that the alongshore geostrophic balance within
the canyon could not be maintained (Sb1). According to Hickey
(1997) and She and Klinck (2000), an upwelling favorable current
passing through a canyon, would drive relatively cold fluid upward
and into the canyon, causing an abrupt shift of the isotherms and
enhancing the upwelling system, when compared to the upwelling
observed at the adjacent shelf. A cyclonic trapped circulation
would also be formed at the rim depth and below. At transect
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R2, and considering that the depth of the canyon’s rim is compar-
able to the vertical stratification scale, the whole water column
above the canyon rim seems also to be affected by the presence of
the canyon. During both spring and summer cruises, upwelling is
largely intensified at the canyon, the adjacent shelf currents at the
head of the canyon had the cross-shore component of the velocity
enlarged and a cyclonic trapped circulation was observed at the
canyon. During summertime, this circulation also seemed to affect
the adjacent coastal downward region at transect R1.

The MLD during the spring and summer seasons was influ-
enced by the local canyon topography, transient processes and
interaction with the large-scale circulation. The climatological
MLD for these seasons is about 30 m depth, but depths less than
15 m were observed at all transects under typical conditions. This
behavior could be attributed to the combined effect of the coastal
wind-driven upwelling and meander induced upwelling, which at
transect R2 were magnified by the upwelling enhanced by the
canyon.

During the austral autumn and winter seasons the prevailing
downwelling favorable winds blowing from the SE acted to total
reverse the shelf circulation, resulting in a northeastward flow.
The passage of a strong Cold Front, during the autumn season,
contributed not only to the strengthening of the flow but also to
the deepening of the MLD at transects R1 and R2, due to the
intensification of the vertical mixing. According to Hickey (1997)
and She and Klinck (2000), a downwelling favorable current
passing through a canyon would lead to a somehow opposite
dynamics, when compared to the upwelling situation, with the
exception that cross-shore exchanges are reduced. During both
autumn and winter cruises, an intensification of the downwelling
process was observed at the canyon and the alongshore velocity
at the shelf region adjacent to the head of the canyon was less
affected when compared to the upwelling situation. During the
autumn cruise, an evidence of an anticyclonic circulation at
150 m depth was also found.

In addition, the MLD observed during the winter season at all
transects appeared to be strongly influenced by the shelf–slope
circulation and the episodes where the Western Boundary Cur-
rent is northward and downwelling favorable. During this seaso-
nal cruise, no Cold Front system was observed, but the MLD
reached a deeper depth (4150 mÞ when compared to the
climatological mean value of about 70 m.
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