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Abstract

We investigated the variability of the oceanic heat storage on the western boundary of the South Atlantic
Ocean. We aimed to understand the specific contribution of the Brazil Current as it travels southwards. The
heat storage is evaluated near three latitudes, namely at 15◦S, 24◦S and 34.5◦S. Numerical outputs of the
oceanic potential temperature, salinity, and meridional components of the current’s velocity resulting from the
Estimating the Circulation and Climate of the Ocean (ECCO) model were used. We examined the time series
of the heat storage from 1992 to 2015 for the three latitudes. The mean heat storage increased towards the
south with a maximum at 24◦S. At 34.5◦S, there is a decrease in this property possibly due to its proximity
to the Brazil-Malvinas Confluence. The Brazil Current’s volume transport time series was correlated with
the corresponding heat storage. The latitude that presented the highest correlation at interannual scale was
15◦S with a value of 0.84 at a 95% of confidence level. The model outputs were also compared with in situ
expendable bathythermograph measurements. Despite the presence of gaps and peaks indicating extreme
events in the in situ data, both time series were statistically close and they showed similar mean annual
cycles. No significant long-term HS trend was found at any of the three latitudes.
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INTRODUCTION
The South Atlantic Ocean plays an important role
in the global climate system through both the wind-
driven circulation of the upper layers and the re-
volving meridional patterns governed by the buoy-
ancy flow due to the sinking waters at high lati-
tudes. A striking mid-latitude feature in the ocean
is the subtropical gyre whose circulation and veloc-
ity distribution are a result of the potential vorticity
conservation. The basin-wide circulation, which
is a persistent configuration in all basins, is the
ocean’s dynamical response to the relative vorticity
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introduced by the large scale wind patterns (trade
winds blowing at low latitudes and westerlies at mid-
latitudes) and the effect that a spherical rotating
planet impose onto a moving fluid. As a result, the
large scale circulation has a northward flow in the
South Atlantic’s geostrophic interior and a western
boundary current flowing southward to satisfy con-
tinuity conditions (Talley et al. 2011). Therefore,
the South Atlantic subtropical gyre has an anticy-
clonic movement (counterclockwise). It is formed
by the Brazil Current (BC) as the western bound-
ary current, the South Atlantic Current (SAC) in the
southern limit, the Benguela Current in the eastern
boundary, and the South Equatorial Current (SEC)
which closes the gyre at the northern limit (Peterson
& Stramma 1991) (Figure 1).
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Figure 1. Schematic for the South Atlantic upper ocean
circulation with the following currents: Brazil Current
(BC), Malvinas Current (MC), South Atlantic Current
(SAC), Agulhas Current (AC) retroflexion, Benguela Cur-
rent (BgC), South Equatorial Current (SEC), Antarctic
Circumpolar Current (AACC). The colors represent the
mean sea surface temperature obtained from the World
Ocean Atlas 2018 (WOA18). Adapted from Stramma &
Englad (1999). The dashed lines represent the location
of the transects examined in this study.

The western boundary current is narrower and
much more intense compared to their counterparts
around the gyre. These currents are determin-
ing elements for the mass and heat distribution in
the subtropical gyres because they are responsi-
ble to transport heat from the tropical region to-
wards the poles (Dunxin & Maochang 1991, Kelly
& Dong 2004). In the South Atlantic, the bifurca-
tion of the SEC in the Brazilian coast around 11◦S
gives rise of the southward flowing Brazil Current
and the North Brazil Current, which flows north-
ward carrying most of the water from SEC, while
the volume transported southward only reaches
about 4 Sv (1 Sv = 1 × 106 m3 s−1) (Stramma
et al. 1990, Stramma & England 1999). Compar-
atively, the Brazil Current is not as intense as the
Gulf Stream, the western boundary current of the
North Atlantic subtropical gyre. After its formation,
it only begins to reach greater depths much far-
ther south, at 20◦S (Stramma et al. 1990, Müller
et al. 1998), when the current’s transport reaches
up to 6 Sv according to Peterson & Stramma (1991)
compilation. From 24◦S to 38◦S, as the current trav-
els along the South American continent, it shows
a volume transport growth rate of 5% for 100 km,
transporting around 19 Sv in the vicinity of 38◦S

(Gordon & Greengrove 1986). Although the BC
does not reach a velocity similar to its equivalent in
the Northern Hemisphere (Gordon & Greengrove
1986, ibid), that increase in intensity is analogous
to the one sustained by the Gulf Stream. The in-
tensification is promoted by the presence of a recir-
culation cell in the Southwestern Atlantic. Further-
more, until it reaches 38◦S, BC remains confined
to the continental shelf along its route (Peterson
& Stramma 1991). The region close to that lati-
tude is known as the Brazil-Malvinas Confluence
(BMC). There, the relatively warmer waters from
the southward flowing BC meet the Malvinas Cur-
rent, a western boundary current that carries cooler
waters northward from the subpolar region (Garzoli
& Garraffo 1989). The encounter of these two cur-
rents favor the formation of meanders and vortices
(Gordon & Greengrove 1986). From that point, both
currents move off the coast eastward as the South
Atlantic Current.

From the thermodynamical point of view, the
South Atlantic Ocean is the only basin among the
global oceans which the meridional heat trans-
port goes from the pole towards the Equator
(Macdonald 1998, Garzoli & Baringer 2007, Garzoli
& Matano 2011). That compensating flow occurs
not only because there is the southward flowing
North Atlantic Deep Water that exports heat to the
Southern Hemisphere at depth but there is a large
loss of latent heat through the surface at higher lati-
tudes of the North Atlantic (Pfahl et al. 2014). The
basic mechanism for the heat conservation in the
oceans is described by the net surface heat flux
being in balance with the amount of heat stored
in the interior of the ocean and the divergence of
the meridional heat flux. In a long-term scale, the
oceanic heat storage (HS) should remain constant
if the ocean was not subject to any heating or cool-
ing trends. However, under the scope of a global
warming effect due to anthropogenic actions, it has
increased significantly during the years between
1955 and 1996 (Levitus et al. 2001). The Atlantic
Ocean is the largest contributor to the escalation
in heat storage with an increasing trend of 77 ZJ
year−1 (1 ZT is 1021 J) in the upper 3000 m while it
was 33 ZJ y−1 for the Pacific Ocean, and 35 ZJ y−1

for the Indian Ocean (Levitus et al. 2005).
One of the most important characteristics of the
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ocean is its thermal capacity. Due to the water’s
high specific heat, energy can be stored in the
fluid without increasing its temperature. Therefore,
the ocean becomes an important regulator of the
Earth’s climate. The local heat storage in addition to
the contribution advected by currents can be stored
for a long period which makes the fluid work as a
reservoir of energy (Levitus et al. 2000). Changes
in HS may be a result of variability in various time
scales, from intraseasonal to climate, having a di-
rect influence on the heat transport in the ocean
basins, as well as in the alteration of the energy bal-
ance that regulates the Earth’s climate (Chambers
et al. 1997, Levitus et al. 2001).

Another aspect that is no less relevant to HS is
the fact that its variations may also indicate changes
in the interaction between the ocean and the atmo-
sphere. In this regard, the western boundary cur-
rents are important since they transport heat from
the equatorial region to colder regions at higher lati-
tudes. Dong & Kelly (2004) found that the amount of
heat transferred from the ocean to the atmosphere
is not only function of the magnitude of heat that
was carried by the currents but also depends on the
amount of heat that the ocean can store. Vivier et al.
(2002), in turn, when studying the processes involv-
ing the heat balance in the Kuroshio Current re-
gion through a 3D finite element advection-diffusion
model, observed that the HS inter-annual variations
are essentially due to changes in the heat flux hor-
izontal component due to advection and diffusion.
Their results corroborated with Kelly & Dong (2004),
where they concluded that the horizontal heat ad-
vection by the Gulf Stream is the main factor for the
inter-annual variations of heat storage in the upper
ocean layer.

It is important to highlight that HS has been
more studied in ocean basins in the Northern Hemi-
sphere. From in situ hydrographic data, HS can be
estimated by integrating the potential temperature
as a function of depth, times a scaling factor. Son-
newald et al. (2013) analyzed the variability of HS in
the upper layer above 800 m of North Atlantic basin
between 26◦N and 36◦N using data from the Rapid
Climate Change (RAPID) project (Johns et al. 2011)
which is located at the 26◦N line, in addition to the
use of data from Argo floats. Through analyzes
made by box models, one of the conclusions was

that the non-seasonal heat storage variability (on a
longer scale) in the subtropical regions is dominated
by the ocean and not by the atmosphere.

Changes in HS are an important factor in the en-
ergy balance between the heat advected by the
interior of the ocean and the budget at ocean-
atmosphere interface. As a western boundary cur-
rent, the BC is largely responsible for the poleward
distribution of the oceanic heat. Changes in its vol-
ume transport could imply in changes in the heat
transport, with consequences to the large scale sub-
tropical circulation. Here we aim to investigate the
variability of the Brazil Current’s heat storage from
seasonal to inter-annual scales. For that purpose, a
time series of the current’s velocity and physical pa-
rameters was necessary and outputs of the numeri-
cal model Estimating the Circulation and Climate of
the Ocean (ECCO) (Forget et al. 2015) were used.
A numerical model would allow us to isolate the
contributions exclusively from the current’s vertical
and horizontal structure to the variations of the heat
storage. Outputs from ECCO have been used by
Piecuch & Ponte (2012) to study the rate of change
of heat storage in the Atlantic Ocean, between
1993 and 2004 and to understand how it relates
to changes in the ocean circulation. From the anal-
ysis and decomposition of the heat transport, they
found that most of the interannual variation in the
heat storage rate occurs in the upper layers of the
ocean and that the major contributor to the heat bud-
get in the region is the advection by currents. Most
recently, the ECCO model was used to validate the
BC volume transport estimation at 34.5◦S obtained
from hydrographic data and measurements from an
array of pressure sensor inverted echo sounders
(PIES) (Chidichimo et al. 2021).

In the following section we describe the model
and the data used for the determination of the BC
length at three specific locations along the Brazil-
ian coast. In the methodology we discuss how we
evaluated the best method to select the eastern
limit of the BC for the HS estimations. In the Re-
sults section, we show the seasonal cycle of the
HS at the three selected locations and the interan-
nual anomaly time series. ECCO HS estimation
was compared to the values estimated at 24◦S, the
only section where there were in situ measured
temperature profiles.
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DATA AND METHOD

The area of study covers the extension of the Brazil
Current along the western boundary of the South
Atlantic ocean, mostly concentrated near three lat-
itudes, at 15◦S, 24◦S, and 34.5◦S, Figure 1. The
analyzed period spans from 1992 to 2015. Here we
describe the data used.

We used the 4th version (v4r3) of the Estimating
the Circulation and Climate of the Ocean (ECCO)
model with outputs from 1992 and 2015 (Forget
et al. 2015, Fukumori et al. 2017). The model has
a spatial resolution of 1◦ × 1◦ and the temporal is
monthly. The variables are the temperature (T),
salinity (S) and the meridional current velocity (v )
component. These fields were interpolated on to
a 0.5◦× 0.5◦ grid. The sections range from the
surface to a reference level which was chosen by
examining the transect at the selected latitudes.
The BC western limit is the closest point to the
coast and the eastern limit was estimated based on
two criteria that will be explained shortly.

We examined in situ data acquired by the project
"Monitoring of Regional Variability of Heat and Vol-
ume Transport in the Surface Layer of the South
Atlantic Ocean between Rio de Janeiro (RJ) and the
Ilha da Trindade" (MOVAR). This island is located at
(20.5◦S, 29.3◦W). That monitoring line is part of the
National Oceanic and Atmospheric Administration’s
(NOAA) Atlantic Oceanographic and Meteorologi-
cal Laboratory (AOML) program which maintains
several transects of XBTs along the Atlantic Ocean.
It is also part of the Brazil’s branch of the Global
Ocean Observing System branch (GOOS-Brazil).
Particularly, MOVAR’s transect is located at 24◦S be-
tween the continent and the Trindade Island where
XBTs are launched during regular maintenance
cruises from the Brazilian Navy. The XBT data
for that transect is distributed through the website:
http://www.goosbrasil.org/movar. The temperature
time series of the ocean’s upper layer (between sur-
face up to approximately 700 m) were obtained from
2004 to 2015. These in situ sections were useful for
the validation of the model’s output, however when
they were not available, the validation was done by
comparing the model’s outputs to the climatological
mean from the World Ocean Atlas 2018 (WOA18)
(Locarnini et al. 2019, Zweng et al. 2019). Goes

et al. (2019) have investigated the variability of the
BC using the MOVAR time series to observe the
seasonal and interannual changes. Therefore, we
can rely on their findings to validate our model re-
sults at least in one our observed latitude lines, at
24◦S.

WOA18 is maintained by NOAA and it is made
available by the National Centers for Environmental
Information (NCEI) on the website: https://www.
ncei.noaa.gov/access/world-ocean-atlas-2018/.
The long-term monthly mean, from 1955 to
2017, of temperature and salinity fields with a
spatial resolution of 0.25◦ were available from that
climatology. The MOVAR data were used in the
comparison and validation of the model outputs at
24◦S while the climatological data are used for the
same purpose for all three latitudes.

Determining the width of the Brazil Cur-
rent

We examined the variability of the heat storage un-
der the influence of the Brazil Current across three
latitudes: 15◦S, 24◦S, and 34.5◦S within the zonal
range of 39.5◦W–32◦W, 47◦W–36◦W and 54◦W–
44◦W, respectively. To bracket just the region of
BC’s influence, only the meridional component of
the current’s velocity was analyzed. As the BC flows
southward, we can identify its presence through a
flow parallel to the coast with negative values. How-
ever, its mean position relative to the coast can shift
as a response to the strength of the subtropical gyre
and the presence of mesoscale features, among
other factors (Silveira et al. 2000). Therefore, for
comparison purposes and to evaluate the sensitiv-
ity to the choice of the eastern limit of the BC, two
criteria were tested: i) by finding the point where the
maximum southward volume transport across the
section is achieved, and ii) by analysing the average
velocity in the water column.

The meridional volume transport (V T ) across a
zonal section is calculated as:

V T =

∫ 0
−H

∫ x2

x1

v dx dz, (1)

where H is a reference depth level (m), for instance,
the level of no-motion, x1 and x2 are the zonal limits
of the section, and v is the meridional component
of the current (m s−1). For the BC, the western limit
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is chosen as the closest point to the coastline. The
vertical reference level was chosen by examining
the time series of the meridional velocity and the
volume transport. At 15◦S, the BC is mostly con-
strained above 150 m. For 24◦S, the level of 600 m
was chosen according to the updated compilation
of BC meridional transport estimate by Cirano et al.
(2006). For 34.5◦S, the choice of the 800 m ref-
erence level was based on the work of Garzoli &
Garraffo (1989).

Our aim is to compute the HS following the posi-
tion of the BC. Due to fluctuations in the BC’s width
along the time series, the longitude of its eastern
limit would change. The eastern limit it taken as
the point where the flow changes direction, i.e., as
one moves away from the coast, the southward flow
would diminish and become northward, marking
the outer limit of the BC influence. Using our first
criterion, the point at which the volume transport
reaches it maximum southward value was identified
monthly at each section. Therefore, we tracked the
lateral shifting of the BC over the years allowing
us to evaluate its mean position and the standard
deviation. In the second method, we examined the
vertical mean of the meridional velocity at each grid
point along each section over time. The longitude at
which the mean meridional velocity changed signs
was identified each month, that is, we identified the
eastern point when the flow changed from south to
north.

The heat storage

The oceanic heat storage is defined as:

HS = ρCp

∫ 0
−H
(T − Tm)dz, (2)

where ρ is the density of the seawater (kg m−3),
Cp is the specific heat of the water at a constant
pressure (J kg−1 ◦C−1). The integration limit H is
the lower limit of the current, T is the potential tem-
perature (◦C) as a function of depth and Tm is the
monthly mean potential temperature profile at each
grid point also known as the temperature of refer-
ence (Chambers et al. 1997, Sato & Polito 2008).
Both ρ and Cp are determined from potential tem-
perature and salinity data but here we assumed to
be constant for all latitudes of interest as they do not

vary significantly within the region (ρCp ∼ 4× 106

J m−3 ◦C−1). Therefore, HS has units of Jm−2. In
this study, we express HS zonally integrated across
the Brazil Current, thus its unit become Jm−1.

For each section, the time series of the heat
storage is obtained and the long-term trend was
determined by linear regression. The significance
of the trend was tested by comparing the mean and
the standard deviation (STD) of the first and second
halves of the time series. Then, the average annual
HS cycle for the three latitudes was identified and
analyzed. The interannual variability of the heat
storage was analyzed by removing its respective
mean annual cycle. In addition, to remove high fre-
quencies from the series, a low-pass 19-month But-
terworth filter (Roberts & Roberts 1978, Selesnick
& Burrus 1998) was applied in all data sets.

After removing the mean annual cycle and ap-
plying a 19-month filter to the heat storage and
volume transport time series, the Shapiro-Wilk test
was performed to evaluate the normality of the dis-
tribution of the corresponding results (Kokoska &
Zwillinger 2000). In statistical analysis, when at
least one of the two variables being analyzed has
a non-normal distribution (p-value < 0.05), it is
more appropriate to use a non-parametric approach
(Lehman et al. 2013). It was found that, for all three
latitudes, both HS and volume transport series have
a p-value less than 0.05. Thus, all of them have a
non-normal distribution.

The MOVAR time series

The MOVAR temperature time series spans the
period between 2004 and 2015. The end year
coincides with ECCO’s output. The XBTs were
launched at about 15 nm apart, and its transects
reached longitudes away from the coast beyond the
region in which the BC operates. However, the tem-
perature sampling did not start close to the coast.
Thus, to match the closest possible region between
MOVAR and ECCO, the first longitude that both
have in common as the western limit was chosen.

The in situ data needed a quality control. Hence,
for each observed temperature profile, spurious
values (resulted from possible measurement er-
rors) were eliminated, as well as values that ranged
outside the expected mean temperature ± 3 STD.
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Moreover, as these data have a higher vertical reso-
lution than that of the model, they were subsampled
to every 10 m from surface to the reference level of
that latitude.

It should be noted that, to calculate the heat
storage, it is necessary to use the potential tem-
perature or the conservative temperature and, con-
sequently, salinity becomes necessary. The salin-
ity data provided by the AOML comes from the
World Ocean Atlas 2013, with a spatial resolution
of 0.25◦. Therefore, the observed temperature was
converted to conservative temperature using Gibbs-
SeaWater (GSW) Oceanographic Toolbox of TEOS-
10 (McDougall & Barker 2011). The same proce-
dure applied to ECCO’s time series was performed
in the MOVAR data.

The long-term trend including the whole series of
HS at that latitude was examined. The significance
of the fit was tested by comparing the mean and
the standard deviation (STD) of the first and second
halves of the series. Also, the mean annual cycle
using the time series was identified. These dataset,
like the mean annual cycle, were compared with
data from the same period at 24◦S from the ECCO
model.

RESULTS AND DISCUSSION
In this section we clarify the following aspects of the
study: how does the model’s output compare with
the climatological data, and how does the BC’s vol-
ume transport and HS vary meridionally along the
latitudes. After that, we examine the heat storage
changes due to the BC from seasonal to interannual
scales.

Bracketing the Brazil Current

First, we evaluated the best criterion to identify the
eastern limit of BC, provided a sensitivity test for
the choices, analyzed the HS variability and, finally,
made comparisons between ECCO and MOVAR
data.

Comparison between ECCO and WOA18
We compared the T and S fields from the outputs
of the ECCO model with the climatological monthly
means from the WOA18. The WOA18 temperature

field was interpolated to match ECCO’s spatial res-
olution and then converted to potential temperature.
The following results include the analysis of the dif-
ferences between the total mean T and S fields for
some arbitrarily selected depths.

Figure 2. Difference (ECCO minus WOA18) between
the mean temperature (two left panels) and salinity (two
right panels) fields for different levels: surface, -100 m,
-500 m and -800 m. The highlighted green horizontal
dotted lines represent the latitudes of interest.

In the study region, the largest salinity disparities
are found closer to the coast in the shallower lev-
els of the water column. That result was expected
given that these regions are subject to the coastal
dynamics and mesoscale activities such as the dis-
charge of the La Plata River and the BMC zone in
the vicinity of 34.5◦S. In addition, limited sampling
and/or inconsistency of a near-shore data in the
South Atlantic affects both WOA18 and ECCO. At
the surface, the ECCO salinity field showed higher
values closer to the southernmost latitude than the
climatology which generated differences of approxi-
mately 0.5 g/kg. In the latitudes around 24◦S, the
variation between the model’s output and the clima-
tological field was around -0.1 g/kg to 0.2 g/kg at
the surface. In the shallower region of 15◦S, how-
ever, the WOA18 salinity exceeded that of ECCO,
reaching differences up to -0.2 g/kg. Although at
the depth of 100 m the disparities have occurred
similarly to the previous level, as depth increases,
the difference between the climatological data and
the model output decreases which caused the differ-
ences to reach values between -0.1 g/kg to 0.1 g/kg
at -800 m.

Regarding the temperature, the surface mean
field from ECCO exhibited higher values compared
to WOA18 in the vicinity of the studied latitudes,
with a difference from -1◦C to 2◦C. South of 24◦S
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at -100 m depth, ECCO’s outputs are warmer than
WOA18 in a narrow band near the coast and the
difference decreases as one moves towards the
open ocean where it becomes slightly colder, by
-1◦C. At -500 m, there is a negative difference (up
to -3◦C) region centered near the latitude of 34.5◦S
which denotes that the ECCO is colder than WOA18.
At -800 m, the largest differences are concentrated
mostly near the coast.

The mean meridional velocity transects from
ECCO as a function of longitude and depth depict
the BC along the Brazilian coast, Figure 3. The
shallowest section is found near the 15◦S where
the BC is confined above -150 m, over the continen-
tal shelf, Figure 3a. In Figure 3b, the BC is much
deeper compared to 15◦S. This agrees with Müller
et al. (1998) where the BC reaches greater depths
south of the latitude of 20◦S. There, the mean ve-
locity varies from -0.09 m s−1 closest to the shelf,
up to the point where it changes sign at its eastern
limit and a return flow starts, reaching values up
to 0.03 m s−1. At 24◦S, it reaches depths around
-600 m with a maximum of -0.09 m s−1 at the sur-
face. At 34.5◦S, Figure 3c, BC is even deeper than
in 24◦S, a factor that corroborates with the work
of Garzoli & Garraffo (1989) and Stramma (1989).
Gordon & Greengrove (1986) showed that, start-
ing at 24◦S the BC undergoes a strengthening and
from 30◦S the intensification is possibly due to the
presence of a recirculation cell in the Southwest At-
lantic. The 34.5◦S transect is located closer to the
northern limit of the BMC. Therefore, that latitude
depicts a region with a strong mesoscale activity
associated with it (Villas Bôas et al. 2015).

The Eastern Boundary of the Brazil Current
The position of the eastern boundary of the BC
was estimated for each transect. This procedure
was necessary to bracket the BC to ensure that
just its variability was captured. Two distinct criteria
were used for comparison and improvement of the
accuracy in the determination: the volume transport
and the mean velocity. It should be noted that the
ECCO’s velocity field has a higher vertical resolution
at the upper layers while at the deeper layers the
resolution decreases. This factor will be discussed
subsequently, since it has a direct influence on the
criteria used to identify the lateral limit of the current.

In Figure 4, it is notable the changes in longitude
of the eastern edge of the current as a function
of time at 15◦S. Its mean position (in red) differs
between the methods. The colored region shows
the STD estimated using the monthly values. In the
upper panel, the position where the eastern edge
was determined from the point where the southward
volume transport was maximum is shown. In the
lower panel, the edge was determined where the
mean meridional velocity averaged from surface to
the lower limit of the BC was approximately null. Ta-
ble 1 summarizes the results found for the eastern
limit for each latitude through the two criteria used.

Table 1. The vertical (H) and the eastern (longitude)
limits of the BC at each transect obtained from ECCO
outputs. The longitudes are presented as the mean and
standard deviation.
Latitude H Vol.Transport Mean Velocity
15.0◦S -150 m (35.5± 0.1)◦W (37.1± 1.0)◦W
24.0◦S -600 m (38.2± 0.1)◦W (38.0± 0.1)◦W
34.5◦S -800 m (46.6± 0.2)◦W (46.5± 1.1)◦W

At 15◦S when using the volume transport crite-
rion, the mean longitude of BC’s eastern bound-
ary was (35.5 ± 0.1)◦W. By using the average
velocity criterion, the mean limit obtained was
(37.1± 1.0)◦W. In the latter, the STD is significantly
greater, Table 1. This difference is due to the fact
that the BC there occupies a shallow layers and the
average speed at one specific point in upper layer
would vary more in comparison to an integrated
value such as the transport. Thus, the integrated
effect decreases the variation imposed by the av-
erage speed in the column, which decreases the
variation of the lateral boundary.

Another factor that potentially influences the iden-
tification of the eastern boundary at 15◦S is that the
region is closer to the point where the bifurcation of
the South Equatorial Current occurs. The dynamics
associated meridional displacement of the bifurca-
tion position impact the determination of the lateral
boundary of the BC, which can result in greater
variations.

At 24◦S, the eastern boundary found through the
transport method was (38.2±0.1)◦W while through
the average speed criterion was (38.0 ± 0.1)◦W,
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Figure 3. Zonal sections of the mean meridional velocity as a function of longitude and depth at the latitudes of: a)
15◦S, b) 24◦S and c) 34.5◦S. The contours represent the current’s velocity in m s−1, the blue colors characterize the
negative speeds (southward) and the more reddish colors, positive speeds (northward). Note that both the meridional
and depth scales change for each panel.

Table 1. In this case, the mean and the STD from
both methods are indistinguishable, indicating a
more stable current. Hence, time series have, on
average, the same pattern of variability in 24◦S. De-
spite that latitude being located closer to a region
with associated mesoscale dynamics, such as the
formation of cyclonic vortices near 23◦S (Campos
et al. 1995, Calado et al. 2006), the ECCO’s res-
olution is not high enough to resolve them. The
results obtained here did not distinguish between
both methods of selection. Either criteria were sat-
isfactory.

At 34.5◦S, the mean position obtained by the vol-
ume transport method was (46.6± 0.2)◦W and the
average velocity method leaded to (46.5± 1.1)◦W,
Table 1. That latitude is located just north of the
BMC region and it marked with the presence of
oceanic fronts displaying strong gradients (reach-
ing up to 1◦C/250 m, according to Garzoli & Gar-
raffo (1989) and an intense mesoscale disturbance
activity (Gordon 1989). The encounter between
the two currents does not happen at a fixed lati-
tude over time, and it may vary seasonally (Meinen
et al. 2017). The fact that 34.5◦S is located close
to the confluence possibly influences the average
position of the BC. Similar to what was observed at
15◦S, at 34.5◦S the integrated transport minimized
variations in the position of the lateral limit of the

Figure 4. Longitude of the eastern limit of the BC at 15◦S
as a function of time, from 1992 to 2015, from ECCO out-
puts, using the volume transport criterion (upper panel)
and the average speed criterion (lower panel). The red
line represents the mean position eastern boundary, and
the colored region is the STD.

BC over time, whereas, through the average speed
at specific points may resulted in an increase in the
STD.

The proximity with a shallower continental shelf,
change in the coastline orientation, and the en-
counter with the Malvinas Current are some of the
factors that may cause the formation of vortices
and meanders by the BC (Signorini 1978, Campos
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et al. 1995, Calado et al. 2006). Under that context,
it is possible to explain the variations in the identi-
fication of the eastern boundary of the BC (Table
1). The transects at 15◦S and 34.5◦S are located in
the vicinity of regions subject to intense large scale
activity, therefore they might have influenced the
choice for the mean eastern edge of BC. On the
other hand, the latitude 24◦S did not show these
variations, producing more stationary results when
using the criterion of volume transport or the aver-
age speed along the water column. Consequently,
the volume transport criterion became most appro-
priate for the identification of the current eastern
boundary.

The current is a dynamical phenomenon and
presents seasonal and inter-annual variations, that
is why we decided to evaluate the choice of the
eastern edge by those two different methods. As
the volume transport is an integrated variable, its
calculation presented smaller standard deviations.
As a result, that method proved to be a more ad-
equate criterion for the identification of the lateral
limit of the current, due to the fact that most of the
values found per month are close to the average
longitude found per year.

How sensitive is the HS estimation to the east-
ern boundary position’s choice?
As shown above, the position of the eastern bound-
ary of the Brazil Current varies over time. There-
fore, we performed a sensitivity test to examine how
the method of bracketing the BC would affect the
heat storage estimation. First, for each latitude, the
choice of a BC’s easternmost position was made
by averaging all the longitude values obtained previ-
ously (as shown in "Vol. Transport" column of Table
1) and used it as one fixed point. Conversely, the
edge position that fluctuates in time obtained from
the volume transport method was used. To illustrate
the results, Figure 5 presents the heat storage (HS)
obtained at 24◦S. The HS was integrated from the
coast up to the fixed point (blue line) while the red
curve describes the same property considering the
fluctuating point.

The standard deviation of HS when using the
fluctuating point is substantially larger, (2.48 ±
0.13) × 1016 Jm−1, than that of with fixed point,
(2.55± 0.04)× 1016Jm−1. The larger variations

Figure 5. Integrated heat storage (HS) time series ob-
tained at 24◦S as a function of time, considering the east-
ern boundary of the Brazil Current as fixed at 38.2◦W
(blue) and as a fluctuating longitude (red).

are due to the current’s lateral displacements away
and closer to the coast. When using the eastern
boundary as a fixed point, the region integrated in
the heat storage becomes limited, thus all variations
in HS comes from changes in temperature in the
interior of the section. In other words, as the HS
calculation involves the integration of the potential
temperature in the water column, when considering
a larger region, it is the same as adding to the cal-
culation a high potential temperature per unit area.
As a result, the HS curve integrated in the horizon-
tal distance becomes artificially smoothed. Such
considerations point out that for our objectives the
most adequate form for calculating the heat storage
is the use of the fluctuating point, which also con-
siders the variations of the eastern boundary of the
current over time.

Heat Storage changes in the Brazil Cur-
rent

First, we were interested in examining the annual
cycle of HS at each transect then we investigated
the interannual changes. For the HS annual cycle,
at each grid point the vertical integral in equation 2
was calculated without taking into account the tem-
perature of reference. Next we integrated that result
zonally to obtain a time series of HS for each section
and used it to examine the longer time scales. We
observed that the heat storage showed a difference
in phase of the annual cycle among the three lati-
tudes (Figure 6). As HS is based solely on conser-
vative temperature profiles which decrease to the
south, one would expect that the HS would follow
a similar pattern for meridional transects. However,
HS is an integrated parameter that not only includes
effects of the heat flux through the air-sea interface
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but it is subject to the interior dynamics such as
lateral advection, diffusion, convective mixing, in-
stability, among others while the flow is advected
southward by the western boundary. At 15◦S, the
minimum occurs in the month of July (winter), while
at 24◦S it occurs in September (transition between
winter and spring) and, finally, at 34.5◦S, the mini-
mum takes place in February (summer). In turn, the
highs occur in December and January (summer),
January and April (summer and autumn) and July
and September (winter and the transition from this
to spring) for the latitudes of 15◦S, 24◦S and 34.5◦S,
respectively, Table 2.

Figure 6. Mean annual cycle of the heat storage zonally
integrated for the latitudes of 15◦S (green), 24◦S (blue)
and 34.5◦S (purple), from ECCO. The colored region for
each panel is the STD.

Table 2. Mean annual cycle parameters of the zonally
integrated heat storage at the three studied transects
(×1016 Jm−1).

Latitude Minimum Maximum Mean STD
15.0◦S 0.46 0.65 0.56 0.07
24.0◦S 2.39 2.56 2.48 0.06
34.5◦S 1.88 1.97 1.93 0.03

Equation 2 calculations provide us with the in-
terannual variability of the heat storage since the
annual cycle is implicitly removed (Figure 7). We
examined the long-term trends in the HS of each
section by fitting a straight line in the whole HS time
series. To evaluate the significance of the trends,
we calculated the mean and the STD at each half
of the HS time series, Table 3. These analyses

enabled us to conclude that the slopes differences
found for the three latitudes were not significant.

Table 3. Mean and STD for the first and second half
of the heat storage time series for the three transects
(×1016 Jm−1).

Latitude 1st half 2nd half
15.0◦S 0.56± 0.08 0.56± 0.07
24.0◦S 2.46± 0.13 2.48± 0.13
34.5◦S 1.94± 0.12 1.91± 0.12

Figure 7. HS as a function of time (gray curve) and the
19-month filtered time series (red curves) for 15◦S (top),
24◦S (middle) and 34.5◦S (bottom).

The resulting time series still presented high fre-
quency noise, therefore we applied a 19-month filter
for smoothing, Figure 7. We compared HS changes
with that of the volume transport for each transect.
Therefore, the mean annual cycle of the volume
transport was removed from the original time series,
and then it was smoothed out with the same filter
as the HS. In Figure 7, HS is plotted (gray curve)
simultaneously with the respective filtered time se-
ries (red curve). In Figure 8, the smoothed HS (red
curve) and VT (blue curve) are presented. At 15◦

S, the HS varies between −0.49 × 1015Jm−1 and
0.40× 1015Jm−1. At 24◦S the HS has a total range
from −1.69 × 1015Jm−1 to 1.95 × 1015Jm−1. At
34.5◦S the HS ranges from −1.44 × 1015Jm−1 to
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1.06× 1015Jm−1.

Figure 8. Smoothed HS and VT (red and blue curves, re-
spectively) for latitudes of 15◦S (top), 24◦S (middle) and
34.5◦S (bottom). HS units are J/m and VT is Sv, where
1 Sv is equal to 1×106 m3 s−1. The black horizontal line
represents zero.

Since the Brazil Current moves southward (neg-
ative VT), positive anomalies represent a decrease
in the transport in relation to its average, while the
negative anomalies correspond to an increase in
the current transport. Just for practicality, we are
showing the BC’s transport with a negative sign. In
this way, a positive correlation between -VT and
HS implies that both have the same pattern of in-
crease/decrease, e. g., an increase in HS is related
to an increase in the southward flow. Conversely,
a negative correlation sets up an opposite pattern
between the two parameters: if HS increases (de-
creases), the southward flow decreases (increases).
Therefore, as can be seen in Figure 8, at 15◦S, the
HS anomalies fluctuates in phase with the BC’s vol-
ume transport. The zero-lag correlation (r ) of the
filtered time series was confirmed statistically, being
r=0.84 with a confidence level of 95%. At 24◦S, the
correlation between HS and -VT at this latitude was
r=0.56, with the same level of confidence. Finally,
at 34.5◦S, the correlation, with a 95% confidence
level, was -0.15, which was the lowest of all studied
latitudes.

The works by Vivier et al. (2002) and Dong &
Kelly (2004) found that the heat advection is the
main responsible for the interannual variability of
the heat storage of the ocean in the region of influ-
ence of the Kuroshio Current and the Gulf Stream.
The scope of the present work does not include to
explore the heat transport contribution, however we
speculate that it is likely that it is also a strong in-
fluence for interannual variations in heat storage in
the Brazil Current especially near the BMC region.

Comparison between ECCO and MOVAR
The heat storage time series of ECCO and MOVAR
were calculated where they overlaped at 24◦S, be-
tween 41◦W and 37.5◦W. The common time period
between them is from 2004 to 2015. Figure 9 shows
the zonally integrated HS in the transect.

Figure 9. Zonally integrated heat storage at 24◦S
obtained from the ECCO model (blue curve) and the
MOVAR project (brown curve). These curves include the
annual mean cycle of HS. The shaded colored region
represents the respective STD based on the monthly
values.

The HS mean from MOVAR’s time series is
(1.2± 0.3)× 1016Jm−1. In turn, the ECCO’s mean
is (1.1± 0.1)× 1016Jm−1, its STD is smaller than
the in situ observations. MOVAR’s time series cap-
ture local fluctuations because it takes in situ in-
stantaneous measurements, a feature that models
not always are able to do. We can conclude that
both series have the same magnitude on average.
Positive values mean that the BC store heat locally
which is expected since it is a western boundary
current that redistributes heat towards the poles.
In addition, the long-term trend for both data sets
(not shown in the image) were calculated taking into
account the mean and STD of the halves and found
insignificant, as before.

The mean annual cycles of the in situ data sets
and the model are shown in Figure 10. It is impor-
tant to note that there was no temperature sampling
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in all months for MOVAR, even though the study
period is of 12 years. For this reason, a linear in-
terpolation was performed on the MOVAR data and
the result is represented by an open dot.

Figure 10. Mean annual cycle of the heat storage for
the MOVAR data (top panel) and from ECCO’s outputs
(bottom panel), integrated up to -600 m. The monthly
sample values represent the mean of all samples col-
lected in that month. The open dot represents the linear
interpolation made for the average annual cycle of the
observed data, since there was no sampling in that pe-
riod. The regions colored in brown (MOVAR) and blue
(ECCO) represent the calculated standard deviation.

The HS annual cycle from MOVAR has an aver-
age of (1.20± 0.09)× 1016Jm−1, while the model
has an average of (1.05± 0.06)× 1016Jm−1. The
minimum observed for both the HS of the model
and the observed data occurs in the month of Octo-
ber. The STD represent how far the values for each
month have deviated from their respective mean.
The main parameters of the annual cycle are listed
in Table 4.

In addition to the fact that there was no sampling
in all months for MOVAR, the XBT launches do not
follow an exact parallel. Therefore, the regions lim-
ited to the HS calculation didn’t have the same area,
which may have caused some of the observed dif-
ferences. The area of the region for HS calculation
is a relevant factor and directly interferes with the
final result. These analyses help us to conclude
that ECCO model is able to reproduce the HS at
the MOVAR site, with some limitations.

Table 4. Values of the average annual heat storage cycle
for MOVAR and ECCO (in units of 1× 1016Jm−1 ).

Min. Max. Amplitude Mean STD
MOVAR 1.04 1.32 0.28 1.20 0.09
ECCO 0.97 1.16 0.19 1.05 0.06

CONCLUSION

This work aimed to study the variability of heat stor-
age of the Brazil Current along the western bound-
ary of the South Atlantic ocean using the outputs
from the ECCO model. We examined three tran-
sects that bracket the BC at the latitudes of 15◦S,
24◦S, and 34.5◦S. The period of study spans from
1992 to 2015. The model was validated relative
to the climatological monthly mean data from the
WOA18 and at 24◦S, in situ data from a series of
XBTs launched by the MOVAR project was used
for comparison. To compute just the contribution
from the current, the integral of the heat storage
should be taken within the limits of the BC at the
three latitudes. The selected criterion to bracket
just the BC’s contribution is where the meridional
component of the southward volume transport is
maximum. That criterion presented smaller stan-
dard deviations compared to the other method used
(minimum mean velocity in the BC).

The annual mean of the heat storage had a max-
imum value at 24◦S. In addition, the mean annual
cycle has shifted phases among the three lines. At
34.5◦S, the proximity to the Brazil-Malvinas con-
fluence, a dynamically active region marked by in-
tense formation of vortices and meanders and the
intrusion of the cold Malvinas Current may impose
a distinct annual cycle for the heat storage. In turn,
the model indicated that the HS average annual cy-
cle at 15◦S and 24◦S are seasonally driven, with the
heat storage maximum happening in the months of
warmer temperature.

The interannual variability was analyzed from the
removal of the mean annual cycle from the HS time
series, as well as with the usage of a 19-month
low-pass filter. For the comparison, the same was
done for the meridional volume transport time se-
ries. The correlation between these parameters
was calculated for the three latitudes. At 15◦S, the
correlation coefficient r obtained was the highest of
all. Although at that latitude the BC is influenced
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by meandering systems, the variations of the trans-
port to the south are strongly correlated with the
variability of HS. At 24◦S, that relationship occurs in
a subtler way (r is moderate), but there is still a di-
rect correlation between HS and VT. At 34.5◦S, the
correlation reverses sign and becomes significantly
weaker, which suggests that, at that latitude, trans-
port to the south no longer has as much influence
on heat storage.

Finally, a comparison was made between the
heat storage series of ECCO and that of MOVAR
(between 41◦W and 37.5◦W, from 2004 to 2015).
Although the time series of observed data peaks
at certain times, both data sets remained in the
same range of magnitude, approximately. The
same occurred with the average annual cycles ob-
tained, with the greatest storage of heat occurring
in months of warmer temperatures. The minimum,
in turn, occurred in the same month for both sets of
data.

Our results showed that the ECCO model proved
to be efficient for describing the mean and seasonal
cycle of the heat storage associated with the BC
flow. The values are statistically reliable when com-
pared to the observed data at 24◦S, a fact that
motivates us to explore that model to represent the
changes in the heat storage and volume transport
along the western boundary current in the South
Atlantic.
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