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Abstract Northwestward-propagating North Brazil Current (NBC) Rings are often destroyed upon
reaching the Caribbean islands, carrying South Atlantic waters into the North Atlantic gyre and connecting
the two branches of the Atlantic Meridional Overturning Circulation. Recent observations of NBC rings
reported surface and subsurface cores separated by strong stratification. As independent structures, the
subsurface eddies often appeared below—even if not aligned with—the surface rings. Motivated by these
findings, this paper investigates the occurrence and consequences of vertical coupling between surface and
subsurface NBC rings by applying a simplified theoretical model to a realistic numerical simulation. Eddy
tracking in this complex simulation reveals around 1,600 instantaneous observations where eddies overlap.
At each observation, we assess the eddies' vertical interaction with a 2'/,-layer quasi-geostrophic
framework. This interaction boils down to either coupling between the layers or a vertical splitting of the
system, depending on eddy strength versus background shear. The effects of coupling include long-lived
eddies that can travel longer distances. These effects are particularly important for the lower layer, where
differences between coupled and non-coupled eddies are striking: about 40% of eddies with coupling travel
500 km, with ~10% carrying South Atlantic Water up to the Caribbean sea. Without coupling, eddies
propagate less than 150 km. During coupling, lower-layer eddies could be driven by their surface
counterparts to move offshore and bypass a topographic choke point, thus leaving the NBC retroflection
region. Although still speculative, this idea explains the link between coupling and the increase in both
lifetime and distance traveled for these eddies.

Plain Language Summary Recent multi-platform observations of the typical North Brazil Current
(NBC) rings, extending from the surface down to 400 m, reported surface and subsurface cores kept apart by
strong stratification. As independent structures, the subsurface eddies often appeared below—even if not
aligned with—the surface rings. Motivated by these observations, we investigate the occurrence and
consequences of vertical coupling between surface and subsurface NBC rings by applying a simplified
theoretical model to a realistic numerical simulation. Eddy tracking in this simulation reveals around 1,600
observations where eddies overlap. At each observation, we assess the eddies' vertical interaction, which can
reveal either coupling or splitting of the system. We find that long-lived eddies, which are able to travel longer
distances, appear due to coupling. The coupling effects are particularly important for the lower layer, which may
carry South Atlantic Water for 1,500 km up to the Caribbean sea. During coupling, lower-layer eddies could be
driven by their surface counterparts to move offshore and bypass a topographic choke point, leaving the NBC
retroflection region. Although still speculative, this idea explains the link between the coupling effect and the
observed increase in both lifetime and distance traveled for these eddies.

1. Introduction

Despite major advances in what we know about oceanic eddies over the past few decades, the road ahead is still
decades away from a thorough understanding of these features. While fundamental issues such as the rather
arbitrary definition of an eddy continue to be debated, the scientific community has reached a consensus that
eddies are an important part of the climate system. According to Z. Zhang et al. (2014), the transport of mass by
mesoscale [that is, Ro = Y/ ~9(0.1)] eddies is only comparable in magnitude to that of the thermohaline-driven
circulation, a.k.a the Meridional Overturning Circulation (MOC). The role of eddies in climate includes the
transport of heat and salt anomalies and water masses of distinct characteristics around the globe (e.g., Dong
et al., 2014).
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In addition to surface-intensified eddies, deep, coherent vortices (usually assembled into a broad definition of
submesoscale coherent vortices, SCVs; McWilliams, 1985) are likely to further increase the contribution of
eddies to volume transport in the oceans. SCVs are subsurface intensified and can travel thousands of kilometers.
Except if eddies merge with other eddies or break, they undergo minimal changes in their passive tracer content
from their formation to their destruction regions, where the tracer uptake or release is strongest (McWil-
liams, 1985). These coherent structures have recently been observed worldwide with moored ADCP (Acoustic
Doppler Current Profiler; e.g., X. Zhang et al., 2022), shipboard ADCP and underway CTD (Conductivity
Temperature Depth; e.g., de Marez, Carton, Corréard, et al., 2020; Lazaneo et al., 2022), ocean gliders (e.g., Bosse
et al., 2015; Gula et al., 2019), Argo profiles (e.g., McCoy et al., 2020), and seismic profiles (e.g., Gula
et al., 2019).

Both surface-intensified eddies and SCVs are known features in the equatorial-to-tropical North Atlantic tran-
sition region, where large eddies are formed in the North Brazil Current (NBC) retroflection (e.g., Nof &
Pichevin, 1996; Silveira et al., 2000) and propagate northwestward, often being destroyed as they approach the
Caribbean islands (e.g., Andrade-Canto & Beron-Vera, 2022; Fratantoni & Richardson, 2006). They are called
NBC rings (Johns et al., 1990; Richardson et al., 1994) and come in different varieties (e.g., Bourles et al., 1999;
Fratantoni & Glickson, 2002; Fratantoni & Richardson, 2006; Johns et al., 2003; Wilson et al., 2002). They play a
major role in the cross-hemispheric transport of South Atlantic waters into the North Atlantic gyre, connecting the
two branches of the Atlantic MOC (AMOC; e.g., Johns et al., 1990, 2003) in what has recently been defined as the
“direct” route (Chidichimo et al., 2023; Tuchen et al., 2022). Early estimates by Johns et al. (1990) and
Richardson et al. (1994) suggested that the NBC rings would transport about 3 Sv (1 Sverdrup: 10° m® s7!) of
South Atlantic Water (SAW) to the northwest. These include the Salinity Maximum Water (SMW), the South
Atlantic Central Water (SACW), and the surface Tropical Water (TW), brought in from the South Atlantic
(Stramma & Schott, 1999) and modified by the North Atlantic waters and the Amazon River inflow (Hellweger &
Gordon, 2002). Years later, estimates of the total SAW transport accounted for by NBC rings were increased to
9.3 Sv, by considering the contribution of thick subsurface NBC rings in addition to the surface-intensified,
satellite-tracked NBC rings (Johns et al., 2003). From three vertical sections along the Caribbean islands, Rhein
et al. (2005) suggested that about '/5 of the total SAW transport (~3 out of 9.1 Sv) could be related to these long-
lived, subsurface NBC rings.

The core of the subsurface NBC rings is generally located within the 1,024.5-1,027.1 kg m ™ isopycnal layer, that
is, the domain of the salinity maximum and central waters (e.g., Bueno et al., 2022; Kirchner et al., 2009; Rhein
et al., 2005; Stevens et al., 2021, although the limits and definitions vary in the literature). This layer is of
particular interest for climate regulation as it contains most of the water of South Atlantic origin (e.g., Metcalf &
Stalcup, 1967) that reaches the North Atlantic MOC, with particular interest drawn to the SACW, which on
average fills 80%—100% of the central layers (Kirchner et al., 2009). Understanding the SACW pathways is key to
assessing climate change, as this water mass formation in the subtropical surface ocean is responsible for the
uptake and redistribution of roughly 10% of the global upper ocean warming (e.g., Chidichimo et al., 2023)
through ventilation of the main thermocline (e.g., Kolodziejczyk et al., 2019).

With unprecedented measurement campaigns such as the recent EUREC4A-OA project (Karstensen et al., 2020;
Speich et al., 2021; Stevens et al., 2021; Subirade et al., 2023), which promoted multi-platform, high-resolution
observations, attention was again drawn to the different types of NBC rings previously described in the literature.
These include the typical large NBC rings extending from the surface down to over 400 m, a shallower (~200 m)
surface intensified variety, and a subsurface intensified one occupying the ~200-400 m range (e.g., Johns
etal., 2003; Wilson et al., 2002). Of the three, the former may have two distinct surface and subsurface cores (e.g.,
Fratantoni & Glickson, 2002; Stevens et al., 2021). Indeed, upstream of the NBC retroflection region, both surface
and subsurface anticyclones have been shown to coexist independently in the NBC domain; Simoes-Sousa
et al. (2021)'s Barreirinhas Eddies originate from the stacked NBC-NBUC (North Brazil Undercurrent) current
system, in which both currents may have separate cores due to the high stratification that decouples the density
layers. It is possible that a footprint of the original NBC-NBUC configuration crossing the Equator still drives
independent cores embedded in the NBC retroflection region where NBC rings are shed.

Observations from the EUREC4A-OA campaign captured surface and subsurface eddies separated by strong
stratification (Stevens et al., 2021; Subirade et al., 2023). Although considered as independent structures, the
subsurface eddies often appeared below—though not aligned with—the surface rings, a picture also shown in the
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Figure 1. The GIGATL3 study region and layer definition. (a) Local bathymetry (colors) and the eddy boulevard (green highlighted area), with the NBC path (red line)
closely following the NBC main axis (indicated by arrows) around 1000 m (black line). The NBC path is defined by projecting the 20-m isobath offshore onto the
1,000 m isobath. (b) 2-year mean stratification (N?) and (c) vertical shear (S?) along the NBC path. Gold lines mark the 6, = 1,024.5 kg m~ and oy, =1,026.9 kg m™
layer boundaries. Black lines mark the 1,024, 1,025, and 1,026 kg m™3 isopycnals for reference.

early stages of vortex vertical interaction (e.g., Nof & Dewar, 1994). Following Polvani (1991)'s theory on the
vertical alignment of eddies, Nof and Dewar (1994) showed in laboratory experiments how anticyclones occu-
pying different layers in a stratified fluid can align vertically. Later, vertical alignment was observed in three cases
for Meddies (Mediterranean Water eddies) under the Azores Current (Tychensky & Carton, 1998). Finally,
Reinaud and Carton (2020) numerical experiments have extensively explored the vertical coupling under
different flow configurations, leading us to question: Are the surface and subsurface NBC rings really inde-
pendent structures throughout their life cycle? Or do eddies in the NBC interact vertically when they are strong
enough to overcome the local vertical shear? Furthermore, could local and/or larger-scale effects of a possible
coupling affect the cross-hemisphere transport of SAW?

The main objective of this study is to investigate the occurrence and consequences of vertical coupling between
surface and subsurface NBC rings. To this end, we apply a simplified theoretical framework to a realistic regional
numerical model. In the next section, we briefly describe the model configuration and track NBC rings through
different layers. We then introduce the reader to the theory used here and how it fits our simulated eddies. Finally,
we discuss the occurrence, distribution, and implications of vertical coupling between NBC rings.

2. The NBC Rings in the Numerical Simulation

We use two years of simulation with 12-hr averages to smoothly track the eddies. The simulation, called GIG-
ATL3 (Gula et al., 2021), uses the model CROCO (Coastal and Regional Ocean COmmunity model, based on the
Regional Oceanic Modeling System; Shchepetkin & McWilliams, 2005) over the Atlantic Ocean with a nominal
3 km horizontal resolution and 100 terrain-following vertical levels. The simulation uses SODA's (Simple Ocean
Data Assimilation; J. A. Carton & Giese, 2008) initial and boundary conditions, hourly CFSR (Climate Forecast
System Reanalysis; Saha et al., 2010) atmospheric forcing, a k-e turbulence closure scheme (Umlauf &
Burchard, 2003) for parameterization of vertical mixing, and 30-s arc bathymetry (SRTM30plus data set; Becker
et al., 2009). The Amazon River input is a monthly climatology from Dai and Trenberth (2002). The simulation
has no tides and is initialized in January 2004. We use the simulated years 2011 and 2012. The family of GIGATL
simulations (cf. Gula et al., 2021, for the source code) were previously used for a wide range of applications (e.g.,
Qu et al., 2021; Ruan et al., 2021; Tagliabue et al., 2022; Vic et al., 2022).

2.1. An Overview of NBC Rings at Various Depths

A subset of the model domain is shown in Figure 1a. This subdomain extends over 20° in both south-north and
east-west directions, and we conduct our analyses in the along-isobath strip highlighted in Figure 1a. The mean
NBC enters the region around 2°N and flows northwestward along the 1000-m isobath (Figure 1a), up to the
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Caribbean islands. To separate surface from subsurface flows, we restrict our analyses to two separate layers
(Figures 1b and 1c) along this ~2,000 km strip termed the “eddy boulevard” (Stevens et al., 2021). The layers'
definition follows that of the water masses they primarily transport, that is, the TW (layer 1, between the surface
and o, = 1,024.5 kg m_3) and the SMW-SACW (layer 2, between o, = 1,024.5 and 1,026.9 kg m_S). As noted
above, water mass names and density limits can vary in the literature. Our definitions closely follow those used by
Rhein et al. (2005) and Kirchner et al. (2009) for the TW, SMW, and upper SACW. We choose to combine the
latter two into one “thermocline layer” which transports most of the SAW (Bueno et al., 2022; Kirchner
et al., 2009). We also support our choice of isopycnals from the model's vertical sections of stratification
(N? = p%/)z; Figure 1b) and vertical shear (S? = u? + v?; Figure 1c) along the NBC path. (In the previous defi-

nitions, subscripts denote derivatives in the indicated Cartesian direction.) Figures 1b and 1c show that the lower
(upper) limit of layer 1 (2) lies in the highest N* and S? regions, suggesting a dynamical boundary between these
layers.

Historically, eddies have been identified by satellite altimeters via their sea surface height (SSH) signature (see Fu
et al., 2010; Morrow et al., 2019, for past and future applications of satellite altimetry to eddy dynamics).
Recently, Subirade et al. (2023) tracked surface NBC rings via SSH and compared their characteristics with
EUREC4A-OA in situ data. However, within the high-shear, stratified background flow in the NBC region,
subsurface-intensified eddies may not be visible in the SSH field (e.g., Stevens et al., 2021). Therefore, we take
advantage of the 3D velocity field of the numerical simulation and avoid the debate about whether deeper eddies
are detected by altimetry or not. We then identify and track the eddies in each layer independently using the
Okubo-Weiss parameter (OW), a relationship between rotation and deformation of the flow (Okubo, 1970;
Weiss, 1991). Within the eddy boulevard (Figure 1a), we compute OW (as in Isern-Fontanet et al., 2004) for each
layer k,

OW|_yp =57 + Sﬁ -, (1)

and average within the layers' limits. In Equation 1, s, = u, — v, and s = v, + u, are, respectively, the normal and
shear components of the strain field, and { = v, — u, is the vertical component of the relative vorticity of layer k.

To get an overview of the propagation of intense rotating structures (henceforth treated as eddies), we average
OW along the model's x-direction (approximately cross-isobath) and take its 1/3 quantile, that is, the ~33% most
negative values of OW. The space-time evolution of such eddies is depicted in Figure 2a. Slanted bands of
<OW ,>"? indicate the northwestward propagation of eddies after they gain strength around 4°N (~250-500 km).
Superimposed on these, bands of strong <OW,>"* (<=7.5 x 10™"!) indicate the motion of layer-2 eddies.
Interestingly, layer-2 eddies remain quasi-standing within the NBC retroflection (between 0 and ~500 km),
except for a few rogue trajectories that travel more than 1,000 km downstream of this region. Moreover, these
trajectories often—if not always—propagate along strong <OW,>'", as if closely followed by an accomplice

eddy on layer 1.

Specific examples are plotted to show the presence of the NBC rings in layer 1 (Figures 2b—2d) and in layer 2
(Figures 2e-2g). Numerous SCVs are also visible in both layers. In the tropical ocean, submesoscales
[Ro ~ ©(1)] (and SCVs therein) can be up to one order of magnitude bigger than those in classical mid-latitude
examples, reaching up to 50-200 km (e.g., Marchesiello et al., 2011). Although some of these smaller structures
tend to be cast aside in the next sections due to the nature of our QG analysis, they deserve future attention as they
have been recently suggested to be double agents in the route to energy dissipation, acting as conveyors of energy
(and tracers) to larger scales via the inverse cascade (e.g., Z. Zhang et al., 2023) or cascading energy down to
smaller scales (e.g., Lazaneo et al., 2022). Considering the larger structures yielding a strong <OW,>'3 three
possible settings (also depicted from schematics in Bourles et al., 1999) are drawn from Figure 2a: (a) on 22 Aug
2011, an eddy exists in layer 1, marked by strong OW, < 0, but no eddy is observed in layer 2 (Figures 2b and 2e);
(b) conversely, OW, on 16 Apr 2011 marks a layer-2 eddy within the NBC retroflection, but the signal is absent in
layer 1 (Figures 2c and 2f); (c) on 11 Sep 2012, the superimposed OW signals show concomitant eddies in both
layers (Figures 2d and 2g).

The vertical sections of the eddies depicted in Figures 2b—2g reveal the different types of eddies in the region
(Figure 3), as previously observed by Fratantoni and Richardson (2006). The surface eddy on 22 Aug 2011
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Figure 2. (a) Hovmoller diagram of <OW1>”3 (< > denotes spatial average on the model x-direction and '/, denotes a 0.33

quantile). Orange bands show <OW2>” 3 values stronger than an arbitrary threshold —7.5 x 10~'". Circles indicate color-
coded features displayed in the right panels via snapshots of selected OW, (b—d) and OW, (e—g). Daily OW (colors)
highlights the presence or absence of eddies in the eddy boulevard (grayscale) of each layer. The red solid line is the
Hovméoller path and the red dashed line is the direction of “zonal” averaging in the curvilinear grid.

presents a coherent core entirely within layer 1 (Figure 3a), displaying velocities >10.5lm s™' from the surface to
100 m (Figure 3d) and the deepening of the 1,024.5 kg m™~ isopycnal at its center. This isopycnal coincides with a
local maximum of stratification (Figure 3g), separating shallow surface NBC rings from subsurface ones (Stevens
etal., 2021). The example on 16 Apr 2011 shows indeed a subsurface NBC ring separated by strong stratification
from the upper layer, where eddy activity is much weaker (Figure 3b). The >10.5Im s™' core is entirely within
layer 2, below extreme N? values of up to 1 x 107> (Figures 3e and 3h). When eddies overlap, as on 11 Sep 2012,
the 1,024.5 kg m™ isopycnal still confines a strong NBC ring within layer 1 (>/1.5lm s™'), while a smaller
subsurface NBC ring occupies layer 2 (Figures 3c and 3f) demonstrating the independent nature of these eddies
(Figure 3i). It is important to note that the lower boundary of layer 2 is chosen primarily to represent a layer with a
high percentage of SACW, rather than a layer that is dynamically independent of the layers below it (for precise
definition of eddy boundaries, the use of potential vorticity anomaly is advised, cf. Morel et al., 2023, see ex-
amples for NBC rings in Subirade et al., 2023). As shown in Figures 3c and 3f (and partially in Figures 3b and 3e;
see also Fratantoni & Richardson, 2006), subsurface eddies can extend into deeper layers. In some cases, the
system may also exhibit a near-barotropic configuration, blurring the boundary between the structures. Such
observations are treated as special cases. Nevertheless, the consideration of initially independent structures should
not affect the main results, as will be discussed later.

Looking at the horizontal and vertical structure of the NBC rings and their propagation, the question naturally
arises. Do layer-2 eddies randomly follow layer-1 eddies? Or is there a mechanism at work that couples these
eddies by vertical interaction when they occasionally overlap (Figure 3c)?

We address the question above by applying a theoretical eddy-interaction model to the realistic numerical
simulation. But first, we need to identify and track the NBC rings in GIGATL3.

2.2. Zoology of the NBC Rings

We identify and track eddies in the simulation using the py-eddy-tracker algorithm (Mason et al., 2014; Pegliasco
et al., 2022, https://py-eddy-tracker.readthedocs.io/en/stable/index.html) based on OW. In short, the algorithm
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Figure 3. Vertical sections of the NBC rings for the three cases shown in Figure 2. (a—c) Vertical sections of the Okubo-Weiss
parameter. (d—f) Vertical sections of meridional velocity v. (g—i) Vertical sections of stratification N>. Yellow lines represent
the 1,024.5 and 1,026.9 kg m™ isopycnals. On the right, red (blue) contours represent the horizontal “x-y” view of the eddy
in the vertically averaged layer 1 (2). Coordinates indicate the geographical center of the plot spanning the 500-km section
(dashed line).

searches for closed contours of OW in the range [—1 X 107°, =2 x 10™'2] with an interval of 2 X 1072 s™2 We
isolate the anticyclones among the identified contours and consider only those with a maximum shape error
(deviation from a circle) of 50%. All lateral eddy divisions and mergers are considered as the end and start of
associated trajectories. During the tracking phase, we allow linear interpolation of up to six detection gaps
(3 days) in trajectories. More details and an animation of OW and eddy identification are provided in Supporting
Information S1.

We assume that the northwestward transport of SAW by eddies occurs primarily via large anticyclones (pre-
dominantly NBC rings) and thus focus our analyses on these structures. From a recent review of the literature (cf.
Subirade et al., 2023), we infer that the typical radius of NBC rings is about 100-200 km. We relax this parameter
and consider NBC rings to be the anticyclones that, at some point in their life cycle, have a radius of 80 km. This
value represents the mean internal deformation radius for the 2-layer system on the eddy boulevard. It is sufficient
to select the NBC rings in layer 1 and the strongest eddies in layer 2, since this lower layer is expected to generate
smaller eddies due to a smaller deformation radius than the upper layer and enhanced topographic interaction
(e.g., D’ Asaro, 1988; Morvan et al., 2019; Napolitano et al., 2020).
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Figure 4. Summary of eddy detections. Model observations and trajectories selected by the 80-km radius threshold are displayed in red and those discarded are displayed
in blue. (a-b) Trajectories of all anticyclones for layers 1 and 2. (c—d) Above: statistics of radius and speed versus total counts (bars; left) and days of a median trajectory
(lines; right); Below: relation between eddy radius and speed (scatter; left) and distance traveled along the NBC path (bars; right). (e—f) Trajectories of selected and

discarded anticyclones for layers 1 and 2.

Eddy detection yielded a total of 59,202 (47,860) anticyclone observations clustered by 3,358 (2,177) trajectories
in layer 1(2) during the two years of simulation (Figures 4a and 4b). Using an 80-km radius cut-off, we selected 68
NBC rings in layer 1 and 35 in layer 2 (Figures 4e and 4f). Relaxing the cut-off radius yields more, but relatively
smaller NBC rings. For comparison, if we use the mean radius from Subirade et al. (2023) of ~140 km, we get 6
NBC rings generated per year, which is in the ballpark of previous estimates of 5 rings. NBC rings show a fairly
linear relationship between radius and speed (Figure 4c). Median values of speed and radius for layer 1 eddies are
0.6 m s~' and 96 km, with maxima of 0.85 m s™' and 120 km respectively. The eddies are first detected with an
average radius of 53 km and increase in size and speed until they reach their maximum size 38 days after (about
25% of their lifetime, which roughly agrees with the results in Subirade et al., 2023). Eddy radii slowly decrease
toward 75 km by the end of their life cycle. Smaller (<80 km) eddies are numerous and span all velocity ranges,
but their northwestward propagation along the eddy corridor rarely exceeds ~200 km, which is approximately the
median value for NBC rings (Figure 4c). Therefore, these eddies are not expected to be critical in transporting heat
and salt directly from the formation site, and we exclude them from the following analyses. In layer 2 (Figure 4d),
the radius/speed ratio is also nearly constant for subsurface NBC rings (~75 km, 0.4 m s™"), but there is no
apparent growth after their first detection. In addition, the trajectories of selected layer-2 eddies can cover either
shorter or longer northwestward distances (Figure 4d), while smaller eddies also rarely propagate more than
200 km. When overlapping, the centers of layer-1 and layer-2 NBC rings can be distant up to ~260 km (80 km in
average) from one another.

We now proceed to evaluate the vertical interaction of the NBC rings from our data set of eddy observations and
trajectories. To start, pen and paper take the stage as we present the theoretical setup of the problem.
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3. NBC Rings Vertical Interaction
3.1. Theoretical NBC Rings

The theoretical background for vertical interaction builds on a series of studies from the early 1990s, which
focused on the vertical alignment of vortices and their mutual advection (Hogg & Stommel, 1990). Inspired by
newly acquired observations (Kidse & Zenk, 1987), Hogg and Stommel (1990) adapted their previous theory on
the interaction of baroclinic point vortices (Hogg & Stommel, 1985) to study the interaction of subsurface
intensified eddies with surface eddies in the presence of a mean flow. Using a 21/2-layer model, the authors
showed that the coupling of the two eddies causes advection that depends on the relative vortex strengths. A
detailed investigation of vortex alignment followed in Polvani (1991), and the effect of background shear works
in tearing this alignment was studied by, for example, Marshall and Parthasarathy (1993). The role of a baroclinic
current and its vertical shear in a coherent vortex was revisited by Vandermeirsch et al. (2001, 2002). If vortices
are defined by their potential vorticity (PV) anomalies, vortex coherence relies on the strength of these PV patches
and their mutual influence; the system will resist and remain coherent as long as the background current shear
does not exceed the “coupling velocity” (Vandermeirsch et al., 2002). In the latter study, a top-hat PV distribution
was chosen for each layer.

In contrast to some previous studies, we assume that the eddies are initially separated rather than forming a
vertically aligned structure. Although eddies are deformed in the realistic model (we allow 50% deformation, see
Supporting Information S1), the theory developed here assumes axisymmetric vortices (as does py-eddy-tracker
for providing radius and velocity estimates). The non-dimensional rotation rate of layer &,

1 n n n n n
() = =3 P[0 016G ) + o 5567 W), @

can be easily converted to a rotational velocity V, = d€;, where d is the distance separating the eddy center in
layer 1 from that in layer 2. The sum of the RHS of Equation 2 represents the combined effects of the first and
second baroclinic modes (n = 1, 2) of both eddies in layer k. This is essentially controlled by the vertical ei-
genmodes P = Pi") associated with a stratification matrix 7, and consequently by the inversion coefficients
a,E”) = P~!. For each layer k and mode #, the rotation rate depends locally on the eddy PV anomaly A, tampered
by a Green function G™. This function takes the form of a modified Bessel function K, or /, depending on the
magnitude of d compared to the eddy radius ;. A detailed derivation of Equation 2 and the theory summarized
here is given in Vandermeirsch et al. (2001, 2002).

We non-dimensionalized Equation 2 by the upper layer deformation radius Ry, as in Vandermeirsch et al. (2002).
Following these authors, we define each layer deformation radius as

1
Ry = \/:, where
Tk

. IF, +1/(ZF? — 4(F B))

2 >

3)

=
~
|

with F; = F,, F,, F; obtained from a 21/2—1ayer framework (see full definitions in Table 1). For the PV anomaly,

however, we choose to represent it as the quasi-geostrophic (QG) PV normalized by the planetary vorticity at 4°N

28
fN|

results with the numerical model, we re-dimensionalized the velocity by multiplying V, by the factor

(latitude where the eddies usually enter the region), or simply A, = £ Therefore, as to compare our theoretical

Ry fan) = 1.05. The complete form of the matrices and functions can be found in Vandermeirsch et al. (2002), but

a comparison between the parameters obtained from our numerical simulation to build up the analytical model
and their theoretical configuration (though based on typical oceanic conditions) is given in Table 1.

At each occurrence of overlapping eddies, we assess whether these eddies COUPLE into a coherent vortex or ignore
each other and remain independent to characterize a spLIT. Since NBC rings are usually embedded in the (highly-
stratified) NBC, which in turn flows along the (steep) continental slope, we neglect the p-effect (cf.

NAPOLITANO ET AL.

8 of 21

85U807 SUOWILIOD BA 81D 8|qedl|dde au Aq peusenob ae ssjoie YO ‘@SN Jo SaINn 10} A%eid1 78Ul IUO A8 |1 UO (SUOIPUOD-PUR-SLLIBY WD A 1M Ale.d] [Bu JUO//StNy) SUORIPUOD pue swie 1 8y 8es *[1202/£0/82] Uo Aridiauliuo Ao|im ‘dig aubeleig anued euweil Aq T202000EZ02/620T OT/I0P/W00" A3 1M Areiq i pul|uo'sgndnfe//:sdny woy pepeojumoa ‘v ‘720z ‘16266912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2023JC020741

Table 1
List of Parameters Retrieved From GIGATL3 to Build the Theoretical Model in Comparison With the Ones in Vandermeirsch
et al. (2002)

GIGATLS3 (this study)

Model parameters Layer k =1 Layer k =2 Vandermeirsch et al. (2002)
o [kg m™] 1,023.1 1,026.2 —
Gy M s 0.030 0.009 0.010/0.005
<f>(2-12°N) [s 7] 1.9 x 107 1.9x107° 1x107
hy, [m] 90 163 500/500
R, [km] 105 55 29/12
Nondimensional parameters

F, 1.76 0.96 1.7/1.7/3.4
A, 2.3 1.9 1.0/1.0
PO (=1 0.960 0.551 1.7/0.704
P (n=2) 0.960 -3.062 1.7/-4.104
a™ (n=1) 0.882 0.277 0.502/0.208
a” (n=2) 0.159 —0.277 0.086/-0.208

Note. Indices k and n refer to layer number and baroclinic mode, respectively. In the fourth column, Vandermeirsch
et al. (2002)'s parameters for layers 1 and 2 are separated by a backslash. The dimensional parameters are density (p), reduced
gravity (g’), Coriolis parameter (f), layer thickness (h), and layer deformation radius (R,). The nondimensional parameters
are the stratification jump between layers (F), PV anomaly (A), vertical eigenmodes of the stratification matrix (P), and
inversion coefficients (a). In a 21/2—layer framework, we consider an infinite layer k = 3 with p = 1,027.1 kg m™ (F;=3.31).
Note that Ry, is initially calculated at every grid point and then averaged within 70% of the distribution, thus replacing only the
mean values of F; in Equation 3 yields slightly different values.

Vandermeirsch et al., 2002). Therefore, we assume the simplest case of Vandermeirsch et al. (2002): a kinematic
split condition

SPLIT, U>V, .,

4)
COUPLE, U<Viso,
where U is the background shear and V,_,, = dQ,_,, is again obtained from the rotation rate, this time the one
induced by an eddy in the adjacent layer,

1 n n n
Qoa(d) = =33 PV e 8,67 (dlry)

12: n) (n n

As noted in Section 2.1, initially near-barotropic eddies, which are (inaccurately) assumed to be independent, are
treated as a special case. When the alignment reaches a critical point, namely a distance d ~ 20 km, the use of the
Green function G to describe the eddy velocity leads to a steadily increasing profile (/; function) from the center to
reach its peak near the eddy boundary, and then a smooth decay (K; function) outside of the eddy (cf. Vander-
meirsch et al., 2002). For a too small d, the velocity V,_,, acting only on the center of each eddy is always weak.
Therefore, these nearly aligned structures (which would otherwise show a spLiT) are classified separately as
ALIGNED. In time, these eddies can evolve to a tilted eddy (e.g., Li et al., 2022) and may undergo either coupling or
splitting.

The numerical model background vertical shear U is calculated as follows: for each detected eddy, we project its
diameter 2r;, (km) zonally and meridionally out of the eddy boundary; then, we remove all the points inside the
eddy and average this “background velocity” to obtain a mean vector U, = (i, v;). We rotate U; = (u;, v;) by —€@
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Figure 5. The Vandermeirsch et al. (2002) theoretical eddy for the NBC region. Red and blue colors refer to layers 1 and 2,
respectively. (a) Rotation rate at the center of the eddy as a function of the non-dimensional radius r, 4. (b, c) Relationship
between the theoretical velocity V, and the numerical simulation velocity V, for layers 1 and 2. The black dashed line
represents V, = V. (d) Maximum velocity at the eddy edge (r = r,4) as a function of r, 4. (e, ) V, as a function of r, ;. The
black dashed line represents the theoretical mean eddy from (d) on the respective layer.

(the angle between U, and the origin) so that, by definition, u, is positive and v, = 0. Finally, to preserve the angle
between the two vectors, we also rotate U, = (u,, v,) by —8 and define the background shear between the layers
k=1,2as

UzdefH_sJ_lkH = |0y + Opvil| = A/ (g — u2)2 + (vz)z, 6)

where u, opposite to u; increases the shear and the sign of v, gives the direction of the normal stress. Flows of
different origins that are included in the realistic simulation, such as the NBC, eddy- and topography-induced
flows, and internal waves, may affect U. But their arbitrary nature makes it difficult to isolate a “mean cur-
rent,” so the estimate of U in Equation 6 by definition includes all the above effects averaged together.

The theoretical eddies from Vandermeirsch et al. (2002), built with EUREC4A-OA parameters (Table 1), grow as
a function of radius, as also observed for the GIGATL3 eddies (Figure 4). They reach a plateau at their maximum
speed and minimum rotation rate around r,4 = 2 (Figures 5a and 5d). In layer 1, the theoretical eddy presents
V, = ~1 ms™ " at its peak, while in layer 2 V, = 0.8 m s~'. The main differences between our theoretical eddies
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and those in Vandermeirsch et al. (2002) are due to the choice of PV normalization and a different value for A and
F in each layer, which we have chosen to better represent the particularities of our problem. The shape of the
eddies, as determined by their radius and the Bessel functions, remains largely unchanged.

Instantaneous observations of overlapping eddies from py-eddy-tracker allowed us to evaluate the performance of
the theoretical model. We rewrite (2) taking into account the individual information €, = ¢,(r, A) of eddies distant
d = d, from each other. The theoretical velocity V , [m s™'] for each layer as a function of an overlapping pair of
eddies (e, €,) becomes:

Val) = =Ry X P [l + o], ™

where the shape of each eddy is given by €, = A, G(d,Ir}). Figures 5b and 5c reveals that V , is comparable to the
eddy velocity V,, obtained from py-eddy-tracker, especially for the stronger eddies. Elsewhere, our recon-
struction slightly overestimates the eddy velocity. In Figures Se and 5f, we compare instances of V, with the
mean theoretical eddy.

Having identified the NBC rings in our numerical simulation, we have shown that the theoretical QG model is
able to represent these eddies in both layers. Surprisingly (considering the complexity of GIGATL3), and yet
anticipated by Vandermeirsch et al. (2002), the simple theoretical QG model captures the overall velocity-radius
ratio of the numerical simulation, so that the QG PV anomalies (A;) estimated from V , can now be used in
Equation 5, at the risk of overcounting some coupling events, to investigate the impact of these NBC rings in the
adjacent layer. The conditions leading to vertical coupling or splitting between NBC rings and their effects will
now be evaluated.

3.2. Eddy Coupling, Splitting, and Effects on Eddy Trajectories

Whenever eddies overlap, their potential coupling or splitting boils down to a competition between the back-
ground vertical shear and the velocity imposed by the eddies in the adjacent layer. Remembering Equations 46,
this “coupling velocity” V|, is the sum of the rotation rate Q, _,, multiplied by the distance d = d, between each
eddy of the overlapping pair. And it must be greater than the shear U between the flow in layers 1 and 2 to
characterize a COUPLE event.

According to Vandermeirsch et al. (2002), eddies with r; 4 > 0.5 can be considered to be split when they no longer
overlap. Our criterion for selecting NBC rings (Figure 4) yielded a vast majority of r,,4 > 0.5 eddies (Figure 5e),
so the smaller eddies that could remain vertically coherent without overlap are treated as exceptions and excluded
from the analyses. However, we acknowledge that we underestimate possible coupling events for these few
smaller eddies. In practice, we only evaluate possible interactions between eddies that (at least) marginally
overlap, with a minimum 1% of common points on a ~6 km grid.

To answer our first question—are the NBC ring really independent?—we start, in Figure 6a, with a qualitative
evaluation of Equation 4, based on the fairly good agreement between V , and r, 4 (Figures 5e and 5f). It re-edits
the critical shear plot from Figure 5 of Vandermeirsch et al. (2002). Using only the mean theoretical eddy as
reference, overlapping eddies are considered to be spLIT if a point is above the critical shear line (Figure 6a). While
Vandermeirsch et al. (2002) point out that strong shear of order 0.1 m s~ can only be found in intense baroclinic
jets, U values in the tropical NBC reach impressive 0.6 m s~'1 Under this condition, 862 out of 1,598 interactions
are spLIT, with eddies not affecting the adjacent layer. For example, this evaluation suggests that layer-1 eddies

with 7,4 < 1 would most likely always split from the eddies beneath under moderate shear above 0.2 m s™".

If on the one hand, the previous statement seems vague and qualitative, on the other hand, it has important
consequences: since speed and radius are correlated, we can expect that NBC rings with 7,4 < 1 in a background
shear of 20.2 m s™" are indeed shallow NBC rings with no subsurface counterpart. For present calculations of
inter-hemispheric heat and salt transport based on a mean NBC ring depicted by SSH (e.g., Bueno et al., 2022),
this could represent an important bias for future estimates based on forthcoming higher resolution SSH products
that will allow the detection of smaller structures (e.g., SWOT, Morrow et al., 2019). However, the analysis of
couple and split based solely on a critical line from the mean theoretical eddy does not correctly account for
aligned eddies—see the 104 occurrences randomly distributed throughout the scatter cloud (Figure 6a).
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Figure 6. Evaluation of coupling and splitting events for GIGATL3. (a) Coupled (green), split (pink), and aligned (black) eddy pairs based on the mean theoretical eddy
and critical shear (black dashed line). (b) Coupled (green), split (pink), and aligned (black) eddy pairs based on the direct comparison of the velocity in the adjacent layer
and the background shear. The black dashed line now represents the critical condition U = V| ., ,. (¢) Results of the critical condition in (b), expressed in terms of layer 1
eddies' velocity and radius. The effect of coupling on layer 1 and 2 eddies is shown in terms of coupled and non-coupled (split) for the eddies' trajectories (d, g),
northwestward propagation (e, h), and duration (f, i). The black thick line in (d, g) represents the 300 m isobath.

Figure 6b displays a more quantitative condition, a pointwise comparison between U and V,_,,. This direct
evaluation can correctly classify unusually large-but-slow eddies that may split under moderate shear, and
conversely, the small-but-fast eddies that may remain coupled under higher shear conditions. Here, 461 spLIT
cases indicate a large underestimation of coupling by the qualitative method (note that the 461 spLIT cases are not
necessarily included in the 862 spLiT cases from Figure 6a). In Figure 6b, accessing the special cases where
d < 20 km indeed shows ALIGNED eddies grouped under “split conditions,” with weaker V,_,, from Equation 5.
Thus, as defined, coupLE is only possible on eddies distant d > 20 km from one another (our first COUPLE appears

with d ~22 km, even in low shear conditions).

The relationship between the eddies and the background environment is better seen in Figure 6¢, which shows the
direct couple-split evaluation as a function of layer-1 eddies radius and velocity. Considering that the U distri-
bution is more or less homogeneous for all eddy radii (Figure 6a), coupling naturally increases with eddy radius
and velocity; for r4 < 1, splitting accounts for about 70% of the interactions, consistent with the qualitative
evaluation in Figure 6a. Coupling becomes more important as eddies get stronger, but still account for no more
than ~70% of the interactions for r,y > 1 eddies. In practice, it means that a relatively large (r,4 > 1) NBC ring has
a 30% chance of being a spLIT (i.e., confined to the TW layer). Therefore, even considering only overlapping
eddies, to assume that surface NBC rings would always extend to depths of ~300 m is to run the risk of over-
estimating the subsurface transport of SAW by about a third!

It is worth recalling that, in our theoretical setup, the depth of layer 2 extends only to the SACW lower boundary.
Considering the whole extent of subsurface-intensified eddies could change h, and g, 5, decreasing F, and F; (see
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Table 1, and derivation in Vandermeirsch et al., 2002) and increasing V », (Figures 5c and 5f), as well as chances
of coupling. However, the vertically-averaged PV anomaly A, would likely be weaker for deeper eddies, leaning
the system toward splitting. A detailed study on the vertical structure of NBC rings and its consequences for
coupling is needed.

So far, we have considered the coupling or splitting between eddies in an isolated context. However, if the present
processes are to be linked to the transport of SAW into the North Atlantic subtropical gyre, they must affect the
northwestward propagation of NBC rings along the continental margin. Given that interacting eddies can COUPLE
or spLIT, we now know that although the NBC rings coexist independently (e.g., Stevens et al., 2021), they are
capable of coupling and propagating as a pair.

By tracing all interaction events back to the original trajectories of the eddies selected by py-eddy-tracker
(Figure 4), we classify the trajectories into those in which at least one coupling event occurred and those in
which no coupling was detected (either by no overlapping of eddies or by overlapping with spLiT only). Figure 6d
shows the 68 layer-1 trajectories, divided into 37 with coupling and 31 without. Their distribution is fairly ho-
mogeneous along the eddy boulevard, with both types of trajectory seemingly undisturbed by the presence or
absence of coupling. Clustering these trajectories by the distance traveled along the eddy boulevard (Figure 6e)
and their lifetime (Figure 6f), the statistics suggest that although the lifetime and propagation increase under
coupling, such events do not seem to affect these trajectories much. In fact, 50%—60% of all trajectories travel
about 250 km; this number drops by half for the next 250 km, and while 10% of the eddies travel up to 1,000 km
without coupling, only about 20% do so with coupling (Figure 6e). Coupling can double the lifetime of a few
eddies, but whether coupled or not, trajectories in layer 1 rarely exceed 150 days (Figure 6f; Fratantoni
et al., 1995), with eddies rapidly navigating the eddy boulevard to be destroyed downstream as they enter the
Caribbean islands region (e.g., Andrade-Canto & Beron-Vera, 2022; Fratantoni & Glickson, 2002).

The situation of the 35 trajectories in layer 2 (Figure 6g) is more peculiar. There, 60% of the trajectories that travel
250 km do so only in the presence (at any given time) of coupling with the eddies in layer 1 (Figure 6h). Without
coupling, layer 2 eddies travel a maximum of 125 km and barely survive more than 25 days (Figure 6i). However,
coupled layer-2 eddies acquire the long lifetimes and large displacements of SCVs, even longer than the layer-1
eddies to which they are coupled. About 40% of the coupled subsurface eddies travel 500 km, with ~10% carrying
SAW for 1,500 km over 200 days to reach the Caribbean islands—see the longest trajectories in Figure 6g. We
also find that most of the uncoupled trajectories in layer 2 occur at the entrance of the eddy boulevard. This region
of accumulating vorticity often leads to lateral merging and division of eddies (Subirade et al., 2023, see also
Movie S1). Adding these processes to our analyses could alter our results in the sense that the uncoupled tra-
jectories could be unified as a “child” trajectory of the longer ones. Nevertheless, such lateral interactions break
the coherence of the eddies (e.g., de Marez, Carton, L hégaret, et al., 2020), allowing initially trapped SAW to
potentially spread within the eddy boulevard and mix with local North Atlantic waters.

We have learned that eddies interact vertically within the eddy boulevard. While overlapping, the two-way ve-
locity that eddies impose on each other is often important to outmatch stratification and coupLE both layers.
Locally, coupling appears to increase the duration of eddies, notably at subsurface, allowing them to propagate
over longer distances than in the absence of coupling. On a larger scale, local coupling could lead to SAW eddies
reaching the Caribbean sea. But, if we recall Figure 2a, we first noticed these subsurface eddies as quasi-standing
features, except for the rogue trajectories that stood out among the OW of layer 1. This means that, especially for
layer 2, increasing lifetime does not necessarily mean that eddies propagate over longer distances. So why does
there seem to be a link between eddy coupling, lifetime, and propagation for layer 2 (Figures 6g—6i)?

In the following section, we seek answers to this question by revisiting the Hovmoller diagram of the eddy
boulevard (Figure 2), now showing the coupling and splitting events superimposed on the OW tracks and their
spatial distribution.

3.3. Coupling and Splitting Throughout the Eddy Boulevard

The Hovmoller diagram in Figure 7 shows, as expected, the overlapping bands of OW from layers 1 and 2
indicating moments of interaction between the surface and subsurface eddies. Indeed, Figure 7a shows coupling
and splitting events populating the strong OW signal of the longest trajectories. In general, eddies first cOuPLE
around 5°N (~500 km in Figure 7a). However, during the vertical alignment process, the NBC rings can also
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Figure 7. (a) Hovmoller diagram of <OW1>1/ 3 with superimposed dots showing coupling (green dots), splitting (pink dots),
and alignment (black dots) events. Orange bands show <OW2>” ? values stronger than an arbitrary threshold —7.5 x 107",
(b) Spatial distribution of coupling (green +) and splitting (pink x) events along the eddy boulevard. (c, d) Spatial distribution
of the percentage of coupling and splitting in a 1° X 1° grid. The black thick line represents the 300 m isobath.

interact with other eddies arriving in the region, leading to a competition between vertical and horizontal
interaction. Moreover, the alignment process by coupling is often very slow (e.g., Nof & Dewar, 1994), which
could also explain some bypassing surface rings that briefly interact with the subsurface quasi-standing rings but
continue alone on their northwestward path, eventually interacting with other structures far downstream (ex-
amples are clearly seen in Figure 7a, on May 2011 and 2012). Those eddies that manage to remain coupled often
detangle from the “quasi-standing” NBC retroflection (e.g., Silveira et al., 2000) and propagate northwestward as
a pair.

Although resilient in many cases, a COUPLE is never definitive for eddies traveling as pairs, but an alternation
between coupling and splitting is often observed, indicating the subtlety of the process when observed at rela-
tively high frequency (12 hr in the present work). When analyzing the vertical alignment with a realistic model,
there are variables that are beyond our control, such as changes in eddy size along the trajectories, which can occur
within each layer due to lateral shear and interaction with other eddies and/or topography. Indeed, some of the
spLIT detected over previously coupled eddies that continue to propagate in the same direction follow a disap-
pearance of the OW signal in Figure 7a—e.g., 01 Jan 2011 for layer 2 and 27 Dec 2011 for layer 1—indicating that
the eddy in these layers has become weaker and/or smaller. Moreover, the sensitivity of Equation 4 defining the
interaction also deserves attention, since U itself is a non-trivial estimate, and the more the eddies are aligned on
the vertical, the shorter the distance d,. becomes, leading to V,_,, ~ 0, and ultimately a spLiT. To mitigate this
effect, we have introduced the ALIGNED classification. The trajectories that show a greater alternation between
coupling and splitting also show eddies closely aligned with their counterparts (black dots on Figure 7a), where
eddies can propagate in an oscillating state around a stationary vorticity configuration (a V-state, cf. Pol-
vani, 1991), cycling through different values of d and shifting instances of COUPLE, SpLIT, and ALIGNED.
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To address the implications of coupling for the lower-layer eddies within the present framework, the time-
independent spatial distribution of coupling and splitting is shown in Figure 7b. Grouping these events unveils
an interesting pattern that complements the NBC rings interaction story: splitting is scattered throughout the
domain, suggesting that there is no local control other than U and its various components [see discussion around
Equation 6] driving overlapping trajectories to spLIT (Figure 7c). Coupling, in turn, is more concentrated in the
first half of the eddy boulevard, with 80% of coupLE occurring east of 53°W (Figure 7d), notably upstream of the
topographic choke point that lies in the path of layer 2, as if bound to happen in this region. (Recalling the vertical
section along the eddy boulevard Figure 1, layer 2 is almost blocked by a topographic bump along the main NBC
axis, located immediately downstream of the retroflection region.) When both layers are recirculating (Bourles
et al., 1999; Goes et al., 2005; Silveira et al., 2000), layer-1 eddies develop slightly to the west of layer-2 eddies
(see e.g., Metcalf & Stalcup, 1967, and the Movie S1); nevertheless, the two newly formed eddies are often close
enough to begin interacting, as simulated by for example, Polvani (1991) and Reinaud and Carton (2020),
reproduced by Nof and Dewar (1994), and observed for Mediterranean-water eddies by Tychensky and
Carton (1998). At this point, overlapping NBC rings tend to align vertically, giving the green light for their
interaction, which can generate a net advection on each other if the eddies are strong enough to coupLE (Van-
dermeirsch et al., 2001).

Vertical interaction between layers has previously been reported along the non-trivial western boundary current
regime off the Brazilian continental margin. Silveira et al. (2008, 2023) detail the growth of the quasi-standing
cyclonic meanders off southeastern Brazil, driven by the vertical interaction of the opposing flows of the
Brazil Current (BC) and the Intermediate Western Boundary Current IWBC). Upstream on the BC path, at 20°S,
Napolitano et al. (2021) suggest, using a theoretical model, that the local meandering of the BC that gives rise to
the Vitdria Eddy (Schmid et al., 1995) is driven by vertical interaction with a topographically constrained IWBC
eddy. In all of these regions, the meanders can occasionally shed coherent eddies that are then free to propagate
away from the growth region. These processes could also be a consequence of the interaction of the layers (Arruda
et al., 2013; Mill et al., 2015). In the equatorial NBC-NBUC domain, the Barreirinhas eddies were found to be

2
vertically independent features formed in a highly stratified region, with Burger number Bu = (&) ~ 10

n
(Simoes-Sousa et al., 2021). For the NBC rings further downstream in the NBC retroflection region, relaxation of
the stratification yields Bu ~1. This value was previously estimated by Krelling et al. (2020) for comparison with
the authors' description of the Potiguar Eddy, a mesoscale subsurface eddy trapped by the topography near (37°W;
4°S), which gives Bu = 0.97. In such structures, rotation and stratification go hand in hand, allowing for rich
interactions (Cushman-Roisin & Beckers, 2011), such as vertical coupling.

3.4. Does Vertical Coupling Between NBC Rings Matter for the Export of South Atlantic Water?

Both the alignment process by coupling and the propagation of coupled eddy pairs, as observed in the literature,
depend on the ratio between the eddy radius and the baroclinic deformation radius. This ratio, studied in detail by
Polvani (1991), can set the tone for the dynamics of the interaction. For small Bu, that is, r; > R, the initial 2-layer
baroclinic configuration acquires an essentially barotropic configuration during alignment. In our case, this would
imply a shift from a 2-'/, layer to an equivalent barotropic configuration, which is also more suitable for the case
of NBC rings (compared to the barotropic case) and favors advection by the mean flow (e.g., Klocker &
Marshall, 2014; Napolitano et al., 2019). Smaller eddies, with r; & R, may start to align depending on the initial
distance d,, but will eventually reach a V-state (Polvani, 1991). For the simulated NBC rings, the dynamics are
even more complex, since r; > R, can coexist and interact with r, < R, eddies (and vice-versa). We observed, in
one COUPLE event, a subsurface NBC ring trajectory with an oscillating pattern around a much larger surface NBC
ring as it propagated northwestward (not shown). Further analyses are required to understand their dynamics in
complex simulations.

Thus, armed with a simple theoretical model, we can but speculate that layer-2 eddies may be driven by their
surface accomplices to move offshore and around the topographic bump. Once coupled, the structure may behave
as a tilted eddy (e.g., Li et al., 2022), which sets up a baroclinic current that advects the eddy pair (e.g., Van-
dermeirsch et al., 2001; Walsh et al., 1996). In more complex interactions, propagation can result from the
formation of V-state dipoles (Polvani, 1991). Constrained by topography to the northwest—the primary direction
for NBC rings translation (e.g., Fratantoni & Glickson, 2002)—the interaction of the eddies with the continental
slope will lead them to circumvent the bump (the “mirror effect”; e.g., X. Carton et al., 2013). Free from this
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topographic choke point, layer-2 eddies are then able to propagate northwestward as a pair, or even on their own,
as seen in the lone layer-2 eddy on 2012 Nov 06, after stopping to overlap with the surface eddy at about 1,250 km
(Figure 7a). If unable to coupLE with the surface, layer-2 eddies do not propagate along the eddy boulevard,
condemned to remain within the NBC retroflection under the influence of the curvature of the flow (e.g.,
Buckingham et al., 2021a, 2021b, see also the long-lived, quasi-standing, layer-2 eddies in Figure 7a) and
topographic stress (e.g., X. Carton & Legras, 1994) which could act to stabilize the eddy, and merging with other
structures that could break it (e.g., Ciani et al., 2016).

The ability to couple and move past topography seems critical to the northwest transport of SAW, notably at
subsurface, where the SACW carried by these eddies represent most of the SAW (e.g., Johns et al., 2003; Kirchner
et al., 2009). To illustrate this effect, we estimate the transport of SAW by NBC rings in both layers. We follow
the concept of annualized eddy transport from Johns et al. (2003) to obtain the total transport @g v (Equation 8).
We multiply the number of trajectories nt by the annualized mean eddy transport,

ch }’ltlm 2
D pw(k) = nt —&=— — b 8
saw (k) nAT ATml Ty My ®)
Dy

with an annualized (AT = 1 year) cylindrical NBC ring described by r; and h;, (obtained from py-eddy-tracker) for
each m = [1,2...,m] detection in 1° longitude bins for the extension of the eddy boulevard.

Figures 8a and 8b show the total volume transport by NBC rings along the eddy boulevard for trajectories with or
without coupling. We note that there are few interactions upstream of 48°W due to different locations for ring
generation in the two layers. (e.g., Metcalf & Stalcup, 1967). When trajectories spLIT (or no overlap occurs at all),
surface NBC rings pass over the bump carrying SAW toward the northwest, as illustrated in Figures 8c—8e. (We
recall that SAW, particularly at the surface, is locally mixed with North Atlantic waters, e.g., Hellweger & Gor-
don, 2002, but we do not consider such process for the current estimate). For trajectories with coupling, SAW peaks
around 49°W (Figure 8b), within the strip of the eddy corridor where coupling is maximum (Figure 7b). Past the
topographic bump at 52°W, 1.5-2.5 Sv of SAW is conveyed northwestward by the combined effect of surface and
subsurface eddies (Figure 8b), which is consistent with previous estimates of annualized transport of <1 Sv for
<300-m depth NBC rings (Johns et al., 2003; Subirade et al., 2023) multiplied by the number of trajectories nt. As
mentioned above, we suggest that coupling is optimal when eddies approach the topographic bump between 48 and
52°W, and eddies circumvent the bump as a pair (see a schematic representation in Figures 8f—8h).

Even over steep topographic slopes, NBC rings are usually not destroyed by the emission of topographic waves
(Jacob et al., 2002; LaCasce, 1998). Closer to the surface, these eddies propagate northwestward under the
combined influence of the f effect and the continental margin orientation (Fratantoni & Glickson, 2002; Fra-
tantoni & Richardson, 2006; Jacob et al., 2002), with the possible influence of advection by the NBC (e.g.,
Klocker & Marshall, 2014) and wobbling driven by lateral interaction with other eddies, notably cyclones (e.g.,
Deremble et al., 2016). However, in the subsurface, not only are eddies blocked by the topography, but most of the
NBC lower-layer flow retroflects to the east (e.g., Goes et al., 2005); the remaining local currents and other small
eddies (cyclones) are weak and generally unable to influence larger subsurface NBC rings, creating a quasi-
standing region. Along the Brazilian continental margin, the trapping of recirculation-driven subsurface eddies
by topography has been observed for the IWBC eddy (Napolitano et al., 2019) and the Potiguar eddy (Krelling
et al., 2020). At the surface, the Vitéria eddy and Sdo Tomé eddy grow as cyclonic meanders of the BC, with
northward translation events associated with interactions between the eddies and the lower layer flow (i.e., the
IWBC, Campos, 2006; Mill et al., 2015). Therefore, the idea that coupling with the surface NBC rings allows the
subsurface eddies to bypass this topographic obstacle and detach from the retroflection region explains the link
between the coupling effect and the observed increase in both lifetime and distance traveled. With many
simultaneous processes occurring, this idea comes forth rather as a necessary condition than a sufficient one. We
call out for follow-up studies to observe and elucidate these processes.

4. Final Remarks

In his seminal description of SCVs in 1985, McWilliams compared their coherent behavior to that of the
coherence of the “Amazon freshwater outflow eddies,” later dubbed NBC rings (Johns et al., 1990). Recent
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Figure 8. (a, b) SAW total annualized transport by surface (red lines) and subsurface (blue lines) NBC rings for the 2-year
model period. The hashed areas indicate the bands of high spLiT (a) and coupLE (b) according to Figure 7c upstream of the
topographic bump drawn in panels (c—h). Schematics of the suggested relationship between NBC rings and the topography in
layers 1 (red) and 2 (blue) during spLiT (c—e) and coupLE (f—h) events. Dotted lines indicate possible ring trajectories over and
around the bump.

observations (Stevens et al., 2021) have also confirmed the presence of smaller, subsurface-intensified NBC
rings. In the present study, we show that surface and subsurface intensified NBC rings not only coexist, but also
interact vertically, with subsurface NBC rings acquiring characteristics of SCVs such as increased propagation
and lifetime and with surface NBC rings playing a key role in the process.

Inheriting independent cores from the upstream NBC-NBUC system, NBC rings tend to develop independently
within the Tropical Water (near-surface, with North Atlantic characteristics) and the South Atlantic Water
(essentially the subsurface Maximum Salinity Water and the pycnocline South Atlantic Central Water) layers,
although they often overlap in their formation region, the NBC retroflection. This overlap can lead to the coupling
of the two layers and mutual advection of the eddies therein. Using a simple quasi-geostrophic theoretical eddy
model, we were able to reproduce the NBC rings shown in a realistic numerical simulation.

Applying a kinematic condition for the coupling or splitting of the pairs of eddies reveals that a spLIT, although less
common, can basically occur anywhere in the domain, driven either by strong background shear or by weak eddy
interaction. Coupling in turn is concentrated in the region upstream of a topographic choke point. Despite some
influence, coupling does not appear to have a major effect on the shallow NBC rings. However, it is crucial for the
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propagation and lifetime of the subsurface NBC rings. While surface eddies can detach from the retroflection
region and propagate northwestward undisturbed, we suggest that subsurface eddies depend on coupling with the
surface to leave the retroflection region. Due to coupling, these rings navigate past the topographic bump that
constrain their path to reach the westernmost portions of the eddy boulevard, transporting SAW into the
Caribbean sea (through their demise when facing the islands; Fratantoni & Richardson, 2006; McWilliams, 1985;
Subirade et al., 2023) and connecting the southern and northern subtropical gyres.

Besides recent advances in the AMOC studies with new data and satellite-based products (e.g., Bueno et al., 2022;
Chidichimo et al., 2023; Tuchen et al., 2022), the vertical structure and dynamics of NBC rings in different layers
is still a challenge that needs to be further addressed to improve the assessment of the AMOC cross-hemispheric
transport and to further develop future climate predictions. Diagnostics such as those presented here have caveats
resulting from the application of a QG-based theory to a numerical simulation, that, like any other model, has its
own limitations. Nevertheless, they provide important base knowledge and invite researchers to build on it with
further analyses and observations.

Data Availability Statement

The source code of the simulation used in this study is available at https://doi.org/10.5281/zenodo.4948523 (Gula
etal., 2021). Animation (Movie S1) and the tutorial code for eddy tracking and model files for a minimal example
(described in Supporting Information S1) can be obtained at https://doi.org/10.5281/zenodo.10636521 (Napo-
litano et al., 2024). The Napolitano et al. (2024) data set also contains all the trajectory files of identified anti-
cyclones used in this study and the analysis results of coupling and splitting for overlapped eddies.
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