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Abstract The Brazil Current (BC) is likely the least
observed and investigated subtropical western boundary
current in the world. This study proposes a ssimple and
systematic methodology to estimate quasi-synoptic cross-
sectional speeds of the BC within the Santos Basin (23°S—
26 °S) based on the dynamic method using several combina-
tions of data: Conductivity, temperature, and depth (CTD),
temperature profiles, CTD and vessel-mounted Acoustic
Doppler Current Profiler (VMADCP), and temperature
profiles and VMADCP. All of the geostrophic estimates
agree well with lowered Acoustic Doppler Current Profiler
(LADCP) velocity observationsand yield volumetransports
of -5.56 +1.31 and 2.50 £1.01 Sv for the BC and the
Intermediate Western Boundary Current (IWBC), respec-
tively. The LADCP data revealed that the BC flows south-
westward and is ~100 km wide, 500 m deep, and has a
volume transport of approximately -5.75 +1.53 Sv and a
maximum speed of 0.59 m s~1. Underneath the BC, the
IWBC flows northeastward and has a vertical extent of
approximately 1,300 m, a width of ~60 km, a maximum
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velocity of ~0.22 m s~1, and a volume transport of 4.11
4+ 2.01 Sv. Our analysis indicates that in the absence of
the observed velocities, the isopycnal (op) of 26.82 kg m—3
(~500 dbar) is an adequate level of no motion for use
in geostrophic calculations. Additionally, a simple lin-
ear relationship between the temperature and the spe-
cific volume anomaly can be used for a reliable first
estimate of the BC-IWBC system in temperature-only
transects.

Keywords Brazil Current - Intermediate Western
Boundary Current - Santos Basin circulation - Geostrophic
estimates

1 Introduction

The exploration and environmental control of the recently
discovered giant oil and gas reservoirs within the Santos
Basin (23°S—28°S, Fig. 1), also referred as Santos Plateau
area in the oceanographic literature, have brought new
demands for operational oceanography, including improved
knowledge of the ocean circulation in Brazilian territorial
waters. These reservoirs (pre-salt reservoirs) are located in
an oceanic region that is typically deeper than 1,000 m
and are the result of the deposition of organic matter
in microbial carbonates (or microbialites). These organic
deposits preceded the deposition of athick-salt layer, which
marks the Aptian during the opening of the Atlantic Ocean
approximately 120 million years ago (Meisling et al. 2001,
Duarte and Viana 2007; Carminatti et al. 2008; Mohriak
et a. 2010). The sat deposits drastically modified the
geomorphological profile of the Brazilian continental mar-
gin and formed the S3o Paulo Plateau (3,000-3,600 m),
which reduced the steepness of the continental slope and
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replaced the continental rise within the Santos Basin
(Zembruscki 1979).

The technological demands of oil and gas exploration at
depths of 1,000 to 3,500 m require adequate knowledge and
monitoring of surface waves and ocean currents. Thetempo-
ral and spatial variabilities of the western boundary jets also
need to be understood and monitored. Some of this infor-
mation can be obtained from satellite observations, but the
use of such images can only provide either surface (via Syn-
thetic Aperture Radar (SAR)) or depth-integrated (through
altimetry) estimates of the circulation. In situ observations
are thus required to vertically extend and increase the level
of detail of the characterization of these currents.

In contrast to these operational requirements, the Brazil
Current (BC) is likely the least observed and investigated
subtropical western boundary currentsin the world. Conse-
quently, the BC's mean flow and its variability are poorly
understood. The presence of operational, geophysical, and
oceanographic vessels in the Santos Basin represent a
unique opportunity to broaden the observational base of
the BC and its associated mesoscale activity, which in turn
can positively impact the exploration and production of the
“Pre-Salt” reservoirs. Repeated hydro-oceanographic tran-
sects will be performed by ships involved in both oil and
gas exploration and environmental monitoring operations.
Hence, ships equipped with different oceanographic instru-
ments will allow monitoring of the BC at rates that have not
been available previoudly.

This work proposes a systematic methodology to esti-
mate quasi-synoptic cross-sectional speeds of the BC within
the Santos Basin for cases in which data are acquired
by (i) a vessel-mounted Acoustic Doppler Current Profiler
(VMADCP) and conductivity-temperature—depth (CTD)
profiling, (ii) VMADCP and temperature profiling, (iii)
only CTD profiling, and (iv) only temperature profiling.
These estimates are based on the application of the dynamic
method to cal cul ate geostrophic velocities.

2 Western Boundary Current Patternsin the Santos
Basin

Most of the available information about the surface speeds
and volumetransport for the BC is based on geostrophic cal-
culations using the classical dynamic (geostrophic) method
referenced to an arbitrarily chosen level of no motion. The
BC surface speeds range from -0.3 to -0.85 m s (where
negative indicates poleward currents), and the volume
transport varies from -5 to -16 Sv (1 Sv = 10° m® s71)
(Signorini 1978; Miranda and Filho 1979; Evans et al.
1983; Stramma 1989; Garfield 1990; Campos et a. 1995;
Lima 1997; Silveira et al. 2001). It is difficult to com-
pare the results from these studies because they employed
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different zero cross-section velocity levels, ranging from
500 to 1,300 m, in their geostrophic computations. In some
calculations, the BC is assumed to transport only Tropi-
cal Water (TW) and South Atlantic Central Water (SACW)
and, therefore, to only occupy the upper 500 m of the
water column (Stramma and England 1999). Other authors
assumed that the BC carries TW, SACW, Antarctic Interme-
diate Water (AAIW), and Upper Circumpolar Deep Water
(UCDW) (Mémery et al. 2000) and thus assumed that the
BC extendsto a depth of 1,300 m.

The choice of the appropriate level of no motion to bet-
ter reproduce the speeds, geometry, and transport of the
BC using the dynamic method should be addressed based
on directly measured velocity profiles. Within the Santos
Basin, only three studies provide such information: (Evans
and Signorini 1985); (Miller et a. 1998); (Rocha et al.
2014). Evans and Signorini (1985) presented a cross-isobath
series of quasi-synoptic profiles at approximately 23 °S,
which revealed that the BC extends to depths of 400-500 m
and that a counterflow is present underneath to a maxi-
mum depth of 800—900 m. On the other hand, Mller et al.
(1998) described the results of a currentmeter mooring line
located at 28 °S that indicated that the BC extends to a
depth of approximately 1,300-1,500 m. Rochaet a. (2014)
presented an analysis of a 12-month time series from a cur-
rentmeter mooring deployed at 25 °Sthat indicated that the
velocity pattern at this latitude resembles that reported by
Evans and Signorini (1985) .

The answer to this apparent dichotomy in the vertical
extent of the BC was provided by Boebel et al. (1999), who
performed an analysis of trgjectories of Lagrangian floats
and explained that both the AAIW and UCDW reach the
South American continental margin from the east as part
of the intermediate-upper deep parts of the South Atlantic
Subtropical Gyre. The AAIW/UCDW flow splits into two
branches as it hits the southern portion of the Santos Basin.
This flow split was named by the authors as the Santos
Bifurcation; one branch turns poleward, and the other goes
through a cyclonic loop before turning toward the equator
(Fig. 1). The axis of the Santos Bifurcation is located at
approximately 27 °S (Legeais et a. 2013). The northward-
flowing branch of the AAIW/UCDW organizes itself as a
narrow elliptically-shaped undercurrent that is commonly
referred to as the Intermediate Western Boundary Current
(IWBC). This undercurrent flowing opposite to the BC
imposes a quiescent level at approximately 500 dbar.

While the appropriate choice of the level of no motion is
apparently immediate upon examining the literature, there
is no quantitative assessment of whether the geostrophic
velocity estimates referenced to 500 dbar are good proxies
for the observed meandering BC flow and therefore if those
estimates can reproduce the appropriate partition between
the barotropic and baroclinic components of the BC. We
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Fig. 1 Schematics of the Brazil Current (BC), the Intermediate West-
ern Boundary Current (IWBC) and the Santos Bifurcation flow pattern
based on Boebd et al. (1999) and Legeais et a. (2013) (upper panel).
The dashed box indicates the area shown in detail in the lower panel.
The circles represent the locations of the CTD/LADCP stations of the
CERES Experiment cruise. The location of the COROAS mooring is
represented by the star, and the triangles indicate the locations of the
CTD stations of the COROAS transect

aso test how the different geostrophic velocity estimates
compare to the currents that have been observed from top—
bottom profiling by Lowered-ADCP (LADCP). We make
theses comparisons by focusing on the BC at 26 °S.

3 Data and methods
3.1 The data set

Two data sets are used in this work. The first is a his-
torical data set from the COROAS experiment, which was
the Brazilian component of the World Ocean Circulation
Experiment (WOCE) (Campos et al. 1996). This data set
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consists of afour-level currentmeter mooring and arepeated
quasi-synoptic hydrographic transect off the city of Santos
(Fig. 1). The mooring was deployed over the 1,000 m iso-
bath (25.55 °S, 44.93 °W) approximately 17 km from the
transect, and the currentmeters were placed at depths of 29,
91, 293, and 698 m. The time series extend from 21 Decem-
ber 1992 to 20 March 1994. The hydrographic transect was
repeated during the HM 1 (January 20, 1993—February 03,
1993), HM 2 (July 17, 1993-July 29, 1993) and HM 3
(January 20, 1994—January 19, 1994) cruises.

The second data set is part of the CERES experiment,
which consisted of five quasi-synoptic hydrographic surveys
to investigate the BC and its recirculation cells within the
pre-salt reservoir area. Here, we analyze one transect from
the fourth cruise (June 2010), which consisted of simultane-
ous top—bottom CTD and LADCP profiling. The locations
of the CERES experiment stations are shown in Fig. 1.
Underway, continuous 75 kHz VM ADCP observationsfrom
the surface to approximately 300 m was also obtained.

The data sets are used in this study as follows. In
Section 4, the COROAS currentmeter mooring and hydro-
graphic transects are used to evaluate how the zero cross-
section velocity level changes with time and how applicable
the 500 dbar average level of no motion isto the temporally-
evolving BC. In Section 5, we compare the observed top—
bottom velocity patterns with the geostrophic estimates
considering the different data sources that are available, as
was discussed in Section 1.

3.2 Methods
3.2.1 Processing of the COROAS mooring data

Each currentmeter time series was low-pass filtered using a
Lanczos squared filter with a40h cut-off (e.g., Emery and
Thomson 2001 to primarily retain the subinertial oscilla-
tions. Theinertia period at the mooring location is 27.74 h.
The daily averaged velocity vectors are presented in a
Cartesian coordinate system that is rotated 45° clockwise
s0 the x-axis and y-axis are the along and normal direc-
tions to the COROAS hydrographic transect, respectively
(Fig. 2).

We then follow Silveira et a. (2008) and Rocha et al.
(2014) in interpolating the four instrument levels to obtain
a smoothed profile of the horizontal velocity and to infer
the velocity inversion depth (i.e., the zero cross-section
velocity level). The method consists of projecting the
discrete velocity values at the currentmeter depths onto
the quasi-geostrophic dynamic modes of the vertical struc-
ture (the barotropic and the first three baroclinc modes).
We computed the dynamic modes using a mean strat-
ification frequency profile N2(z) calculated from the
World Ocean Atlas 2013 (WOA13) climatology. The 117
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Fig. 2 Low-passed filtered and rotated current time series for the 29,
91, 293, and 698 m levels of the COROAS mooring (25.55 °S, 44.93
°W). The scaling vector of 1.0 m s~ is oriented along the COROAS
transect shown in Fig. 1. The shaded bars denote the periods during
which the COROAS hydrographic surveys were conducted

climatological temperature (Locarnini et al. 2013) and salin-
ity (Zweng et a. 2013) profiles over the continental slope
(23 °S-26 °S) were averaged to generate the potential
density oo(z) and N?(z) profiles (Fig. 3, left panel).

3.2.2 The dynamic method

The geostrophic estimates carried out in this work are based
on the classic dynamic method expression given by Eq. 1.

1 P36
= dp’, 1
v =t [0 @

where v(p) is the cross-sectional velocity at the pressure
level p, v, is the known velocity at the reference isobaric
level p, [v, = v(p,)], § isthe specific volume anomaly, fo
isthe Coriolis parameter, and x is the along-section coordi-
nate. The variationsin how to apply Eq. 1 are based on how
to identify or define v, and/or to obtain § within the Santos
Basin.

3.2.3 LADCP and VMADCP data processing
During the CERES experiment, velocity profiles were
obtained using a downward-looking 300 kHz LADCP

Workhorse Sentinel from RD Instruments. The average
velocity profile at each station was calculated following
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component, and the magenta line indicates the depth of the mean zero
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the procedures described by Fischer and Visbeck (1993)
and Visbeck (2002). The ocean velocities in the first
400 m, which were measured simultaneously by a 75 KHz
VMADCP Ocean Surveyor (also from RD Instruments),
wereincluded in the LADCP data processing to additionally
congtrain the solution of the inverse problem. This method-
ology reduces errors because the constraints from bottom
tracking and the upper ocean velocities force the average
velocity profileto agree with these more accurate data (e.g.,
Visbeck, 2002, Schott et al. 2005). The VMADCP data
processing was conducted using the processing software
Common Ocean Data Access System (CODAS) from the
Currents Group of the University of Hawaii.

4 COROAS mooring and hydrographic transects
4.1 COROAS mooring

The filtered and rotated velocity time series of the four
measured levels of the COROAS Mooring are presented
in Fig. 2. The upper three levels are clearly within the
BC domain due to the generally southwestward flow direc-
tion. The speed near the surface reaches 1.10 m s™1, but
its mean value is 0.55 m s1 with a standard deviation of
0.23 m s~1. The velocity decays monotonically with depth
within the BC. Significant and vertically-coherent variabil-
ity isobserved in the three upper levels, but only four events
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of flow reversal are observed during the 15 months of the
series. Thisdiffersfrom the BC activity reported by Silveira
et al. (2008) and Rocha et al. (2014) near Cape Séo Tomé
(22 °S) and Cape Frio (23 °S), where longer and more fre-
quent flow reversals were reported. The currentmeter at the
deepest level is within the IWBC and shows a mean speed
of 0.12 m s~ to the northeast and a standard deviation of
0.09 m s~L. The maximum observed IWBC speed is 0.45 m
st

The moda projection procedure described in
Section 3.2.1 was performed at each time step of the time
series to obtain the velocity profile time series. Because
we want to evaluate both the mean velocity profile and the
time dependency of the zero cross-section velocity level,
we computed the average velocity profile over the mooring
period (Fig. 3, right panel) and identified the level of no
motion at each time step. This mean velocity profile has
maximum southwestward velocities of -0.55 m s* and
northeastward velocities of 0.12 m s~1, as was described
above. Figure 4 illustrates the time series of the level of zero
cross-section velocity at the profiles that contain veloc-
ity inversions. The level of no motion oscillates around
500 dbar with a mean value of 507 dbar and a standard
deviation of 131 dbar.

Because we aso wish to relate the zero cross-section
velocity level to the interfaces between the water masses in
the Santos Basin, we used the isopycnal interfaces estimated
by Mémery et al. (2000). These density values were con-
verted to op(z), and we searched for the pressure levels at
which they occur in the climatological og(z) profile (Fig. 3,
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Fig. 4 Time series of the zero cross-section velocity level esti-
mated from the COROAS currentmeter data. The horizontal solid
line shows the mean value of the time series (507 dbar). The shaded
bars denote the periods during which the COROAS hydrographic sur-
veys were conducted. The mooring was deployed over the 1,000 m
(~1,009.20 dbar) isobath
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left panel). The depth ranges of the water mass interfaces
are presented in Table 1.

Figure 3 (right panel) depicts the average BC-IWBC sys-
tem that is described above. As pointed out by Rocha et al.
(2014), the barotropic vel ocity component is approximately
-0.1 m s 1 over the 1,000 m isobath. The panels from
Fig. 3 illustrate the relationship between the water mass
and velocity pattern that is described in the literature. The
level of no motion is similar to the SACW-AAIW interface
from Mémery et al. (2000) (within ~50 dbar), which indi-
cates that this interface level represents the transition depth
between the BC and the IWBC within the Santos Basin.

4.2 Hydrographic transects

To evaluate whether the SACW-AAIW interface is a suit-
ablelevel of no motion, we carried out geostrophic estimates
(Eq. 1) from the COROAS repeated quasi-synoptic hydro-
graphic transect. The geostrophic velocities are computed
relativeto theisopycnal level of no motion (e.g., Strammaet
al. 1995). The climatological isopycnal level (26.82kgm—3)
at the corresponding no motion pressure level (507 dbar)
observed inthe mooring is used asreference (see Fig. 3). All
of the hydrographic transects also showed the 26.82 kg m—3
isopycnal at a mean level of approximately 500 dbar. This
method represents a rough and simple assessment of the
BC system that does not require shoreward extrapolations
of the mass field, although the transports and a comparison
between the geostrophic estimates and the mooring data can
indicate whether 500 dbar is an appropriate reference level.

The BC and IWBC transports were computed using the
well-defined areas of the velocity cores presented in Figs. 5,
6, and 7. Following Rocha et a. (2014), the RMS dif-
ferences between the geostrophic profiles closest to the
mooring location at each transect and the cruise-period
average velocity profile from the mooring were also com-
puted. The HM 1 transect (Fig. 5) shows that the BC flows
southwestward with a maximum velocity of approximately
-0.40 m s1 and a transport of -3.59 Sv. The IWBC is
depicted as a northeastward flow with a maximum veloc-
ity of ~0.23 m s~1 and a transport of 2.35 Sv, and its core
is located directly beneath the BC's core. The geostrophic
velocity profile at the mooring location accurately repre-
sents the velocity structure from the mooring observations

Table 1 Pressure levels of the water mass interfaces from Mémery
et al. (2000) on the continental slope of the study region (23 °S-26 °S)

TW-SACW SACW-AAIW
oo (kgm=3) 25.60 &+ 0.03 26.90 + 0.01
Pressure range (dbar) 89+6 563 + 10

The pressure ranges correspond to the 95 % confidence intervals
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the geostrophic velocity profile and mooring velocity (time-averaged
over the period of the cruise). Black triangles represent the hydrog-

with a RMS of 0.09 m s~1. The main difference is the
sharper decay of the geostrophic velocity with depth in the
BC domain.

The HM 2 transect (Fig. 6) shows that the BC has a max-
imum surface velocity of -0.8 m s~ and avolume transport
of -6.71 Sv. The IWBC has a maximum velocity approx-
imately 0.13 m s~1 and a transport of 2.96 Sv. Note that
the BC and IWBC cores are not aligned along the x-axis as
in the HM 1 transect. Both sections show the IWBC core
at ~900 dbar, but the IWBC is displaced offshore from the
BC core in the HM 2 transect. This pattern is also sug-
gested by the currentmeter data (Fig. 6, right panel). The
geostrophic velocity profile at the mooring location rep-
resents the mooring profile fairly well; the RMS between
themis0.08 ms™1.

Finally, the HM 3 transect is presented in Fig. 7.
Unlike the situations observed in Figs. 5 and 6, the HM3
cruise shows a very weak cross-section BC-IWBC system.
The BC core has maximum velocities of approximately
-0.22 m s 1 at subsurface levels (~50 dbar) and a vol-
ume transport of -1.50 Sv. At intermediate levels (800-
1,000 dbar), the IWBC core has maximum velocities of
~0.12 m s~ and a transport of 0.24 Sv. Offshore from

raphic stations, and the white triangles represent the positions of the
geostrophic velocity profiles. The gray line and markers represent the
positions (along-section) of the mooring and the instrument pressure
levels, respectively

the IWBC, there is a southwestward flow with veloci-
ties of less than 0.06 m s~1. Note that in the right panel
of Fig. 7, the geostrophic velocity profile at the moor-
ing site has a similar flow pattern to the mooring profile,
yielding a RMS of 0.09 m s, The low cross-sectional
BC velocities may be related to its meandering activity
(e.g., Rochaet a. 2014).

The cruise periods analyzed here illustrate three distinct
situations of the BC in terms of the speed (corroborated by
the mooring observations) and, consequently, volume trans-
ports. Campos et a. (1995) and Rocha et a. (2014) found
that the BC flows southwestward transporting approxi-
mately -5.7 Sv in the same region. We found a comparable
value only in the HM 2 transect (-6.71 Sv); however, the
deeper reference levels (750 and 900 dbar) used by Campos
et al. (1995) overestimated the BC's vertical extent, and no
IWBC was observed.

In the IWBC domain, the HM 1 and HM 2 transects
show intermediate flows that are consistent with those
found in the literature; the core is close to the conti-
nental slope, the maximum velocities range from 0.13 to
0.23 m s, and the current reaches depths greater than
1,500 dbar (e.g., Evans and Signorini 1985; Silveira and

Fig. 6 Similar to Fig. 5 but for 0
the HM 2 transect
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Fig. 7 Similar to Fig. 5 but for 0
the HM 3 transect

Pressure (dbar)

Calado 2004; Legeais et a. 2013; Rocha et al. 2014).
However, the distinct scenario presented in the HM 3 tran-
sect, which is corroborated by the mooring data, suggests
a possible perturbed state of the IWBC. The float trajec-
tories presented by Legeais et al. (2013) also show such
activity suggesting the presence of meanders and water
recirculation.

5The CERESIV quasi-synoptic survey

In the previous section, we showed the applicability of the
26.82 kg m—3 (~500 dbar) isopycnal level as the refer-
ence depth for geostrophic calculations within the Santos
Basin (23 °S-26 °S) and described the mean velocity profile
off the city of Santos. Oceanographic vessels are com-
monly equipped with VMADCPSs, which can provideagood
estimate of v, in Eq.1 (e.g., Pickart and Lindstrom 1994;
Camposet a. 1996; Meinen et a. 2000).

In this section, we test two approaches for determin-
ing the reference speeds and compare them to top—bottom
observed sectional velocity patterns. Geostrophic estimates
are calculated considering the following data sources: (i)
VMADCP and CTD profiles, (ii)) VMADCP and tempera-
ture profiles, (iii) only CTD profiles, and (iv) only temper-
ature profiles. We used the CERES experiment data set to
perform these study cases.

5.1 Section of LADCP-measured velocity

As described before, the top—bottom observed velocity pro-
files are from the LADCP transect. The observed cross-
sectional velocity field is shown in Fig. 8 (upper pandl).
Note that the BC flows to the southwest in the upper
500 dbar with maximum surface vel ocities of approximately
-0.59 m s~1 and awidth of ~100 km. The parabolic-shaped
current is centered over the 630 m isobath (station 8) and is
well defined between stations 6 and 11.

At station 13, a northeastward flow with velocities of
approximately 0.03-0.05 m s~1 is observed near surface.
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Thisflow may berelated to aBC recirculation cell. Because
there is no clear evidence of a recirculation at 26 °S-
25 °S and at this offshore distance (e.g., Vianna and
Menezes 2011), further investigation of this velocity signal
isrequired.

At intermediate depths, the IWBC is depicted as flow-
ing northeastward with a maximum velocity of approxi-
mately 0.22 m s~ and a vertical extent between 500 and
1,800 dbar. Because of the large distance between stations
11 and 13 (56 km), it was not possible to definethe IWBC's
horizontal dimension, but its signal is well defined between
stations 8 and 11, indicating a minimum width of ~60 km.
Thisvalueis consistent with the geostrophic estimates from
our HM COROAS transects and the width of ~60 km pre-
sented by Silveira et al. (2004) from Pegasus profiling at
23°S. The IWBC's core is displaced approximately 30 km
offshore (station 10) from the BC core.

After defining the dimensions of the BC and IWBC, we
computed their volume transports by integrating the cross-
sectional velocities over the area covered by each current.
We also integrated the LADCP accuracy of 0.05 m st
over the same areas that were used to compute the trans-
ports to estimate the transport error. We estimated the BC
and IWBC transports as -5.75 + 1.53 and 4.11 + 2.01 Sy,
respectively. We also computed the observed barotropic
velocity field from the mean velocity of each profile (Fig. 8,
lower panel). Considering the same area that was used to
compute the total BC transport, the estimated barotropic
transport was -2.30 Sv, which corresponds to ~40 % of the
total.

Finally, note that there is awell-defined deep southwest-
ward flow at the easternmost stations (11 and 13) with max-
imum velocities of approximately 0.15m s~ at ~1700 dbar
at station 13 (Fig. 8, upper panel). Currentmeter records
(Mduller et al. 1998) have indicated that over the ~2,200 m
isobath at 23 °S and 28 °S, there is a poleward, weak,
and highly variable flow (~-0.5 £0.15 m s~1) at depths
greater than 1,900 m that is related to the North Atlantic
Deep Water (NADW) circulation. Recently, Meinen et a.
(2012) presented results from a pressure-equipped inverted
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echo sounder array at 34.5 °S that revealed a weak but
well-organized poleward NADW flow associated with the
Deep Western Boundary Current (DWBC). Thus, to verify
if we observed the DWBC signal at stations 11 and 13, we
performed a simple water mass analysis.

The TS diagram and the potential temperature and salin-
ity transects overlaid on Mémery et al. (2000) water mass
interfaces (Fig. 9) show the presence of five typical mid-
latitude water masses in the South Atlantic: TW, SACW,
AAIW, UCDW, and NADW. Combining the sectional distri-
bution of the water masses together with the vel ocity section
clearly illustrates the known western boundary circulation
within the Santos Basin. The TW and SACW follow the path
of the BC in the upper 500 dbar, and the AAIW and UCDW
are advected by the IWBC at intermediate depths.

Using the water mass interfaces proposed by Mémery
et a. (2000), the NADW was found to be deeper than
1,500 dbar at stations 10, 11, and 13. This indicates that
the southwestward flow observed in the LADCP data may
be part of the DWBC. In addition, we tested the NADW
definition described by Preu et al. (2013) for the Argentine
Basin: neutral density between 27.90 and 28.10 with asalin-
ity greater than 34.8 PSU. Though this criterion places the
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UCDW-NADW interface at a dightly deeper level, is also
indicates that NADW occupies the degpest portions of the
easternmost stations (10-13, Fig. 9b).

5.2 Geostrophic velocity estimates

Based on the observations described in the previous sec-
tions, we propose a systematic methodology for estimating
geostrophic velocities based on the type of data available.
All of the estimates are simple versions of well-established
methodologies that can be easily used to monitor the
Brazil Current (23 °S-26 °S). In Sections 5.2.1 to 5.2.4,
we describe the study cases and present the results. In
Section 5.2.5, we discuss the performance of each case and
its uncertainties.

5.2.1 VMADCP and CTD profiling

When both VMADCP and CTD profiles are available,
geostrophic velocities can be estimated by combining the
relative geostrophic velocity with the VMADCP absolute
velocity (v = Vymapcp in Eq. 1). The method con-
sists of calculating the absolute (barotropic + baroclinic)
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Fig. 9 TS Diagram a and potential temperature and salinity sections
b for the CERES transect. The color scheme indicates the observed
water masses following the o interfaces described by (Mémery et a.
2000). The shaded area in b represents presence of the NADW based
on the criterion of (Preu et a. 2013)

geostrophic velocity profile averaged between two CTD
stations. This kind of approach has the advantage of not
requiring an arbitrarily chosen level of no motion; therefore,
the barotropic component is estimated from direct veloc-
ity observations. This methodology is based on Pickart and
Lindstrom (1994) and Cokelet et al. (1996), who defined
how Vyyapcp should be applied as v,. |deally, we must
use the geostrophic component of the Vyyapcp as ref-
erence. However, VMADCP measures the total velocity
in the upper ocean. For a potential v,, we considered the
Vvmapcp that obeys two basic criteria: it must be located
at a pressure level off the Ekman layer, and it has to be in
the equipment’s depth range of operation.
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Fig. 10 Absolute geostrophic velocity profiles (solid blue lines) and
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The black dots indicate the reference depths used

To define the first criterion, we computed the mean
Ekman layer depth (Dg) within the Santos Basin for the
CERES cruise. The estimates were made using sea surface
wind from the National Center for Environmental Prediction
(NCEP) Reanalysis and AVISO daily wind speed data. We
estimated Dg using Eq. 2 Cushman-Roisin B and Beckers
IM (1994).

vy [l
Dy — 2
£ fo\/po’ @

where y =0.4 isthe Von Karman's constant, |z | is the mag-
nitude of the wind stress, and pg is the mean density of
the mixed layer observed in the CERES hydrographic tran-
sect. The results show that Dg is ~45.6 m (45.9 dbar) and
~35.3 m (35.5 dbar) when calculated from the NCEP and
AVISO data, respectively.

From the Ekman theory and assuming a constant eddy
viscosity of 0.05 m? s~1, the wind-driven current speed at

Table 2 Reference levels employed in the VMADCP-referenced
dynamic method

Stations Offshore Bathmetry (m) Reference
distance (km) Pressure (dbar)
45 8 196 128
5-6 23 325 133
6-7 38 587 172
7-8 52 937 210
89 66 1,418 167
9-10 82 1,876 298
10-11 102 2,299 212
11-13 143 2,431 160
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Fig. 11 VMADCP-referenced
absol ute geostrophic velocity
transect. Negative velocities are
southwestward, black triangles
indicate the locations of the
stations, and white triangles
represent the locations of the E 1000
geostrophic profiles

100 dbar corresponds to ~7 % of the surface speed (Vg).
The value of Vg obtained using the NCEP (AVISO) wind
stress is ~0.024 (0.023) m s~L. Therefore, the BC veloc-
ities at 100 dbar are two orders of magnitude higher than
the wind-driven current speed at thisisobaric level. Because
the velocity was measured by a 75 kHz VMADCP, we ref-
erenced our calculations between the 100 and 300 dbar
pressure levels. This procedure guarantees that both criteria
are satisfied.

We gspatially averaged the VMADCP cross-sectional
velocity profiles between the CTD stations to obtain the
mean VMADCP profiles at the same locations as the
geostrophic profiles. The reference level was then chosen
by matching the VMADCP and relative geostrophic profiles
in a least-squares sense. Figure 10 illustrates the reference
profiles and the resulting absolute geostrophic velocities at
selected station pairs. All of the reference levels employed
are presented in Table 2.

The ADCP-referenced geostrophic velocity field is
shown in Fig. 11. The BC is depicted as a southwestward
flow with maximum surface velocities of approximately -
0.60 m s~1 (stations 7 and 8) and a volume transport of

Fig. 12 Linear fit of the climatological temperature-specific volume
anomaly (8) curve in the Santos Basin
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-6.77 Sv. At stations 8 and 9, the BC appears to extend
down to 600 dbar. At intermediate levels, the IWBC signal
is restricted to stations 9-11 and extends from 500 dbar to
~1,700 dbar, yielding a volume transport of 1.02 Sv. The
IWBC coreis centered at stations 9 and 10 with maximum
velocities of approximately 0.24 m s~ at 1,000 dbar.

5.2.2 VMADCP and temperature (T) profiling

As pointed out in Section 1, vessels equipped with different
oceanographic sensors will be operating within the pre-salt
reservoir area. These vessels, which cannot stop operating
to deploy LADCP or CTD, can aso be used to estimate
geostrophic velocities.

Based on the relationship between the climatological
temperature (T) and the specific volume anomaly (8), we
established aform to derive the mass field from only verti-
cal temperature profiles. Thiskind of approach is useful for
data acquired by supply vessels equipped with instruments
such as Expendable Bathythermographs (XBTS).

We calculated the mean § profile from the WOA 13 tem-
perature (Locarnini et al. 2013) and salinity (Zweng et al.
2013) data within the study region. Based on this averaged
curve, we modeled the relationship between T and its asso-
ciated § using alinear fit. The model is presented in Fig. 12
and Eq. 3.

8(T) = [0.0988T + 0.3635].107°. ©)

To test Eq. 3, we computed § from the CERES CTD
temperature profiles and the VMADCP-referenced abso-
|ute geostrophic velocity. The XBT-like derived geostrophic
velocity transect is shown in Fig. 13. The velocity pattern
is similar to that obtained in Section 5.2.1, which suggests
that the linear fit is a satisfactory model. Note that the BC
has maximum velocities of -0.57 m s~ (stations 7 and 8)
and a volume transport of -6.55 Sv. At depths greater than
500 dbar, the IWBC flows northeastward with a maximum
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Fig. 13 Similar to Fig. 11 but
for the geostrophic velocity
derived from only temperature
profiles

Fig. 14 Isopycnal

(26.82 kg m~1, magenta line)
referenced absol ute geostrophic
velocity transect. Negative
velocities are southwestward,
black triangles indicate the
locations of the stations, and
white triangles represent the
|ocations of the geostrophic
profiles

Fig. 15 Similar to Fig. 14 but
for the geostrophic velocity
derived from only temperature
profiles
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velocity of ~0.26 m s~1 (stations 9 and 10) and a volume
transport of 3.13 Sv. We should emphasize that this calcu-
lation differs from that presented in Section 5.2.1 solely by
the computation of §.

5.2.3 CTD profiling

If VMADCP data are not available, absolute geostrophic
velocities can be estimated using the isopycnal depth of
26.82 kg m~3 as the zero cross-section velocity level (see
Section 4). As expected, the mean pressure at the CERES
transect that corresponds to the isopycnal 26.82 kg m—3 is
approximately 500 dbar (Fig. 9).

Figure 14 presents the resulting geostrophic field. Once
again, the BC is depicted as having a width of approxi-
mately 100 km (stations 5 and 6 to 10 and 11) and a vertical
extent of ~500 dbar. Its maximum surface velocities reach
-0.38 m s 1 (stations 7 and 8), and the volume transport is -
4.07 Sv. TheIWBC signal isclear from stations 8-9to0 10-11
and has maximum intensities of 0.26 m s~ (stations 9-10)
at ~1,000 dbar. The volumetransport at intermediate depths
iS2.72Sv.

5.2.4 Temperature (T) profiling

Assuming that only temperature profiles are available, abso-
lute geostrophic velocities can be estimated by applying
Eq. 3 and the isopycnal level of 26.82 kg m~2 as reference
(~500 dbar). Before performing the referencing, the spe-
cific volume anomaly () field obtained from Eqg. 3 is added
to the standard specific volume and used to obtain the poten-
tial density (op) field. Theresultsare shownin Fig. 15. Note
that both the BC and IWBC have shapes and dimensionsthat
are comparable to those obtained using the other methods.
The BC's core is centered at stations 8-9 with maximum
surface intensities of approximately -0.41 m s~1, and its
volume transport is -4.86 Sv. The IWBC's core is located
at ~1,000 dbar (stations 9-10) and has a maximum veloc-
ity of 0.28 m s~ and a volume transport of approximately
3.13Sv.

5.2.5 Methodol ogy performance and uncertainties

The geostrophic velocity fields obtained in the previous
sections (Figs. 11, 13, 14, and 15) are in good qualitative
agreement with the directly observed velocity field from
LADCP measurements (Fig. 8). To quantify how similar
the geostrophic estimates are to the LADCP measurements,
we linearly interpolated the LADCP observations to the
geostrophic grid and compared the vel ocity profiles.

Figure 16 shows the absolute difference fields between
the geostrophic estimates and the interpolated LADCP pro-
files. Note that the VMADCP-referenced method (panels a
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and b) yielded better estimates in the BC current domain
(pressures < 500 dbar; stations 5-6 to 10-11) compared
to the level of no motion assumption (panels ¢ and d).
At the BC's core (stations 7 and 8), the isopycnal method
(panel c) underestimated the barotropic component by 0.08—
0.24 m s~1, which is clearly due to the fact that the BC
occupiesthe entire water column at stations 7 and 8, and the
no motion level is not observed (Fig. 8).

At pressures greater than 500 dbar, the level of no motion
assumption performed as well as the VMADCP-referenced
methods. This further confirms that the isopycnal level of
26.82 kg m—2 (~500 dbar) can be used as reference. The
similar difference distributions (Fig. 16, left and right pan-
els) aso indicatethat the applied linear relationship between
s and T (Eq. 3) isareasonable first-order approximation.

We plotted the geostrophic profiles closest to the BC and
IWBC coresin Fig. 17 with the corresponding interpolated
LADCP profiles. As we observed before, the barotropic
component from the VMADCP is better represented (see
smaller RMS differences in panels a and b) than in the
isopycnal methods (panels ¢ and d). Another important
aspect is the vertical shear of the LADCP observed veloci-
ties; the LADCP shear is similar to the geostrophic shear, in
particular outside the ageostrophic area at pressures greater
than 100 dbar, which reinforces the applicability of the
methods used in this study. As expected, if the geostrophic
calculations are properly applied, the BC-IWBC system can
be represented accurately.

Finally, we recomputed the LADCP-derived volume
transports of the BC and IWBC using the average velocity
profiles between two consecutive station locations (linearly
interpolated profiles). This smple difference in estimating
the transports aimed a more adequate and precise direct
comparison between the transports inferred from geostro-
phy and those calculated from directly observed veloci-
ties. The new transport values for the station-pair aver-
aged LADCP of the BC and the IWBC are -5.12+0.88
and 2.014+0.61 Sv, respectively. Table 3 summarizes the
geostrophic and LADCP transport estimates. Our four
geostrophic estimates yield mean volume transports of -5.56
41.31 and 2.50 +1.01 Sv for the BC and IWBC, respec-
tively. The ranges of the geostrophic volume transports
represent the standard deviations of the four values.

Despite the good agreement between the geostrophic
estimates and the direct observations, the errors and uncer-
tainties involved in such geostrophic estimates must be
considered. Johnset al. (1989) stated that the overal error in
the geostrophic velocity (dv,) can be estimated by assuming
three primary sources of uncorrelated errors (Eq. 4).

dAD dL
dvg = \/( 7L )2 +( I Ug)z + (dvr)2~ (4)
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We now examine Eq. 4 by evaluating each of the three
terms on the right hand side. The first term is related to the
dynamic height anomaly (A D), or f}f’ 8dp’, and is based
on the measurement errors in temperature and salinity. The
second term is the station spacing (L) term and is due to
the uncertainties in the station spacing (dL). The last term
is related to the accuracy of the reference velocity (dv,).
It is important to note that the expression for dv, assumes
L to be adequate for resolving the BC and IWBC flows.
Such a mesoscale and geostrophic current system, with one
velocity reversal in the water column, can be described
using the first-order Rossby deformation radius as the scale
for L (e.g., Cushman-Roisin and Beckers, 1994. Based on
climatological (WOA13) and in situ data (CERES), the
first deformation radius is ~23 km. The station spacing is
approximately 15 km except for stations 10-11 and 11-13,
which have spacings of 26 and 55 km, respectively. Because
a 55 km spacing does not allow for a proper evaluation of
the geostrophic velocity vertical shear, no error analysis and
considerations were performed for the geostrophic profiles
at stations 11-13.

With the dynamic heights determined to an accuracy of
0.04 m? s~2 by Johns et al. (1989), we were able to esti-
mate the term dD = |"4LD|. Because the precision of
CTDs has evolved over tlge last 20 years and consider-
able advances have been made in the estimates of seawater
properties, d AD of 0.04 m? s~2 represents a conservative
value. The presented geostrophic calculations using CTD
profiling yield 4 D values of approximately 0.04 m s~1 in
profiles 4-5 to 9-10 and 0.02 m s1 at stations 10-11. If
only temperature profiles are available, we proposed a lin-
ear relationship to estimate the specific volume anomaly,
which makes the error assessment more difficult. This
procedure considerably increases d A D, especialy in the
water column layers in which the salinity is important for
density variations (see Fig. 9). As described before, the
linear relationship is a good first approximation, and the
intent is to propose a useful tool to perform a first assess-
ment of the BC-IWBC's geostrophic pattern from data
such as XBT transects. The associated error must be better
evaluated in terms of the accuracy of the sensors and the
methods approximation.
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Fig. 17 LADCP and geostrophic profiles at the cores of the BC and IWBC. The geostrophic profilesarefromaVMADCP and CTD, b VMADCP

and T, cCTD only, d T only data

The station spacing term is similar in all of the applied
methods. The primary factor that impacts the accuracy of
dL isthe ship drift during a CTD cast (Johns et al. 1989).

Table 3 Volume transports (Sv) of the BC-IWBC System over the
geostrophic field area

BC IWBC
LADCP -5.12 +0.88 2.01 +0.64
VMADCP and CTD profiles -6.77 1.02
VMADCP and T Profiles -6.55 313
Only CTD profiles -4.07 272
Only T profiles -4.86 313
Geostrophic mean values -5.56 +1.31 250 +£1.01
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The mean drift recorded is 1.02 km (maximum drift=1.1 km
at station 13), so we considered a mean spacing error of
dL = +/1.022 + 1.022 ~1.44 km. In all of the geostrophic
methods, this term will be greatest in the BC core region
(stations 7 and 8) and less elsewhere. Because the high-
est magnitude of the geostrophic BC was 0.6 m s~1 from
the VM ADCP-referenced method, the maximum |dLL vl is
approximately 0.06 ms™L.

Finally, we can estimate the reference velocity term
(1dV,]). Arbitrary assumptions of the level of no motion
can also make the estimation of d'V,. arbitrary. In this case,
we should be able to evaluate the temporal and spatial
variability of the 26.82 kg m~23 isopycnal or the level of
no motion within the Santos Basin. The 1-year velocity
time series from the COROAS mooring only provides the
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temporal variability over the 1,000-m isobath, so a rough
estimate of 4V, can be made by using the velocity’s stan-
dard deviation (0.002 m s~1) from the mooring’s level
of no motion time series. When VMADCP is used as
reference, the error is easier to evaluate. Meinen et a.
(2000) showed that in this approach, d'V, basically depends
on the ageostrophic velocity components in the refer-
ence velocity signal. Because barotropic and baroclinic
tides reach maximum velocities of a few centimeters
per second in the BC-IWBC domain (e.g., PAdlma et a.
2004 and Pereira et a. 2007), and the BC-IWBC sig-
nal in direct velocity measurements is mostly geostrophic
(see Fig. 17), we can use the VMADCP accuracy of
0.03ms ! (eg., Schott et al. 2005) as a conservative error
estimate.

Now, we can estimate the left hand side of Eq. 4.
Considering the error highest values described above, dv,
is approximately 0.08 and 0.07 m s ! for VMADCP-
referenced and isopycna methods in the BC core region,
respectively. We should emphasize again that the linear fit
used to estimate the specific volume anomaly increases the
error and it must be better evaluated.

6 Summary and conclusions

Systematic and simple methodologies to estimate the
geostrophic velocities in the BC-IWBC domain (23 °S-
26 °S) are proposed based on the type of data available,
including (i) VMADCP and CTD profiles, (i) VMADCP
and temperature profiles, (iii) only CTD profiles, and (iv)
only temperature profiles.

When VMADCP data are not available (iii and iv), a
level of no motion is considered as reference. Therefore, we
first evaluated the applicability of this assumption by com-
paring currentmeter data with three hydrographic transects.
We concluded that the isopycnal level of 26.82 kg m—3
(~500 dbar), which lies close to the SACW/AAIW inter-
face, can be applied as the level of no motion in the study
region (Section 4).

The performance of methods (i)—(iv) was evaluated by
comparing geostrophy to LADCP top-bottom measured
velocities in terms of the current dimensions, position in
the transect, shape, volume transport, and maximum speed
(Section 5). The LADCP transect revealed a parabola-
shaped BC that flows southwestward over the continental
shelf-break and slope and has a width of ~100 km and a
vertical extent of 500 m. Its core has maximum velocities of
approximately -0.59 m s~ and a volume transport of -5.75
4+ 1.53 Sv. The IWBC is depicted as an dliptically-shaped
undercurrent that flows northeastward near the continen-
tal slope. Its vertical extent and width are ~1,300 m and
~60 km, respectively. The IWBC has maximum velocities
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of approximately 0.22 m s~1 and avolume transport of 4.11
+2.015v.

Despite the large uncertainties involved in the
geostrophic calculations, all of the proposed methods
agree well with the directly observed velocity field. Our
geostrophic transport estimates are -5.56 +1.31 and 2.50
+1.01 Sv for the BC and IWBC, respectively. The per-
formance analysis indicates that the VMADCP-referenced
method better estimated the barotropic velocity component
in regions shallower than 500 m. Another important con-
clusionisthat alinear relationship between the temperature
and the specific volume anomaly can be used to perform
afirst assessment of the BC-IWBC system from XBT-like
data sets.

It is important to stress that all of the methods (i—iv) are
simple versions of well-established methodologies and that
they all can be refined and combined with other methodolo-
gies to yield more reliable estimates. However, we believe
that the simplicity presented in this study and the intense
oil industry activities in the area can provide unprecedented
data coverage of the BC-IWBC system and may be used to
establish a monitoring system.
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