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Dante C. Napolitano · Cesar B. Rocha ·3

Ilson C. A. da Silveira · Iury T.4

Simoes-Sousa · Glenn R. Flierl ·5

6

Received: date / Accepted: date7

Abstract South of the Vitória-Trindade Ridge, a seamount chain off East Brazil,8

the Brazil Current (BC) meanders cyclonically within Tubarão Bight, occasionally9

forming the Vitória Eddy. It was recently found that the Intermediate Western10

Boundary Current (IWBC), which flows equatorward below the BC, cyclonically11

recirculate within Tubarão Bight. We present an analysis of AVISO observations12

that suggest that the Vitória Eddy formation is conditioned by the strength of13

the BC upstream of Tubarão Bight. A weak BC is prone to local meandering and14

eddy formation in the bight, while a strong BC suppresses eddy formation in the15

bight but triggers downstream meander growth. To study the effects of the IWBC16

recirculation on the BC meandering and the Vitória Eddy formation, we formulate17

a simple two-layer quasi-geostrophic model. In the model, the BC is represented18

by a meridional jet in the upper layer and the IWBC recirculation is a steady19

eddy in the lower layer. The lower-layer eddy effectively acts as a topographic20

bump, affecting the upper-layer jet via the stretching term ψ2/R
2
d, where ψ2 is the21

lower-layer streamfunction and Rd is the baroclinic deformation radius. Based on22

the AVISO sea-surface height data and previous observational studies, we define a23

stationary eddy and reference jet. We conduct a number of initial-value problem24

experiments varying the upper-layer jet speed. A weak upper-layer jet slowly me-25

anders and develops a cyclone above the lower-layer eddy. As we increase the jet26

velocity, the meandering is faster and the cyclone is larger. But a too-strong jet27

has an opposite effect: the potential vorticity anomalies induced by the lower-layer28
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2 Dante C. Napolitano et al.

eddy are quickly swept away, leading to explosive downstream meander growth; no29

cyclone is formed above the lower-layer eddy. In all cases, the initial meandering30

trigger is a linear process (the steering of the upper-layer jet by the lower-layer31

eddy). But even when the upper-layer jet is weak, nonlinearity quickly becomes32

important, dominating the dynamics after 10 days of simulation. The downstream33

meander growth is fully nonlinear. Our idealized QG model confirms that the34

IWBC recirculation can trigger the Vitória Eddy formation and elucidates the35

mechanisms involved in this process.36

Keywords Brazil Current · Vitória Eddy · two-layer model · flow over37

topography · Dedalus38

1 Introduction39

The Brazil Current (BC) is the subtropical western boundary current of the South40

Atlantic. The BC is formed at about 15 ◦S, developing quasi-stationary, recurrent41

anticyclones as it negotiates the Brazilian eastern continental margin (Soutelino42

et al., 2011). At 20 ◦S, the BC encounters the Vitória-Trindade Ridge, a zonal43

seamount chain.44

The Abrolhos Bank and seamounts act as physical obstacles to the BC as it45

crosses the Vitória-Trindade Ridge poleward (see figure 1). South of the Vitória-46

Trindade Ridge, the BC meanders within Tubarão Bight, sometimes forming the47

Vitória Eddy (cf. Schmid et al., 1995). In the first description of the Vitória Eddy,48

Schmid et al. (1995) attributed its formation to the BC meandering, which was49

linked to strong coastal upwelling events. This topographically constrained eddy50

is quasi-stationary, with rare equatorward-translation events, first described by51

Campos (2006) using a numerical simulation. Arruda et al. (2013) attributed those52

Vitória Eddy translation events to dipole interactions with the Abrolhos Eddy (cf.53

Soutelino et al., 2011).54

Flowing equatorward at intermediate layers, the Intermediate Western Bound-55

ary Current (IWBC; cf. Boebel et al., 1999), originating at 28 ◦S, reaches Tubarão56

Bight, forming a topographically forced cyclonic recirculation (Costa et al., 2017).57

This recirculation—hereafter the IWBC Eddy—is quasi-steady and constrained to58

Tubarão Bight. In other words, the recirculation barely changes its speed or its59

position in time compared to the time scale of the BC variability (see Costa et al.,60

2017; Napolitano et al., 2019, for details).61

Interactions between the BC and the IWBC have been studied by Silveira et al.62

(2008), Mano et al. (2009) and Rocha et al. (2014). Silveira et al. (2008) showed63

that the meandering of the BC-IWBC system is caused by baroclinic instability.64

Using a numerical model, Mano et al. (2009) estimated baroclinic conversion dur-65

ing a cyclonic meandering event, showing that the perturbation starts at the IWBC66

and transfers energy from intermediate to upper layers as it grows. Based on the67

analysis of three moorings along the BC axis, Rocha et al. (2014) showed that the68

mean-to-eddy baroclinic conversion peaks around the BC-IWBC interface. The69

effects of a topographically-forced, slower-varying deep flow driving changes in the70

upper layers have also been addressed by Hurlburt and Hogan (2008), for the Gulf71

Stream separation region, and by Hurlburt et al. (2008), for the Japan/East Sea.72

Given the formation site of the intermittent, quasi-standing Vitória Eddy lo-73

cated above the quasi-permanent, stationary IWBC Eddy, we ask: Is the stretching74

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature



Can the Vitória Eddy formation be triggered by the IWBC recirculation? 3

produced by the IWBC recirculation strong enough to deflect the BC in the upper75

layers? In other words, how the IWBC Eddy affects the formation of the Vitória76

Eddy?77

As an initial step toward answering this question, we first look at the BC in78

the upper layer. We examine 26 years of altimetry data to identify (i) the path79

and velocity of the BC within Tubarão Bight; and (ii) the conditions sustaining80

or hindering the Vitória Eddy formation.81

2 Altimeter observations within Tubarão Bight82

Sea surface height (SSH) contours can be used as a proxy for the geostrophic83

signature of the western boundary currents (Vallis, 2017). To determine the main84

axis of the Kuroshio, Qiu and Chen (2005) used the 170-cm contour based on the85

maximum SSH meridional gradient in the region, whereas Andres (2016), using86

the same approach, selected the 25-cm contour for the Gulf Stream.87

Here, we use the SSH contours from the AVISO dataset, distributed by the88

Copernicus Marine Environment Monitoring Service (CMEMS), at L4-level pro-89

cessing with 1/4◦ of horizontal resolution. (The data are available at90

www.aviso.altimetry.fr/duacs.)91

BC axis position and velocity92

In our study region, we choose the 59-cm contour as a proxy for the BC axis93

streamline. This contour represents the approximate location of the maximum94

SSH gradient throughout the region. Figure 1 shows the BC paths, as indicated95

by the 59-cm SSH contours, obtained from 26 years of AVISO data. The blue96

lines depict the paths obtained from monthly-averaged SSH fields, and the red97

line is based on the 26-year average SSH. (South of 21 ◦S, we only considered98

contours in regions shallower than the 3500-m isobath.) In the upper layer, nearly99

every BC streamline crosses Tubarão Bight through the center of the intermediate-100

layer IWBC Eddy—the dashed black line in figure 1, which is based on Costa101

et al. (2017) and Napolitano et al. (2019). While monthly means in figure 1 show102

significant spreading of the BC paths north of 22 ◦S, there is much less variability103

south of 22 ◦S, where the BC organizes itself.104

From daily altimeter-derived geostrophic velocity we calculated the maximum105

velocity within Tubarão Bight. Figure 2-A displays a timeseries of the mean along-106

axis BC velocity above the IWBC Eddy. The mean BC speed within Tubarão Bight107

is 0.2 m s−1, ranging from ∼0.1 to 0.5 m s−1. Panel B shows the probability density108

function (PDF) of the BC speed, with frequent weak values close to half the mean,109

and episodic high velocities more than twice the mean. Previous mooring data in110

the region depicted mean velocities in the same ballpark as our estimates for the111

BC: in the Vitória-Trindade Ridge’s main channel, Müller et al. (1998) reported112

0.09 m s−1; within Tubarão Bight, Costa et al. (2017) reported 0.09±0.02 m s−1;113

downstream the bight, Rocha et al. (2014) reported 0.31±0.12 m s−1 at 22.8 ◦S.114

The maximum daily-velocity estimates in figure 2 is about 0.5 m s−1, close to115

shipboard-ADCP velocities in the Vitória-Trindade Ridge reported by Napolitano116

et al. (2019). Schmid et al. (1995) also found similar values within the innermost117

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature
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4 Dante C. Napolitano et al.

Fig. 1 Southeastern Brazil main topographic features and the Brazil Current axis. The current
axis is represented by the 59-cm SSH contours (from 1993 to 2018) over a schematic IWBC
eddy. Blue lines represent the 59-cm contour on monthly SSH means; the red line represents
the 59-cm contour in the mean SSH for the whole series. The IWBC eddy is represented by
the black dashed ellipse.

part of Tubarão Bight, using hydrographic sections and surface drifters. Off Cape118

Frio (23 ◦S), Silveira et al. (2004, 2008) analyzed data from synoptic velocity pro-119

filers and a mooring, and found maximum velocities of 0.5 m s−1 and 0.41 m s−1,120

respectively.121

Vitória Eddy formation and suppression events122

We define three BC regimes according to figure 2: the weak BC, with a velocity123

of 0.1 m s−1; the mean BC, with 0.2 m s−1; and the strong BC, with 0.5 m s−1.124

Following this classification, we examined the AVISO timeseries and selected, for125

each regime, periods of 30 days in which the BC crossed Tubarão Bight above the126

center of the IWBC Eddy, assuming that the eddy is stationary and thus remains127

locked within the bight. (Since we use gridded geostrophic velocities, this classi-128

fication may underestimate the BC strength during the events described next.)129

Analyzing AVISO’s daily SSH, we find that both local and remote mesoscale ed-130

dies are responsible for the variability in Tubarão Bight (e.g., Mill et al., 2015).131

To isolate the local effects, we selected periods where remotely-generated pertur-132

bations rarely entered the region, i.e. periods that the Vitória Eddy formation133

resulted solely from the BC meandering. Figure 3 shows snapshots of these events134

for each of the BC regimes defined above.135

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature



Can the Vitória Eddy formation be triggered by the IWBC recirculation? 5

Fig. 2 (A) Timeseries and (B) pdf for the Brazil Current geostrophic velocity within Tubarão
Bight from AVISO altimetry. Blue dots represent daily velocity values; the black line represents
the low-pass filtered velocity (60 days); the red solid line represents the mean velocity during
the whole series.

On 21 May 1999, a weak BC enters Tubarão Bight through the Vitória-136

Trindade Ridge’s main channel, flowing poleward along the Abrolhos Bank, and137

partially meandering in a cyclonic loop centered at ∼21.5 ◦S–37 ◦W (figure 3-A).138

Although fully developed on 31 May, an asymmetric Vitória Eddy with a stronger139

oceanic lobe is shown in figure 3-B; north of the Vitória-Trindade Ridge, the BC140

is not well organized. Figure 3-C shows the stationary Vitória Eddy within the141

IWBC Eddy domain, and mesoscale activity in the shelf break around Cape Frio142

(e.g., Silveira et al., 2008). North of the Vitória-Trindade Ridge, the BC reorga-143

nizes starting on 16 June (see figure 3-C).144

On 22 February 2015 a mean BC crosses the Vitória-Trindade Ridge mainly145

through its innermost channel (see figure 3-D). The BC meanders cyclonically,146

resulting in the Vitória Eddy. An anticyclone organizes itself north of the Vitória-147

Trindade Ridge at ∼19.5 ◦S, and a meander grows downstream of Cape São Tomé.148

By 9 March the Vitória Eddy is well developed (figure 3-E), and it remains coherent149

at least until 24 March (figure 3-F); on 24 March a cyclone is also formed from150

the downstream meandering (the eddies’s names are referenced in figure 3).151

Flowing poleward through the main channel of the Vitória-Trindade Ridge, on152

24 February 2011 a strong BC crosses straight through Tubarão Bight, reattach-153

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature
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Fig. 3 Snapshots for ∼30 days of AVISO SSH corresponding to (A–C) a weak BC with
∼0.1 m s−1 on 21 May 1999; (D–F) a mean BC with ∼0.2 m s−1 on 22 Feb 2015; and (G–
I) a strong BC with ∼0.5 m s−1 on 24 Feb 2011. Velocities are computed within Tubarão
Bight. Purple keys represent the topographic features, the dashed ellipse (yellow key) marks
the position of the permanent IWBC Eddy, and green keys mark the mesoscale eddies.

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature



Can the Vitória Eddy formation be triggered by the IWBC recirculation? 7

ing to the slope at 21 ◦S (see figure 3-G). This strong jet continues along the shelf154

break through Cape São Tomé, where a cyclonic meander grows (figure 3-H). In155

Tubarão Bight, the BC appears to suppress the formation of the Vitória Eddy.156

Downstream, at the capes, figure 3-I shows a fully-developed cyclone.157

In addition to the cyclones highlighted above, anticyclonic features in figures158

3-E and F (the Abrolhos Eddy) appear associated with the BC. Before the for-159

mation of the Abrolhos Eddy in figure 3-D, a large anticyclone appears east of160

the BC, between ∼21–23 ◦S. As the Vitória Eddy grows, it displaces this anticy-161

clone poleward, until it is no longer seen in figure 3-F. In figures 3-G and H, we162

observe the same structure, but without the formation of the Vitória Eddy. The163

anticyclone endures until the end of the analyzed period, although it weakens with164

time.165

In the different AVISO sequences analyzed, the Vitória Eddy lasts for less than166

2 months. The eddy is either absorbed by the BC, or decays close to the topogra-167

phy of Tubarão Bight and the Vitória-Trindade Ridge. As mentioned earlier, rare168

equatorward-translation events of the Vitória Eddy have also been described in169

the literature (e.g. Campos, 2006; Arruda et al., 2013).170

Motivated by these AVISO observations, from which we obtained different BC171

conditions in which the Vitória Eddy is formed or suppressed, we hypothesize172

(i) that the IWBC Eddy influences the formation of the Vitória Eddy and (ii)173

that the BC strength affects this process. To test these hypotheses, in section 3174

we formulate a quasi-geostrophic model to simulate the interaction of the IWBC175

Eddy with the BC in different regimes. This simple model isolates the effects of176

the stretching vorticity, which couples the IWBC Eddy with the BC jet. We study177

the eddy generation in the upper layer by fixing the lower-layer eddy amplitude178

and varying the upper-layer jet strength.179

3 The quasi-geostrophic model180

Model equations181

In our model, the evolution of the upper-layer potential vorticity (PV) in the182

f−plane is given by183

qt + J (ψ, q) = ν∇4ψ , (1)

where the PV is184

q = ∇2ψ︸︷︷︸
def
= ζ

+
ψ2 − ψ
R2
d

. (2)

Above, ψ is the upper-layer streamfunction, ψ2 is a steady streamfunction that185

represents the lower-layer flow, and Rd is the baroclinic deformation radius. The186

Jacobian in (1) is J(ψ, q) = ψxqy − ψyqx, and the Laplacian operator in (2) is187

∇2 = ∂2x + ∂2y . To ensure numerical stability, we included the dissipative term on188

the right of (1), where ∇4 = ∇2∇2 and ν is an effective viscosity.189

In this simple model, the steady lower-layer flow is coupled with the upper-190

layer dynamics via the stretching term—the second term on the right of (2). To191

simulate the effects of the topographically constrained IWBC recirculation on the192

BC eddy formation above, we choose ψ2 as a radially symmetric eddy (details193

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature



8 Dante C. Napolitano et al.

below). We emphasize that ψ2 = ψ2(x, y) and the dynamics in the lower layer194

is completely ignored. Thus (1)-(2) is effectively a barotropic quasi-geostrophic195

model with a topographic anomaly given by hb/H = ψ2/f0R
2
d, where f0 is the196

Coriolis parameter and H is the layer depth.197

Assuming a steady state for the upper layer with qt = 0, a linearized and198

inviscid form of (1) yields parallel streamfunction in the upper and lower layers,199

J(ψ,ψ2) = 0 , (3)

which implies ∇ψ ×∇ψ2 = 0, i.e. that the upper layer flow adjusts to the steady200

lower layer flow, or the bottom topography.201

We solve (1)-(2) numerically using Dedalus (Burns et al., 2019), a framework202

for solving partial differential equations with standard spectral methods. We use203

a re-entrant channel configuration, with a Fourier basis for the along-channel y-204

axis, and a Chebyshev basis for the cross-channel x-axis. We prescribe the initial205

streamfunction ψ, calculate q in (2) at t = 0, and then iterate the time-marching206

of q with (1) and the inversion for ψ with (2). Time-stepping is performed with a207

fourth-order implicit-explicit Runge–Kutta scheme. We enforce no-normal flow at208

the channel walls:209

ψy = 0 for n 6= 0 , (4)

where n is the Fourier component. As with all quasi-geostrophic channel models,210

the zeroth-Fourier component requires Phillips’s boundary conditions (Phillips,211

1954; McWilliams, 1977) given by212

ψyt − ν∇2ψy = 0 for n = 0 . (5)

At the channel walls, we also enforce213

∇4ψ = 0 , (6)

implying that there is no vorticity diffusion through the boundaries.214

Model setup and initial conditions215

We run a set of initial-value experiments initialized with a jet in the upper layer216

that represents the Brazil Current basic state. The steady lower-layer flow is a217

radially symmetric eddy whose velocity is given by218

V (r) = ve tanh

(
πr

5 re

)
B(r) , (7)

where r =
√

(x− xc)2 + (y − yc)2 is the radial distance from the center of the219

eddy (xc, yc), and ve and re are the IWBC Eddy maximum velocity and radius,220

respectively, obtained from previous studies (see below). Also in (7), B(r) is a bell221

function,222

B(r) =

[
2

5
+

(
r

re

)15
]−1

. (8)

The asymmetric eddy shape in (7) is inspired by observations that depicted an223

IWBC Eddy with a faster decay toward the continental slope (Costa et al., 2017;224

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature



Can the Vitória Eddy formation be triggered by the IWBC recirculation? 9

Fig. 4 Velocity profiles of the model across the center of the eddy. The dashed line shows the
simulated IWBC Eddy velocity in the lower layer. Solid lines represent the simulated BC in
the upper layer: (i) the green line represents the weak BC case; (ii) the blue line represents
the mean BC case; and (iii) the red line represents the strong BC case.

Napolitano et al., 2019). Based on Napolitano et al.’s Argo climatological fields,225

we choose re = 90 km and ve = 0.2 m s−1. These parameters are also consistent226

with values reported by Costa et al. (2017).227

From V (r) we compute the Cartesian x-y velocity components228

(u, v) = V (cos θ , sin θ) , (9)

where θ = tan−1[(y−yc)/(x−xc)]. The streamfunction ψ2 is calculated numerically229

given u and v, using an iterative method in Dedalus.230

The initial upper-layer flow is an along-channel Gaussian jet centered at xc.231

The initial streamfunction is232

ψ(t = 0) = −v0 L erf
(x− xc

L

)
, (10)

where erf is the error function,233

erf(χ)
def
=

2√
π

∫ χ

ξ=0

e−ξ
2

dξ , (11)

L/
√

2 is the Gaussian decaying scale, v0 is the jet maximum speed, and we recall234

that xc is the x-coordinate of the lower-layer eddy center.235

Based on Napolitano et al.’s (2019) shipboard observations of the BC in Tubarão236

Bight, we set L = 25 km, so that the jet width is 50 km. The AVISO analysis in sec-237

tion 2 reveals that the BC maximum speed in Tubarão Bight ranges from about 0.1238

to about 0.5 m s−1 (figure 2). To study the model dependency on this variability,239

we conduct three sets of experiments with v0 = [0.1, 0.2, 0.5] m s−1, representing a240

weak, mean, and strong BC regime. Figure 4 shows the model velocity profiles241

at y = yc for the lower-layer IWBC Eddy (dashed line) and the three selected242

velocities for the upper-layer BC jet (solid lines).243

We choose a channel length long enough to prevent downstream-propagating244

anomalies from reentering the domain and spoiling the solutions in the lower-layer245

eddy region. Table 1 contains the parameters of all experiments discussed below. In246

these experiments, the channel width is 600 km, and the channel length varies from247

2400 to 4800 km, with the longer channels for stronger jet experiments. The number248

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature



10 Dante C. Napolitano et al.

Table 1 Parameters used in the Dedalus experiments. For every experiment, we set an IWBC
eddy radius re of 90 km and eddy speed ve of 0.2 m s−1; we set the BC width to 50 km, and
the jet position aligned with the IWBC eddy center. The deformation radius is 50 km.

Experiment Channel BC
name ν Ly ny spd

(m2 s−1) (km) (m s−1)
linear weak 02 2400 264 0.10
linear mean 04 2400 264 0.20
linear strong 12 2400 264 0.50
nonlinear weak 02 2400 264 0.10
nonlinear mean 04 3600 384 0.20
nonlinear strong 12 4800 512 0.50

of Chebyshev and Fourier modes are such that, in the middle of the domain, the249

grid space is ∆x ≈ ∆y ≈ 10 km. We tested the sensitivity of the solutions by250

running the model with double resolution and found only small differences.251

We conduct both nonlinear and linear experiments for a weak, mean and252

strong upper-layer jet. The linear calculations are performed by suppressing the253

nonlinear term J(ψ,∇2ψ) from the full Jacobian J(ψ, q) in (1), since J(ψ,−Rd−2ψ)254

= 0.255

4 Model results and discussion256

Linear experiments257

Figure 5 shows snapshots of streamfunction for the linear mean experiment (v0 =258

0.2 m s−1). We only display the results for a region that extends about 300 km from259

the western boundary and about 450 km (150 km) south (north) of the lower-layer260

eddy. This channel strip is meant to represent the region between Abrolhos Bank261

(18 ◦S) and the Cape Frio High (24 ◦S), between the 200-m and 3500-m isobaths262

(see figure 1).263

The dynamics here are governed by264

qt = −J
(
ψ,

ψ2

R2
d

)
. (12)

We emphasize that the tendency on the right of (12) is linear because ψ2 is pre-265

scribed, and topographic steering by the lower-layer eddy drives changes in ψ.266

(The dissipation term −ν∇2ζ is negligible, and the solutions are essentially invis-267

cid.) The evolution of the flow for the mean experiment in figure 5 is also typical268

for the other linear experiments (weak and strong, not shown), and differs from269

the parallel flow condition in (3), since the steady state approximation is relaxed270

and qt 6= 0. The upper-layer jet immediately responds to the lower-layer eddy by271

developing a meander with a cyclone (a crest) upstream of the eddy center and272

an anticyclone (a trough) downstream of the eddy center. This wavy perturbation273

has a wavelength of about 40-50 km, is trapped and seems to propagate around274

the lower-layer eddy. With this trapped-wave propagation, the meander appears275

to wear down and form periodically. No steady state is achieved.276

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature



Can the Vitória Eddy formation be triggered by the IWBC recirculation? 11

Fig. 5 Dedalus snapshots for ∼300 days of simulation for the linear weak experiment. The
colors and black streamlines represent the upper-layer modeled BC. The dashed cyan line
represents the zero-velocity contour of the modeled lower-layer eddy, and the solid cyan contour
represents the maximum eddy velocity.

In short, a stationary eddy (a Vitória Eddy) is not formed in the linear model,277

regardless the jet strength. We now turn to the evaluation of nonlinear solutions278

and discuss the parameters under which such eddy is formed.279

Nonlinear experiments280

Figure 6-A through 6-R show sequences of snapshots of the nonlinear evolution281

of the streamfunction for the cases of weak, mean, and strong upper-layer jet;282

all other flow parameters are fixed. In all three cases, the upper-layer jet quickly283

begins to meander in the lower-layer eddy region, but the solutions then begin to284

diverge. In the weak upper-layer jet case (figure 6-A to F), the meander grows285

to finite amplitude locally, with a strong cyclone (closed streamlines with ψ > 0)286

developing on top of the lower-layer eddy and an anticyclone (closed streamlines287

with ψ < 0) in the lee of the eddy (figure 6-C to F). The meander reaches its288

strongest amplitude in about 19 days (figure 6-D).289

While the weak case leads to local meandering, the strong upper-layer jet290

rapidly advects the perturbation generated on top of the lower-layer eddy, which291

undergo explosive downstream growth (figure 6-G to L). In 17 days the cyclonic292

meander has grown to finite amplitude and travelled 300 km downstream (figure 6-293
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Fig. 6 Dedalus snapshots for ∼30 days of simulation for the nonlinear (A-F) weak, (G-L)
mean, and (M-R) strong experiments. The colors and black streamlines represent the upper-
layer modeled BC. The dashed cyan line represents the zero-velocity contour of the modeled
lower-layer eddy, and the solid cyan contour represents the maximum eddy velocity.

D). Interestingly, an anticyclonic vortex forms in the wake of the cyclonic meander.294

This vortex interacts nonlinearly with the meander, growing in amplitude as both295

features are advected downstream (see sequence in figures 6-I to L).296

The mean upper-layer jet case displays features of these two extreme regimes297

(figure 6-M to R). The meander grows locally, but there is also downstream ad-298

vection and growth. Given this partial downstream advection of the initial per-299

turbations, the local meander has a smaller amplitude than in the weak case.300
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In cases where the eddy is formed, the anticyclonic part of the meander formed301

by the initial trigger (which is in the offshore part of the bump) is advected by302

the nonlinear term J(ψ, ζ). However, the cyclonic part of the meander remains303

trapped between the wall and the lower layer eddy stretching J(ψ, ψ2

R2
d
).304

Thus the jet velocity controls the magnitude of the nonlinear term J(ψ, ζ),305

which in turn drives changes in the flow: the stronger the upper-layer jet, the306

largest the initial J(ψ, ζ), and the faster the perturbations are advected down-307

stream.308

Our nonlinear quasi-steady solutions resemble the flow over topography prob-309

lem discussed by Ingersoll (1969), who explored the formation of Taylor columns310

and the circulation around a topographic bump of different heights. Conversely, we311

vary the upper-layer jet velocity v0 = [0.1, 0.2, 0.5] m s−1 and fix the “topographic312

bump” as an anomaly imposed by the steady lower-layer eddy (the IWBC Eddy),313

314

h
def
=

hb
H

=
Ψ2

f0R2
d

=
ve
f0Rd

≈ 0.08 , (13)

where Ψ2 = veRd is the magnitude of the lower-layer streamfunction (ve =0.2 m s−1
315

is the eddy velocity). With scales Rd = 50 km and f0 = 5 × 10−5, we obtain the316

Rossby number317

Ro
def
=

v0
f0Rd

= [0.04, 0.08, 0.2] (14)

for the weak, mean and strong upper-layer jet cases, respectively. Ingersoll318

(1969) remarks that a flat obstacle (a cylinder) yields solutions with closed stream-319

lines when h/Ro ≥ 2. In our experiments, we obtain closed streamlines not only320

with the weak upper-layer jet, where h/Ro = 2, but also in the mean case, where321

h/Ro = 1, possibly due to boundary effects.322

A local steady state323

We discussed above the first 30 days of simulations because it is the approximate324

time it takes for the meanders to reach finite amplitude locally or for the down-325

stream meander to leave our region of interest. The changes after these 30 days are326

relatively small, and the solution slowly approaches an approximate steady state327

within the 300× 600-km channel strip of the snapshot figures.328

To assess the convergence of the solution to this local steady state, we define329

an iterative normalized root mean square streamfunction330

RMSψ
def
=

√∑
(ψi − ψi−1)2∑

ψ2
i

, (15)

where i represents simulation days. A reasonable criterion to define a local steady331

state is that RMSψ ≤ 2 × 10−3; i.e., the solution varies by less than 0.2% from332

the previous day.333

Figure 7 shows timeseries of RMSψ for the BC nonlinear cases. The time334

taken to achieve an approximate steady state varies widely across the simulations.335

(Note the different time range in figures 7-A, B and C.) In the weak case, the336

solution reaches a steady state in 194 days (panel A), and in the mean case (panel337
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14 Dante C. Napolitano et al.

Fig. 7 Root mean square differences between daily streamfunction fields. In the left panels, the
dashed red line represents the 2×10−3 threshold; in the right panels, solid red lines represent
potential vorticity and solid black lines represent streamfunction for (A) the weak BC, (B)
the mean BC and (C) the strong BC.

B) it takes 115 days. In both cases the steady solution consists of a standing338

meander, with the jet deflecting toward the boundary downstream of the lower-339

layer eddy. On top of the lower-layer eddy, both solutions display closed contours340

of streamfunction and potential vorticity. Another common feature is a pinched-off341

anticyclonic eddy downstream of the meander and away from the boundary.342

The strong upper-layer jet (strong BC, panel C) reaches an approximate343

steady state much faster, in about 44 days. While perturbations induced by the344

lower-layer eddy grow explosively as they are advected downstream, these transient345

eddies are swept out of the domain of interested. There are no closed contours of346

streamfunction and potential vorticity; the steady solution is a straight jet similar347

to the initial condition.348

Linear vs nonlinear dynamics349

We now step further into the dynamics of our nonlinear experiments to investigate350

the contribution of the linear relative to the nonlinear term of the solution for the351
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weak, mean, and strong cases. Expanding the Jacobian in the potential vorticity352

equation (1) yields353

J(ψ, q) = J(ψ, ζ)︸ ︷︷ ︸
nonlinear

+ J(ψ,ψ2/R
2
d)︸ ︷︷ ︸

linear

, (16)

where we recall that ζ = ∇2ψ is the relative vorticity. The linear term on the right354

of (16) represents the steering of the upper-layer flow by the lower-layer eddy, and355

it scales as356

linear ∼ R−4
d ΨΨ2 = R−2

d v0ve . (17)

The nonlinear term is the advection of relative vorticity by the upper-layer flow,357

and it has magnitude358

nonlinear ∼ R−4
d Ψ2 = R−2

d v20 . (18)

In the above scaling we assumed that the eddy quantities have deformation radius359

length scales. The ratio between these two terms is360

linear

nonlinear
∼ Ψ2

Ψ
=
ve
v0

=
h

Ro
, (19)

where h is the non-dimensional amplitude of the lower-layer eddy, which is equiv-361

alent to a topographic Rossby number [see the discussion surrounding (13)].362

For the weak case, this ratio is 2. Thus we expect that both terms are impor-363

tant, with the linear term dominating within the lower-layer eddy region. Figure364

8-A displays an along-channel Hovmöller diagram of the potential vorticity ten-365

dency (qt) through the center of the lower-layer eddy (x = xc). The vertical dashed366

line is y = yc, the center of the lower-layer eddy. Panels B and C of figure 8 breaks367

down this tendency into the contributions of the linear and nonlinear terms in368

(16). This linear term provides the initial trigger for the jet meandering in the369

lower-layer eddy region, with the upper-layer jet being steered by the lower-layer370

eddy. In the initial few days of the simulation, the linear term accounts for most371

of the potential vorticity tendency. Downstream of the lower-layer eddy, where the372

linear term vanishes, the nonlinear term takes over, with the formation of a strong373

anticyclonic eddy and the slow propagation of a small meander (see the slanted374

pink and green strips in figure 8-C). To quantify the relative importance of linear375

and nonlinear dynamics, we compute a timeseries of376

γ
def
=

rms(linear)

rms(linear+nonlinear)
, (20)

where rms denotes root mean square. The ratio γ quantifies the relative importance377

of the linear and nonlinear terms, being 1 for fully linear and zero for fully nonlinear378

dynamics.379

Figure 8-D shows this ratio for the weak experiment. As indicated in the380

Hovmöller diagrams, the dynamics are fully linear at the beginning of the mean-381

dering process, but nonlinear advection becomes important after one day, and it382

dominates the dynamics after 10 days.383

Figures 8-E and F show the ratio γ for the mean and strong experiments.384

In all cases the initial trigger is a linear process—the steering of the upper-layer385

jet by the lower-layer eddy. But the nonlinear takeover occurs more rapidly with386
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Fig. 8 Hovmöller diagram of (A) variation of potential vorticity, (B) linear term of the Jaco-
bian, (C) nonlinear term of the Jacobian in (1) for the nonlinear weak BC experiment. The
vertical dashed line represents the center of the eddy at yc, separating the dynamics upstream
and downstream of the lower-layer eddy. Horizontal dashed lines represent timesteps of the
analyzed snapshots. The potential vorticity at t = 0 is shown in the lower right. The time-
series show the ratio between the linear and nonlinear terms throughout the simulation for
(D) weak, (E) mean and (F) strong cases.

the increasing upper-layer jet speed (and associated reduction of the h/Ro param-387

eter). For the strong upper-layer jet experiment, where the local meandering is388

weak and most of the variability is accounted for by downstream meander growth,389

nonlinear advection dominates after about 2 days, and after 15 days it accounts390

for essentially all the dynamics. In this strong case, after the initial trigger, the391

upper-layer jet barely feels the lower-layer eddy, and it satisfies standard two-392

dimensional dynamics qt ≈ −J(ψ, ζ).393

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature
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5 Final remarks394

Using a simple theoretical model, we show that the intermediate-layer IWBC re-395

circulation may be strong enough to steer the Brazil Current, leading to the for-396

mation of the Vitória Eddy above this recirculation. Thus the topographically397

constrained intermediate flow likely influences the Brazil Current eddying circu-398

lation. Our model simulates the IWBC recirculation as a steady eddy that acts399

like a topographic bump in a barotropic model, and the Vitória Eddy formation400

is treated effectively as a flow past topography problem. Thus the Vitória Eddy401

can be addressed as a stagnant region in the solution, i.e., a Taylor-column.402

Our model results suggest that the initial trigger for the Vitória Eddy is a linear403

process—the steering of the Brazil Current jet by the IWBC recirculation flow.404

But nonlinearity, through advection of the anticyclonic portion of relative vorticity405

anomaly generated by the linear topographic steering of the Brazil Current, is also406

needed for the Vitória Eddy growth. In the linear experiments, the Vitória Eddy407

does not form (figure 5). But in the nonlinear experiments, the steady IWBC408

recirculation steers the current. When the Brazil Current jet is relatively weak409

(≤ 0.2 m s−1), a standing meander forms on top of the IWBC recirculation, and410

nonlinearity drives downstream meander growth (figures 6-A to F; and 6-M to411

R). In this case, downstream of the recirculation, the Brazil Current veers rapidly412

toward the boundary. In the local steady state the Brazil Current is attached to the413

boundary south of the Vitória Eddy (figure 7-A). When the Brazil Current is very414

strong (0.5 m s−1; figure 6-G to L), the potential vorticity anomalies generated on415

top of the recirculation are quickly swept away, leading to explosive downstream416

meander growth. In this case, no Vitória Eddy is formed.417

Given the complex structures and interactions depicted by our AVISO analysis418

(figure 3), our model cannot be used to fully explain the Vitória Eddy formation419

or to quantitatively represent the observed patterns. But it is certainly an initial420

step toward understanding the process. Future studies could add more complexity421

to the model, including changes in the upper-layer jet velocity, the Brazil Current422

feedback into the IWBC recirculation [i.e., adding an evolution equation for v =423

v0 in (10) and for q2, respectively]. Also, effects of topography, and eddy decay424

processes could be included. Recently, Napolitano et al. (2019) showed that the425

variability in the region is dominated by westward-propagating eddies, which are426

likely to complicate the picture. To further address the mechanisms that drive the427

Vitória Eddy, we call for a hierarchy of models, from solutions as simple as ours428

to idealized primitive-equation simulations to complex regional numerical models.429
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