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The North Brazil Undercurrent (NBUC) is a narrow (<1°) northward western boundary
current in the tropical South Atlantic Ocean. It carries a large volume of water (>16 Sv)
and plays an important role in the Atlantic Meridional Overturning Circulation and the
South Atlantic Subtropical Cell. Strong salinity and temperature fronts occur over the
NBUC region. The role of temperature and salinity gradients on the genesis of NBUC
variability has never been explored. This study uses three high-resolution (<0.1°) and
one low-resolution (=0.25°) model outputs to explore the linear trend of NBUC transport
and its variability on annual and interannual time scales. We find that the linear trend
and interannual variability of the geostrophic NBUC transport show large discrepancies
among the datasets. Thus, the linear trend and variability of the geostrophic NBUC
are associated with model configuration. We also find that the relative contributions of
salinity and temperature gradients to the geostrophic shear of the NBUC are not model
dependent. Salinity-based and temperature-based geostrophic NBUC transports tend
to be opposite-signed on all time scales. Despite the limited salinity and temperature
profiles, the model results are consistent with the in-situ observations on the annual
cycle and interannual time scales. This study shows the relationship of salinity-based
and temperature-based geostrophic NBUC variations in the annual and interannual
variability and trend among different models and highlights the equal important roles
of temperature and salinity in driving the variability of NBUC transport.

Keywords: North Brazil Undercurrent, salinity-based geostrophic velocity, temperature-based geostrophic
velocity, temporal variability, HYCOM, OFES2, GLORYS12V1

INTRODUCTION

The western tropical South Atlantic is a key conduit of the Atlantic Meridional Overturning
Circulation (AMOC, Garzoli and Matano, 2011), involving a deep southward flow of cold and salty
North Atlantic Deep Water (NADW) and compensating northward flows (Figures 1A,B) above
the NADW. In the climatological mean flow fields off the eastern portion of the North Brazilian
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coast, the surface flow has a weak northward or even southward
expression (Figure 1B) due to the toward shore Ekman drift
(Figure 12 from da Silveira et al, 1994). In the Southern
Hemisphere, the westward zonal wind stress drives the southward
coastal current, which attenuates or conceals the northward
geostrophic currents (Stramma et al., 1995). Below the surface
and above the NADW, the flow is northward, and the maximum
velocity core is at approximately 200 m with the magnitude
estimated between 0.5 m/s (da Silveira et al., 1994) and 1 m/s
(Dossa et al., 2021). The subsurface current between 5 and 11°S is
called the North Brazil Undercurrent (NBUC, Figures 1A,B). At
approximately 4.8°S, the NBUC merges with the central South
Equatorial Current (a surface strengthened flow, Dossa et al.,
2021), forming the North Brazil Current (NBC).

The NBUC originates from the southern South Equatorial
Current (sSEC; da Silveira et al., 1994; Stramma and England,
1999). It encounters the Brazilian coast at the southern sections
of the 11°S zonal line, where it deflects in the south and north
directions. The one deflected toward the equator (Rodrigues
et al., 2007) is the NBUC. Between 11 and 4.8°S, the NBUC
is generally confined between the sea surface and the upper
Circumpolar Deep Water (uCDW; Reid, 1989; Larqué et al., 1997;
Schott et al,, 2005), the latter being defined as the temperature
minimum (Larqué et al., 1997; Stramma and England, 1999;
Daniel et al., 2018) at approximately 1,000-1,200 m. Estimates of
the transport of the NBUC (defined as above) differ considerably
across lowered acoustic Doppler current profilers (LADCPs),
moorings, and other in situ observations, although it generally
exceeds 16 Sv (Stramma et al., 1995; Schott et al., 2005; Hummels
etal., 2015; Cabré et al., 2019). This is comparable to the strength
of the Atlantic Meridional Overturning Circulation (AMOC,
17.2 Sv; Mccarthy et al., 2015) at 26°N. Rabe et al. (2008) has
reported 36% of the Meridional Overturning Circulation variance
(transport is defined as maximum integrated from the 1,200 m
to surface) at 10°S is explained by NBUC. Zhang et al. (2011)
reported the correlation coeflicients between transport of AMOC
at 40°N and NBUC is 0.8 and found that NBUC could be an
index for the multi-decadal variability of AMOC. Not only the
NBUC is the key component in the AMOC (Rabe et al., 2008;
Zhang et al., 2011; Riths et al., 2015), but for the subtropical cell
(STC, Schott et al., 2002; Zhang et al., 2003) as well. Schott et al.
(2002) have shown 13.4 & 2.7 Sv in the NBUC region supplies the
Equatorial Undercurrent. The subtropical cell (STC) transports
10 Sv of thermocline water (Zhang et al,, 2003) through the
interior (4 Sv) and western boundary (6 Sv). Tuchen et al. (2019)
reported that there is 9.0 & 1.1 Sv of the total STC transport in
the layers below the Ekman layers and above the 26.0 kg/m?, and
5.2 £ 0.8 Sv comes from the western boundary derived from the
ship section. Thus, the total transport of the NBUC is 2-3 times
larger than the STC transport within the thermocline layers of
the western boundary currents. In summary, NBUC variability is
vital to interpret how ocean dynamics within the South Atlantic
Ocean impact global climate. Furthermore, the NBUC carries
high-salinity waters (S > 36.5 psu, Araujo et al, 2011) in the
upper 100-200 m (Liu and Qu, 2020), forming a barrier layer
(Silva et al,, 2009; Araujo et al.,, 2011), which impacts mixing
processes in the vicinity. The waters carried by the NBC/NBUC

are transported to the central and eastern tropical Atlantic Ocean
and form a major contribution to the equatorial Atlantic cold
tongue (White, 2015).

The temporal variability of the NBUC is linked to processes
over a broad extent. For example, the NBUC and Brazil Current
(BC, the poleward branch of the western boundary current in the
South Atlantic) tend to be anti-correlated on seasonal timescales
(Rodrigues et al., 2007), with the NBUC increasing when the
BC decreases, and vice versa. The geostrophic component of
the NBUC within the upper thermocline layers at 10°S tends
to have a sign opposite to that of the South Atlantic interior
transport (defined as integrated currents above 26 kg/m® and
from 32°W to the African coast) on seasonal and interannual
time scales (Tuchen et al, 2019, 2020). Furthermore, the
NBUC shows anti-correlation with the North Atlantic equatorial
western boundary current (defined between the sea surface and
26.8 kg/m? isopycnal surface from 0 to 10°N) over the seasonal
cycle (Zhai et al., 2021).

Even though the NBUC transport is treated as an index
for tracking AMOC variability (Rabe et al., 2008; Zhang et al.,
2011), the uncertainty of its transport is still large among
the model outputs. Mignac et al. (2018) compare four ocean
reanalysis datasets and show that most of the inter-product
difference in the maximum of the stream function or meridional
heat transport at each latitude (integrated from the western to
eastern coast of the South Atlantic ocean) is due to spread
in the meridional velocities of the NBUC. The discrepancy
was due to two reasons: lack of observations and difference in
assimilation methods. As previously stated, the NBUC at the
sea surface shows weak expression. Thus, the NBUC is hard
to observe from the sea surface, and current reanalyses are
constrained by only a few acoustic Doppler current profilers
(ADCPs) or salinity and temperature profiles. The difference
in data assimilation methods near the boundaries also may
impact the total meridional transport. The NBUC transport
might be sensitive to the treatment of observations and the
parameterization of errors near the narrow band of the western
boundary (Mignac et al., 2018).

The NBUC carries a variety of water masses, including
subtropical underwater (STUW; Liu et al., 2021), South Atlantic
Central Water (SACW), Antarctic intermediate water (AAIW),
and uCDW (Schott et al., 2005; Dossa et al., 2021). These water
masses are characterized by extrema in temperature and salinity
distributions. The STUW is defined by a subsurface salinity
maximum in the vertical directions, while the AAIW is defined
by a salinity minimum in the vertical directions. The SACW is
composed of subtropical mode water 18 (STMW18), which is
the warmest among all types of subtropical mode waters (Souza
et al., 2018; Azar et al.,, 2020) in the South Atlantic ocean. The
uCDW is expressed as a temperature minimum in the vertical
directions (Reid, 1989). Even though the STUW, AAIW, and
uCDW are defined by vertical profiles, they are also marked
by strong horizontal gradients in salinity and temperature
(Figures 1C-F). Accordingly, the NBUC is collocated with
strong salinity/temperature fronts. Identifying the roles of the
salinity and temperature on the NBUC will be a foundation
of understanding how the salinity and temperature fields are

Frontiers in Marine Science | www.frontiersin.org

September 2021 | Volume 8 | Article 744833


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Liu et al.

Variability of the North Brazil Undercurrent

58

108

158 -

¢  Temperature averaged between 1

58 1

42W  40W 38W 36W 34W 32W 30W

00 and 500 m
14

5S 1

108 1

1568 -

108 1
158 g v T
42W  40W 38W 36W 34W 32W 30W
E Salinity averaged between 100 and 500 m

42W  40W 38W 36W 34W 32W 30W

35.6

355

354

35.3

35.2

351

B Averaged between 11° S and 5° S
MOLAYSE, De e U =
0
-200 1 / 0.4
—
-400 | f 03
0.2
-600 | »
o 0.1
-800 1 [
= 0
-1000 { ) . M
1200 +— - - x -0.2
Okm  100km 200km 300km 400km 500km
D Averaged between 11° S and 5° S
2 25
-200 1 = —
-400 1 20
-600 1 15
-800 1 10
-1000 -
5
-1200 T - - . _
Okm  100km 200km 300km 400km 500km
Averaged between 11° Sand 5° S -
-200 1 37
-400 | 36.5
-600 1 36
-800 1 355
-1000 | 35
-1200 T 34.5
Okm  100km 200km 300km 400km 500km

FIGURE 1 | Horizontal and vertical sections of (A,B) the meridional velocity, (C,D) conservative temperature, and (E,F) absolute salinity. The variables shown in the
horizontal sections are averaged between 100 and 500 m by a depth-weighted method with variables on a regular 5 m intervals. The variables shown in the
distance-depth sections are averaged between 11 and 5°S. The x-axis in panels (B,D,F) is defined as the distance from the sea surface coast. The dotted lines in
panel (A) mark the 11 and 5°S zonal lines. The solid lines in panels (A,C,E) are the coastline. The solid lines in panels (B,D,F) are the zero velocity, isotherms from 5
to 25°C, and isohalines from 35 to 37 g/kg, respectively. The meridional velocity, temperature, and salinity are derived from the ensemble mean of three
high-resolution models (including GLORYS12V1, OFES2, and HYCOM). The units for velocity are m/s, for temperature are °C, and for salinity are g/kg.

TABLE 1 | Four model outputs used in this study for identifying the variability of the North Brazil Undercurrent (NBUC).

Datasets Data source

Underlying model

Temporal coverage and spatial
resolution

References

GLORYS 12V1  Satellite sea surface temperature, sea
level anomalies, T/S profiles from
CORAV4.1, CERSAT sea ice

concentration, initial T/S from EN4.2.0

OFES2 No assimilation, salinity is restored to
WOA 13 version 2 with a 15-day

timescale

HYCOM 53.X Satellite sea surface temperature, in situ
T/S profiles, in situ and satellite sea
surface height anomaly, satellite sea ice
concentration

SODA 3.3.2 WOD13 and COADS2.1

Nucleus for European Modeling
of the Ocean 3 (NEMO 3.1)

Modular ocean model version 3

(MOM)

Data-assimilative hybrid
isopycnal-sigma-pressure
(generalized) coordinate ocean

model
MOM 5.1

1993-2019; 1/12° (approximatively
8 km) horizontal resolution and 50
levels from O to 5,500 m

1958-2016; 0.1° horizontal resolution,
105 levels from the surface to 7,500 m

1994-2015; 0.08° horizontal resolution
between 40 and 40°N, 0.04° poleward
of these latitudes, 40 levels from 0 to
5,000 m

1980-2017; 0.25° horizontal resolution
and 50 levels from 5.03 to 5,395 m

EU Copernicus Marine Service;
Reference Number:
CMEMS-GLO-PUM-001-030

Sasaki et al., 2020

Chassignet et al., 2007

Carton et al., 2018

Frontiers in Marine Science | www.frontiersin.org

September 2021 | Volume 8 | Article 744833



https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Liu et al.

Variability of the North Brazil Undercurrent

A Anomalies of the monthly transport B
15 [] ‘Corr with GIORYS12v1 ='0.41 ' i

. Corr with GIORYS12v1 = 0.19

i .“;'

| A L
‘.t',]m -vﬁ"’ :rf |

-5 ! 4
10| -
15 i 1 t 0 —

1995 2000 2005 2010 2015
c Interannual anomalies D
Corr with GIORYS12v1 = 0.59
10 [ Corr with GIORYS12v1 =0.13 8

Corr with GIORYS12v1 = -0.14

L L L

2005 2010 2015

1995 2000

the linear trend are Sv/10 years.

FIGURE 2 | Comparison of North Brazil Undercurrent (NBUC) geostrophic transport variability (averaged between 5 and 11°S, with 1° interval) among four products
during 1994-2015. (A) Time series of NBUC transport anomalies, (B) harmonic annual cycle, (C) interannual NBUC transport anomalies, and (D) slope of linear
trends. The error bars in panel (D) indicate the 90% confidence level of the linear trend. The correlation coefficients between monthly and interannual NBUC
geostrophic transport from GLORYS12V1 and other datasets are listed in panels (A,C). The units for the NBUC transport variability are Sv. The units for the slope of

Annual anomalies

|=——SODA 3.3.2 —GIORYS12v1

OFES2 — HYCOM|

3 i

4 . . . . .
JAN MAR MAY JUL SEP NOV

Linear trends

L I

OFES2 HYCOM

SODA 3.3.2 GIORYS12v1

coupled with velocities, which could assist the improvement
of model simulation. The respective roles of temperature and
salinity in NBUC variability have not been explored until now.

Velocity profiles over the NBUC from ADCP observations
have been greatly improved our understanding of the NBUC
(Hummels et al., 2015; Dossa et al., 2021). However, long-
term current measurements are not available. Previous studies
(e.g., Schott et al., 2005) use in situ hydrographic profiles as an
additional data source and calculate the geostrophic components
as a supplement to the analysis of the NBUC. In this study, we
take a further step and decompose the density in the thermal
wind equation into its temperature and salinity components. The
motivation of this study is to explore the respective contributions
of temperature and salinity to the NBUC transport.

We use output from three high-resolution (0.1° or higher)
models and one low-resolution model (0.25°) to examine
the variability of the NBUC on different time scales and
its dependence on model resolution. We find that estimates
vary considerably across the four models on all time scales
(including the annual, interannual, and linear trends). We further

decompose the geostrophic component of the NBUC into salinity
and temperature contributions and found that both variables play
equally important but opposite roles in the NBUC variability and
that this relationship is not model-dependent. In situ profiles
including those from Argo floats are included to confirm the
model results on the annual time scale.

DATA AND METHOD

Data

Model Outputs

To identify the temporal variability in NBUC, three high-
resolution models and one low-resolution model were used.
There is a large amount of different model outputs available
to the public. There are three criteria in choosing the products
for this study. (1) The model outputs must be easy and
free to access. As stated in the Data Availability section,
all the four datasets used in this analysis can be freely
downloaded. (2) The temporal coverage (generally longer
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than two decades) of each model must be long enough
for analysis of the interannual variations or linear trends.
(3) The model must have a high horizontal resolution (at
least < 0.25°), which can resolve the NBUC (width = 0.5° in
the zonal direction at about 1,000 m isobar, Hummels et al.,
2015) in space.

The high-resolution model-based products included the
first version of the 1/12° horizontal resolution Global Ocean
reanalyses and Simulation Project (GLORYS12V1, run and
distributed by the EU Copernicus Marine Service), the Ocean
General Circulation Model for the Earth Simulator version
2 (OFES2; Sasaki et al., 2020), and the HYbird Coordinate
Ocean model (HYCOM) version 53.X (Chassignet et al., 2007).
GLORYS 12V1 and HYCOM have assimilated a large number of
in situ profiles. The relatively low-resolution reanalysis product
(compared to the other three products) was Simple Ocean Data
Assimilation version 3.3.2 (SODA 3.3.2, Carton et al., 2018).
Details about the products are listed in Table 1. The HYCOM
53.X covers the period 1994-2015, which is the shortest among
the four datasets. To maintain consistency in analyzing the
temporal variability of the NBUC, the temporal coverage in

this study is the same as that of HYCOM 53.X. All of the
above products are available at a monthly resolution, which is
used in this study.

In situ Profiles

In this study, we use the analyzed in situ hydrographic profiles
from EN4.2.1 (version 4 of the Met Office Hadley Centre EN)
to explore the dependence of the NBUC on temperature and
salinity. EN4.2.1 provides quality-controlled data profiles. The
EN4.2.1 profiles include the World Ocean Database 2013 (details
are given at https://www.metoffice.gov.uk/hadobs/en4/en4-0-2-
data-sources.html), Argo profiling float (Argo, 2000),! * the
Global Temperature and Salinity Profile Project (Sun et al., 2010),
and others. All the profiles went through strict quality-controlled
analysis (Good et al., 2013) and bias correction (Gouretski and
Reseghetti, 2010). In this study, only the profiles marked as
“good” in the quality-controlled flags are chosen for the NBUC-
related analysis.

Thttps://argo.ucsd.edu
Zhttps://www.ocean-ops.org
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FIGURE 4 | Absolute geostrophic meridional velocities derived from density (A,D,G,J), temperature (B,E,H,K), and salinity (C,F,l,L) in SODA 3.3.2 (A-C),
GLORYS12V1 (D-F), OFES2 (G-l), and HYCOM (J-L). The velocities are derived from the average between 1994 and 2015 and from 5°S to 11°S. The x-axis is
defined as the distance from the sea surface coast. The black contour is zero velocity. The units are m/s.

Method

Estimation of North Brazil Undercurrent Variability
This study explores the temporal variability of the NBUC from
11 to 5°S (from the origin to transition zones; Dossa et al.,
2021). NBUC transport is defined as the meridional flow from
the coast to the edge of the NBUC (Zhai et al, 2021) and
from the surface to 1,200 m (Hummels et al., 2015). The edge
of the NBUC is defined as the location where its meridional
velocity is half of the maximum meridional velocity at the same
zonal lines (Figure 2). In the three high-resolution models, the
width between the edge and the coast is generally smaller than
1°, and SODA 3.3.2 shows a slightly larger width, 1-2°. The
ensemble mean of the four model outputs is smaller than 1°.
A slight change in the definition of the NBUC does not impact
our results (see supplementary Figures 1, 2). Hummels et al.
(2015) defined the width of the NBUC (in their Figure 1) in
the upper 300-400 m as 1.5° from the coast and 0.5-1° at
400-1,000 m by using alongshore velocity data from seven ship
sections and moored observations. Dossa et al. (2021) did not
show the width of the NBUC, but they showed that the core
of the NBUC from GLORYS12V1 has shifted 15 km offshore
relative to the observations from ship surveys. Nevertheless, the
width of the NBUC from four model outputs in our analysis is

generally consistent with the results from observations, with an
acceptable difference.

The temporal variability in NBUC is divided into two
components: annual (i.e., seasonal cycle) and interannual
variations. The first step is to calculate the annual cycle of the
NBUC based on annual harmonic least-square fitting. The annual
cycle of NBUC transport is calculated as follows:

V(t) = Vo + AcosRm /12 x t + ¢12) (1)

where V is the monthly NBUC transport, Vj is the climatological
transport, A is the amplitude, and ¢;, is the phase. Equation
(1) is applied to the time series of the NBUC transport and
is subtracted from the original time series. The remaining
signal Viesiguar is then filtered with a 12-month low-pass
Hanning filter to derive the interannual time series of
the NBUC transport.

Calculation of the Geostrophic Component of the
North Brazil Undercurrent

The geostrophic components of the NBUC and ADCP-
measured NBUC show similar magnitudes and spatial patterns
(Stramma et al., 1995; Schott et al, 2005). In this study, the
absolute geostrophic currents are calculated by referencing the
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FIGURE 5 | One standard deviation of the absolute geostrophic meridional velocity derived from density (A,D,G,J), temperature (B,E,H,K), and salinity (C,F,l,L) in
SODA (A-C), GLORYS12V1 (D-F), OFES2 (G-I), and HYCOM (J-L). One standard deviation of the velocities is derived from monthly values from 1994 to 2015 and
averaged between 5°S and 11°S. The x-axis is defined as the distance from the sea surface coast. The units for velocity are m/s.

meridional velocity at 2,000 m from each product. We have
compared the absolute geostrophic NBUC transport with that
directly derived from the meridional velocity and found that
the two types of transport display similar variability on all time
scales (not shown). The correlation coeflicients between absolute
geostrophic NBUC transport and the meridional velocity are
0.75-0.95 in the four model estimates, also indicating a strong
similarity between the geostrophic velocities and meridional
velocities (Supplementary Figure 3). Thus, it also implies that
the contribution of Ekman drift and ageostrophy to NBUC
transport variability is small compared to the geostrophic
components in the upper 1,200 m. The geostrophic velocity is
calculated based on this equation :

_8 9%
pof 0x @

61/_
oz

where v is the meridional component of the geostrophic
velocity; p is the potential density; po is the reference density
(1,027 kg/m?); x and z are the longitude and depth, respectively;
g is gravity; and f is the Coriolis parameter. In this study,

the velocity derived from Eq. (2) is defined as the density-
based velocity.

We express the potential density using a linearized equation of
state as:

p = poll — a(T — To) + B(S — So)] (3)

where T is the conservative temperature, S is the absolute salinity,
o is the thermal expansion coefficient, and B is the haline
contraction coefficient. Ty and Sy are the constant temperature
and salinity, respectively. It should be noted that Ty and Sy will
be eliminated in the following calculation. Thus, the exact values
are not our concern in this analysis. We combine Eq. (2) with Eq.
(3) and write

0 oT

ovr _ gadT @
0z f ox

ov oS

75 — _@7 (5)
0z f ox

where vt is the temperature-based geostrophic velocity, and vs is
the salinity-based geostrophic velocity. Similar to Eq. (2), Egs. (4
and 5) are integrated from 2,000 m, where the same velocity as
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used in density-based geostrophic velocity is given, to the upper
layers to calculate vr and vs, respectively. The density-based,
temperature-based and salinity-based geostrophic velocities are
referenced on the same values (velocities at 2,000 m isobar
from model outputs). A change in reference would influence the
magnitude of the geostrophic variability, but it will not change
the relations between the three types of the geostrophic velocities.
We also calculated the correlation coefficients of the absolute
geostrophic velocities using 1,200 and 2,000 m as references.
The correlation coeflicients of NBUC transport between 1,200
and 2,000 m is 0.96, 0.79, 0.98, and 0.83 for SODA 3.3.2,
GLORYS12V1, OFES2, and HYCOM, respectively. This implies
that a slight change in the reference level will not impact the
results in this study.

To verify the robustness of temperature and salinity
decomposition, we also sum the NBUC transport derived
from vy and vs, and compare it with the density-based
geostrophic NBUC transport (Supplementary Figure 3). The
correlation coefficients of NBUC transport between the sum
and density-based geostrophic transport in SODA 3.3.2, OFES2,
and HYCOM are >0.75. GLORYS12V1 has a relatively small
correlation coefficient, with a magnitude of 0.45. Possible
reasons could include model configurations and methods
of data assimilation. Further examination is out of the
scope of this study. Nevertheless, all the correlations are
significant. The decomposition works at least for SODA
3.3.2, OFES2, and HYCOM. Careful attention should be
taken in GLORYS12V1 when interpreting NBUC transport
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between the sum of vr and vs, and the density-based
geostrophic velocities.

INTERCOMPARISON OF THE NORTH
BRAZIL UNDERCURRENT VARIABILITY
AMONG FOUR PRODUCTS

Generally, the monthly geostrophic NBUC transport varies
substantially across datasets (Figure 2A). The correlation
coefficients of monthly NBUC geostrophic transport between
GLORYS12V1 and the other three datasets (Figure 2A) are
generally small (<0.41). The correlation coefficient between
GLORYS12V1 and HYCOM (a low-resolution model) is
smaller than those between GLORYS12V1 and SODA 3.3.2,
indicating that the resolution of the models does not play the
major role in the largest difference among the inter-model
comparison in this study.

However, the geostrophic NBUC transport based on different
datasets agrees relatively well for the harmonic annual cycle
(Figure 2B). The consistency between models implies that the
underlying dynamics driving the annual cycle of NBUC transport
are consistent among models. Transport is strongest during
April-May and weakest during September-November. The results
here agree with results from two surveys in spring 2015 and
fall 2017, which show stronger transport during April-May 2015
than during September-October 2017 (Dossa et al., 2021). The
results based on low-resolution models (Zhai et al., 2021) also
show that the NBUC transport (2-10°S) reaches a maximum
in May and a minimum in November-December, consistent
with our results. The results from a moored array at 11°S from
Schott et al. (2005) show that the minimum NBUC transport
occurs in October-November, agreeing with our results. However,
the maximum in NBUC transport occurs in July, which is
different from other observations and our results. HYCOM
shows the smallest amplitude of the annual cycle (defined as the
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standard deviation) among the four datasets (Figure 3), with a
magnitude of 0.56 Sv. SODA 3.3.2 and OFES2 show amplitudes
of approximately 1.1-1.2 Sv (Figure 3), which are slightly smaller
than the amplitudes from Schott et al. (2005), who show an
annual harmonic amplitude of 1.5 Sv over 2000-2004 at 11°S.
Hummels et al. (2015) find that the standard deviation of the
NBUC transport obtained from a moored array between July
2013 and May 2014 is 1.8 Svat 11°S.

On the interannual time scale (period > 12 months),
the NBUC transport anomalies disagree substantially between
datasets (Figure 2C). It is, in fact, hard to find any agreement
among the different products on this time scale. Even though
the correlations between GLORYS12vl and the HYCOM and
OFES?2 are significant at the 90% confidence level, the correlation
coefficients are relatively small, with values smaller than -0.14
to 0.13. The correlation between HYCOM and GLORYS12V1 is
even negative. The correlation coefficient between SODA 3.3.2
and GLORYS12V1 is 0.59, which is relatively large compared
to other coefficients. The higher correlation coefficients between

SODA 3.3.2 and GLORYS12V1 than the others suggest that
the model’s resolution is not a key component driving the
difference in NBUC transport among models. However, we
would like to emphasize that the low-resolution models
(>0.5°) are incapable of resolving the NBUC width (~0.5°
at approximately 1,000 m from Hummels et al., 2015). The
discrepancy between OFES2 and the other two high-resolution
models (i.e, HYCOM and GLORYS12V1) could be because
OFES2 is a hindcast output with no assimilation, while the
other two models assimilate a large number of different types
of observations (shown in Table 1). Large discrepancies among
datasets can also be attributed to the treatment of observations
and parameterization of the errors near the western boundaries
(Mignac et al., 2018).

The maximum magnitude of interannual NBUC variability
occurs in SODA 3.3.2, with a value of 3.89 Sv (Figure 3).
The GLORYS12V1 and HYCOM show similar magnitudes of
approximately 1.1-1.5 Sv. OFES2 has the smallest magnitude
(0.72 Sv) among the four datasets. Estimates based on ship
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sections (ADCP sections) and a moored array suggest an
amplitude of 1.2 Sv from 2000 to 2004 (Schott et al., 2005). Thus,
the results from GLORYS12V1 and HYCOM are consistent with
the observations.

From 1994 to 2015, NBUC transport derived from HYCOM
shows a significant negative trend, with a value of -0.8 £ 0.7 Sv
per 10 years. However, the other three datasets do not show
any significant trends in the annual mean NBUC transport
(Figure 2D). Whether the NBUC has been subject to a trend
over the past years is currently under debate. Hummels et al.
(2015) suggested that the NBUC does not have a significant
trend by using moorings, ADCP sections (2000-2004, 2013-
2014), and a high-resolution ocean model (1956-2007). However,
Marecello et al. (2018) found a significant positive trend (1970-
2015) in NBUC using a reanalysis data. It should be noted
that discrepancies between the trends of NBUC transport
could result from different analysis periods. Indeed, visual
inspection of Marcello et al’s (2018) Figure 9 does not

indicate significant changes over the period 2000-2013. Thus,
the two studies appear to agree on the absence of a trend
for this period.

SALINITY AND TEMPERATURE
CONTRIBUTIONS TO THE NORTH
BRAZIL UNDERCURRENT

On the long-term average, the absolute meridional geostrophic
velocity derived from the individual model estimates
(Figures 4A,D,G,]) is consistent with the ensemble mean
meridional velocity (Figure 1). Northward velocities with a
magnitude larger than 0.4 m/s are confined west of 34°W, while
weaker southward flows are found to the east of 34°W. The
NBUC velocity core (maximum in NBUC velocity) is found
below 100 m in all datasets. These results are consistent with
previous in-situ observations, which found cores in the upper
100 to 400 m (Stramma et al., 1995; Schott et al., 2005; Dossa
etal., 2021).

We use Egs. (4 and 5) to estimate the contributions from
temperature and salinity to the meridional geostrophic velocity.
In the upper 1,200 m, both components are important to the
density-based geostrophic velocity (Figure 4). The temperature-
based velocity is generally dominant in the upper 400 m,
while salinity-based velocity dominates below. High salinity
waters formed in the subtropical gyre are being pushed to
the western side (Liu and Qu, 2020), leading to saltier waters
in the vicinity of the northeastern Brazilian coast and hence
setting up a zonal salinity gradient. The negative zonal salinity
gradient leads to a negative salinity-based velocity in the upper
400 m (Eq. 4; note that f < 0). At the same time, warmer
waters (Stramma and England, 1999; Azar et al., 2020) are also
found in the west as the SACW in the upper 400 m (this
depth slightly varies between datasets), which corresponds to a
positive vertical shear of the northward velocity (Eq. 3). As a
result, the temperature-based velocity is opposite to the salinity-
based velocity.

For the density-based meridional velocity below 400 m, the
contribution of temperature-based and salinity-based velocities
to the geostrophic velocity is reversed in all model outputs.
The salinity-based velocity dominates the northward geostrophic
velocity, and the temperature-based velocity is southward with
a smaller magnitude. The zonal salinity gradient below 400 m
is opposite to that in the upper layer. This is because fresh
AAIW is generally transported to the Northern Hemisphere
by the western boundary current (da Silveira et al, 1994;
Schott et al., 2005; Fu et al, 2019). The near-coastal water
at depth (AAIW located) is generally fresher than that away
from the coast, leading to a negative salinity gradient and
positive vertical shear.

The total variability of the meridional geostrophic velocity
is calculated as one standard deviation of the monthly values
from 1994 to 2015. The magnitudes in the density-based
meridional geostrophic velocity variances from all model
outputs are smaller than 0.2 m/s (Figure 5). Relatively larger
variability is found between 35 and 34°W in the vicinity of
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the NBUC. The magnitude of variability of the temperature-
based and salinity-based velocities shows a larger value than
the density-based velocities in each model output. Furthermore,
the magnitude of variability from the temperature-based and
salinity-based velocities is generally larger than 0.2 m/s and
shows similar spatial distributions (Figure 5). This suggests
that the temperature and salinity contributions tend to
cancel each other out.

To further explore the contribution of salinity and
temperature to the variability of the meridional geostrophic
velocity, temporal variability on different time scales is shown
and quantified (Figures 6-8). On the annual time scale, the
temperature-based and salinity-based velocity variances are
larger than the density-based variance (Figure 6) in all models.
Furthermore, the harmonic annual cycles of salinity-based
and temperature-based velocity anomalies are 180° out of
phase. From May to September, the temperature-based velocity
shows positive anomalies, and the salinity-based velocity shows
negative anomalies. The signs are reversed from October to the
next March. The magnitude of the harmonic temperature-based
variability is larger than that of salinity-based variability (or
equal in results from HYCOM). The maximum/minimum
density-based velocity anomalies have the same signs as
the temperature-based velocity anomalies in SODA 3.3.2,
OFES2, and HYCOM.

On the interannual time scale, the temperature-based and
salinity-based velocity variances show a similar relationship as
those on the annual time scale (Figure 7). The temperature-based
and salinity-based velocity anomalies generally show opposite
signs and the magnitude of the variances of salinity/temperature-
based velocities are larger than the density-based velocity
variability in all datasets. To further assess the relation between
temperature-based and salinity-based velocity anomalies,
correlation coefficients are calculated. The two time series
show significant (over 90% confidence level) anti-correlations
in all models. The largest anti-correlation coefficients occur
in GLORYSI12V1 (-0.96), and the smallest anti-correlation
coefficients occur in HYCOM (-0.77). In SODA 3.3.2, salinity-
based variability is larger than the temperature-based variability,
while in the other three model estimates, temperature-based
velocity variability is larger.

For the linear trend of the annual mean NBUC transport
from 1994 to 2015 (Figure 8), the temperature-based velocity
shows opposite trends to the salinity-based velocity in SODA
3.3.2, GLORYS12V1, and OFES2. The linear trend of the density-
based velocity is much smaller than those of the temperature-
based and salinity-based velocities. However, in HYCOM, the
temperature and salinity-based velocities both show a decreasing
trend (not significant), leading to a larger decreasing trend in
density-based velocity.
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In the previous section, we showed that the correlation
coefficients of density-based NBUC geostrophic transport
on the interannual time scales are small between models
(magnitude < 0.37). Figure 9 shows the correlation coefficients of
salinity-based and temperature-based NBUC transport between
GLORYS12V1 and other models. The maximum correlation of
temperature-based NBUC transport occurs in GLORYS12V1 and
OFES2, with a magnitude of 0.49. The maximum in correlation
coefficient of salinity-based NBUC transport also occurs in
GLORYS12V1 and OFES2 3.3.2, with a magnitude of 0.42.
However, correlations of temperature-based or salinity-based
transport between GLORYS12V1 and the other two models are
negative or insignificant. If correlation is calculated between
HYCOM and OFES2 or SODA 3.3.2, smaller magnitudes (0.2 to
0.35) of correlation coefficients for both the temperature-based
and salinity-based transports. The negative or small correlation
coefficients in temperature-based and salinity-based transport
on the interannual time scale between models indicate large

differences in salinity and temperature zonal gradients, which
in turn explains the large discrepancy in the NBUC geostrophic
transport between products.

DISCUSSION

The Temperature and Salinity Relation in

Observation
Section “Salinity and Temperature Contribution to the North
Brazil Undercurrent” shows that the temperature-based and
salinity-based geostrophic NBUC transport variability tends
to be compensated in all models. To verify the results, we
have collected profiles from EN4 datasets, and assessed the
relationship between temperature and salinity within the NBUC
region using in situ data.

The number of in situ observations decreases with depth.
To better make use of the available hydrographic profiles, we
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Undercurrent (NBUC) region from 1994 to 2020. The transports are calculated from the integral of geostrophic velocity from the sea surface to 700 m. The missing

compare the zonal density gradients averaged from the sea
surface to 1,200 m with those averaged to a smaller depth.
We find that the density-based geostrophic NBUC transport
integrated from the surface to 700 m is not very different
from that averaged from the surface to 1,200 m (Figure 10),
with temporal correlation coefficients higher than 0.9 in all
models. Thus, we selected the temperature and salinity profiles
from the EN4 database that are near the NBUC and cover at
least 700 m. There are only about 20-40 profiles that match
our criteria between 7 and 9°S near the western boundary
(Figure 11). At 11°S, there are 100-120 profiles in the
coastal regions.

Profiles between the coast and the edge of the NBUC and those
east of the NBUC are unevenly distributed. Observations mainly
occur 2005-2009 and 2017-2020. At other times, observations
are less frequent, which can explain why the interannual
variability of the NBUC transport shows a large discrepancy
between the models.

Based on in situ observations from EN4, we have calculated the
geostrophic temperature-based and salinity-based geostrophic

NBUC transport by assuming a reference level of no motion at
700 m (Figures 12, 13). We emphasize that the reference level
should not influence the temperature and salinity relationship
because the relationship mainly depends on the zonal salinity and
temperature gradients which is discussed in the following section.

From 11 to 5°S, the salinity-based and temperature-based
geostrophic NBUC transport are opposite signed in most months
of the annual cycle. At 11, 7, and 6°S, there is a 100% probability
when the salinity-based and temperature-based geostrophic
transports have opposite signs. At other latitudes, there is over
70% probability when the salinity-based and temperature-based
signs are opposite. Thus, the results based on in situ profiles on
the annual time scale are consistent with the results from models,
and they show that the salinity and temperature gradients mostly
compensate for each other.

From an interannual perspective, the number of temperature
and salinity profiles is extremely low. For example, data cover
4 years out of 27 years (from 1994 to 2020) at 7 and 8°S. At 11°S,
there are 12 years out of 27 years (from 1994 to 2020), which is
the largest temporal coverage among the 5-11°S region. Thus, the
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estimation of the interannual variability in geostrophic transport
is likely to be biased due to the lack of data. Nevertheless,
based on the available data, we find that the salinity-based
and temperature-based geostrophic NBUC transport is opposite
signed 90% of the time from 11 to 5°S. Thus, the compensation
between salinity- and temperature-based geostrophic transport
still dominates, in agreement with the model results.

Possible Cause of the Relation Between
Salinity-Based and Temperature-Based
Geostrophic North Brazil Undercurrent
Transport

To investigate the cause of the compensation of temperature-
based and salinity-based NBUC geostrophic transport, we have
calculated the 0-1,200 m averaged temperature and salinity
zonal gradient within the NBUC region on annual, interannual
time scales, and linear trends in all models. Results show that
the temperature and salinity zonal gradients also tend to be
compensated on those time scales (Supplementary Figures 4-6),

consistent with the temperature and salinity relations in
geostrophic NBUC transport (Figures 7, 9, 10). Saltier (warmer)
waters occur near the coast in the upper 200 m than that
100-200 km away from the coast (Figures 1D,F). Below 200 m,
fresher (cold) waters are located near the coast than those 50-
100 km away from the coast. Thus, zonal salinity and temperature
gradient are compensated which is probably associated with the
spatial distribution of unique water masses within the NBUC.
In the upper 200 m, STUW occurs below the mixed layer.
Temperature and salinity within the STUW have a compensatory
relationship during its equatorial transport in the North Atlantic
(Qu et al, 2016). We suspect the same mechanism would
also apply in the South Atlantic STUW within the NBUC. At
approximately 300-500 m, the compensated temperature and
salinity anomalies within the SACW (=26.3 kg/m?) are reported
to be transported from Agulhas leakage to the western South
Atlantic ocean (Kolodziejczyk et al., 2014, results are based
on Argo). Thus, temperature and salinity compensation are
suspected to exist in those layers. The origins and causes of
the compensated temperature and salinity relation (on different
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time scales) within the NBUC region are out of the scope
of this analysis, and they should demand more thorough
investigation in the future.

The Implication for Large Discrepancies
in North Brazil Undercurrent Among
Models and the T-S Relationship

Large discrepancies in NBUC transport among datasets are
expected for low-resolution model outputs or reanalysis data but
not for high-resolution model outputs. The NBUC is a narrow
western boundary current. If the horizontal resolution is sparser
than 0.5° (i.e., the width of the NBUC at the subsurface layers),
it will generally be impossible for these models to represent
the real NBUC. However, in high-resolution model outputs
(resolutions < 0.25°), the large discrepancy among datasets
indicates that the mechanism driving the NBUC low-frequency
variability is still unknown. We are unable to determine the
real NBUC transport variability or trend, which also prevents us
from identifying/exploring the role of NBUC in the AMOC. STC
and AMOC have a profound impact on the Atlantic and global
climate. A better understanding of the global climate demands
improvement in the simulation of the NBUC. Future work is
needed to investigate the causes of the discrepancy among models
and the mechanism driving the NBUC variability.

In this study, we also show that the discrepancy in NBUC
transport among models can be attributed to the difference
in zonal temperature and salinity gradients. Furthermore, the
temperature and salinity-based geostrophic transport show a
compensatory relation. The results have two implications:

(1) This study shows that temperature-based geostrophic
velocities deeper than 600 m isobar have an opposite sign
with meridional velocity in NBUC from a climatological
perspective, but in the upper 600 m, temperature-based
geostrophic velocities and meridional velocity have the
same sign. It could serve as the first step in understanding
the role of the temperature on the NBUC, and it will
be beneficial for identifying the processes associated with
meridional heat fluxes across the equator.

(2) This study shows that salinity-based NBUC transport
variability usually has the same order of magnitude as those
from temperature-based variability (Figures 6, 7). Thus,
salinity observations are important for representing NBUC
variability. The role of the salinity on the NBUC will be a
foundation of understanding how the salinity and velocity
fields are coupled, which could assist the improvement of
the model simulation.

CONCLUSION

In this study, we have analyzed the trend and the variability
of the NBUC transports on the annual, and interannual time
scales over the 1994-2015 period. By comparing the NBUC
transport from three high-resolution (<1/10°) models and one
low-resolution (=0.25°) model, we find large differences in
NBUC interannual variability and linear trends. Decomposing

the absolute geostrophic velocity into salinity and temperature
contributions, we find the following:

(1) Large differences between models occur in geostrophic
NBUC transport on the interannual time scale and trend
from 1994-2015.

(2) The salinity-based and temperature-based transport
anomalies tend to be opposite-signed on all time scales.
Thus, variability in the temperature and salinity-based
geostrophic transport (and their zonal gradients) partially
cancels each other out in the NBUC among model outputs.

The discrepancy in NBUC variability and trend among models
in this study could be attributed to the parameterization of eddies
or other variables or assimilation method (Mignac et al., 2018).
The exact causes in the model discrepancy are out of the scope of
this analysis. Further analysis is under way to pin out the cause of
the discrepancy.

The compensated salinity/temperature-based geostrophic
anomalies lead to a smaller magnitude of the density-based
geostrophic transport variance. Thus, to reduce the discrepancy
in NBUC transport variability among datasets, one must have
reliable temperature and salinity profiles long enough for
variability analysis. From 1994 to 2020, the number of in situ
profiles in the vicinity of the NBUC region was relatively low.
Thus, many questions regarding the variability of the NBUC on
other time scales remain open. This demands sufficient salinity
and temperature observations to derive the variability of the
NBUC, which is even lacking in the Argo era (because Argo
profiles near the coast are rare).

One aspect not shown in this study is the origins of the salinity
and temperature compensation. Where temperature and salinity
anomalies come from and how they transport will be vital in
understanding the causes of NBUC variability. This study calls
for a full investigation of the origins of the temperature and
salinity variability.
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