NOVEMBER 2009

MANO ET AL.

Energy Flux to a Cyclonic Eddy off Cabo Frio, Brazil

MANLIO F. MANO

Laboratory of Computing Methods in Engineering (LAMCE), Department of Civil Engineering, Alberto Luiz Coimbra
Institute Graduate School and Research in Engineering (COPPE), Federal University of Rio de Janeiro (UFRJ),
Rio de Janeiro, Brazil

AFONSO M. PAIVA

Department of Ocean Engineering, Alberto Luiz Coimbra Institute Graduate School and Research in Engineering (COPPE),
Federal University of Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil

AUDALIO R. TORRES JR.

Laboratory of Marine and Atmospheric Processes Modeling (LAMMA), Department of Meteorology,
Federal University of Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil

ALVARO L. G. A. COUTINHO

Center for Parallel Computing (NACAD), Department of Civil Engineering, Alberto Luiz Coimbra Institute Graduate
School and Research in Engineering (COPPE), Federal University of Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil

(Manuscript received 11 April 2008, in final form 26 May 2009)

ABSTRACT

To evaluate the energy flux from the mean flow of South Atlantic western boundary currents toward typical
Cabo Frio eddies (at Brazilian southeast coast), the southwestern Atlantic circulation was simulated with the
Princeton Ocean Model. Throughout the study period, the vertical profile of eddy available potential energy
direction was monitored.

The results indicated that baroclinic instability eddies first appear in intermediate depths and then its signal
propagates upward, draining energy from the Brazil Current (BC), until it reaches the surface, 30 days after its
formation. The depth of eddy formation is related to the vertical profile of the mean potential vorticity cross-
current gradient (9g/ds). The beginning of the potential energy flux toward the perturbation and the origin of
the eddy occurred at a similar depth and time.

The observed pattern suggests the following cycle: 1) a well-defined southwestward-flowing BC in the
beginning of the period, with a baroclinically unstable profile of 9g/ds; 2) energy flux from the mean flow
toward perturbation at intermediate depth; 3) current destabilization and meandering; 4) formation and
growth of the cyclonic eddy; 5) potential energy flux progressively shallower; 6) propagation of the eddy signal
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upward; and 7) stabilization of the water column.

1. Introduction

The upper-ocean circulation in the western South
Atlantic, off the Brazilian coast, is characterized by the
flow of two opposing and relatively intense boundary
currents along the slope region. The Brazil Current (BC)
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flows in the south-southwest direction, from the surface
until depths of approximately 450-750 m (Campos et al.
1995; da Silveira et al. 2004), closing the subtropical gyre.
Below this level, down to about 1500-1800 m, the in-
termediate western boundary current (IWBC) flows to
the north, carrying primarily low-salinity Antartic In-
termediate Water. The circulation associated with these
two currents has been referred to as the BC-IWBC
system (da Silveira et al. 2004).

Near Cabo Frio (CF) at 23°S, the Brazilian coast
changes direction abruptly (Fig. 1) in a region of relatively
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FIG. 1. Area modeled by the POM with the respective bathymetry; the rectangle highlights
the area of interest of this work where the direction of the coastline changes from NE-SW to
E-W, off Cabo Frio. The bifurcation of the South Equatorial Current (SEC), originating the
Brazil Current (BC) and the North Brazil Current (NBC), is represented schematically.

intense mesoscale activity. A first description of the BC
meandering and the formation of cyclonic and anticy-
clonic eddy structures off CF has been presented by
Mascarenhas et al. (1971). Since then, several instances
of BC eddies, meanders, and recirculation cells have
been reported in this region in the scientific literature
(Signorini 1978; Reid 1989; Peterson and Stramma 1991,
Lorenzzetti et al. 1994; Campos et al. 1995; Stevenson
1996). The most preeminent feature, which is quite often
observed in satellite images (e.g., Garfield 1990), is the
meandering of the BC to the southeast of CF and the
subsequent formation of a cyclonic eddy (Fig. 2) that
propagates southwestward and is, at times, eventually
shed from the BC axis.

Campos et al. (1995, 1996) suggested that the BC
meandering is due to variations in the depth of the water
column. According to the authors, the sudden change in
coastline orientation at CF, associated with the potential
vorticity conservation along the slope region, generates
a topographic Rossby wave that propagates in the south-
western direction. Based on SST satellite images in which
cyclonic and anticyclonic meanders were observed, da
Silveira et al. (2000) claim that the beginning of the eddy
activity actually occurs north of CF at 22°S, off Cabo
de Sdao Tomé. The meander growth and the eddy for-
mation would arise from a baroclinic instability process
within the BC-IWBC system (da Silveira et al. 2008).

Following these results, the origin of the meanders would
be associated with the influence of coastline orientation
and bathymetry, but the eddy formation and growth
would depend on a baroclinic instability process, capable
of transferring available potential energy (APE) from the
mean flow to the eddy field.

To the best of our knowledge, however, no studies
exist, so far, characterizing the energy flux associated
with the baroclinic instability for this region. The ob-
jective of the present study is, therefore, to evaluate
the APE flux between the mean and the eddy flows,
characteristic of baroclinic instability, and to evaluate
its relation with the origin and growth of the cyclonic
eddy that is formed at CF. Since direct measurements
in this region are few, the problem is approached by
means of high-resolution regional numerical modeling,
using the Princeton Ocean Model (POM) (Blumberg
and Mellor 1987).

The article is organized as follows. In section 2, the
model configuration is presented, and its capacity to
reproduce the main oceanographic features in the re-
gion is assessed. In section 3, the conditions for insta-
bility and the mathematical formulation considered in
order to evaluate the APE fluxes are described. The
APE fluxes are diagnosed during an eddy formation
event, and shown in section 4. The results are then dis-
cussed and the main conclusions presented in section 5.
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FIG. 2. SST image of the area of interest. Red tones represent the BC, which flows in the NE-SW direction, with
some eddy activity. It is possible to observe three eddy formations at the western boundary of the BC. The rectangle
highlights the CF eddy. Source: NOAA (http://www.nsof.class.noaa.gov).

2. Hydrodynamic modeling
a. Model configuration

To reproduce the local circulation, a 3-yr simulation
was performed with POM (stabilization of kinetic en-
ergy occurs in less than 30 days). A 45-day period, in
which the formation of a cyclonic eddy to the southeast
of CF is well simulated, was chosen for analysis. Lateral
boundary conditions were kept constant throughout the
entire simulation and momentum, heat, and mass fluxes
were neglected at the surface so as to guaranty that all
variations in potential and kinetic energy occur essen-
tially by internal instability processes.

The modeled domain is bounded by 10° and 27°S,
30° and 50°W (Fig. 1). The area considered is much
larger than the area of interest, in order to simulate the
BC from its origin and to isolate the CF region from
boundary effects. The horizontal grid is regular, with 5’
resolution in latitude and longitude and a total of 241 by
205 points. This resolution is at least three times smaller
than the region’s internal Rossby radius of deformation.
Considering the CF cyclonic eddy presented in Fig. 2,
this resolution is at least eight times smaller than the
eddy diameter and suffices to resolve the mesoscale at

this region. Fifteen sigma levels were used in the vertical
so as to resolve the vertical shear between BC and
IWBC, which is an essential condition to study the
baroclinic instability.

Bathymetry was based on the 5’ gridded elevations/
bathymetry for the world (ETOPOS) international data-
base (NOAA 1988). Initial conditions were derived from
the Ocean Circulation and Climate Advanced Modeling
(OCCAM) global model simulation (Gwilliam 1995),
corresponding to the April 1996 monthly temperature and
salinity means. Barotropic velocity boundary conditions
were based on Flather (1976), while for the baroclinic
velocity the Sommerfeld (1949) radiation conditions were
used. The temperature and salinity boundary conditions
followed the scheme used by Zavatarelli and Mellor
(1995). The same boundary condition schemes were
applied at the north, south, and east boundaries.

POM is a three-dimensional nonlinear model that
integrates the primitive equations by the finite differ-
ence method using sigma coordinates in the vertical. It
was designed to simulate ocean and coastal currents,
being capable of appropriately resolving the nonlinear
processes of the eddy dynamics. The greatest benefit of
the sigma-coordinate models is related to the smooth
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FIG. 3. Surface time-averaged velocity field (m s~ '), considering
two years of POM simulation.

representation of topography and the ability to simulate
the interaction between flow and bathymetry (Ezer et al.
2002). The disadvantage is the generation of spurious
pressure gradient velocities. Tests were performed to
evaluate this error in our configuration, according to
Barnier et al. (1998). The magnitude of the spurious
currents was found to be always lower than 10% of the
total current.

b. Model evaluation

The mean surface velocity field of the last two years of
simulation is presented in Fig. 3. The BC is seen with a
mean axis in the northeast-southwest direction until
approximately 24°S, turning westward after passing CF,
and velocities around 0.35 m s~ '. Observations offshore
from CF (da Silveira et al. 2008) show a southwestward
BC at 22.7°S, 40.2°W with a mean velocity in its core of
041 ms '

A zonal section at CF (section a in Fig. 1) of model
mean temperature and salinity (Fig. 4) shows a vertical
water mass distribution that is in agreement with the
literature (Campos et al. 1995; Signorini 1978). Warm
tropical water (TW) can be observed to approximately
200 m deep, followed by a sharp thermocline with
temperatures decreasing from about 18° to 6°C down to
~800 m, composed of South Atlantic Central Water
(SACW) and Antarctic Intermediate Water (AAIW),
identified by the characteristic salinity minimum around
1000 m deep.

The simulated time-averaged flow of the BC-IWBC
system is presented in Fig. 5 for a northwest-southeast
oriented section beginning at CF (section b in Fig. 1).
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FIG. 4. Vertical sections at 23°S (section a in Fig. 1) of time-
averaged (a) temperature (°C) and (b) salinity (psu), considering
2 years of POM simulation.

The inversion in the flow direction occurs, on average,
around 700 m deep, varying throughout the simulation
between 180 and 1000 m. Da Silveira et al. (2004), based
on current (18-19 April 1983) and CTD (July 2001) data,
describe the BC-IWBC as presenting a flow inversion
around 450 m deep. The simulated IWBC core oscil-
lated between 600 and 1600 m deep, with an average
thickness of 1500 m and maximum averaged velocities
of ~0.20 m s~ '. These results are also in agreement with
observations made by da Silveira et al. (2004), which
show the IWBC with a thickness of about 1200 m and
maximum velocities of 0.30 m s at its core, located at
~800 m deep.

In an extensive literature review, da Silveira et al.
(2000) describe a BC at CF with intensive meandering
activity, maximum surface velocities ranging from 0.19
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FIG. 5. Vertical section of the current (m s~ ') between CF and
24.67°S, 40.33°W (section b in Fig. 1). This section is NW-SE ori-
ented, owing to the BC mean pattern in the NE-SW direction. The
BC-IWBC system is presented: BC in the surface layer with neg-
ative velocities (southwestward); IWBC in the intermediate layer
with positive velocities (northeastward).

to 0.75 m s~ ', and transport varying from 2.2 to 11 Sv
(Sv=10° m® s~ ). During the 45-day period used for the
flux analysis, the simulated BC presented maximum
surface velocities of 0.50 m s~ ', with volume transport
at latitude 23°S remaining between 3.8 and 7.4 Sv.

The diameter and depth of the simulated eddy for
the CF region were approximately 68 km and 800 m
(Fig. 6), which agrees well with the literature (Signorini
1978; Lorenzzetti et al. 1994; Schmid et al. 1995) and SST
images of this region (Fig. 2).

3. Baroclinic instability and energy fluxes

The model results were analyzed within the frame-
work of linear theory for baroclinic instability. The
vertical structure of the mean flow of the BC-IWBC
system was investigated to verify the existence of nec-
essary conditions for instability. The theory of evalua-
tion of the instability conditions can be obtained in
Johns (1988) and da Silveira et al. (2008). In summary, if
the vertical profile of cross-current gradient of mean
potential vorticity (9g/ds) changes sign along depth, all
necessary conditions are satisfied.

Despite that mean potential vorticity includes a term
related to horizontal shear [see Eq. (1)], the focus here is
on the vertical shear, as the objective is to investigate
the development of the baroclinic instability. This spe-
cific interest in vertical shear is due to the fact that
the importance of baroclinic instability to the growth
of perturbations in this region was recently assessed
by da Silveira et al. (2008), who concluded that the
Brazil Current system is likely baroclinically unstable.
Da Silveira et al. (2004) have also shown that the BC
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F1G. 6. Vertical section of the component v of the velocity
(ms~ ') in the eddy region, referring to the latitude of its nucleus on
the surface.

system is 75%-80% baroclinic. Thus, in Eq. (2), a bar-
oclinic dg/ds, proportional to the vertical gradient of
along-current velocity, is determined from

o, Oy
= + +
q=v 9z <N2 9z Boy )
as
ag o (> ov
acs] T <sz>’ @)
BCL Z\ N* 90z

where q is potential vorticity, ¢ the streamfunction, f the
Coriolis parameter, 8 the meridional gradient of f, N
the square of the Brunt—Viisila frequency, and v, is the
longitudinal current (i.e., the along-current axis veloc-
ity); the overbar indicates time averaging.

Therefore, an evaluation of the vertical profile of
dq/ds was made. Figure 7 shows the result for the point
24°S, 41°W considering the current axis in the southwest
direction. The values of current, temperature, and sa-
linity used to calculate N* and v, are time averaged
during two years of POM simulation in Fig. 7a. It should
be noted that the dg/ds profile changes sign, presenting a
positive peak in the upper layer (400 m) and a negative
peak in the intermediate layer, around 600-700 m,
confirming that the system is potentially baroclinically
unstable. These depths were chosen to plot the results
(Figs. 9-13). A shorter time average, from day 10 to day
30 of the study period, of current, temperature, and sa-
linity was used in Fig. 7b so as to associate dg/ds with the
energy flux.
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FIG. 7. Vertical profile of the cross-current gradient of the mean
potential vorticity, 9g/ds [(m s)~! X 1071], at 24°S, 41°W consid-
ering a (a) 2-yr time average and (b) a shorter time average in-
cluding day 10 to day 30 of the study period. The objective is to
confirm the existence of sign changes along depth. The depth layer
of negative peak is related to the APE flux peak to the eddy.

Physically, the variations in vertical stretching and
squeezing of fluid, imposed by the perturbation, gener-
ate new relative vorticity. However, the perturbation
growth and the formation of eddies depend on the po-
tential energy flux coming from the mean flow. Thus, in
addition to the favorable conditions for instability de-
velopment, an APE flux, from the current to the per-
turbation, is necessary. Obviously, the perturbation will
not increase indefinitely because, after a certain point,
nonlinear processes gain importance (dissipating this
energy) and the theory used so far does not apply. When
the APE flux reverses, from the perturbation to the
mean flow (from eddy to the BC), weakening of the eddy
and the reintensification of the current are expected.

As the increase in the perturbation field occurs to
the south of CF, where the BC flows in a northeast—
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FI1G. 8. Surface total velocity fields on days (a) 1 and (b) 45 of the
study period simulation. The colors indicate magnitude (ms~ ') and
vectors indicate direction. The higher magnitudes are from BC.
The rectangle highlights the CF eddy signal at sea surface simu-
lated by the POM.

southwest orientation, it is important to consider the
energy transfer related to the zonal and meridional ve-
locity components. By adapting Pedlosky’s (1979) deri-
vation from one to two components of the flow and
simplifying the resulting equation, looking for APE flux
sign estimate, one obtains

E | p® _yp Tl _p

ot ax ay var

where E is the APE of the perturbation and 7 is po-
tential temperature. The expression between brackets
will be denoted by E,.,, which gives an indication of the
APE flux direction. The overbar indicates axis averaged

(x ory).
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FIG. 9. Physical diagnostic for day 1 of the simulation: map of (a) the surface eddy field, (b) the eddy field at 400 m, and (c)
the eddy field at 700 m; (d) vertical profile of Ey,, (normalized for the dotted polygon area in Fig. 1), in °C*s~! x 107",

Monitoring of the vertical profile of E,, becomes,
therefore, very useful. In the regions in which its sign is
positive, the APE increases, meaning APE flux from the
mean flow to the eddy field. When the sign of E,, is
negative, the energy flux is reversed, from the eddy to
the BC.

4. APE fluxes

In the presentation that follows regarding the APE
fluxes, model days will be referenced to the beginning
(day 1) of the 45-day period considered for the analysis,
which covers the entire process of eddy formation at CF.
At day 1 (Fig. 8a), the BC instantaneous flow, although
more intense and narrow, resembles the mean flow in
terms of horizontal structure and flow direction. No me-
ander or eddy is presented at CF, where the flow follows a
well-defined southwestward path. But, at day 45 (Fig. 8b),
the cyclonic eddy signal can be seen at the surface, as
discussed latter. What happened during these 45 days that
makes BC basic flow evolve to a cyclonic eddy?

To answer this question, the following parameters
were monitored and are presented for days 1, 10, 20, 30,

and 40: vertical profiles of E,, (normalized by the
number of points in each depth) in the area within the
dotted polygon in Fig. 1 and eddy velocities at depths 0,
400, and 700 m. The northern limit is located at the
beginning of the eddy activity in the region offshore
from Cabo de Sao Tomé (following da Silveira et al.
2000) and the area extends to the southern limit of the
simulated eddy. The meridional extension is longer than
the wavelength of the most unstable waves in the region
[~250 km, according to da Silveira et al. (2008)]. The
variation of the eastern limit was intended to avoid the
influence of other eddies that grow throughout the study
period. The depths were chosen based on the vertical
profile of dg/as (Fig. 7a). Eddy velocities correspond to
the instantaneous velocity minus the time-averaged ve-
locity field computed from the last two years of simu-
lation. Results are shown in Figs. 9-13 and are discussed
below.

Atday 1 (Fig. 9), the BCis very intense and the energy
flux vertical profile predominantly negative above 900 m,
indicating energy flux toward the mean flow. At day 10
(Fig. 10), there is a small positive peak of E,, at 700 m,
indicating some eddy activity. This is confirmed by the
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FIG. 10. As in Fig. 9, but for day 10 and in °C* s~ ! X

eddy velocity field, in which it is possible to observe a
cyclonic circulation at 700 m (Fig. 10c), southeastward of
CF, indicating the formation of the eddy. It is interesting
to note that no clear signal of this eddy can be seen at
upper levels (Figs. 10a,b).

The maximum energy flux from the mean flow to the
perturbation can be seen in day 20 (Fig. 11). Positive
E, ., values are observed between 300 and 1000 m, with a
strong peak at 600 m. This depth corresponds to the
layer of negative dg/ds in the water column (Fig. 7b).
The cyclonic eddy is now clearly observed at 700 m. A
weak signal of the cyclonic circulation can also be ob-
served at 400 m, but is absent in the surface field.

The energy flux to the perturbation occurs in the first
800 m of the water column at day 30 (Fig. 12), and its
vertical profile is more spread over lower depths. The
eddy, still a dominant feature at 700 m (Fig. 12c), is now
also evident at 400 m (Fig. 12b), but still cannot be dis-
cerned in the surface velocity field.

At day 40 (Fig. 13), stabilization of the intermediate
layers is already observed to occur with energy fluxes
toward the mean flow at lower levels. At the surface
layer, however, the energy flows from the mean to the
perturbation, and the cyclonic eddy is finally observed in
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the surface velocity field. Day 40 marks the arrival of the
eddy signal at the surface, 30 days after it was first ob-
served at 700 m.

It can be seen in Figs. 13a—c that the center of the eddy
is dislocated to the southwest as we go deeper in the water
column. Another interesting observation is that, despite
the eddy core not being at the same location at the three
depths on this particular day, one can observe in Figs. 10c,
12b, and 13a that the eddy was formed in the same
location (24°-24.5°S, 41°-41.5°W) at all depths. After
being formed at intermediate depth the eddy is advected
southwestward, with its vertical axis tilting in the opposite
direction and against the mean shear as it progressively
reaches shallower depths. This tilt is required to drain
energy from the mean flow (Pedlosky 1979).

This pattern is clearer in Fig. 14, which shows the time
evolution of area-averaged (between 24° and 24.5°S, 41°
and 41.5°W where the eddy is observed to arise at the
three levels) relative vorticity profiles. The origin of
the eddy at intermediate depth is evident. It is possible
to notice that the negative relative vorticity (cyclonic)
signal increases initially at 750 m, presenting maximum
values between days 20 and 30 at depths 600 and 700 m,
and progressively propagates upward.
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FIG. 11. As in Fig. 9, but for day 20. The rectangle highlights the eddy at 700 m. It is possible to see the perturbation growth
(as a meander) at 400 m, but not as an eddy yet.

To provide a better characterization of the energy
flux from the mean flow to the perturbation, the time
evolution of the area-averaged E,,, vertical profiles is
shown in Fig. 15. It is possible to observe positive values
of Ey,; (flux to the perturbation) before day 10, around
700 m (allowing the eddy visualization in Fig. 10c), but
its positive peak occurred on day 18 at 600 m. From day
25 on, the APE flux to the perturbation was progres-
sively shallower, reaching the surface around day 40.
High values of E,,, were observed also at the surface
layer (not shown), possibly related to surface boundary
instability. However, as the origin of the eddy was
clearly at intermediate depth (based on Figs. 9-14, no
eddy structure could be identified before day 30 at the
surface layer), we focused the analysis on the internal
baroclinic instability for depths below 150 m.

Comparing Figs. 14 and 15, one concludes that the en-
ergy flux to the perturbation and the eddy formation depth
are within the layer of negative dg/ds (Fig. 7). The E,,;
positive peak and the relative vorticity negative peak are
at a similar depth (600-700 m), but the former occurs a few
days earlier. This depth is the same as the dg/ds negative
peak for the period of maximum energy flux (Fig. 7b).

5. Discussion

The objective of this study was to evaluate the potential
energy fluxes between the mean flow and the perturba-
tion associated with the formation of a cyclonic eddy at
CF to investigate the process of the eddy growth and its
relationship to baroclinic instability. Results from a high-
resolution numerical simulation made with the Princeton
Ocean Model (POM), configured for the study area, were
used in the analysis.

The cyclonic eddy first appears around 650 m. This
depth is within the layer of negative mean potential
vorticity cross-current gradient (9g/ds), between the
depth of dg/as sign change (from positive to negative)
and the mean depth of BC-IWBC system flow reversal.
The eddy signal was then observed to propagate upward,
draining potential energy from the BC, until it reached
the surface 30 days after its formation.

Considering the fact that the mean depth of BC-
IWBC flow reversal in the model was deeper, compared
to that observed by da Silveira et al. (2008), it is possible
that, in the real ocean, the depth of negative dg/ds in this
region is located at shallower depths. According to these
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authors, the depth of dg/ds sign change, from positive to
negative, is 350 m, which would mean a shallower depth
of eddy origin and a shorter time for eddy signal propa-
gation from the origin depth to the surface than seen here.

Pedlosky (1979) demonstrated that the energy flux
occurs at the depth where the perturbation phase speed
and the mean flow magnitudes are similar (steering
level). According to Johns (1988), to satisfy the condi-
tions for internal baroclinic instability, the steering level
should be in the negative region of dg/ds but close to the
depth of sign change. The peak of energy flux to the
perturbation (E,, positive peak) occurred at 600 m,
while the 9g/ds sign change, from positive to negative, is
around 450 m. The relation between energy flux and the
vertical profile of dg/ds found in this work is, therefore,
in agreement with the theory.

The results suggest the following sequence of events
during the formation cycle of the Cabo Frio cyclonic
eddy: 1) a well-defined southwestward-flowing BC in the
beginning of the period, with a baroclinically unstable
profile of dg/ds; 2) energy flux from the BC to the per-
turbation at the depth of negative dg/ds, close to the
depth of dg/ds sign inversion; 3) current destabilization
and meandering at this depth; 4) formation and growth

of the cyclonic eddy; 5) potential energy flux progres-
sively shallower; 6) propagation of the eddy signal up-
ward throughout the period, tilted against the mean
vertical shear; and 7) stabilization of the water column.

The tilting of the perturbation in the opposite direc-
tion of the BC vertical shear and the eddy formation
related to the APE flux from the mean flow toward the
perturbation at depths below the surface layer strongly
support the hypothesis that the origin of cyclonic eddies
off CF is associated with internal baroclinic instability.

We speculate that the water column stabilization
found at the end of the cycle could have been caused by
the IWBCin a role similar to the deep western boundary
current in the North Atlantic, described by Spall (1996).
Throughout the study period, the depth of flow inversion
oscillated significantly, indicating the rise of IWBC. On
reaching shallower depths, it would invert the energy
flux, intensifying the mean flow. More studies on space
and time variability of the IWBC should be done to
confirm that.

In spite of being well based, the physical study of a
single eddy is not enough to extend its characteristics to
all eddies in the CF region. Preliminary analysis of the
entire simulation period, however, shows that at least
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FIG. 13. As in Fig. 9, but for day 40. The rectangle highlights the eddy at the three depths.

one other isolated cyclonic eddy was formed in inter-
mediate depths, indicating that the mechanism observed
in this study should be relevant to the formation of the
CF cyclonic eddy. Eddies that appear in cyclonic and
anticyclonic pairs, respectively, in the west and east sides
of the BC, which are also common in the region, seem to
have a distinct origin, as their appearance in the model
solution occurred simultaneously throughout the first
kilometer of the water column, indicating barotropic
behavior. Da Silveira et al. (2000) suggest that these
pairs of eddies are generated by barotropically unstable
topographic Rossby waves. The CF region would pres-
ent, therefore, eddies that are generated with baroclinic
instability predominance or barotropic instability pre-
dominance. The former type would follow the dynamics
observed herein.
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FIG. 14. Time variation of the vertical profile of relative vorticity
(s™' X 107%) for the area of origin of the eddy (24°-24.5°S,
41°-41.5°W). Negative vorticity indicates a cyclonic gyre.
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