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Abstract The Brazil Current (BC) is the Western Boundary
Current of the South Atlantic subtropical gyre, the dominant
dynamic feature in the South Atlantic Ocean. The importance
of this current lies in that it is the main conduit of subtropical
waters to higher latitudes in the SouthAtlanticOcean. This study
assesses the structure and variability of the BC across the nom-
inal latitude of 22° S using data from the high-density
eXpendable BathyThermograph (XBT)AX97 transect and from
three numerical ocean models with data assimilation. This XBT
transect was implemented in 2004 and represents one of the
longer-termmonitoring systems of the BC in existence. The goal
of this work is to enhance the understanding of the temporal and
spatial variability of the ocean dynamics in the southwestern

South Atlantic Ocean by using a suite of hydrographic observa-
tions and numerical model outputs. In the present work, 37 XBT
transect realizations using data collected between 2004 and 2012
are used. Daily outputs covering the same time period are eval-
uated from Hybrid Coordinate Ocean Model with the Navy
Coupled Ocean Data Assimilation (HYCOM-NCODA) with a
1/12° horizontal resolution, andGLORYS2V3 and FOAM, both
with a 1/4° horizontal resolution. These Ocean Forecasting and
Analysis Systems (OFAS) are able to capture the mean observed
features in the 22° S region, showing a BC core confined to the
west of 39° W and an Intermediate Western Boundary Current
between the depths of 200 and 800 m. However, the OFAS tend
to overestimate the mean BC baroclinic volume transport across
the AX97 reference transect and underestimate its variability.
The OFAS show that the coastal region between the coastline
and the western edge of the AX97 transect plays an important
role in the mean BC total transport, contributing to up to 23% of
its value, and further that this transport is not sampled by the
XBTobservations with its current sampling strategy. In order to
understand the variability of the BC, a statistical classification of
the BC is proposed, with the identification of three different
events: weak, intermediate, and strong.
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1 Introduction

The Brazil Current (BC) is the Western Boundary Current
(WBC) that flows southward, adjacent to the Brazilian continen-
tal margin, and closes the South Atlantic Subtropical Gyre. Long
period variability of the gyre and its associated currents has been
hypothesized to be linked to changes in the Atlantic Meridional
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Heat Transport and interbasin exchanges (Zhao and Johns 2014).
As the BC flows along the Brazilian continental margin, it shows
a very distinct vertical structure and mesoscale activity. Between
20° S and 28° S, it can be described as a warm and saline
southward flow that ranges from the surface to depths of 400–
550 m (Stramma and England 1999). The BC transports two
water masses, the Tropical Water at surface levels and the
South Atlantic Central Water (SACW) at pycnocline levels.
Underneath the BC, the Intermediate Western Boundary
Current (IWBC) flows northward along the continental slope
and has a vertical extension of at least 700 m (Stramma and
England 1999). According to these studies, the southward-
flowing DeepWestern Boundary Current (DWBC) may occupy
the bottom 2 km of the water column. Within the previously
mentioned latitudinal range, the vertical structure of the BC sys-
tem presents a singular regime in terms of subtropical WBC,
while its width ranges from 100 to 120 km and has a maximum
surface speed of 0.4 to 0.7 m/s (Silveira et al. 2008). Despite its
relatively low maximum velocity, the BC system is associated
with intense mesoscale activity, particularly in the Brazil-
Malvinas Confluence region, exhibiting strong year-to-year var-
iability (Goni et al. 2011), shedding of large anticyclonic rings
(Lentini et al. 2006), and possible contributing to the low fre-
quency variability of the South Atlantic meridional heat transport
(Dong et al. 2015).

Near Cabo Frio (23° S), most of the studies of the BC volume
transport have relied upon geostrophic computations (e.g.,
Signorini 1978; Campos et al. 1995; Silveira et al. 2000; Mata
et al. 2012; Biló et al. 2014). Although these works are based on
the use of different reference levels, results indicate that most of
the BC geostrophic transport is confined to the first 200 m of the
water column, and meanders and eddies were captured close to
Cabo Frio (23° S). TheBC southward transport fromgeostrophic
estimates can reach values of 5.6±1.3 Sv at the Santos Basin
(25° S to 27° S) (Biló et al. 2014). These estimates were based on
different observations, including direct velocity measurement
f r om cu r r e n t me t e r moo r i n g s t o eXpendab l e
BathyThermograph (XBT) data. Mata et al. (2012) used XBT
data to estimate the mean BC baroclinic transport across 22° S
using the AX97XBT transect observations (Fig. 1) and found an
average baroclinic transport value of 2.3 Sv west of 39° W.
Transport measurements from current meter moorings (Müller
et al. 1998; and more recently Rocha et al. 2014) verified the
increase of the total transport, from 4.9 to 10.0 Sv, as the BC
flows from 22° S to 28° S.

Despite the recent advances in understanding the BC mean
flow, variability, and associated features, several aspects of the
BC low latitude variability remain unexplained. The main
reason for this is still the relative lack of synoptic observations.
For instance, south of 18° S, the BC flow is mainly composed
of eddies and, therefore, the average current transport is
aliased by strong temporal and spatial fluctuations (Campos
et al. 1995; Campos 2006; Soutelino et al. 2011). With the

goal of improving our understanding of the spatial and tem-
poral variability of the BC, the high-density AX97 XBT tran-
sect was initiated in 2004 to measure the upper ocean temper-
ature structure between Rio de Janeiro (22.9° S, 43° W) and
Trindade Island (20° S, 30° W). The AX97 transect region
(Fig. 1) is characterized by intense mesoscale activity; its var-
iability has been linked to weather patterns in a region of great
economic importance to Brazil (Mill et al. 2015) and is one of
the longer-term monitoring systems of the BC.

Recommendations for the improvement of the current ocean
observing system may be often addressed through the use of
numerical models with data assimilation (Dotto et al. 2014).
Ocean Forecasting and Analysis Systems (OFAS) provide a
physical image of the global climate during the period in which
available data exist, making it possible to minimize the lack of
information in the spatial and temporal coverage in these re-
gions. However, these systems can produce spurious biases
and non-homogeneity caused by both numerical approximations
and sampling limitations in data assimilation. Therefore, an eval-
uation of the adequacy, consistency, and applicability of these
systems to long-term investigations of the BC is necessary.

The main goal of the present study is to evaluate the BC
structure and variability at 22° S using observations from the
high-density XBT AX97 transect, which are assessed against
those obtained from three distinct OFAS. These models are
made available within the framework of the Global Ocean
Data Assimilation Experiment (GODAE) Ocean View and are
used to add information to the XBT data on the main oceano-
graphic features in the region. In order to reach this goal, two
objectives are addressed: (a) the evaluation of the ability of the
spatial-temporal design of the high-density AX97 transect to
represent the BC average features and (b) the assessment of
the different BC dynamic events identified by the XBT data.

2 Data and methods

2.1 Data sampled at the high-density AX97 XBT transect

Brazilian institutions, in partnership with NOAA, implemented
the high-density XBT AX97 transect as part of the MOVAR
(monitoring the upper ocean transport variability in the western
South Atlantic) project. Therefore, the high-density XBTAX97
transect data will be referred as the MOVAR data. This project
collects XBT data using Brazilian Navy opportunistic ships
along a section that starts near Cabo Frio (Rio de Janeiro) and
ends close to the Trindade Island (Fig. 1, grey lines). The data
collection began inAugust 2004, and on average, it is carried out
four times a year. In the present work, the study is limited to data
obtained prior to 2012, which correspond to 37 realizations
(cruises). The XBT sampling is performed with a typical hori-
zontal spacing of 27 km along the transect, with the resolution
increasing to 18 km near its borders. The vast majority of
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samples used Sippican Deep Blue probes, which measure tem-
perature profiles to approximately 800-m depth, with additional
sampling carried out using Sippican T-5 probes, which measure
temperature to 1830-m depth. XBT measurements are per-
formed by sampling temperature and the elapsed time of descent
of the XBT probes. The time of descent (t in seconds) is con-
verted to depth (z in meters) using the standard manufacturer’s
fall rate equation (FRE) and following the new proposed correc-
tions (Cheng et al. 2014). Using historical T-S relationships
within a statistical scheme (Thacker 2007a, b), the salinity is
estimated at gridded values of latitude, longitude, and depth, as
a quadratic function of temperature. The use of the XBT data in
this study leads to several sources of error. The most important
of these errors are related to the temperature data precision, depth
accuracy of the FRE, and salinity inference. Several authors
analyzed and discussed typical error values (e.g., Goni and
Baringer 2002; Thacker 2007a, b; Goes et al. 2013). For the
temperature precision, according to the manufacturer
(Sippican/Lockheed Martin), the XBT measurement error
0.1 °C and the maximum tolerance for the depth error associated
with the FRE are approximately linear with depth, either 5 m or
2 % of depth. The Cheng et al. (2014) corrections reduce con-
siderably the measurement errors. In addition, Cheng et al.
(2014) concluded that these XBT errors did not affect the esti-
mates of currents variability where the objective did not involve
the assessment of long-term climate signals. The salinity error is
derived from the Thacker 2007a, b methodology and was not
calculated for the study area. Goes et al. (2013) found salinity
error, at the central tropical Atlantic, of about 0.3 psu between in
situ and climatological salinity estimates, resulting in dynamic
height differences as large as 5 cm.

The first step in the data quality control was performed based
on the temperature versus depth profile of each XBT deploy-
ment. A visual inspection of the temperature profiles was per-
formed, in which profiles that contained strong systematic biases
in comparison to their neighbors were removed. A five-point
median filter was used to remove isolated spikes. After the pre-
processing, data from each cruise were linearly interpolated to a

regular 10-m depth spacing and optimally interpolated along-
transect to a 0.25° longitudinal spacing. The AX97 reference
transect was adopted to eliminate, or at least reduce, the small
scale and internal waves phenomena and to allow better direct
comparisons between each transect sample. The latitude of the
interpolated data was estimated on a line that connects Cabo Frio
to Trindade Island (Fig. 1, black line). To calculate the baroclinic
component of the geostrophic flow, the dynamical method was
used for each pair of stations along the AX97 transect. Due to the
scarcity of direct velocity measurements, we followed here the
common practice to use the interface between superimposed cur-
rents of opposite flow as a level of no motion. Therefore, the
depth of the σθ=26.8 kg/m

3 was used as reference level and was
calculated for each cruise and each deployment. This density
value is the level accepted as the typical interface between the
BC southward flow and the IWBC northward flow (Pereira et al.
2014; Biló et al. 2014). The cross-section volume transport was
estimated by the vertical integration of the regular grid in the
AX97 reference transect (Mata et al. 2012).

Since the ageostrophic transport component may play an
important role in the BC dynamics, the Ekman Transport was
calculated using the National Center for Environmental
Prediction (NOAA/NCEP) Climate Forecast System
Reanalysis (CFSR), with 1/4° horizontal resolution. We use
this method to compare the total transport of the OFAS with
the XBT baroclinic transport plus Ekman transport.
Consequently, the role of the BC barotropic component can
be analyzed in the OFAS, regarding the difference between the
numerical and observation data.

To understand the oceanographic features in the study area,
the new version of BSegment Sol mult imissions
d’ALTimétrie, d’Orbitographie et de localisation precise^/
Developing Use of Altimetry for Climate Studies (SSALTO/
DUACS) products distributed by Satellite Altimetry Data
(AVISO), so-called DUACS 2014, released on April 15,
2014, is used. The AVISO Absolute Dynamic Topography
(ADT) and the OFAS Sea Surface Height (SSH) are compared
in each BC dynamic event identified by the XBT data.

Fig. 1 The AX97 transects with deployment positions (grey lines), the
reference transect (black line), and the coastal transect (white dashed
line). The Rocha et al. (2014) current profiles named MARLIM (22.7°
S) and DEPROAS FBS (24.15° S) are indicated with white circles, and
the three moorings used in Müller et al. (1998) are indicated with white

triangles. Themain ship route goes fromCabo Frio City (CF) to Trindade
Island (TI). The color shade represents the regional bathymetry (units in
meters). The position of the Vitoria-Trindade Ridge (CSV-T) and Rio de
Janeiro City (RJ) is indicated

Ocean Dynamics (2016) 66:893–916 895
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2.2 OFAS

Two oceanic reanalysis and one analysis products available in
the GODAE OceanView framework are used for comparison:
the Hybrid Coordinate Ocean Model with the Navy Coupled
Ocean Data Assimilation (HYCOM-NCODA), the Global

Ocean Physics Reanalysis GLORYS2V3 (hereafter
GLORYS), and the Forecast Ocean Assimilation Model
(FOAM), respectively. The main features determining the
model’s choice are (i) the data assimilation capacity, (ii) a spatial
resolution capable of solving or allowing the mesoscale activity
identification (1/4° or higher), and (iii) a time series that would

Table 2 Cruises dates of the
realization of the AX97 transects
organized by event and the Brazil
Current position for the MOVAR
and the OFAS

Cruise date BC position

Onshore Offshore

M H G F M H G F

Strong events 02/14 to 02/16/2006 NA NA • • NA NA

12/11 to 12/14/2006 NA NA • • NA NA

04/21 to 04/24/2007 • • NA NA NA NA

02/14 to 02/16/2008 • • • NA NA

04/10 to 04/13/2009 NA NA NA • NA NA NA

10/14 to 10/16/2009 • • NA NA NA NA

05/04 to 05/08/2010 • NA NA NA NA NA NA

04/02 to 04/04/2012 • NA NA NA NA NA NA

12/05 to 12/09/2012 NA NA NA • NA NA NA

Intermediate events 02/17 to 02/20/2005 • • NA • NA

06/30 to 07/02/2006 • NA • • NA

08/16 to 08/18/2006 • NA NA • NA NA

03/05 to 03/07/2007 • NA • • NA

06/27 to 06/29/2007 • • • •

06/11 to 06/13/2008 • • • NA NA

08/19 to 08/21/2008 • • • •

02/03 to 02/06/2009 • • • •

06/21 to 06/23/2009 • • • NA

12/09 to 12/11/2009 • • NA •

12/02 to 12/05/2010 • • • •

05/03 to 05/06/2011 • NA NA NA NA NA NA

08/16 to 08/23/2011 • • NA • NA

11/29 to 12/05/2011 • • • NA NA

02/24 to 02/27/2012 • • NA NA NA NA

06/07 to 06/10/2012 • • NA NA NA NA

07/26 to 08/01/2012 • • NA • NA

08/15 to 08/18/2012 • • NA • NA

10/22 to 11/01/2012 • • NA • NA

Weak events 08/29 to 09/02/2004 • NA • • NA

08/12 to 08/15/2005 • • • •

02/25 to 02/28/2007 NA • • •

08/24 to 08/30/2007 NA NA • NA • NA

04/17 to 04/19/2008 • • • •

12/06 to 12/08/2008 NA • • • NA

02/08 to 02/10/2011 NA • • • NA NA

06/13 to 06/15/2011 • • • •

10/18 to 10/21/2011 • ‘• NA NA NA NA

The letters M, H, G, and F representMOVAR, HYCOM,GLORYS, and FOAM, respectively. NA indicates that a
given event was not captured by a certain OFAS

Ocean Dynamics (2016) 66:893–916 897



encompass the observed data spanning from 2004 to 2012 and
that would provide daily outputs of the results. Details of the
adopted systems are summarized in Table 1. It is important to
note that HYCOM and GLORYS assimilate the high-density
AX97 transect, although FOAM does not assimilate.

The HYCOM (Bleck 2002; www.hycom.org) employs
hybrid vertical coordinates to numerically solve the primitive
equations that control the ocean dynamics. The global
reanalysis 19.1 experiment is configured for the global ocean
with HYCOM 2.2 as the dynamical model. The reanalysis is
atmospherically forced by the hourly NCEP/CFSR reanalysis
data, with a horizontal resolution of 0.3125°, which includes
the wind stress, wind velocity, heat fluxes, and precipitation. In
the present work, this experiment encompasses the period of
January 2004 until December 2012.

The NCODA scheme is an oceanographic version of the
multivariate optimal interpolation technique broadly used in
atmospheric operational forecasting systems. A complete de-
scription of the technique is given in Daley (1991).

The GLORYS reanalysis of the Mercator Ocean is based on
the version 3.1 of Nucleus for EuropeanModelling of the Ocean
(NEMO) (Madec 2008) and in the ORCA025 configuration,
with 1/4° horizontal resolution and variables spatial
discretization using the C grid of Arakawa. The atmospheric
conditions are prescribed for the model using the CORE bulk
formulation. The forcing fields are originated from the ERA-
Interim reanalysis products (Simmons et al. 2006). For data
assimilation technique, themodel uses the Kalman filter reduced
multivariate technique, based on the formulation of BSingular
Extended Evolutive Kalman Filter^ introduced by Pham et al.
(1998). Mercator Ocean has been using this method for a few
years in different configurations of ocean models and it is called
BSystème d’Assimilation Mercator^ version 2 (SAM2).

The global FOAM is a system of operational analysis and
forecasting run daily at the Met Office, with the capability of
modeling the deep ocean regimes and coastal areas (Blockley
et al. 2014). The deep Ocean Forecasting System FOAM was
radically revised during 2010 when it was adapted to use the
model of the European Core for Ocean modeling as a dynamic
core (NEMO; Madec 2008). The global configuration of the
model is based on the configuration of ORCA025 developed
by Mercator Océan (Drévillon et al. 2008). The FOAM sys-
tem’s assimilation scheme is the NEMOVAR (Mogensen et al.
2012). NEMOVAR is a multivariate assimilation scheme, 3D-
Var, Bfirst guess appropriate time^ that was developed specif-
ically for NEMO (Blockley et al. 2014).

2.3 Methods used for OFAS evaluation

To verify how the models represent the main observed features
along the AX97 reference transect, they are interpolated onto
the reference transect location, where GLORYS and FOAM
preserve their original horizontal resolution and HYCOM was

degraded to 0.25° horizontal resolution in order to compare to
the others models and the MOVAR data. In addition, the model
data include a zonal coastal transect extension that connects the
western end of the AX97 reference transect to the vicinity of
Cabo Frio (Fig. 1). This extension data allows estimating of the
remaining of the transport along the shelf that is not sampled by
the AX97 transect. The horizontal velocity components are
rotated 13° counterclockwise in order to obtain the cross-
sectional component of the velocity to the AX97 reference
transect, while for the coastal transect the east–west (u) and
north–south (v) components are maintained. The net volume
transport is calculated from the vertical integration of the veloc-
ity across the coastal transect and the AX97 reference transect,
using the σθ=26.8 as the isopycnal reference level. To compare
with the MOVAR data, the estimated BC transports in the
OFAS are averaged over the days of each AX97 realization
from 2004 to 2012, with the exception of GLORYS, where
the time series spans through the end of 2011.

In order to compare the OFAS results with the XBT obser-
vations, the baroclinic velocity of the models is derived from
the thermohaline structure using the dynamical method and
the same isopycnal reference level (σθ=26.8), which varies
for each time step and grid point. While the volume transport
is also evaluated in the models for the total velocity field, this
approach aims at reducing the error related to the assumptions
to an arbitrary level of no motion and contributions from the
ageostrophic motions.

Hereafter, the total velocity is referred to the velocity ob-
tained from the OFAS outputs, and the baroclinic velocity is
derived from the thermohaline structure of each data, using the
dynamical method. The same definition is used for the volume
transport. In the volume transport calculation, unless it is
clearly stated, all calculations are based on net results. The
positive (northward) and negative (southward) components
of the volume transport are only used isolated to define the
BC events.

2.4 The definition of BC events

The BC events are analyzed here in terms of different scenar-
ios according to the BC intensity and the cross-shore position
of its jet. For the different scenarios, two groups of events are
established. The first group, which considers the strength of

�Fig. 2 Mean vertical distribution of the temperature (°C) root mean
square error (RMSE) for the OFAS at the AX97 reference transect for
the 37 XBT realizations (left panels) and mean vertical distribution of the
temperature (°C) for the OFAS coastal transect and AX97 reference
transect for the whole period (2004 to 2012) and MOVAR AX97
reference transect for the 37 XBT realizations (right panels). The OFAS
are presented as follows: HYCOM (a, d), GLORYS (b, e), and FOAM (c,
f). g Same distribution for MOVAR during the cruise periods. The mean
depth of the σθ= 26.8 kg/m3, for each data, is represented by the white
dashed line
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the volume transport as an index, comprises the following
events: (i) weak, (ii) intermediate, and (iii) strong. The second
group considers the structure of the BC jet and is divided into
the following: (i) close to the shelf break or (ii) offshore of the
continental slope. The second group of events is used here to
compare the intensity of the WBC with its position and to
understand the causes of the displacement of the BC jet from
the shelf break.

For the first criterion, the strength of the BC is evaluated
based on the strength of the volume transport of the southward
baroclinic flow between 40.5° W and 39° W. This longitude
range was chosen as it comprises the mean BC dynamic core
in all data sets. The BC southward baroclinic flow was used to
define the events because, in this way, only the TW and
SACW flow are evaluated. In order to provide a better assess-
ment of the transport, the baroclinic volume transports obtain-
ed by both the OFAS and MOVAR are normalized.

The ranges to determine the intensity for each of the events
are chosen based on the statistical distribution of the south-
ward baroclinic transport values. The strong BC events are
characterized by the highest 25 % of the volume transports
of the BC. TheweakBC events, on the other hand, encompass
the cases falling within the 25% lowest BC volume transports.
The intermediate BC events include the remaining events ly-
ing in between these two events. For the OFAS, the limits
between the BC events are calculated using the whole daily
time series, while for MOVAR, only the 37 cruises data are
used.

The second criterion, which is related to the cross-shore
position of the BC, is based on the net BC baroclinic volume
transport. Therefore, both the northward and southward cross-
section velocities are included in the transport calculation. If
the net cumulative baroclinic transport between the beginning
of the AX97 reference transect (40.5° W) and 39.5° W pre-
sents a northward component (positive values), the offshore
event is defined; otherwise, the event is characterized as on-
shore. Thus, the onshore event is well-defined if only south-
ward (negative) transport values occur in the range of 40.5°W
to 39.5° W.

For the comparisons between MOVAR and the OFAS,
first, the BC events are identified in the observational data
for each realization. Subsequently, in each model and for the
time period of the 37 XBT transect realizations, the presence
of the events defined by MOVAR is searched. Note that the
percentile of the normalized transport of each OFAS (Fig. 10)
was used in this search. Therefore, the OFAS may or may not
find the same events defined by MOVAR. When the event is
identified, the day selected within the time window of the
XBT realization is the best match of the event in the models.

The 37 XBT transect realizations organized by their BC
intensity events are shown in Table 2. The BC position in each
realization and the capability of the OFAS to identify these
events are also shown. A subsection in the BResults^ section is

dedicated for this analysis, where one case study was selected
to exemplify each event (strong, intermediate, and weak) char-
acteristics and dynamic. The choice of the case studies was
based first in the capability of the three models to identify the
MOVAR event and then the same BC structure and dynamic
in the four data sets. The strong BC event chosen was the XBT
realization on February 14 to 16, 2008, for the HYCOM,
GLORYS, and MOVAR, and the December 11 to 14, 2006,
for the FOAM (Table 2). Only in this event, the models have
different XBT realization date as the FOAM model was not
able to capture the February XBT realization. The case study
of the intermediate event was on 3rd to 6th of February 2009
and for the weak event was on 13th to 15th June, 2011
(Table 2).

3 Results

3.1 Temperature structure

The root mean square error (RMSE) between OFAS and
MOVAR in the AX97 reference transect is shown in
Fig. 2a–d. At the subsurface until 300-m depth at the longitude
range of 40.5° to 40° W, all the models show a higher RMSE
compared to the other regions. This region includes the mean
BC core where the isotherms are steeper and the baroclinic
flow is more intense. The mean temperature along the zonal
coastal section and the beginning of the AX97 reference tran-
sect (Fig. 2d–g) show this pattern. Within the BC core,
MOVAR (Fig. 2g) shows a less intense temperature (and den-
sity) horizontal gradients than the OFAS (Fig. 2d–f), which
results in a less intense associated mean baroclinic velocity.
HYCOM shows RMSE value of 0.07 °C at the BC core, the
highest among the models, and a RMSE range of 0.03 °C to
36.5°W. GLORYS and FOAM present a similar RMSE in the
mean BC core region, with values in the order of 0.05 °C close
to 150-m depth and 40° W.

Regarding the salinity structure, the RMSE between
OFAS and the estimated climatological salinity in the
AX97 reference transect (not shown) presents maximum
values of 0.009 psu only. As the climatological salinity
estimates are in a good agreement with the OFAS salinity,
the difference between the baroclinic velocity of OFAS and
MOVAR is probably related to the temperature structure.

The mean temperature along the zonal coastal section and
the AX97 reference transect of models andMOVAR (Fig. 2d–
g) show a vertical water mass distribution that is in agreement
with previous results (temperature and salinity diagram not
shown) (e.g., Campos et al. 1995). Warm Tropical Walter
can be observed approximately in the first 200 m of the water
column in all OFAS and MOVAR. Further deeper and given
the rate of temperature change in the thermocline, a tempera-
ture decrease to a value of 9 °C is observed nearly 550 m. The
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mean depth of the σθ=26.8 isopycnal, which represents the
interface between SACW and the upper part of the AAIW, is
shown as a white dashed line. The thermocline waters can
identify the SACW, and the AAIW mainly recognized by its
characteristic salinity minimum (not shown) is around 1000m
(Boebel et al. 1997). All the data show this interface at ap-
proximately 500-m depth.

In general, all models were able to capture the mean iso-
thermal structure of the 37XBT realizations. The difference of
isotherm slope given by the models against the MOVAR, at
the beginning of the AX97 reference transect, is associated
with the model configuration assimilation schemes and the
still diffusive thermohaline configuration in the study area.
As it will be discussed in the next section, this results in a

Fig. 3 Mean cross-sectional component of the total velocity (left panels)
and associated standard deviation (right panels) for the OFAS at both the
coastal transect and the AX97 reference transect for the whole period
(2004–2012). The OFAS are presented as follows: HYCOM (upper
panels), GLORYS (middle panels), and FOAM (lower panels). Units
are in meters per second, with negative (positive) values indicating a

southward (northward) flow. A solid bold line represents the zero contour
of the velocity. The mean depth of the σθ= 26.8 kg/m3, for each data, is
represented by the black dashed line. The locations of the coastal transect
and the AX97 transect are indicated in Fig. 1. The horizontal scale for the
coastal transect is different from the AX97 reference transect
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stronger horizontal gradient of mean dynamic topography for
OFAS, which in turn produces a more intense baroclinic
velocity.

3.2 Mean Brazil Current structure

In this section, we compare the total and baroclinic velocities
of the BC between the models and MOVAR data and their
associated transports. First, the velocity structure and the dif-
ference between the total and baroclinic velocity fields are
assessed; second, the analysis of the BC volume transport is
used to discuss the capability of the models to represent the

BC at the AX97 reference transect and then to analyze the BC
transport components.

3.2.1 Total and baroclinic velocities

Figures 3 and 4 show the total and baroclinic velocity fields
averaged over the whole OFAS time series, respectively. The
FOAM model (Fig. 3, third panel) shows the highest total
velocity values of the BC core, approximately −0.47
±0.19 m/s. The easternmost limit of the mean region of BC
influence in this model is 39.25° W, reaching depths up to
400 m. For the GLORYS model (Fig. 3, second panel), the
BC maximum average velocity is approximately −0.32

Fig. 4 Mean cross-sectional component of the baroclinic velocity (left
panels) and associated standard deviation (right panels) for the OFAS and
MOVAR at the AX97 reference transect for the whole period (2004–
2012). The OFAS are represented in the vertical panels from top to
bottom in the following sequence: a HYCOM, b GLORYS, and c
FOAM. (d) Same distribution for MOVAR during the cruise periods.

Units are in meters per second, with negative (positive) values indicating
a southward (northward) flow. A solid bold line represents the zero
contour of the velocity. The reference level of no motion is the
σθ = 26.8 kg/m3. A black dashed line in the left panels represents the
mean depth of this isopycnal, for each data. The location of the AX97
transect is indicated in Fig. 1

902 Ocean Dynamics (2016) 66:893–916



±0.25 m/s and the mean BC vertical limit is approximately
335-m deep at 40° W. GLORYS exhibited the less intense
offshore BC among the OFAS and a double-core BC structure,
where the coastal component of the BC is very intense, with
negative values as large as −0.4 m/s. HYCOM (Fig. 3, first
panel) displays the shallowest BC, with the level of no motion
shallower than 200 m, and a mean core velocity of −0.45
±0.33 m/s. The different OFAS BC total and baroclinic ve-
locity are related to the many sources of uncertainty in ocean
modeling (e.g., parameterized processes, initialization, atmo-
spheric forcing, numerical implementation, data assimilation
schemes, and vertical discretization, etc.) (Masina et al. 2015)
(Table 1). As expected, HYCOMpresents the highest variabil-
ity, as a result of its increased original horizontal resolution.

An important aspect to be noted is the shallow level of no
motion of HYCOM and GLORYS, in comparison to the in-
terface between SACW and AAIW, represented by the depth
of σθ=26.8 isopycnal (Pereira et al. 2014; Biló et al. 2014).
These two models present a total velocity structure not con-
sistent with the observed thermohaline structure (Fig. 2), sug-
gesting that the barotropic and non-Ekman ageostrophic ve-
locity components could be a major source of error in these
models. On the other hand, FOAM has a total velocity struc-
ture closer to the thermohaline structure, with the mean
isopycnal level at similar depth range to the mean observed
IWBC limit.

To better assess the capability of each OFAS to represent
the mean dynamic structure of the BC against a more repre-
sentative observational time and space series, the baroclinic

currents of the systems are calculated for the entire time series
period and their mean fields are presented in Fig. 4. To be
consistent with MOVAR, the OFAS baroclinic currents are
calculated using the same methodology and isopycnal level.
It is important to notice that the OFAS total velocity field
(Fig. 3), although stronger, bears strong resemblance to the
estimated baroclinic velocity fields of the XBT realizations
(Fig. 4d).

The BC domain in all models and MOVAR is confined to
the west of 39° W, with GLORYS (Fig. 4b) and FOAM
(Fig. 4c) showing a similar mean pattern. For these two sys-
tems and also for the observed data, the BC is confined on
average to the west of 39.5° W. HYCOM (Fig. 4a) is the
OFAS that exhibited the largest WBC domain compared to
the others systems, reaching longitudes of 38°W, although the
BC core is limited to the west of 39.5° W.

With respect to the BC core velocity, MOVAR exhibits a
maximum southward baroclinic velocity of 0.17±0.30 m/s
(Fig. 4d). Other authors (e.g., Signorini et al. 1989; Campos
et al. 1995; Mata et al. 2012) show similar values of baroclinic
velocity for the region. The OFAS show a more intense BC
than MOVAR. HYCOM and FOAM show similar mean BC
core velocity of up to 0.4 m/s southward, whereas GLORYS
values are closer to MOVAR (−0.29±0.17 m/s). The steeper
isotherms in the OFAS compared to MOVAR result in a stron-
ger vertical shear that intensifies the horizontal pressure gra-
dient and consequently the baroclinic BC velocity.

All models present a lower variability (0.17 m/s for
HYCOM, and 0.14 m/s for FOAM and GLORYS),

Fig. 5 Mean cumulative depth
integrated (surface to the depth of
the σθ= 26.8 kg/m3) baroclinic
volume transport (in Sv) along the
AX97 reference transect. The
vertical lines represent the
associated standard deviation. For
OFAS, represented in the
following sequence, a HYCOM,
b GLORYS, and c FOAM, the
whole period is marked by black
lines, while the period including
only the MOVAR cruises is
marked by red dashed lines. In
panel d MOVAR baroclinic
transport is marked by red dashed
lines
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approximately half of the BC velocity standard deviation
(Fig. 4, right panels) shown in the observations (0.30 m/s).
Model resolution may play a role in this discrepancy, since
HYCOMwithout degradation, with a 1/12° horizontal resolu-
tion, shows a standard deviation of 0.31 m/s (not shown).
However, results suggest that these models are still diffusive
at this region, even in baroclinic terms.

While differences between observed and modeled results
do occur, the analysis of the coastal transect velocity (Fig. 3)
in conjunction with the MOVAR transect (Fig. 4) shows that
the spatial sampling strategy of the XBTcruises was sufficient
to represent the mean dynamics of the MOVAR transect. A
quantification and discussion of the relevance of this coastal
transect will be presented in the last part of the next
subsection.

3.2.2 Baroclinic, Ekman, and total transports and the role
of the continental shelf

In order to better assess the differences between the OFAS and
MOVAR, the cumulative baroclinic transport, from west to
east and from the surface down to the σθ=26.8 isopycnal
level, across the MOVAR reference transect is evaluated
(Fig. 5). HYCOM shows a mean baroclinic transport at 39°
W of its entire time series (cruise period) of −4.7 ±2.4 Sv
(−4.5±2.3). GLORYS presented similar values to HYCOM

along the MOVAR reference transect, −5.5±2.0 for the whole
period (−4.3±1.7, cruise period) Sv at 39.5° W. In the case of
HYCOM (Fig. 5a), this transport keeps increasing approxi-
mately until 33° W reaching −5.5 Sv, which can be related

Fig. 7 Percentage of the OFAS total depth integrated (surface to the
depth of the σθ = 26.8 kg/m3) volume transport passing through the
AX97 reference transect (green bar) and the coastal transect (yellow
bar). The standard deviation is represented by the black vertical lines.
The locations of the AX97 reference transect and coastal transect are
indicated in Fig. 1

Fig. 6 Mean cumulative depth
integrated (surface to the depth of
the σθ= 26.8 kg/m3) total volume
transport (in Sv) for the AX97
reference transect. The vertical
lines represent the associated
standard deviation. For the OFAS,
represented in the following
sequence, a HYCOM, b
GLORYS, and c FOAM, the
whole period is marked by black
lines, while the period including
only the MOVAR cruises is
marked by red dashed lines. In
panel d, MOVAR mean
cumulative depth integrated
baroclinic volume transport
presented in Fig. 5d is repeated
for comparison purposes (red
lines), whereas black lines mark
this value plus the Ekman
transport

904 Ocean Dynamics (2016) 66:893–916



Fig. 8 Normalized histogram of the depth integrated (surface to the depth
of the σθ= 26.8 kg/m3) baroclinic volume transport (Tn) of the Brazil
Current (considering only the southward transport) at the AX97
reference transect westward of 39° W, for a HYCOM, b GLORYS, c
FOAM, and d MOVAR. The descriptive events are divided in strong,
intermediate, and weak events. The green and red lines represent the
cutoff values for the weak and strong events, with the associated

volume transport for each OFAS and MOVAR. The x label is

represented by the normalized transport T−T
σ , where T is the baroclinic

volume transport and σ is the standard deviation. The y label is
represented by the percentage of each class related to the median, where
100 % is the median

Fig. 9 Percentage of
representation of the MOVAR
events by the OFAS. The OFAS
are indicated by the following
colors: HYCOM (red), GLORYS
(blue), and FOAM (green)
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to its lower vertical resolution, as mentioned before. Among
the OFAS, FOAM was the system with the most intense
baroclinic transport, with a value of −7.4 ± 1.5 Sv (−6.9
±1.5) for the whole period (cruise period) for the same loca-
tion. It is interesting to note that in the OFAS when only the
cruise time periods are considered, the average BC transports
estimated are weaker when compared to their mean whole
time series transports. These results suggest that the XBT time
sampling adopted may underestimate approximately 20 % of
the baroclinic BC transport that crosses theMOVAR reference
transect.

While the MOVAR baroclinic transport is smaller when
compared to the OFAS, it is worth mentioning that the inter-
polation for the reference transect diminishes the BC trans-
port. For instance, the baroclinic transport for the 37 XBT
realizations at the MOVAR reference transect is −2.7
± 3.6 Sv. When this transport is calculated for each cruise
transect (Fig. 1, gray lines), this value increases to −2.9
±3.6 Sv. Therefore, the interpolation for a reference transect
reduces the value of the mean transport, since the meridional
velocity is weaker than the across transect velocity.

Figure 6 presents the total volume transport for the entire
period at the MOVAR reference transect, whereas the values
are associated to the BC at 39°Wand the values in parentheses
are associated with the same region but for the cruise periods
only. FOAM (Fig. 6c) is the system with the largest BC trans-
port, about −7.6±4.3 Sv (−6.7±4.1), followed by GLORYS
(Fig. 6b) with a value of −2.0±4.2 Sv (−1.6±4.0). HYCOM
(Fig. 6a) is the only model that presents a northward transport
at the beginning of theMOVAR reference transect until 39°W,
as a consequence of the shallow IWBC core that diminishes
the integrated total transport in the region. The southward
transport only appears after 39° W and is maximum at 38° W
with −1.2±4.5 Sv for the whole time series. Among theOFAS,
GLORYS is the systemwith the closer volume transport values
to the MOVAR baroclinic plus Ekman transport (Fig. 6d),
which is −2.9±3.9 Sv. Interestingly, at 39° W, the Ekman
transport only increases the BC flow by 0.2 Sv or 6.9 % of
the flow. This value increases to up 0.6 Sv if the entire
MOVAR reference transect is considered.

BC integrated volume transport between 2 and 10 Sv is
found in the literature for the study area (Signorini et al.
1989; Campos et al. 1995; Müller et al. 1998; Silveira et al.
2004; Mano et al. 2009; Mata et al. 2012; Rocha et al. 2014;
Biló et al. 2014). Apart from FOAM, the total volume trans-
port standard deviations of GLORYS and HYCOM, as well as
the baroclinic transport of MOVAR, also show values greater
than the mean, although the total velocity of the models does
not exhibit the same pattern. Therefore, the influence of the
IWBC on the BC behavior is strong in these two models, and
the baroclinic instability between these two currents (Silveira
et al. 2008) increases the BC variability in the MOVAR refer-
ence transect. These results show the important role of the BC

variability at the Cabo Frio Region. It is also evident from the
total volume transport values that FOAM has a positive bias at
the BC region when compared with MOVAR, reaching a val-
ue of up to 4.7 Sv even when the Ekman transport is included.

When comparing the OFAS andMOVAR, the difference is
larger than the Ekman component, and the barotropic compo-
nent may be the main cause, regardless of the additional un-
certainties that were already discussed. According to Biló et
al. (2014), the calculation of the BC velocity with only tem-
perature profiling underestimated the barotropic component
by 0.08 to 0.24 m/s compared with directly observed velocity
field in the Santos Basin (25° S to 27° S).

Finally, the role of the continental shelf in the BC dynamics
and transport is also explored in the models. Figures 3 and 7
clearly show that part of the BC flows over the continental
shelf across the zonal coastal transect in all of the OFAS.
While the OFAS show a considerably higher portion of the
transport passing through the MOVAR reference transect
alone, varying between 77 % of the total mean transport for
FOAM and 57 % for GLORYS, a significant portion of the
flow can leak through the onshore region (Figs. 3 and 7). This
amount is considerably higher in GLORYS (~43 % or −0.9
±1.4 Sv) because of its distinct double core BC structure.
These results demonstrate that although the AX97 transect is
able to cover a considerable percentage of the BC total volume
transport (at least 57 %), it would be desirable to extend the
high-density XBT AX97 transect toward the coast,
encompassing the shelf and shelf break region.

3.3 Brazil Current events

Figure 8 shows the normalized histogram for the BC
baroclinic transport (using only southward velocities) integrat-
ed until 39° W for the OFAS and MOVAR. All the OFAS
show a symmetric distribution for the normalized histogram,
whereas MOVAR shows an asymmetric distribution, where
the median value is very distinct from the mean, and the trans-
port values are skewed to the left, where the stronger BC
transports occur. An essential question about the MOVAR
normalized transport distribution is: are the 37 XBT cruises
adequate to properly sample the BC strong event? Figure 8d
indicates that the number of cruises carried out prior to
December 2012 was not enough to identify the three BC be-
haviors, giving a low probability for the occurrence of a strong
event. This is a solid indication that the AX97 XBT high-
density transect has to be continued in order to homogenize
the distribution of the current time sampling. Figures 5 and 6
also corroborate with this statement, since all OFAS show a
smaller mean value for the cruise period when compared to
the whole period, and the normalized transport histogram sub-
sampled to the period of the cruises is asymmetric for all
models (not shown).
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The percentage of representation by the OFAS of the ob-
served events is indicated in Fig. 9. A representation of 100 %
indicates that a given system was able to capture the totality of
certain event. HYCOM is the OFAS that best represents all
events compared to GLORYS and FOAM, where 80 % of the
intermediate event is identified, 70 % of the weak event, and
only 33 % of the strong event. GLORYS and FOAM better
represent the intermediate and weak than the strong event.
Since the BC is enhanced by mesoscale features near 22° S
(Rocha et al. 2014) and the strong event is closely related to
the current inversion near the 200-m isobaths, it is clear that
the OFAS are not able to represent the BCmesoscale pattern at

the same spatial scales. Furthermore, GLORYS and FOAM
are eddy permitting and, thus, do not resolve the ocean meso-
scale features. In addition, because the coastal region is not
used in the identification of the BC events, the statistics results
have to be viewed with caution.

Several authors reported the meandering pattern of the BC
and associated eddy formation around 22° S (Campos et al.
1995; Silveira et al. 2004; Silveira et al. 2008; Rocha et al.
2014), with velocity inversion close to the shelf break region.
However, a more detailed description of the BC behavior in
each of these events as well as a long time series to study them
still does not exist for the BC.

Fig. 10 Seasonality of the strong
(a), intermediate (b), andweak (c)
events for the MOVAR cruises
(gray bar) and OFAS whole time
series. HYCOM, GLORYS, and
FOAM are indicated by the red,
blue, and green bars
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In the following part of this work, an attempt to understand
the major features and dynamic of each BC event is made,
where one study case field of the baroclinic velocity and the
associated integrated baroclinic transport, as well as the total
transport, is presented for the AX97 reference transect for each
event. In order to elucidate the regional aspects of the circula-
tion, the mean SSH of the OFAS and the AVISO ADT for the
selected study case are also described. For comparison pur-
poses between the OFAS and AVISO, the mean value for SSH
and ADT, considering the whole area presented in Figs. 11,
12, and 13a–d, has been removed. In addition, the BC axis
position and seasonality are also discussed. It is important to
note that AVISO is assimilated in the OFAS; thus, a similar
pattern between the OFAS SSH and the AVISO ADT is ex-
pected to occur.

3.3.1 Strong events

For the nine strong events identified by MOVAR (Table 2),
HYCOM identified three: FOAM captured two and GLORYS
only one cruise. The study case presented in this section cor-
responds to the XBT realization of 14th to 16th of February
2008 (Table 2) forMOVAR, HYCOM, and GLORYS, and the
14th to 16th February 2006 for FOAM. The different XBT
realization selected is due to the no representation of FOAM in
the same date as HYCOM and GLORYS. Overall, the BC
position in these strong events, for the XBT data, was located
44.4 % offshore and 55.6 % close to the continental slope
(Table 2). The OFAS only represent onshore strong events;
therefore, Fig. 10 does not show the BC inversion at the be-
ginning of the AX97 reference transect. Due to the high per-
centage of offshore events, the meandering and eddies have a
key role in increasing the BC volume transport.

In terms of seasonality (Fig. 10a), 44.4 % of the strong
XBT cruise events occurred during the (austral) summer,
44.4 % in autumn, and only 11.2 % in the spring. Previous
studies (Wainer et al. 2000; Goni andWainer 2001) found that
the transport associated with the BC is closely linked to sea-
sonal variations in the local wind stress curl, and the BC in-
tensified during the austral summer near the Brazil-Malvinas
Confluence. Our results suggest that there is a latitudinal co-
herence in the seasonal variability of the BC. The use of daily
outputs allows a comparison of the whole period of the OFAS
time series. In this analysis, GLORYS shows the best results
when compared to the XBT data seasonality, with summer
being the season with the highest percentage of strong events
(47.3 %), followed by the spring (27.9 %), autumn (12.6 %),
and winter (12.2 %). For FOAM, summer and spring
displayed similar percentages of 32 and 35.2 %, respectively.
In the specific case of HYCOM, spring was the season with
higher percentage of strong events (41.4 %), followed by
summer with 28.3 %. These results reinforce that the BC
strong behavior is predominantly in the summer in MOVAR,

GLORYS, and FOAM. During the selected strong events, the
ADT (Fig. 11a) and SSH (Fig. 11b–d) maps show a strong
gradient near the 1000-m isobath at the beginning of the
AX97 reference transect, with the sea level increasing east-
ward. This gradient strengthens the BC that flows adjacent to
the 1000-m isobath to the west of 39° W. For the OFAS, this
gradient is even more intense than the observed data, especial-
ly for GLORYS and FOAM, which intensify the high-sea-
level Bcell^ in the AX97 region for all OFAS. This high-sea-
level cell is part of double-cell structure at the western end of
the South Atlantic Subtropical Gyre (SASG) (Mata et al.
2012). This feature is well described in the mean surface cir-
culation obtained by gravimetric mission GRACE satellite
(Vianna et al. 2007) and also by satellite altimetry (Vianna
and Menezes 2011). Another remarkable feature in Fig. 11 is
the strong meander pattern of the BC as the flow goes south-
ward. In the AVISO ADT map (Fig. 11a), it is clearly the BC
bifurcation across the Vitoria-Trindade Ridge (CSV-T) at
20.5° S and a strong meandering close to 20° S. These results
corroborate the study of Evans and Signorini (1985) which
described that the BC along the poleward path trifurcates
when it crosses the CSV-T. More recently, Mata et al. (2012)
reported that the larger portion of the BC turns eastward in
some instance, crossing the ridge in eastern channel and then
turning back to the west, where it joins the weaker western
portion further south. The meander is also present in all OFAS
events close to 19° S. HYCOM exhibits an anti-cyclonic eddy
detached from the current jet in a position more eastward than
the other data. Probably due to the strong baroclinicity and
topographic effects, the BC presents an energetic pattern with
frequent formation of strong cyclonic and anticyclonic mean-
ders south of the CSV-T (Campos 2006). This event in FOAM
(Fig. 11d), which is in a different period, has similar SSH

�Fig. 11 A case study of a strong Brazil Current descriptive event: period
of 14th to 16th of February 2008 (Table 2) for MOVAR, HYCOM, and
GLORYS and the 14th to 16th of February 2006 for FOAM. a Mean
absolute dynamic topography from AVISO and sea surface height for the
OFAS, where b GLORYS, c HYCOM, and d FOAM. The gray (black)
dots represent the coastal transect (AX97 reference transect). The dashed
black lines are the 200- and 1000-m isobaths, and the gray line is the zero
contour. Mean cross-section component of the baroclinic velocity for e
MOVAR, f GLORYS, g HYCOM, and h FOAM at the AX97 reference
transect. Units are in meters per second, with negative (positive) values
indicating a southward (northward) flow. A solid bold line represents the
zero contour of the velocity. The depth of the σθ= 26.8 kg/m3, for each
data, is represented by the black dashed line. i Cumulative depth integrat-
ed (surface to the depth of the σθ= 26.8 kg/m

3) total volume transport (in
Sv) for the OFAS along the coastal and AX97 reference transects and j
baroclinic volume transport for the MOVAR and the OFAS along the
AX97 reference transect. For panels i and j, the colors represent
MOVAR (gray), GLORYS (blue), HYCOM (red), and FOAM (green).
The dots in j represent the BC southward component of the baroclinic
volume transport for MOVAR and the OFAS
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dynamic features. Close to the shelf break between 20° and
21° S, the meandering pattern is similar to the Vitória eddy
formation and growing (Schmid et al. 1995), and further
south, close to the AX97 reference transect, the meandering
BC is due to the Cape São Tomé cyclonic meander. Thus, the
strong event, study here, is characterized by a meandering
current that could release eddies (Fig. 11c), along the
Brazilian coast and a strong gradient at 22.5° S (Calado
et al. 2006; Silveira et al. 2008), which is also related to the
high-sea-level cell position and intensity.

The associated mean baroclinic velocity at the AX97 ref-
erence transect for the strong event is presented in Fig. 11e–h.
OFAS and MOVAR show the BC domain confined in 39° W
and close to the shelf break. BC velocities more intense due to
the presence of meanders and eddy have been verified by
other authors (Silveira et al. 2004; Rocha et al. 2014). The
BC baroclinic velocity is more intense than 0.6 m/s in all data,
with MOVAR and HYCOM presenting similar values, in the
order of 0.7 m/s. The total vertically averaged transport across
the coastal line and AX97 reference transect is shown in
Fig. 11i. The FOAM (green line) exhibits the strongest BC,
with a maximum intensity of −12.4 Sv at 39.5° W, followed
by GLORYS (blue line), and −6.7 Sv HYCOM (red line) is
the system with the least intense total transport for this study
case, with 1.0 Sv at the beginning of the AX97 reference
transect (40.5° W). HYCOM also shows a northward current
at 39.5° W.

The baroclinic transport of MOVAR reaches a maximum
intensity of −8.1 Sv, whereas all OFAS present a more intense
BC transport. The transport using only the southward compo-
nent of the flow at 39° W, marked by the dots, exhibits very
close agreement between the three OFAS. Interestingly,
HYCOM shows the strongest BC transport, approximately
−10 Sv, which is due mostly to the reference level
discrepancy.

3.3.2 Intermediate events

The intermediate events represented by 19 XBT cruises are
best captured by HYCOM, where 15 cruises were identified,
followed by 12 in FOAM and only eight in GLORYS. For this
phase, the majority of the XBT cruises occurred during
(austral) winter (52.6 %) (Fig. 10b), followed by summer
(21.1 %), autumn (15.8 %), and spring (10.5 %). In a some-
what different fashion, the analysis of the OFAS daily outputs
between 2004 and 2012 (Fig. 10b) does not display a clear
seasonality in the BC intermediate behavior. The same sea-
sonality distribution occurs in all systems, where each season
represents around 25 % of the events.

The XBT cruises show that BC position was located close
to the shelf break region in 89.5 % of this phase and only
10.5 % of the cruises exhibited a northward transport in the
beginning of the AX97 reference transect, which is the

offshore BC position. Table 2 shows that the OFAS, with only
a few exceptions, were able to identify the position of the
current similar to the XBT data. This pattern is shown in all
baroclinic velocity and transport panels (Fig. 12) of the
models and MOVAR.

The AX97 section of 3rd to 6th of February 2009 (Table 2)
has been chosen to characterize the intermediate events. As ex-
pected, theADT (Fig. 12a) and SSH (Fig. 12b–d)maps exhibit a
less intense BC, marked by weaker gradients of sea level eleva-
tion in both the OFAS and AVISO. The BC jet is located very
close to the shelf break and confined in the beginning of the
AX97 reference transect (Fig. 12e–h). The meander pattern ob-
served in the strong event is not present in this event. The pos-
itive elevations of the sea level are still present and comprehend
the entire AX97 transect characterized by the high-sea-level cell
identified by Tsuchiya (1985) and Vianna et al. (2007).

The mean baroclinic velocities (Fig. 12e–h) show a similar
structure in MOVAR and OFAS, with the BC confined to the
west of 39.5° W and southward velocities reaching up to
0.4 m/s in the current core.

In terms of the mean total volume transport (Fig. 12i),
FOAM (green line) is the OFAS with the strongest BC,
−6.2 Sv at 39° W, while at the transport inflection longitude,
the BC in GLORYS (blue line) has about −5.6 Sv, and in
HYCOM only −4.6 Sv. The coastal transect, mainly for
HYCOM and GLORYS, represents a significant part of this
transport, −0.6 and −1.6 Sv, respectively, while for FOAM,
this value is −0.1 Sv.

At the AX97 reference transect, the vertically averaged
baroclinic transport in the OFAS (Fig. 12j), although more
intense, follows closely the structure of the one derived from
MOVAR. The baroclinic component of the BC in this event is
stronger than the barotropic and ageostrophic terms. When
only the southward component of the flow is analyzed, the
OFAS also tend to intensify the BC when compared to the
observed data.

�Fig. 12 A case study of an intermediate Brazil Current descriptive event:
period of 3rd to 6th of February 2009 (Table 2). aMean absolute dynamic
topography from AVISO and sea surface height for the OFAS, where b
GLORYS, cHYCOM, and d FOAM. The gray (black) dots represent the
coastal transect (AX97 reference transect). The dashed black lines are the
200- and 1000-m isobaths, and the gray line is the zero contour. Mean
cross-section component of the baroclinic velocity for e MOVAR, f
GLORYS, g HYCOM, and h FOAM at the AX97 reference transect.
Units are in meters per second, with negative (positive) values indicating
a southward (northward) flow. A solid bold line represents the zero con-
tour of the velocity. The depth of the σθ= 26.8 kg/m3, for each data, is
represented by the black dashed line. i Cumulative depth integrated (sur-
face to the depth of the σθ= 26.8 kg/m

3) total volume transport (in Sv) for
the OFAS along the coastal and AX97 reference transects and j baroclinic
volume transport for the MOVAR and the OFAS along the AX97 refer-
ence transect. For panels i and j, the colors represent MOVAR (gray),
GLORYS (blue), HYCOM (red), and FOAM (green). The dots in j rep-
resent the BC southward component of the baroclinic volume transport
for MOVAR and the OFAS
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3.3.3 Weak events

The weak events are best identified by HYCOM, with 66.7 %
of the cruises, whereas GLORYS and FOAM recognized
55.6 % (Fig. 9). Most of the nine XBT realizations that pre-
sented a weak BC occurred during (austral) winter and sum-
mer (44.5 %), followed by 11 % in the spring (Fig. 10c). For
the OFAS time series, it is the winter that shows the majority
of weak events occurrence (35 %), followed closely by the
autumn (30 %), and the summer only represents 15 % of the
cruises. The different seasonality of the OFAS and MOVAR
(Fig. 10c) is probably related to the continuous time series of
the models, enabling the models to better capture the season-
ality of the weak events, or the more intense BC transport
limits for this event in the models (Fig. 8), which can act to
change the seasonality pattern. The seasonality of the models
corroborates the study of Goni and Wainer (2001) near the
Brazil-Malvinas confluence that found weaker BC baroclinic
transport in the austral winter.

The offshore BC position is predominant in this event
(78 %) with the remaining 22 % of the XBT realization show-
ing the BC position onshore, close to the shelf break.
HYCOMbetter represents the position of the BC jet compared
to the others models (Table 2). GLORYS and FOAM poorly
recognize the offshore position of the current jet.

The case study shown for this event is for the cruise reali-
zation of 13th to 15th of June 2011, where MOVAR and
HYCOM presented an offshore BC current, and GLORYS
and FOAM an onshore jet.

All the OFAS SSH (Fig. 13c–d) are very similar to the
AVISO ADT (Fig. 13a), with a slightly trend to intensify the
gradient in the BC jet. The high-sea-level cell is weaker in this
event on the AVISO ADT, which decrease the BC intensity.
All data show a cyclonic eddy centered at 21° S with an
associated sea level drop, of at least 10 cm (14 cm for

AVISO data). This feature agrees with the eddies formed at
Cape São Tomé (Mill et al. 2015) and is related to the velocity
inversion at the beginning of the AX97 reference transect in
MOVAR and HYCOM data (Fig. 13e, g, i). The same cyclon-
ic eddy is observed in the other XBT realization (not shown).
It is possible to conclude that the strong and weak events are
related to the meander and eddy formation and growth close to
the BC jet, where the position of the eddy influences the BC
intensity. When the cyclonic eddy is close to the AX97 refer-
ence transect, at the vicinity or south of 21° S, the eddy de-
creases the baroclinic BC transport.

The baroclinic velocity (Fig. 13e–h) for the weak phase in
MOVAR (Fig. 13e) presents a northward flow until 39.5° W
related to the cyclonic eddy and a confined BC between
39.25° and 38° W. The core of the offshore BC was approx-
imately −0.46m/s. HYCOM also displays a northward flow in
the beginning of the AX97 transect at subsurface levels, and
the BC is bifurcated with one core at 40°W (−0.2 m/s) and the
other at 38.75°W (−0.12 m/s). FOAM and GLORYS present-
ed a similar pattern with the BC confined to 39.5° W and a
southward velocity of 0.3 m/s. In this case study, MOVAR
presented the strongest BC. The mean total transport
(Fig. 13i) shows that the coastal transect has a similar transport
of −1.8 Sv in GLORYS and FOAM, while the HYCOM-
associated transport for this feature is less intense (−1.1 Sv).
At the AX97 reference transect, the OFAS present a quite
different pattern. While FOAM exhibits a more intense trans-
port, reaching values of −12.6 Sv, GLORYS and HYCOM are
less intense, −4.6 and −2.2 Sv close to 40° W. Regarding the
baroclinic transport, MOVAR shows a strong northward flow
of 4.9 Sv as a consequence of the cyclonic eddy close to 21° S.
HYCOM was the unique model that exhibits a northward
transport, although less intense than MOVAR. FOAM and
GLORYS show a similar BC baroclinic transport, approxi-
mately −3.5 Sv at 39.5° W.

4 Discussion and conclusions

The main goal of this study is to assess the structure of the BC
and its variability at 22° S, using data from the XBT AX97
transect, and three OFAS. The comparison between the obser-
vations and models can be used to identify major deficiencies
on the ability of these products to represent the dynamics in
the region and to recommend improvements in the sampling
strategy along the AX97 transect. In addition, extreme events
of the BC structure were identified and interpreted in terms of
the regional dynamics.

Previous observational studies of the BC baroclinic struc-
ture often rely on assumptions about the level of no motion, in
which the baroclinic velocities are referenced to. At the 22° S
latitude, the accepted reference level is between the central
(SACW) and intermediate (AAIW) waters, which lies

�Fig. 13 A case study of a weak Brazil Current descriptive event The
Brazil Current descriptive event: period of 13th to 15th of June 2011
(Table 2). a Mean absolute dynamic topography from AVISO and sea
surface height for the OFAS, where b GLORYS, c HYCOM, and d
FOAM. The gray (black) dots represent the coastal transect (AX97 ref-
erence transect). The dashed black lines are the 200- and 1000-m
isobaths, and the gray line is the zero contour. Mean cross-section com-
ponent of the baroclinic velocity for eMOVAR, fGLORYS, gHYCOM,
and h FOAM at the AX97 reference transect. Units are in meters per
second, with negative (positive) values indicating a southward
(northward) flow. A solid bold line represents the zero contour of the
velocity. The depth of the σθ = 26.8 kg/m3, for each data, is represented
by the black dashed line. i Cumulative depth integrated (surface to the
depth of the σθ= 26.8 kg/m

3) total volume transport (in Sv) for the OFAS
along the coastal and AX97 reference transects and j baroclinic volume
transport for the MOVAR and the OFAS along the AX97 reference tran-
sect. For panels i and j, the colors represent MOVAR (gray), GLORYS
(blue), HYCOM (red), and FOAM (green). The dots in (j) represent the
BC southward component of the baroclinic volume transport for
MOVAR and the OFAS
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approximately along the σθ=26.8 kg/m3 about 500 m deep
(Pereira et al. 2014; Biló et al. 2014). Using this same assump-
tion, the BC baroclinic core velocity and transport are estimat-
ed here from the XBT observations as −0.17±0.30 m/s and
−2.7±3.6 Sv, respectively. In both cases, the variability (stan-
dard deviation) is larger than the mean. These results agree
with previous observational estimates and show the important
role of the mesoscale activity at 22° S, associated with eddy
formation and meander growth (Campos et al. 1995; Silveira
et al. 2008; Mata et al. 2012; Rocha et al. 2014).

The three models analyzed (HYCOM, GLORYS, and
FOAM) generally present a higher transport, and less variabil-
ity of the BCwhen compared with the observations, due to the
stronger temperature and dynamic height slope along the
Brazilian coast. Regarding the greater variability in
MOVAR, this data has, intrinsically, the entire energy of the
flow summed up, including those scales smaller than 0.25°.
Moreover, the models (HYCOM, GLORYS) show discrepan-
cies with observations on the boundary between the Brazil and
intermediate (IWBC) currents close to the depth of the
σθ = 26.8 isopycnal, with the former much shallower
(~200 m) than the later (~500 m). That fact tends to increase
the baroclinic transport estimates in those models.

One aspect of the BC variability that is not sampled by the
data is the along shelf transport. Themodels show that approx-
imately 21 % of the BC transport flows along the shelf. In
GLORYS, this can reach ~47 % of the BC transport, although
this model shows a two core BC mean structure that is not
reproduced in the other models. Therefore, it is recommended
that the AX97 transect extends its sampling closer to the coast
(~200-m depth).

When analyzing the BC transport values distribution for
the MOVAR, it is observed a long tail for strong values, and
the median skewed toward the lower values. This is not ob-
served in the distributions as obtained from the models using
their whole time period, whose results are more normally
shaped. Therefore, another recommendation for the AX97
sampling is to extend time sampling, especially during austral
autumn and summer, where stronger events of the BC trans-
port generally occur. Indeed, in the models, the strong and
weak BC transport events had a noticeable seasonality, with
the strong events more in the summer, while the weak BC
events are more frequent during winter.

We characterized the BC baroclinic transport in three types
of events, relative to its southward transport strength along the
beginning of the AX97 reference transect (between 39°Wand
45° W)—weak, intermediate, and strong events—and
discussed their main dynamic characteristics as observed from
satellite SSHmeasurements. It is clear from the model outputs
and the data that there is an association of strong and weak
events with the mesoscale features in the region. For the
strong event, in particular, there is a strengthening of the
northern cell of the subtropical gyre, as well as the appearance

of the Cape São Tomé cyclonic meander (Calado et al. 2006;
Silveira et al. 2008). In the weak events, the high sea-level
gyre is located more to the South and the Cape São Tomé ring
was present in the study case in early June 2011. The forma-
tion and northward displacement of this ring was analyzed in
detail in previous works (e.g., Mill et al. 2015).

Regarding the BC position for the three events (weak, in-
termediate, and strong), when the current stays close to the
shelf break, it is more frequently in the intermediate event,
whereas the BC displacement offshore of the 1000-m isobath
occurs more frequently during strong and weak events. The
BCmeandering and/or eddy formation can reverse the current
locally, resulting in an increase or decrease of the transport of
the current offshore of the 1000-m isobath (Silveira et al.
2008; Rocha et al. 2014). This current reversal is probably
one of the most complex dynamical features captured by the
OFAS.

We emphasize the importance of this and similar type of
studies that conduct a direct comparison between numerical
models and observations to infer the model structural errors,
as well as recommendations to improve the observational
sampling. Both issues are part of a long-term strategy to im-
prove the knowledge about ocean dynamics and impacts in
the Brazil current region.
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