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ABSTRACT: The western boundary current system off southeastern Brazil is composed of the poleward-flowing Brazil
Current (BC) in the upper 300 m and the equatorward flowing Intermediate Western Boundary Current (IWBC) under-
neath it, forming a first-baroclinic mode structure in the mean. Between 22° and 23°S, the BC-IWBC jet develops recurrent
cyclonic meanders that grow quasi-stationarily via baroclinic instability, though their triggering mechanisms are not yet
well understood. Our study, thus, aims to propose a mechanism that could initiate the formation of these mesoscale eddies
by adding the submesoscale component to the hydrodynamic scenario. To address this, we perform a regional 1/50° (~2 km)
resolution numerical simulation using CROCO (Coastal and Regional Ocean Community model). Our results indicate that
incoming anticyclones reach the slope upstream of separation regions and generate barotropic instability that can trigger the
meanders’ formation. Subsequently, this process generates submesoscale cyclones that contribute, along with baroclinic insta-
bility, to the meanders’ growth, resulting in a submesoscale-to-mesoscale inverse cascade. Last, as the mesoscale cyclones
grow, they interact with the slope, generating inertially and symmetrically unstable anticyclonic submesoscale vortices and
filaments.

SIGNIFICANCE STATEMENT: Off southeastern Brazil, the Brazil Current develops recurrent cyclonic meanders.
Such meanders enhance the open-ocean primary productivity and are of societal importance as they are located in a re-
gion rich in oil and gas where oil-spill accidents have already happened. This study aims to explore the processes re-
sponsible for triggering the formation of these mesoscale eddies. We find that incoming anticyclones reach the slope
upstream of separation regions and generate barotropic instabilities that eject submesoscale filaments and vortices and
can trigger the meanders’ formation. Such results show that topographically generated submesoscale instabilities can
play an important role in the dynamics of mesoscale meanders off southeastern Brazil. Moreover, this may indicate
that resolving the submesoscale dynamics in operational numerical models may contribute to an increase in the predict-
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ability of the regional eddies.
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1. Introduction
a. Topographically generated submesoscale motions

Submesoscale phenomena are dynamically distinguished by
their Rossby (Ro = ¢/f) and Richardson (Ri = N?/pvioz|?)
numbers of O(1) (Thomas et al. 2008; McWilliams 2016; Gula
et al. 2022; Taylor and Thompson 2023), where ¢ is the rela-
tive vorticity, f is the planetary vorticity, N* is the stratifica-
tion, and v is the velocity vector. Such phenomena occur in
the transition between the two-dimensional quasigeostrophic
mesoscale and the isotropic small scale, assuming horizontal
scales of 100 m to 10 km and time scales of hours to weeks
(Thomas et al. 2008; McWilliams 2016). For a long time, the
investigation of submesoscale motions encountered an opera-
tional barrier due to their spatiotemporal scales. However,
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increased spatial resolution in both observations and model-
ing has shown the abundance of submesoscale processes as
well as their importance: (i) to cascade energy from the meso-
scale to energy dissipation scales (e.g., Miiller et al. 2005); (ii)
to restratify the upper ocean (e.g., Fox-Kemper et al. 2008);
and (iii) to the vertical exchange of tracers and, consequently,
to structure marine ecosystems (e.g., Mahadevan 2016; Lévy
et al. 2018; Fadeev et al. 2021; Freilich and Mahadevan 2021).

Submesoscale motions can arise through mixed layer baro-
clinic instabilities, mesoscale strain leading to frontogenesis,
atmospheric destabilizing forcing, and flow interactions with
topography (Gula et al. 2022). In particular, submesoscale
motions generated by flow—topography interactions can play
a key role in the generation of mesoscale meanders down-
stream of separation regions. Off the U.S. East Coast, for in-
stance, the Gulf Stream crosses the Charleston Bump and
generates barotropic instabilities (Gula et al. 2016a). During
this process, submesoscale cyclones are ejected offshore, and
subsequently, mesoscale meanders grow downstream. By con-
trast, off the U.S. West Coast, the California Undercurrent
generates inertial instabilities while crossing separation regions
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(Molemaker et al. 2015). Subsequently, submesoscale anti-
cyclones are ejected offshore and contribute to the growth
of mesoscale anticyclones in a submesoscale-to-mesoscale
inverse cascade.

Submesoscale motions can trigger the formation of meso-
scale meanders, but the opposite is also true. The interaction
of mesoscale meanders with topography can ignite symmetric
and inertial instabilities (Napolitano et al. 2021a), and gener-
ate submesoscale coherent vortices (SCVs) (Lazaneo et al.
2022). Such processes can enhance the vertical exchange of
tracers and lead to energy dissipation (Gula et al. 2016b;
Lazaneo et al. 2022).

Off southeastern Brazil, Brazil Current (BC) mesoscale cy-
clones are generated downstream of separation regions, and
grow quasi-stationarily adjacent to the shelf break (da Silveira
et al. 2008). Thus, submesoscale flow-topography processes
might be important to both (i) the generation of BC meanders
and (ii) the development of symmetric/inertial instabilities,
and subsequent formation of SCVs.

b. The Brazil Current and its meanders

The BC is the western boundary current that closes the
South Atlantic subtropical gyre (Stramma and England 1999).
The BC arises at the surface South Equatorial Current branch
bifurcation at about 14°S as a mixed layer poleward jet that
transports Tropical Water (Rodrigues et al. 2007; Soutelino
et al. 2011; Luko et al. 2021). It increases its vertical extension
and transport as it receives the inflow of South Atlantic
Central Water (SACW) and Antarctic Intermediate Water
(AAIW) coming from different impinging South Equatorial
Current bands (Soutelino et al. 2011; Luko et al. 2021). For in-
stance, at about 23°S, the BC occupies the upper ~350 m and
transports 1-5 Sv (1 Sv = 10° m® s™'), while south of 27°S it
spans the upper ~800 m and transports 10-20 Sv (Rocha et al.
2014; Schmid and Majumder 2018).

Off southeastern Brazil, the western boundary current system
is formed by the BC, which occupies the upper 200-350 m,
and the underlying equatorward-flowing Intermediate Western
Boundary Current (IWBC), which spans from ~200-350 to
~1800 m (da Silveira et al. 2004; Napolitano et al. 2019). With
this configuration, the BC-IWBC jet dissipates energy due to
intense vertical shear (Lazaneo et al. 2020), and develops re-
current mesoscale meanders through baroclinic instability
(da Silveira et al. 2008; Rocha et al. 2014; da Silveira et al.
2023). These meanders are known to play a relevant role in
coastal upwelling (Calado et al. 2010; Paldczy et al. 2014), in
transporting shelf waters to the open ocean (Mill et al. 2015),
and in modulating the regional biogeochemical dynamics
(Pereira et al. 2019).

The BC is prone to baroclinic instability from 20° to 36°S
(Magalhaes et al. 2017). In particular, recurrent mesoscale ac-
tivity is observed off southeastern Brazil (Rocha and Simoes-
Sousa 2022; Uchoa et al. 2023; da Silveira et al. 2023) as the
BC crosses two separation regions: (i) Cape Sdo Tomé (CST,
~22°S) and (ii) Cape Frio (CF, ~23°S). As the BC passes
the capes, barotropic instabilities happen upstream, while
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baroclinic instabilities happen downstream (Magalhaes et al.
2017).

As seen in section la, topographically generated submeso-
scale shear instabilities can contribute to the formation and
growth of mesoscale meanders. To our knowledge, there are
no studies that investigate the role of submesoscale motions
on the BC meander dynamics. Consequently, there is also no
information on how the submesoscale relates to the baro-
tropic and baroclinic instabilities observed in mesoscale
studies.

In this work, we aim to answer whether or not (i) submeso-
scale shear instabilities generated by flow—topography interac-
tions can play a role in the formation of BC meanders
between 22° and 23°S, (ii) submesoscale features contribute to
the growth of the BC meanders in a submesoscale-to-mesoscale
inverse cascade, and (iii) the interaction of the BC cyclones with
topography generates submesoscale instabilities and submeso-
scale vortices.

We organize this work as follows. In section 2 we describe
our numerical setup and the methods to diagnose submeso-
scale instabilities and perform the energy analyses. In section
3 we show and discuss our results and in section 4 we summa-
rize our results and draw our conclusions.

2. Methods
a. Numerical simulation

We perform a high-resolution numerical simulation using
CROCO (Coastal Regional Oceanic Community model) in
the hydrostatic mode. CROCO is built upon ROMS-AGRIF
(Regional Ocean Model System—Adaptative Mesh Refine-
ment in Fortran) and solves the free surface, hydrostatic, and
primitive equations in terrain-following coordinates using a
time-splitting implementation (Shchepetkin and McWilliams
2005). We run the model between 50°-30°W and 28°-17°S
(Fig. 1) and use a horizontal resolution of 1/50° (~2 km) with
30 sigma levels. The sigma level stretching parameters are set
to achieve higher resolutions near the surface and the bottom
(05,=6, 6, = 4, and h. = 50).

The initial and boundary conditions are obtained from
the 1/12° GLORYS12V1 daily reanalysis (Fernandez and
Lellouche 2018). The model is forced by 6-hourly ERAS
atmospheric bulk fluxes (Hersbach et al. 2020) and TPX07 tides
(Egbert and Erofeeva 2002). The bathymetry is extracted
from the General Bathymetric Chart of the Oceans (GEBCO)
2021 and filtered to limit the maximum VA/A to 0.25 in order to
prevent horizontal pressure gradients errors that are common
in terrain-following coordinate models (Haney 1991). The
simulation spans from 2015 to 2019 and has one year of
spinup. Although the simulation is dated, we do not intend to
reproduce specific events. Rather, we aim to simulate realistic
events that capture the submesoscale dynamics associated
with the BC meanders (see appendix for details on the model
evaluation). In particular, we analyze two CST cyclone events:
one in the spring of 2016, and the other in the transition
between summer and fall of 2019.
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FIG. 1. Model domain and filtered GEBCO2021 topography. The red dashed box and the black
transect are areas used for the model evaluation (see the appendix).

We use a fifth-order upwind scheme for the horizontal ad-
vection and fourth-order centered schemes for the vertical ad-
vection of momentum and tracers. Both high-order schemes
are of higher accuracy and reduce spurious diapycnal mixing
(Soufflet et al. 2016). We include vertical mixing in the simula-
tion using the K-profile parameterization (KPP). On the other
hand, numerical constraints control horizontal mixing as we
solve the horizontal advection with an upwind scheme. For
the fifth-order scheme, dissipation extends to wavelengths of
S5Ax (submesoscale vortices with 5-km diameters). Last, bot-
tom friction is parameterized in the model using a linear func-

tion with a drag coefficient of 3 X 10 * ms ™"

b. Potential vorticity analysis

Assuming that 2Q) = fk, the Ertel potential vorticity (g) is
equal to

ou 8w)% N (8w B a_v)ab

=w -Vb=(f+ ON* + = -2 — —
a7 @ (};\9—4 (az axfay \ay az)ox’
e

yert
(1)

where w, is the absolute vorticity; b is the buoyancy (—gp/p);
g is the acceleration due to gravity; p is the density; u, v, and
w are the zonal, meridional, and vertical velocity components,
respectively; gyer is the vertical component of g; and gy, is the
baroclinic component of g.

A consequence of the Ertel potential vorticity theorem
[Eq. (1)] is that, in a baroclinic fluid, conservation of ¢ implies
conservation of buoyancy (e.g., Buckingham et al. 2021a). In
the interior ocean, g is approximately conserved and the
product fg is always positive. However, close to the bound-
aries where diabatic processes can occur due to the intensifi-
cation of friction and buoyancy fluxes, g can be injected/
extracted.

Injection of g in the bottom boundary layer (BBL) occurs
when the shear between flow and topography increases cy-
clonic vorticity. On some occasions, ¢ injection can lead to
barotropic instability (e.g., Gula et al. 2015, 2016a). Here, we

use g along with Ro to find events where the BC might be de-
veloping barotropic shear instability.

Extraction of ¢ in the BBL, on the other hand, occurs when
the shear between flow and topography increases anticyclonic
vorticity. During this process, the product fg can become neg-
ative and submesoscale instabilities can be developed in ther-
mal-wind-balanced fronts (Thomas et al. 2013). If fg becomes
negative due to N*> < 0, the instability is named gravitational
instability. If fg < 0 with fgyery < 0 and N? > 0 in a barotropic
flow, inertial instability occurs. Last, if fg < 0 with fgp,. < 0
and fqyer > 0, symmetric instability occurs. In addition, differ-
ent combinations of the fg components can lead to mixed in-
stability regimes. Based on energy exchange rates for a
thermal-wind-balanced flow, Thomas et al. (2013) have shown
that these different instability regimes can be differentiated
by the following angles:

2
b = tan’l(— %) = tanl(— l;h]\b['l ), (2)
B

. 3)

P, = tanl(%

where Rig is the bulk Richardson number (=f2N%/|V,b|),
{, is the geostrophic relative vorticity, ¢y is the thermal-wind
Thomas angle, and ¢,,, is the thermal-wind critical angle. See
the instability categorie('s according to these angles in Table 1.

Although very useful, the fg < 0 criterion does not yield a
generalized sufficient criterion for submesoscale instabilities.
The sufficient criterion arises when centrifugal effects are
taken into account (gradient-wind balanced flows). Bucking-
ham et al. (2021a,b) have shown that the product between
Ertel’s potential vorticity and absolute angular momentum
must be positive in an inviscid front for stability. Instability
occurs if

(1 + Cu)fg <0, 4

where the curvature number Cu = 2V,/(fr), V, is the geo-
strophic speed (e.g., Balwada et al. 2021), and r the local
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TABLE 1. Instability categories for thermal-wind balanced flows (TWB) according to ¢, and ¢, (Thomas et al. 2013), and
instability categories for gradient-wind balanced flows (GWB) according to ¢, and Doy, (Buckingham et al. 2021a). Categories:

stable (St.), symmetric (S), inertial (I), and gravitational (G).

Thomas angle

TWB GWB
Instability Cyclonic Anticyclonic Cyclonic Anticyclonic
St. ¢lwl < ¢, =0 d)tw(_ < =0 ¢>ng_ < ¢gw =0 (bng < ¢gw =0
S+1 — m — m
_Z < (;blw = d)lw[ _Z < d)gw = qbgw(
T ™ ™ T T ™
S _5 < d)tw = (btw(, _E < ¢tw = _Z _E < (;bgw = d)gwt, _5 < d)gw = _Z
G+S 3T ™ 37 ™ 3w [y 3 [y
EEC i =T ERC R EERC R
G 3w 3 3w 3w
_W<¢LWS_T _7T<¢th_T —fn'<qbgWS—T —7T<d>gwf e

radius of curvature (Theisel and Rauschenbach 1999; Balwada
et al. 2021):

2 213/2
(ug + vg)

r= 5)

P/ S L Sy B
8 ox 8 gy 8°8\gy  ox

where u, and v, are the zonal and meridional geostrophic ve-
locities, respectively. In this study, we consider nondivergent
velocities to be approximately geostrophic, and use them to
compute r and Cu. These nondivergent velocities are obtained
by applying the algorithm from Li et al. (2006).

Equation (4) is the generalized Rayleigh criterion (Buckingham
et al. 2021a). This criterion shows that an exchange of vorticity,
stratification, and centripetal accelerations must happen so that
stability can be attained. Note that it reduces to the criterion
originally used for thermal-wind-balanced fronts (fg < 0) when
centrifugal effects are negligible [lim,_,..Cu(r) = 0].

Based on the nondimensional product of the Ertel potential
vorticity and the absolute angular momentum, Buckingham
et al. (2021a) modified the instability angles introduced by
Thomas et al. (2013):

4l a+cw
P = Py = 120 [ RS ©
by, = Py = tan~'[— (1 + Cu)(1 + Ro)], (7)

where ¢,,, is the gradient-wind Thomas angle, and d’ng is the
gradient-wind critical angle. See the instability categories ac-
cording to ¢,y and d)gwr in Table 1. This instability classifica-
tion shows which aspect of the flow is the most responsible for
reducing the (1 + Cu)fg discriminant, but it should not be in-
terpreted in terms of energy exchange under linear instability
as the classification from Thomas et al. (2013). In this work,
we use the generalized Rayleigh criterion and the gradient
wind Thomas angle (¢g) to investigate the occurrence of
symmetric and inertial instabilities associated with the BC
meanders’ interaction with the topography.

c. Energy conversions

As shown in section 2b, symmetric, inertial, and gravitational
instabilities arise if the generalized Rayleigh discriminant be-
comes negative. However, some submesoscale instabilities, such
as barotropic shear instability (e.g., Gula et al. 2015, 2016a), may
occur even if the product (1 + Cu)fg is positive. Since the
Thomas angle does not capture this positive (1 + Cu)fyg insta-
bility, we analyze energy conversions to investigate the occur-
rence of barotropic shear instability. Baroclinic instability plays
an important role in the dynamics of the BC meanders’ growth
off CST and CF (da Silveira et al. 2008; Rocha et al. 2014).
We take advantage of the energy conversion analysis and also
assess the occurrence of baroclinic instability during the growth
of these meanders.

From the eddy kinetic energy (EKE) and the eddy potential
energy (EPE) conservation equations (e.g., Chen et al. 2014;
Magalhaes et al. 2017; Napolitano et al. 2019; Li et al. 2022;
Li and Roughan 2023) we analyze three terms: the horizontal
shear production [HSP, Eq. (8)],

—d ou —50dv v
HSP:*u’Z—u*u’v’—u*v’z—v w /_v; (8)
ax ay ay ax
MKE—EKE
the buoyancy production [BP, Eq. (9)],
BP = —(i)(wb/"’_b N ) R
N2 ax dy az
MPE—EPE
and the buoyancy flux [BF, Eq. (10)],
BF =w'b’ . (10)
—_——
EPE—-EKE

The overbars denote time averages, and the primes are the
deviations from that average. We adopt 7-day means to inves-
tigate the occurrence of instabilities during the generation
and growth of the mesoscale cyclones.

The HSP term shows the transfer of energy from the
mean kinetic energy (MKE) to the EKE (Chen et al. 2014).
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Negative HSP denotes the pathway EKE — MKE while posi-
tive HSP denotes MKE — EKE which occurs through hori-
zontal shear instabilities. The BP term shows the transfer of
energy from the mean potential energy (MPE) to the EPE,
while the BF term shows transfers from EPE to EKE (Chen
et al. 2014). Analogously to the HSP, negative BP (BF) means
a EPE - MPE (EKE — EPE) transfer, while positive BP
(BF) means a MPE — EPE (EPE — EKE) transfer. If BP
and/or BF are positive, we have a signal of baroclinic instabil-
ities (Kang and Curchitser 2015; Yan et al. 2019, 2022).

d. Kinetic energy flux across scales

Traditionally, kinetic energy (KE) fluxes are measured us-
ing spectral methods. However, these methods rely upon the
assumption of statistical homogeneity or a large-scale separa-
tion between the eddying scales of motion and the scales over
which the statistics vary (e.g., Aluie et al. 2018). By contrast,
the so-called “coarse-graining” approach is capable of quanti-
fying kinetic energy fluxes across scales in any geographic lo-
cation and instant of time, without relying on assumptions of
homogeneity or isotropy (e.g., Aluie et al. 2018; Schubert et al.
2020, 2021). Here, we use this method to quantify the kinetic
energy fluxes between submesoscale motions and larger scale
flows.

The method is applied as follows. For a scalar field, such as
the zonal velocity component, we obtain a low-pass-filtered
field by applying the convolution

u(x,y) = C X u(x, y), (11)
where C is a normalized window function, and u(x, y) is a
low-pass-filtered field which only contains scales larger than
the length scale L. Following Aluie et al. (2018), we choose C
to be the top-hat kernel:

{l/A,
C(R) =

0, otherwise,

if R < L2
(12)

where A = wL%4 is the normalization area with diameter L,
and R is the radial position vector.

We apply this convolution to all the velocity components
and obtain the low-passed-filtered fields uw = (&, v, w). The
equations of motion do not change their form when we apply
this convolution (Aluie et al. 2018). There is only one new
term that arises from the nonlinear advection term:

V-wu = V-uu + V-7(u, u). (13)
where 7(u,u) =au — uu is called the subfilter stress tensor
that consists of the force that the unfiltered motions exert on
the low-pass-filtered flow.

To obtain the kinetic energy flux expression, we need to
compute the large-scale kinetic energy budget. This is done
by multiplying the momentum equations by p,u. When multi-
plying the subfilter stress by p,u, we obtain:

pol - [T(u, u)] = V- [pja7(u, u)] + IL (14)
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The first term on the right-hand side is the divergence of
the transport of large-scale kinetic energy by small-scale
currents, while the second term is the kinetic energy flux
across scales (I1):

u | v
4=
dy

— ou
= — 2 _ 72 + ]
I po{[u u ]ax [wv — uv] o

- vzlj—’;},
(1s)

where negative (positive) values denote upscale (downscale)
kinetic energy fluxes. Here, we compute II to check if a
submesoscale-to-mesoscale inverse cascade contributes to the
growth of the BC mesoscale meanders as in the California
Undercurrent case (Molemaker et al. 2015). As the first inter-
nal Rossby deformation radius (R,;) is ~25 km in the region
(Houry et al. 1987), we adopt L = 50 km as the transition
scale between submesoscale and mesoscale flows.

Following Aluie et al. (2018), we impose velocities prior to
the filtering process to be equal to zero on land. This is done
to obtain results near the boundaries, as the convolution ker-
nel needs to take information over a region with a diameter
L. Consequently, there is some uncertainty on interpreting
results that are over a distance of L/2 from the boundary
(25 km in our case).

Last, although our grid is not truly regular, the difference
between Ax and Ay extremes is of about 60 m inside the do-
main (~10% smaller than the horizontal resolution of ~2 km).
Hence, we consider our grid approximately Cartesian in phys-
ical space and compute the fluxes using the coarse-graining al-
gorithm from Schubert and Rath (2021) instead of doing
these calculations in spherical coordinates.

3. Results and discussion
a. The formation of Brazil Current meanders

To analyze the occurrence of horizontal shear instabilities
associated with BC meanders, we use a CST cyclone event
that started in September 2016 of the CROCO simulation.
On 12 September 2016, we observe an incoming westward-
propagating anticyclone at about 22°S 37.5°W, and a fully
formed CST cyclone at about 23°S, 39.75°W (Fig. 2a). As the
anticyclone approaches the continental slope, the former CST
cyclone is displaced offshore and a secondary BC bump starts
to be generated at about 22.15°S, 40°W (Fig. 2b). The anticy-
clone keeps interacting with the continental slope, and the
bump evolves into a second CST cyclone at about 23°S,
40.5°W (Fig. 2¢).

This event displays a typical configuration of upstream-
anticyclone and downstream-cyclone observed off CST (Mill
et al. 2015; Pereira et al. 2019). Furthermore, altimetry obser-
vations confirm that CST cyclones can be generated after in-
coming anticyclones reach the continental slope. For instance,
Figs. 2d—f displays horizontal distributions of streamfunction
() and geostrophic velocities (u,) data from the Sea Level
Thematic Center [SL-TAGC; distributed by Copernicus Marine
Service (CMEMS)] during the formation of a CST eddy in
2006.
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FIG. 2. The arrival of incoming anticyclones and the formation of CST eddies as depicted by streamfunction () and
geostrophic velocity (u,) maps derived from sea surface height data from (left) a CROCO simulated event and (right) an
altimetry observed event. Yellow boxes display snapshots of (a),(d) the incoming anticyclone from the east; (b),(e) the an-
ticyclone hitting the continental shelf break; and (c),(f) the formation of a CST eddy downstream. The 160-m isobath
(solid white line) is shown to highlight the interaction of the incoming anticyclones with the shelf break. Regions shal-
lower than 160 m should be analyzed with caution in (d)—(f) due to the limitations of altimetry data within the shelf.

In the CROCO simulation, when the incoming anticyclone
of September 2016 reaches the continental slope upstream of
22.2°S, the cyclonic vorticity increases and Ro reaches O(1)
values (Fig. 3a; maps are shown at 160-m depth, close to the
shelf break, as the shear instabilities are more frequently ob-
served in this region). The CST cyclone is generated subse-
quently when the amplified cyclonic vorticity is shed to the
ocean interior (Fig. 3b). The anticyclone keeps interacting
with the slope and ejects strong cyclonic filaments that feed
the CST eddy and contribute to its growth. By 8 October
2016, we observe a submesoscale cyclone and a belt of intense
vorticity inside the mesoscale meander (Fig. 3c). Eventually,
a second submesoscale cyclone is formed and additionally
contributes to the CST cyclone growth (Fig. 3d). Figure 4a
shows the isopycnal and velocity structure of the meso- and

submesoscale cyclones (blue transect from Fig. 3d). The two
submesoscale cyclones span the upper 600 m and have radii
of ~20 km. They present associated (1) Ro and generate
50-100 m day_1 vertical velocities, but the associated Richardson
number (Ri) does not reach O(1) values (Figs. 4b—d).

The amplification of the cyclonic vorticity (Ro ~ 2) adjacent to
the bottom boundary spans, approximately, from 100- to 300-m
depth during the event (Figs. 5a-d). Consequently, fg is injected
near the bottom exceeding 5 X 107'% s7* values (Figs. Se-h).
Note that the amplification of both properties occurs where the
anticyclone squeezes the BC against the slope and, consequently,
increases the horizontal shear (Figs. Se-h).

We perform an energy analysis to verify if barotropic shear
instability is involved in this process. The energy conversion
terms are integrated between 100 and 300 m as the amplification
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of Ro and fgq occurs in this region. Our results show that the
vertically integrated HSP is positive at about 22.25°S, 40.1°W
where the incoming anticyclone interacts with the slope
(Figs. 6a—c). Thus, similar to the Gulf Stream case (Gula
et al. 2016a), barotropic instability indeed ejects cyclonic
filaments and SCVs that contribute to the growth of meso-
scale meanders downstream. This explains why the subme-
soscale cyclones do not reach O(1) Ri. Their generation
through barotropic shear instability does not involve a re-
duction of the stratification.

Downstream of 22.25°S, 40.1°W, the BP and BF terms are pos-
itive in some regions within the mesoscale cyclones (Figs. 6d-h).

Thus, in accordance with da Silveira et al. (2008, 2023), Rocha
et al. (2014), and Magalhaes et al. (2017), our analysis demon-
strates that baroclinic instability occurs during the growth of the
BC meanders. We observe that BP and BF can also be positive
(but not as high as HSP) at about 22.25°S, 40.1°W. Thus, even
though barotropic instability is dominant near the separation
point since the HSP term is larger, baroclinic instability also has
some importance.

Although prone to baroclinic instability from 20° to 36°S
(Magalhaes et al. 2017), BC cyclones are favorably triggered
off CST due to (i) the arrival of mesoscale anticyclones
upstream of separation regions and (ii) the subsequent
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generation of barotropic instability that triggers the meander
formation. The same process is observed during the formation
of CF cyclones downstream of 23°S (not shown).

b. The submesoscale-to-mesoscale inverse cascade

In the previous subsection, we have shown that barotropic
instability can be responsible for triggering the formation of BC
meanders off the capes. In addition, we have shown that such
instabilities shed cyclonic filaments and submesoscale cyclones
into the mesoscale meanders. In this section, we aim to answer
if these submesoscale features contribute to the growth of the
meanders in a submesoscale-to-mesoscale inverse cascade.

We analyze the kinetic energy flux across scales using a
coarse-graining approach (Aluie et al. 2018; Schubert et al.
2020, 2021). We adopt L = 2R; = 50 km as the transition
scale between submesoscale and mesoscale flows for the
region (Houry et al. 1987). Figure 7 shows the KE fluxes
through L = 50 km at 160-m depth in the same CST cyclone
event displayed in Fig. 3.

We observe that, after the formation of the CST cyclone,
the KE fluxes are predominantly upscale inside the meso-
scale meander (Fig. 7). The most intense values (~—1 X
107> mW m™2 km™!) are observed on 25 October 2016
(Fig. 7d) when there are two submesoscale cyclones within
the eddy [one at about 23.4°S, 40.75°W, and the other at about
23.6°S, 40.25°W; Fig. 3d)]. Therefore, the submesoscale features
shed by barotropic instability contribute to the growth of the
BC meanders in a submesoscale-to-mesoscale inverse cascade.
This is similar to the California Undercurrent case, where iner-
tial instability sheds filaments and submesoscale coherent vorti-
ces (SCVs) that contribute to the growth of anticyclones
downstream of a separation region (Molemaker et al. 2015).

Subject to the limitations of interpretation of the fluxes
close to the boundaries, we observe that KE fluxes are pre-
dominantly downscale where the CST cyclone interacts with
the slope (Fig. 7d). This is a region where the shear between
the eddy and the slope increases anticyclonic vorticity and
leads Ro to O(1) values (Fig. 3d). As anticyclonic vorticity
is increased, (1 + Cu)fg can become negative and lead to
inertially/symmetrically unstable flows. These instabilities
contribute to the forward cascade of energy (Gula et al.
2016b), which is in accordance with the downscale KE fluxes
found in the region. In the next subsection, we address the
occurrence of these instabilities and their association with
the generation of anticyclonic SCVs.

¢. Submesoscale anticyclones generation

After their formation, the BC meanders often grow quasi-
stationarily adjacent to the shelf break (da Silveira et al.
2008). In sections 3a and 3b, we have shown that during this
process, the shear between the cyclones and the topography
increases anticyclonic vorticity and generates downscale KE
fluxes. In this section, we aim to answer if this process is asso-
ciated with the development of inertial/symmetric instabilities
and, subsequently, with the generation of anticyclonic SCVs
(e.g., Molemaker et al. 2015; Morvan et al. 2019; Napolitano
et al. 2021b; Lazaneo et al. 2022).

We start by analyzing the temporal evolution of Ro on a
CST cyclone event at 450 m depth (March 2019 of the simula-
tion). As in the cases mentioned before, we observe that the
shear between the inshore limb of the mesoscale meander
and the slope amplifies anticyclonic vorticity, and leads the
Ro to O(1) values (Fig. 8a). After some days, we observe that
filaments of amplified anticyclonic vorticity are ejected offshore
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and roll-up into anticyclonic SCVs (Figs. 8b,d). One of the
generated SCVs is advected southward and orbits the
whole periphery of the mesoscale meander until reaching
the slope (Figs. 8b—f), while the other is advected northward
(Figs. 8d.e).

Next, we address the stability of the flow during the SCV
generation. Figures 9a—c show that fg is negative in the region
where the filaments are ejected and within the SCVs for some
days before becoming marginally stable. This indicates that
the flow is unstable to either symmetric, inertial, or gravita-
tional instabilities during the formation of the SCVs.

Buckingham et al. (2021b) show that in low-stratified
waters [Ri O(1)] with high curvature [Cu O(1)], cyclones can
become strongly unstable and anticyclones can become mar-
ginally stable. Figures 10a, 10b, 10d, and 10e show that Cu
and Ri reach O(1) between 22.45°-22.25°S and 40.4°-39.9°W.
Thus, we also examine the stability of the flow using the gen-
eralized Rayleigh criterion which considers centrifugal effects
(Figs. 9d-f).

Indeed, part of the anticyclonic flow is stabilized in the
region where the filaments are ejected when considering
centrifugal effects (cf. the area between 22.45°-22.25°S and

40.4°-39.9°W on Figs. 9a,d, for example). Because of curvature,
instability occurs in slightly different regions than those ob-
tained with the fq criterion. However, these differences are
small and become unimportant as the SCVs propagate away
from topography since Ri is generally low only near the
boundary. Thus, our results show that centrifugal forces play
a marginal role. Nonetheless, we choose to still use the most
generalized criterion in our analyses.

To verity the vertical extent of the unstable regions, we an-
alyze vertical sections of (1 + Cu)fg, Ro and Ri throughout
the SCV generation and propagation process (the positions of
the vertical sections are depicted on Fig. 8). Figures 11la—c
show that the shear between the CST cyclone and the slope
generates a region of negative (1 + Cu)fg, O(1) Rossby num-
ber, and O(1) Richardson number between 100 and 900 m.
According to the gradient wind Thomas angle (Buckingham
et al. 2021a), the flow is symmetrically and inertially unstable
in this area (Fig. 11d). Corroborating Wenegrat et al. (2018)
and Wenegrat and Thomas (2020), we observe that a mix of
inertial and symmetric instability occurs where topography is
sharply sloped whereas symmetric instability occurs where
the sloped topography flattens.
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The anticyclonic SCV that migrates south spans from 100 The southward migrating SCV is rapidly destroyed since it
to 700 m with radii between 10 and 15 km (Figs. 11e-h). It re-  hits the continental slope. By contrast, the northward migrat-
mains symmetrically and inertially unstable for some days af- ing SCVs can trigger the formation of subsurface mesoscale
ter its generation. After that, it becomes marginally stable but  anticyclones (Fig. 12). In particular, we observe this process
still retains its convex-lens-shaped isopycnals and its O(1) Ro  occurring during an event of northward migration of the CST
values (Figs. 11i-1). eddy in April 2019. Such migrating events were described by
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Mill et al. (2015), who estimated that approximately 20% of
the CST cyclones translate north. Figures 12a, 12b, 12d, and
12e show the northward migrating SCV from Fig. 8e being ad-
vected at 450 m depth and keeping its low (1 + Cu)fg signa-
ture. However, as the CST cyclone starts to migrate north, the
interaction with the slope generates a second strong and un-
stable anticyclonic SCV that cascades ~0.25 mW m ™2 km ™!
of KE downscale through L = 50 km (Figs. 12b,e,h). Subse-
quently, this SCV grows into a subsurface mesoscale anticy-
clone with a radius of ~30 km (Figs. 12c and 13a). This
anticyclone presents associated O(1) Ro and Ri numbers
(Figs. 12c and 13b,c), as well as regions of flow instability

(Figs. 12f and 13d). Finally, we observe that KE is fluxed both
up- and downscale inside the mesoscale anticyclone (Fig. 12i).
This occurs because the submesoscale features inside the
eddy contribute to (i) the inverse cascade of energy by playing
a role on the growth of the anticyclone and (ii) the forward
cascade of energy due to the instability of the flow. However,
we remark once again, that results that are over a distance of
25 km from the boundary are subject to the uncertainty of the
method application close to boundaries.

In summary, our results indicate that anticyclonic SCVs can
be generated by the interaction of BC meanders with the conti-
nental margin. These SCVs are triggered by inertial/symmetric
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instability and remain with negative/low (1 + Cu)fg waters for
several days. Some can evolve into mesoscale eddies, while
others can be destroyed since they hit the western boundary.
The lifetime of these SCVs is smaller than those advected by the
large-scale flow in the interior ocean (e.g., Dewar and Meng
1995; Lazaneo et al. 2022). However, they play an important
role in cascading energy to both larger and smaller scales. In
fact, Lazaneo et al. (2022) observed that anticyclonic SCVs can
lead to KE dissipation in the interior ocean. Therefore, the
SCVs described here may constitute an important sink of energy
for the BC.

4. Summary and conclusions

In this study, we use a submesoscale-permitting CROCO
simulation to investigate submesoscale shear instabilities asso-
ciated with BC cyclones generated between 22° and 23°S. Our
results indicate that the arrival of anticyclones upstream of
the CST can ignite barotropic instability from 100 to 300 m
and, consequently, can trigger the formation of CST cyclones
downstream. The same process can occur during the forma-
tion of CF cyclones downstream of 23°S (not shown). The
shear between the incoming anticyclones and the slope keeps
generating barotropic instability and ejects amplified cyclonic
filaments and submesoscale vortices offshore. Such submeso-
scale features feed the mesoscale meanders and contribute to
their growth in a submesoscale-to-mesoscale inverse cascade
(e.g., Molemaker et al. 2015). The submesoscale cyclones

span the upper 600 m with radii of ~20 km, present O(1) Ro,
and yield 50-100 m day ™! vertical velocities. Thus, their im-
pact on the vertical exchange of tracers and the biogeochemi-
cal dynamics within the BC meanders is a topic that should be
addressed in future studies.

After their generation, BC meanders trigger inertial and
symmetrical instabilities adjacent to the slope. Between 100-
and 900-m depth, the interaction of the inshore limb of the
cyclones with the slope increases the shear, amplifies anticy-
clonic vorticity, and reduces the Richardson number to O(1)
values. This leads to (1 + Cu)fg < 0, then the flow becomes
inertially and/or symmetrically unstable. Subsequently, anti-
cyclonic filaments are ejected offshore and roll up into anti-
cyclonic SCVs. These anticyclonic SCVs present a smaller
lifetime than those generated in the interior ocean (e.g.,
Lazaneo et al. 2022). However, they cascade energy to both
larger and smaller scales. Some can evolve into subsurface
mesoscale eddies, while others remain marginally stable un-
til being destroyed by the topography. SCVs can generate
pathways to energy dissipation (Lazaneo et al. 2022). There-
fore, despite having short life cycles, the SCVs described
here can be relevant to the sink of energy within ocean west-
ern boundaries.

By using a submesoscale-permitting simulation we were
able to show different submesoscale processes that arise from
flow—topography interactions associated with the BC mean-
ders. However, some caveats arise due to simulation horizon-
tal and vertical resolutions. We list them as follows:
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Inability to fully resolve submesoscale instabilities: As we
use a ~2-km horizontal resolution, our simulation is able to
capture the fronts and regions that become symmetrically,
inertially and gravitationally unstable. However, it needs to
parameterize these instabilities using the KPP scheme as
they develop at scales of 10 m-1 km (e.g., Dong et al. 2021);
Lack of accuracy in number and intensity of SCVs
formed: While other studies have also used 2-km resolution

3)

simulations to study the formation of SCVs (e.g., Vic et al.
2015), increasing the horizontal resolution can lead to a
marked increase in the number and strength of SCVs gen-
erated (e.g., Molemaker et al. 2015);

Lack of accuracy in resolving the BBL dynamics: SCV
generation as well as the evolution of symmetric and iner-
tial instabilities near the bottom are strongly linked to the
BBL dynamics (Molemaker et al. 2015; Srinivasan et al.
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2019; Wenegrat and Thomas 2020) and, thus, is strictly de-
pendent on how well this layer is resolved. In this work,
we only resolve 1-2 cells within the BBL (e.g., Fig. 11d).

Further simulations using higher horizontal and vertical res-
olutions need to be performed to better resolve BBL pro-
cesses impacting the SCVs generation, and the submesoscale

instabilities that develop from the interaction of the BC me-
anders with topography. Nevertheless, this work represents a
first attempt to assess the role of smaller-scale dynamics in the
BC quasi-stationary meanders.

The regional BC mesoscale cyclones impact coastal upwell-
ing, cross-shelf water transport, and biogeochemical dynamics
(Calado et al. 2010; Paléczy et al. 2014; Mill et al. 2015;
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nals. Red solid and dashed contours in (c) show the lower and upper limits, respectively, of O(1) Richardson number. Red solid isolines in

(d) show the (1 + Cu)fg = 0 contour.

Pereira et al. 2019). We have shown that submesoscale shear
instabilities can play a role in the formation of these meso-
scale meanders and the generation of associated submesoscale
vortices. However, further studies need to address whether
the ejection of filaments and SCVs by barotropic instability is
the main triggering mechanism of the BC meanders or not.
We are currently working to address (i) the origin of the anti-
cyclones that trigger barotropic shear instability upstream of
CST and CF and (ii) the impact of submesoscale motions on
the biogeochemical dynamics within the BC cyclones.
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APPENDIX

Model Evaluation

The simulation is evaluated by comparing the mean ther-
mohaline and velocity structure with available data and re-
ports from previous studies. We use the post-spinup period
of 2016-19 to construct the model temporal averages. Fig-
ure Ala shows the annual mean temperature and salinity
(TS) diagrams from the simulation and the World Ocean
Atlas 2018 (WOA18) climatology. We compute both TS
averages within the area of interest (red dashed box on Fig.
1). Results show that the simulation represents well the re-
gional thermohaline mean structure observed in the WOAIS
climatology. Figure Alb shows the mean cross-section velocity
vertical section at the black transect on Fig. 1. Corroborating
Napolitano et al. (2019), we find that (i) the BC occupies the
upper 200 m transporting ~2 Sv and reaches —0.5 m s~ at its
surface core and (ii) the IWBC transports 13.1 Sv and reaches
0.2 m s™! at its ~800-m core. Finally, we show that the simula-
tion successfully represents CST and CF cyclones events
(Fig. A2) as observed by Mill et al. (2015) and Pereira et al.
(2019).

Last, we need to confirm that the simulation is submeso-
scale permitting. We examine snapshots and the probability
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FIG. Al. (a) Temporal average of TS diagrams for the WOA18 climatology and the CROCO simulation computed
within the area of interest (red dashed box on Fig. 1). (b) Temporal average of cross-section velocity at the black tran-

sect from Fig. 1.

density function (PDF) of the following properties (e.g.,
Napolitano et al. 2021b):

4

Rossby number = Ro = 7 (A1)
12
ou  ov\® | (v ou\
o ay) e ey
[e%
ND strain rate = — = , (A2
0 7 (A2
u  Jv
5 ax ay
ND divergence rate = — = Y s (A3)
If] If1
2 |V, b
ND horizontal buoyancy gradient = ]}iz - fhz l, (A4)

where ¢ is the relative vorticity; f is the planetary vorticity; b is
buoyancy; « is the strain; & is the divergence; M? is the horizontal
buoyancy gradient; ND stands for nondimensional; and u, v, and
w are the zonal, meridional, and vertical velocity components,
respectively.

The snapshots at 10 m and the correspondent PDFs of
these properties reveal typical characteristics of submeso-
scale motions in accordance with Shcherbina et al. (2013)
and Napolitano et al. (2021b) (Fig. A2). The Rossby num-
ber and the nondimensional strain and divergence rates
reach O(1) values on the edges and in the center of the
CST and CF cyclones (Figs. A2a-d). The Ro PDF shows
large asymmetry with a typical tail toward cyclonic mo-
tions (skewness of 0.95; Fig. A2e), the divergence rate
PDF shows a typical tail toward convergence (skewness of
—0.44; Fig. A2g), and the strain rate PDF follows a x* dis-
tribution (mean of 0.28 and skew of 2.92; Fig. A2f) with a
tail of sporadic O(1) values. We observe that our simula-
tion generates M*f 2 extremes from 150 to 683 values,
which correspond to M? values between 5 X 1077 and
2 X 107° 572 (Fig. A2h). These strong buoyancy gradients
are in accordance with studies that investigate submeso-
scale motions (e.g., Thomas et al. 2016; McWilliams et al.
2019; Napolitano et al. 2021b). Hence, these results show
that our simulation is indeed submesoscale permitting.
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