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ABSTRACT

The Intermediate Western Boundary Current (IWBC) transports Antarctic Intermediate Water across the

Vitória–Trindade Ridge (VTR), a seamount chain at;208S off Brazil. Recent studies suggest that the IWBC

develops a strong cyclonic recirculation in Tubarão Bight, upstream of the VTR, with weak time dependency.

We herein use new quasi-synoptic observations, data from the Argo array, and a regional numerical model to

describe the structure and variability of the IWBC and to investigate its dynamics. Both shipboard acoustic

Doppler current profiler (ADCP) data and trajectories of Argo floats confirm the existence of the IWBC

recirculation, which is also captured by our Regional Oceanic Modeling System (ROMS) simulation. An

‘‘intermediate-layer’’ quasigeostrophic (QG)model indicates that the ROMS time-mean flow is a good proxy

for the IWBC steady state, as revealed by largely parallel isolines of streamfunction c and potential vorticity

Q; a c2Q scatter diagram also shows that the IWBC is potentially unstable. Further analysis of the ROMS

simulation reveals that remotely generated, westward-propagating nonlinear eddies are the main source of

variability in the region. These eddies enter the domain through the Tubarão Bight eastern edge and strongly

interact with the IWBC. As they are advected downstream and negotiate the local topography, the eddies

grow explosively through horizontal shear production.

1. Introduction

North of 288S, off the Brazilian coast, the Antarctic

IntermediateWater (AAIW) flow bifurcation sets up an

equatorward-flowing Intermediate Western Boundary

Current (IWBC), opposing the Brazil Current (BC) di-

rection (Boebel et al. 1997, 1999; Legeais et al. 2013).

The IWBC was first predicted by Stommel (1965) in his

seminal book The Gulf Stream as part of the South

Atlantic meridional overturning circulation (MOC).

Observational evidence of the IWBC and the AAIW

transport, however, dates to the late 1990s and early

2000s (Boebel et al. 1997;Müller et al. 1998; Boebel et al.
1999; Schmid et al. 2000; da Silveira et al. 2004; Campos

2006).More recent investigations define the IWBC as an

equatorward jet, spanning from ;400m to greater than

;1600-m depth, that carries about 6Sv (1Sv[ 106m3 s21)

of intermediate waters (da Silveira et al. 2008; Rocha

et al. 2014; Biló et al. 2014). Themost well-established of
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those water masses is the AAIW, traced oceanwide by

its low-salinity core (Wüst 1935) and surface-referenced

potential density between 1027.1 and 1027.4 kgm23

(Tsuchiya et al. 1994). This northward volume flux of

intermediate water closes theMOC, and thus theAAIW

is an essential component of the climate system (Rintoul

1991; Schmitz 1995).

The Vitória–Trindade Ridge (VTR)—a quasi-zonal

seamount chain at 208S—is a western boundary current

rendezvous point, where the BC and IWBC meet im-

portant topographic constraints and are forced to go

through the banks, generating mesoscale (and most

likely submesoscale) structures. For the IWBC, three

main obstacles are the probable causes for the current to

meander: Cape São Tomé, Tubarão Bight, and the VTR

topographic features (Fig. 1).

Mesoscale variability in the IWBC has been explored

in the last decade by the works of da Silveira et al.

(2008), Mano et al. (2009), Legeais et al. (2013), and

Costa et al. (2017). Da Silveira et al. (2008) show baro-

clinic instability as the main forcing mechanism for the

IWBC unstable meanders. Mano et al. (2009) showed

that the BC–IWBC meandering starts at the IWBC and

transfers energy from intermediate to upper layers.

Legeais et al. (2013) presented evidence of abundant

mesoscale motions at the IWBC level north of the VTR.

Costa et al. (2017) described a tight cyclonic re-

circulation within Tubarão Bight, which is likely to be

either permanent or semipermanent. Previous results on

the IWBC include current-meter mooring velocity

measurements (Evans and Signorini 1985; Müller et al.
1998; Costa et al. 2017), numerical models (da Silveira

et al. 2004, 2008; Costa et al. 2017), CTD-derived ve-

locities (da Silveira et al. 2004, 2008), and Lagrangian

studies (Boebel et al. 1999; Schmid and Garzoli 2009;

Legeais et al. 2013; Costa et al. 2017); however, few have

solely focused on the IWBC.

Given the recent findings of Costa et al. (2017) on

the stationarity and supposed quasi-steadiness of the

Tubarão Bight recirculation and its impact on the dy-

namics of the IWBC, we formulate the following ques-

tions: (i)What is the basic state of the IWBCoff southeast

Brazil (248–188S), and how is this basic state related to

the temporal-mean spatial pattern depicted from obser-

vations and numerical simulations? (ii) Which mecha-

nisms drive the observed mesoscale variability along the

IWBC path?

2. The intermediate circulation between 24°
and 18°S

a. Quasi-synoptic observations

We employ recent quasi-synoptic observations ob-

tained in the ‘‘Marine Environment Characterization of

the Espírito Santo Sedimentary Basin’’ Experiment

(hereafter AMBES), conducted through a partner-

ship of the Oceanographic Institute of the University

FIG. 1. The study area and main topographic features: Cape São Tomé (ST), Tubarão
Bight (TB), and Vitória–Trindade Ridge (VTR). Other keys represent the banks: Abrolhos

Bank (ABB), BesnardBank (BSB),VitóriaBank (VTB), Congress Bank (CGB),MontagueBank

(MTB), Jaseur Bank (JSB), Columbia Bank (CLB), Davis Bank(DVB), and Dogaressa Bank

(DGB); seamounts: Champlaim Seamount (CPS) and Columbia Seamount (CLS); and channels:

Besnard Passage(BSP), Main Channel (MAC), and Outer Channel (OUC) of the submarine

chain. Bathymetry used is from the General Bathymetric Chart of the Oceans (GEBCO;

Weatherall et al. 2015).
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of São Paulo (IOUSP) and Petróleo Brasileiro S.A.

(Petrobras). The spring 2012 AMBES cruise obtained di-

rect velocity measurements with a 38-kHz RDI shipboard

acoustic Doppler current profiler (ADCP), which sampled

the upper 650–850m of the water column. We processed

the shipboard ADCP data following the guidelines of

Firing et al. (1995). We used 10-min ensemble averages

and discarded data with a return signal (the so-called

‘‘percent good’’) below 85%. To the best of our knowl-

edge, these are the first quasi-synoptic velocity observa-

tions within the IWBC in the VTR region.

Figure 2a displays ADCP velocity observations at

600m along the ship track, collected during the AMBES

cruise. Figures 2b–d show cross-transect velocity vertical

sections for three selected transects (I, II, and III).

Transect I in Fig. 2b shows a typical BC–IWBC system

pattern: the opposing flows of the southward-flowing BC

and the northward-flowing IWBC on the Brazilian

southeast continental slope (e.g., Boebel et al. 1999;

da Silveira et al. 2008; Lima et al. 2016). The IWBC, which

is apparently meandering in transect I, presents a core

speed of 0.25m s21—the weakest measured during the

cruise. (Although treated here as a meander, without

additional data south of transect I we cannot rule out

other possibilities, for example, the presence of an

isolated eddy by the IWBC.) The meandering of the

BC–IWBC jet near Cape São Tomé and Cape Frio

(;23.58S) was also investigated by da Silveira et al. (2008),

Mano et al. (2009), and Rocha et al. (2014).

Figure 2c shows that the intermediate-level circula-

tion inside Tubarão Bight resembles a cyclone structure.

The lobe adjacent to the continental margin exhibits

velocities up to 0.50ms21. This pattern in transect II

confirms the description by Costa et al. (2017): an IWBC

cyclonic recirculation within Tubarão Bight. These au-

thors used data from two current-meter moorings, to-

gether with Argo float trajectories and the output of a

numerical model. Their findings indicated that this re-

circulation weakens the northward flow that crosses the

VTR, and consequently intensifies the flow downstream

along the western boundary. This intensification of

the IWBC inside Tubarão Bight was also described by

Legeais et al. (2013). Moreover, Costa et al. (2017) ob-

served the shoaling of the IWBC within the bight, using

mooring velocity data, with a mean velocity reversal

depth of 370m, but with instantaneous reversals at 150m.

As for theBC, our observations depict a;200-m-deep jet

confined to the shelf break.

The IWBC crosses the VTR through a narrow chan-

nel between the Besnard and Vitória–Congress Banks,
which is the main IWBC path out of Tubarão Bight

(Legeais et al. 2013; Costa et al. 2017). Transect III in

FIG. 2. (a) Horizontal circulation pattern at 600m (therefore within the depth range of the IWBC core layer) from shipboard ADCP

data obtained during the AMBES cruise (5–18 Oct 2012; black arrows). (b)–(d) Shipboard ADCP vertical sections from three transects

(I, II, and III) of the AMBES campaign. (e)–(g) ROMS 2-month averages (September–October) for the 7 years of simulation at transects

I, II, and III. Solid (dashed) black contours represent equatorward (poleward) velocities. (h)–(j) Monthly mean transport and associated

error for the BC (red line) and IWBC (blue line) for the ROMS simulation at transects I, II, and III.
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Fig. 2d captures the main branch of the intermediate

current reorganized downstream of the seamounts re-

gion, where the IWBC shows strong instantaneous ve-

locities (up to 0.48ms21) and the BC is detached from

the slope.

The features presented in Figs. 2a–d are consistent with

what has been described by da Silveira et al. (2004, 2008),

Legeais et al. (2013), and Costa et al. (2017), namely, an

organized IWBC off Cape São Tomé (transect I), a

strengthened and recirculating IWBC within Tubarão
Bight (transect II), and an IWBC branch reorganizing

north of the VTR (transect III). However, the data are

restricted to a few transects and occupied over a month.

These quasi-synoptic observations include a number of

transients, and thus cannot be used to assess the statio-

narity of the IWBC flow and its recirculation.

b. The Regional Ocean Modeling Experiment

To fully examine the steadiness and stability of the cir-

culationwithin theAAIW layer in the study area, long time

series of potential density and velocity are required. Given

the paucity of such observations in the region, we opt to

answer the questions posed hereinwith the aid of a regional

circulation experiment output. We use the Regional Oce-

anic Modeling System (ROMS) with a configuration for

the western portion of the South Atlantic Ocean (418160–
108010S, 628340–198490W). The model has a horizontal res-

olution of 6km and 30 vertical levels in terrain-following

coordinates, which suffices to resolve mesoscale eddies in

the region. The simulationwas initialized on 1 January 2000

with temperature and salinity fields from the SimpleOcean

Data Assimilation (SODA) project and ran for 11 years

subject to SODA fields on the open boundaries, with a

spinup time of 6 years. Our analysis below uses data

spanning the last 7 years of the simulation, in which the

dynamical fields were statistically equilibrated. The mo-

del is forced by climatological monthly surface wind and

heat fluxes from QuikSCAT and COADS, respectively.

We emphasize that our goal in using a model forced

with monthly mean climatologies of wind and heat fluxes

is to obtain a consistent dynamical simulation of the area

rather than a hindcast simulation of the observed events.

Figures 2e–g present the September–October cross-

transect velocity averages for transects I, II, and III over the

7years of ROMS output. In Figs. 2h–j, we also show 7-yr

monthly averages of transports of the BC and the IWBC.

The model simulated the typical BC–IWBC vertical

structure in transect I (Fig. 2e). The modeled IWBC

transport shows no significant seasonal variability and is

consistent with the simulation in Costa et al. (2017). Our

simulated BC transport displays two annual maxima

(2-H), while Schmid andMajumder (2018) reported one

(summer) or two (summer and spring) annual maxima.

The observed BC–IWBC structure in transect II

is qualitatively well reproduced by ROMS. As in the

ADCP data, the simulated IWBC is strongest inside

Tubarão Bight; this enhanced transport is present in the

model, although the recirculating branch is not well

captured by the simulation’s transect II (cf. Figs. 2c,f).

The recirculation in ROMS is more confined within

Tubarão Bight than the one inferred from Argo, as well

as displaced northward (more on this in the next sec-

tion). The modeled BC displays large transport monthly

variations in transect II (Fig. 2i), most likely associated

with the BC negotiating topography while crossing the

VTR (cf. Costa et al. 2017).

The ROMS 2-month average in Fig. 2g depicts a weak

and shallow BC, with a transport of 2 Sv. Soutelino et al.

(2011) characterized the BC north of the VTR as a

shallow and eddy-dominated flow, consistent with our

simulation. Just north of the VTR, the simulated IWBC

is highly variable on a monthly time scale, alternating

northward and eastward flows. The IWBC transport is

largest in months of predominantly northward flow

(March, April, and September); on the other hand,

transport through transect III is nearly zero when the

IWBC veers eastward (February, June, and July) (see

Fig. 2j). Although apparently overestimated by our sim-

ulation, this eastward flow north of the VTR was pre-

viously inferred by Wienders et al. (2000) and observed

by Schmid and Garzoli (2009), who qualitatively associ-

ated it with eastward penetrations of AAIW. Legeais

et al. (2013) suggested a link between the weakening of

the IWBC north of 208S and an exchange of AAIW be-

tween the western boundary and the ocean interior.

BothBC and IWBC transports in ourROMS simulation

match those simulated byCosta et al. (2017). The eastward

flow north of the VTR is not present in the simulation in

Costa et al. (2017); this is the main inconsistency between

the twomodels. In a literature survey presented in Table 1,

we detail a comparison between previous estimates of the

BC–IWBC transports and our study.

c. The Argo float climatology

Given that the parking depths of Argo floats lie within

the IWBC domain, we can use float trajectories to char-

acterize the time-mean velocity pattern near the VTR

(268–168S, 438–328W).Weobtained theArgodataset (Argo

2019) from the AOML database (http://tds0.ifremer.fr/

thredds/catalog/CORIOLIS-ARGO-GDAC-OBS/aoml/

catalog.html) and selected floats that entered the do-

main from January 2000 through April 2019, drifting

within the IWBC with parking depths between 600

and 1100m.

We determined the location and period of an Argo

cycle by the middle point of the float trajectory and its
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duration, respectively. (Fig. 3 shows the spatial distribution

of the number ofArgoobservations on a 12.5km3 12.5km

grid.) We identify each Argo cycle in the float trajectory

and treat it as an independent sample. In doing so, we

eliminate surface drift during data transmission and ig-

nore the short profiling time (Park et al. 2005).Also, floats

that dwelt for too short (,5days) or too long (.15days)

in their parking depths were removed from the analysis.

These criteria yield 5503 cycles from 90 floats that occu-

pied the region, with an average cycle of 9.6 6 0.18days.

We estimate horizontal velocity (u and y) at the

parking depth from the position difference between the

end and the beginning of each cycle divided by the average

parking time (Lebedev et al. 2007). We then interpolate

the parking-depth velocity onto a 12.5km3 12.5km grid.

Figure 3 shows that the Argo array presents good cov-

erage in the region compared to previous datasets, but

the number of Argo cycles per grid point is still small,

particularly north of the VTR.

We calculate the streamfunction c by solving the

elliptic equation

(›2x 1 ›2y)c5 y
x
2u

y|fflfflffl{zfflfflffl}
5
def

z

, (1)

where

(u, y)5 (2c
y
,c

x
). (2)

We solve for the streamfunction c given the vorticity

yx 2 uy in (1) using a Fourier spectral method:

TABLE 1. Comparison between the AMBES cruise, ROMS outputs, and literature. ADCP transports are restricted to the depth range

presented in Figs. 2b–d. ROMS transports are averaged for the simulation period (7 years) in virtually the same ADCP transect position.

Positive (negative) values indicate northward (southward) volume transport. REMO is the abbreviation for Rede de Modelagem e

Observação Oceanogáfica, an initiative of the Brazilian Navy and Petróleo Brasileiro S.A. based on a 1/128 Hybrid Coordinate Ocean

Model run.

BC Data Latitude (S) Transport (Sv)

Schmid and Majumder (2018) Argo/SSH 248 22.3

da Silveira et al. (2004) Pegasus profiler 238 25.6 6 1.4

Mata et al. (2013) Hydrographic 228 22.3

This study (transect I) ADCP 21.58 22.4

This study (transect I) ROMS 21.58 22.5 6 0.1

This study (transect II) ADCP 20.58 1.0

This study (transect II) ROMS 20.58 22.5 6 0.2

Evans et al. (1983) Hydrographic 208 3.8

Stramma et al. (1990) Hydrographic 208 1.6

This study (transect III) ADCP 198 4.5

This study (transect III) ROMS 198 22.0 6 0.1

IWBC Data Latitude (S) Transport (Sv)

Boebel et al. (1999) Floats 288–28 4.0 6 2.0

Müller et al. (1998) Current meter 238 1.3

da Silveira et al. (2004) Pegasus profiler 238 3.6 6 0.8

da Silveira et al. (2008) Hydrographic 238 3.0

Costa et al. (2017) REMO 228 12.0 6 5.0

This study (transect I) ADCP 21.58 2.4

This study (transect I) ROMS 21.58 12.0 6 0.3

This study (transect II) ADCP 20.58 3.7

This study (transect II) ROMS 20.58 12.0 6 0.2

Schmid and Garzoli (2009) Floats 208 10

This study (transect III) ADCP 198 6.5

This study (transect III) ROMS 198 6.4 6 1.0

FIG. 3. Spatial distribution of the number of samples per cell in

the 12.5 km3 12.5 km grid from 5503 Argo cycles used to estimate

the Argo-derived velocity.
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APPENDIX A

Calculation of g0

In the model schematic presented in section 3, layer

thickness h 5 h(x, y) is a function of space only, and

density is constant for each layer. We evaluate the

pressure in the upper layer P1 5 r1g(h1 1 h 1 h2 2 z)

and at z 5 0 in the bottom layer P2(x, y, 0) 5 r1gh1 1
rgh 1 r2gh2. Setting the horizontal gradient of both to

zero gives

=h
2
1=h1=h

1
5 0,

r
2
=h

2
1 r=h1 r

1
=h

1
5 0, (A1)

which can be solved to relate the height gradients above

and below to =h:

=h
2
52

�
r
1
2 r

r
2
2 r

1

�
=h and =h

1
5

�
r2 r

2

r
2
2 r

1

�
=h .

(A2)

We can find the pressure P in the middle layer by in-

tegrating from the bottom, with P2 the (constant) pres-

sure at a horizontal surface z 5 0 deep within the layer:

P5P
2
2 r

2
gh

2
2 rg(z2 h

2
) . (A3)

Taking the horizontal gradient of (A3) and replacing

=h2 from (A2) yields

=P

r
5 g

�
r2 r

1

r
2
2 r

1

��
r
2
2 r

r

�
=h5 g0=h , (A4)

so that g0 is given by

g05 g

�
r2 r

1

r
2
2 r

1

��
r
2
2 r

r

�
. (A5)

APPENDIX B

Estimation of Scatter Cloud Relative Area

In c–Q space, the scatter of points about the line

correlating the variables represents the amount of

departure from free mode in a flow. From

I 5
def A

DCDQ
5
Area enclosed by the cloud of points

Area of the rectangle
,

(B1)

the area A was estimated from a polygon drawn graphi-

cally connecting values of Qmin and Qmax in a given ›C,

as in Fig. B1.

In a high-resolution grid filling the rectangle DCDQ,

the area A enclosed by the cloud of points can be in-

terpreted as the number of points inside the hatched

polygon. In the illustrative example,

I5
210 000

10003 1000
5 0:21, (B2)

thus implying 79% correlation within this fictional

dataset.

Read et al. (1986) discuss the caveats of this index,

which depends on the orientation of the polygon, as well

as on its shape in c–Q space. The authors also propose

an alternative metric based on the perpendicular width

of the scatter cloud relative to its length: given a scatter

cloud angle f # p/2, the width-to-length ratio is thus

tan(f)/2 and a measure of the departure from free

mode. For the IWBC, this metric yields ;0.15, against

0.08 of the I index.
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