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ABSTRACT: The Florida Current (FC) flows in the Straits of Florida (SoF) and connects the Loop Current in the Gulf of

Mexico to the Gulf Stream (GS) in the western Atlantic Ocean. Its journey through the SoF is at time characterized by the

formation and presence of mesoscale but mostly submesoscale frontal eddies on the cyclonic side of the current. The

formation of those frontal eddies was investigated in a very high-resolution two-way nested simulation using the Regional

Oceanic Modeling System (ROMS). Frontal eddies were either locally formed or originated from outside the SoF. The

northern front of the incoming eddies was susceptible to superinertial shear instability over the shelf slope when the eddies

were pushed up against the slope by the FC. Otherwise, incoming eddies could be advected, relatively unaffected by the

current, when in the southern part of the straits. In the absence of incoming eddies, submesoscale eddies were locally formed

by the roll-up of superinertial barotropically unstable vorticity filaments when the FC was pushed up against the shelf slope.

The vorticity filaments were intensified by the friction-induced bottom-layer vorticity flux as previously demonstrated by

Gula et al. in the GS. When the FC retreated farther south, negative-vorticity west Florida shelf waters overflowed into the

SOF and led to the formation of submesoscale eddies by baroclinic instability. The instability regimes, that is, the sub-

mesoscale frontal eddies formation, appear to be controlled by the lateral ‘‘sloshing’’ of the FC in the SoF.
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1. Introduction

In the last two decades, submesoscale coherent vortices

(SCVs) have been the subject of a significant amount of re-

search (McWilliams 2016). Indeed, with the advancement of

remote sensing observations of ocean color and ocean currents,

Lagrangian measurements and high-resolution numerical

simulations, the ubiquity of SCVs has become evident. These

coherent flow structures have a significant role in the energy

dissipation in the world’s oceans to which they provide a

unique pathway (McWilliams 2016). They are characterized

by their small scale (0.1–10 km in the horizontal) less than the

local first baroclinic Rossby radius (Rd), their vigorous cir-

culation (Rossby number Ro . 1), which make them unbal-

anced, and their short life span although some SCVs in the

ocean interior can last several years.

SCVs appear to form as the spontaneous expression of the

dynamical unbalance in oceanic system, which is broken by the

development of small-scale perturbations. They are known as

mixed layer instability (MLI; Boccaletti et al. 2007), which is a

baroclinic instability in a weakly stratified layer, which forms

SCVs known as mixed layer eddies (MLEs). Strain induced

frontogenesis associated with mesoscale eddy circulation or

currents lead to the formation of dense filaments that becomes

unstable and form submesoscale eddies (Lapeyre et al. 2006;

Capet et al. 2008; Manucharyan and Timmermans 2013; Zhong

and Bracco 2013; Gula et al. 2014). While frontogenesis can

occur independently from MLI, the two processes often ac-

company each other with secondary frontogenesis arising on

the edges of MLEs.

SCVs are also formed as the result of the energy dissipation

process of boundary currents or mesoscale eddies when im-

pinging against the bathymetry (Evans et al. 2020). Such pro-

cess was first described by Molemaker et al. (2015), who

demonstrated that currents in a boundary layer along a slope

do generate a horizontal shear, which is a source of vertical

vorticity of the flow. Using this argument, Gula et al. (2015b)

demonstrated the role of this mechanism in the formation of

frontal submesoscale eddies on the cyclonic flank of the Gulf

Stream (GS). These cyclonic eddies were formed by the de-

stabilization of vorticity filaments created by the friction of the

boundary current on the shelf slope. The filaments became

unstable after separation of the current from the coast. In an-

other region of the world’s ocean, the Omani Coastal Current

is a boundary current that flows northward along the southern

coast of Oman during the summer monsoon. A similar mech-

anism appears to sustain the formation of submesoscale frontal

eddies, although the source of the strong shear was not shown.

But they are generated by the instability of the horizontal shear

that cancels the current at the coast as shown by Morvan and

Carton (2020). Submesoscale frontal eddies are also observed

in the frontal region of the Agulhas Current as revealed by

buoyancy gliders surveys in Krug et al. (2017). Eddies are ob-

served in a region where the current velocity core flows above

the shelf as is the case for the GS in the region studied by Gula

et al. (2015b). In a high-resolution simulation of the Agulhas

Current, Tedesco et al. (2019) showed the formation of a
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vortex street by barotropic instability of the sheared frontal

region of the current. Such vortex streets are also observed in

the southern part of the Straits of Florida (SoF; Fig. 1) where

the core of the Florida Current (FC) flows against the shelf

slope. The destabilization of the topographically induced

frontal cyclonic shear of the FC is the focus of the study herein.

The FC, which is confined within the SoF, connects the Loop

Current in the eastern Gulf of Mexico to the south with the GS

to the north in the SouthAtlantic Bight. The axis of the FC core

is located in the northern SoF, 5–10 km from the shelf break,

east of Miami and Palm Beach, Florida (FL) (Molinari and

Leaman 1987; Beal et al. 2008), and 10–15 km south of Key

West, FL, in the southern SoF. The FC follows the topography

where the shelf progressively gets narrower from the Florida

Keys to Ft. Lauderdale, FL. Generally, the flow is toward the

east before veering north around 818W longitude. The FC

transport exhibits a seasonal cycle characterized by a maxi-

mum in May–July and a minimum in January. However, most

of the variability is observed on time scales of 4–20 days. The

variability has been related to changes in along-stream wind

stress, continental shelf waves, meanders modes, and frontal

eddies (Brooks and Niiler 1977; Johns and Schott 1987; Lee

andWilliams 1988; Lee et al. 1991; Fiechter andMooers 2003).

The flow over the outer shelf is frequently affected by the

meanders and perturbations of the highly sheared FC’s

northern and western edges. FC perturbations vary from

slow-moving mesoscale gyres (Lee and Williams 1988) to

faster-moving, submesoscale eddies (Lee 1975). Such fluctu-

ations typically dissipate over the shelf break and are not

usually detected in current meter observations over the inner

shelf (Lee 1986). Surface velocity measurements from the

Ocean Surface Current Radar (OSCR) in high-resolution

FIG. 1. (a)–(c) 3-day average Chl-a images of submesoscale frontal eddies in the southern Straits of Florida. Chl-a was estimated from

MODIS measurements and images provided by Optical Oceanography Observatory at University of South Florida. The images cover

248–268N, 838–808W. (d) FB-ROMS nested model SST showing submesoscale frontal eddies SE6 at model time t 5 371 days.

(e) FB-ROMS SST parent and child domain on model time t 5 317 days. (f) FB-ROMS model SST showing submesoscale eddy SE3 at

model time t 5 335 days. Note the similarity between model and observations.
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mode (Shay et al. 2000, 2002; Archer et al. 2015) suggest that

the FC is an oceanic feature characterized by large horizontal

shears on its cyclonic side, relative vorticities up to 11 times

the local Coriolis parameter ( f ) and strong topographical

constraints as found by Peters et al. (2002).

The FC frontal eddies encompass a radius of 2–30 km (Shay

et al. 1998; Richardson et al. 2009; Kourafalou and Kang 2012),

which is often smaller than the deformation radius of 10–30 km

(Shay et al. 2007). They are short-lived (1–2 weeks), swift be-

cause they travel with the flow, and appear trapped against the

Florida shelf slope. Unlike frontal eddies observed in the

northern SoF (Lee et al. 1991; Fiechter andMooers 2003; Gula

et al. 2015a,b), few Florida Keys Reef Tract (FKRT) eddies

have a cold sea surface temperature signature associated with

the cyclonic circulation-driven upwelling (Kourafalou and

Kang 2012; Richardson et al. 2009). In fact, the passage of

frontal eddies in the lower Keys in June and July shows a

temperature increase in surface waters (Sponaugle et al. 2005)

as warmer waters from the west Florida shelf are entrained at

the surface by the FC (Kourafalou and Kang 2012). This is con-

sistent with the warm-water anomaly observed by Richardson

et al. (2009). At the bottom, the passage signature of the frontal

eddies can also include a cold-water bore generated by the im-

pingement of the eddy on the shelf slope (Sponaugle et al. 2005;

Davis et al. 2008).

Several hypotheses have been put forth to explain the for-

mation of submesoscale eddies: (i) growing barotropic insta-

bilities (meanders) (Lee and Mayer 1977); (ii) part of the final

growth stage of baroclinically unstable meanders (Lee et al.

1992); (iii) abrupt changes in wind direction and stress over the

shelf (Shay et al. 1998); (iv) associated with the cyclonic side of

the FC meanders along the Florida shelf (Fiechter and

Mooers 2003); (v) decay of mesoscale eddies (Lee et al. 1995;

Sponaugle et al. 2005). The most recent work by Gula et al.

(2015b) identified the instability of potential vorticity (PV)

filaments as a dominant mechanism for the formation of small

frontal eddies in the northern SoF. Using a high-resolution

simulation realized with the Regional Oceanic Modeling

System (ROMS), Gula et al. (2015b) analyzed the role of

bottom induced vorticity on the formation of large, positive,

relative vorticity (RV) filaments (up to 3–4f) on the cyclonic

side of the GS. The bottom drag against the slope amplifies

the cyclonic shear according to the mechanism described by

Molemaker et al. (2015). The sloped turbulent bottom

boundary layer also provides a source of PV as shown by

Gula et al. (2015b). The topographically intensified positive-

vorticity filament in the model was found to be about 2–3 km

wide and became unstable once the FC separated from the

coast near West Palm Beach, FL. The filament rolled up

into a street of submesoscale vortices, known as ‘‘spinoff

eddies.’’ This mechanism was identified by Rayleigh (1880)

who showed that an isolated two-dimensional vorticity fil-

ament is always unstable and rolls up into discrete vortices.

Small-scale frontal eddies in the SoF, on the cyclonic side of

the FC are frequently observed and present a wide variety of

numbers, shapes, and sizes that would suggest different origins

and formation mechanisms. As shown by the previous litera-

ture (Kourafalou and Kang 2012), the larger (mesoscale)

eddies have a remote origin, but a closer look at the smaller

eddies show that they originated in the SoF (Fig. 1) as con-

firmed by Zhang et al. (2019).

To investigate the formation of these eddies, we used a 500-

m resolution simulation of the circulation along the FKRT

(Figs. 1d–f). This simulation was two-way nested in a larger

South Florida simulation described in Criales et al. (2015), both

realized with ROMS. The visual analysis of the nested model

revealed the formation and the presence of various types of

mesoscale and submesoscale frontal eddies with striking re-

semblance to observed eddies in MODIS/MERIS Chl-a im-

ages in the southern SoF (see, e.g., eddies in Figs. 1a,d,e and

1c,f). We therefore investigated the mechanism of formation

and the origin of the small eddies based on energetics and PV

fluxes.We show that vorticity filaments are also unstable within

the Straits, while the current is in contact with the upper slope.

In addition, we show that the west Florida shelf (WFS) is a

source of negative-vorticity waters that sustains the frontal

instabilities of the FC in the southern SoF. In section 2 we

present the model setup, in section 3 we describe the eddy

regimes. The eddies mechanisms of formation are analyzed in

section 4 and along with the bottom vorticity generation pro-

cess in section 5. Concluding remarks are given in section 6.

2. Model setup

The numerical simulation used in this study was a realization

of the ROMS two-way nested South Florida simulation. The

full two-way nesting allows the interaction of multiscale dy-

namics across the nest boundaries (Debreu et al. 2012). While

the parent grid, with a 1.5-km horizontal resolution encom-

passed the South Florida region, from the Gulf of Mexico to

the Atlantic Ocean, a 500-m nest was centered on Florida Bay

and encompassed the northern part of the southern SoF

(Fig. 1). This nest is called hereafter the FB-ROMS. The lo-

cation of the nest within the parent grid is such that incoming

mesoscale eddies from the parent grid enter the nested grid.

Therefore, the dynamics of the incoming eddies could be af-

fected by the change in grid resolution. This particular problem

was investigated byDebreu et al. (2012) with the case study of a

baroclinic vortex on a b-plane crossing between the coarse-

and high-resolution grids. With two-way nesting, the parent

grid solution is updated from the child allowing smooth, con-

tinuous interfacing between grid levels. However, as opposed

to one-way nesting, the updated parent solution has no intrinsic

value in the refinement area and cannot be used for estimating

resolution sensitivity. Using a reference solution computed at

high resolution, Debreu et al. (2012) showed continuity of fine

and coarse solutions at the grids’ interface; dynamical integrity

of the solutions in the refinement area (as a result of better

interface transparency); and improvements outside the re-

finement area. These results also demonstrated the superiority

of the refinement area solution over a one-way nesting ap-

proach. ROMS was also used with two-way nesting enabled to

study submesoscale dynamics in tropical instability waves

(TIWs; Marchesiello et al. 2011). Using three nested grids,

they showed that the TIW can travel through two nested in-

terfaces without alteration of its wave properties. The finest
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grid exhibited the development of SVCs not generated in the

coarser grid, which is also the case in our study.

The model has 25 levels on the vertical and the vertical grid

spacing does not exceed 30m in the region of strong topo-

graphic vorticity generation.Thebathymetrywasbuilt from the90-

m resolution U.S. Coastal Relief Model Vol. 3 (Florida and East

GoM). The use of sigma coordinates, which consist of layers that

follow the bathymetry with increasing resolution toward the shal-

low region, is beneficial to the representation of frictional effects

and bottom pressure forces and torque on the overlaying flow

(Magaldi et al. 2008; Molemaker et al. 2015; Gula et al. 2015a).

The circulation of the ROMSmodel was forced at the surface

by the National Centers for Environmental Prediction (NCEP)

North American Regional Reanalysis (NARR; Mesinger et al.

2006) for the years 2003 and 2004 after a 6-month spinup in the

first half of 2003. Themodel surfacewas forced by 3-hourlywind,

air temperature, relative humidity, evaporation, and precipita-

tion rates. Wind stress was calculated by the model’s air–sea

fluxes bulk formulation. Four-hourly net surface shortwave and

longwave heat fluxes, aswell as the net shortwave radiation were

obtained from the NCEP–National Center for Atmospheric

Research (NCAR) reanalysis (Kalnay et al. 1996). The model

sea surface temperature (SST) was relaxed daily to the

coarser 4-km resolution night SST from National Oceanic

and Atmospheric Administration’s (NOAA) Advanced

Very High Resolution Radiometer (AVHRR) Pathfinder

SST v5 (Casey et al. 2010). At the lateral boundaries, the

parent model was forced by tides from the TPXO7 model

(Egbert and Erofeeva 2002) and by the Gulf of Mexico-

HYCOM (GOM-HYCOM) ocean state analysis (Zamudio

and Hogan 2008; Chassignet et al. 2009).

3. Eddy regimes

In this section we describe the eddy regimes observed in the

model. Eddies are either incoming eddies outside the nest

domain or are formed locally. An animation of the relative vor-

ticity field is provided in the online supplemental information. We

also classify them in two categories, one associated with mesoscale

eddies and the other onewith submesoscale eddies. The distinction

between the two types is made based on their averaged Rossby

number Ro $ 1 (Ro # 1) for submesoscale (mesoscale)

eddies. The time period analyzed in this study, which spans

model months September 2003 to February 2004 reveals a

succession of mesoscale and submesoscale eddies, the latter

being formed at time in the wake of previous eddies (Table 1).

Figure 2 shows all the eddy regimes in terms of their relative

vorticity (z/f) captured in this sequence. The mesoscale eddy

ME1 and the large submesoscale eddies LSE1 and LSE2 were

advected from outside the nested model domain. All the other

submesoscale eddies were formed within the nested model

domain along the FKRT. The size of most submesoscale eddies

in our simulation fell within the size range distribution iden-

tified by Zhang et al. (2019), who showed a normal distribution

of size centered around 15 km. As shown in Table 1, most

eddies were elliptical and strongly deformed by the current’s

strain field. In all cases, submesoscale eddies were formed in

less than a day. Figure 2 also reveals the ubiquity of vorticityT
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FIG. 2. Sequence of relative vorticity field (z/f) calculated at 25m associated with each of the eddies described in Table 1. The time t in

model days is indicated above each panel. The vertical line indicates the location of the cross sections in Fig. 3.
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filaments associated with the formation of the frontal eddies.

Most filaments that roll up into vortices are associated with the

50-m isobath from the surface but we will show in the next

section that in some of the cases they are reaching the ba-

thymetry between 50 and 150m.

The respective mesoscale and submesocale eddies vertical

structure can be assessed from the panels shown in Fig. 3. Most

eddies are associated with a strong upwelling within their core,

except for a few exceptions. SE1 shows no signs of surface

upwelling. Instead, isopycnals converge at about 70m and

FIG. 3. Sequence of relative vorticity field (z/f) cross section for each eddy identified in Table 1. The time t in model days is indicated

above each panel. Black contours show the density in kg m23. The density interval is 0.2 kgm23. Gray contours show the zonal velocity

in m s21. Gray thick line shows the zero velocity contour. The velocity interval is 0.1m s21.
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suggest that this eddy was subsurface intensified. It appears

that most eddies generated in close proximity to the shelf slope

exhibit larger isopycnal rise than other eddies farther from the

slope. SE1 and SE2 for example are not associated with iso-

pycnal rise near the surface, nor is SE3, although their average

relative vorticity at 5m largely exceeds f as shown in Table 1. In

the next section we analyze the eddy formation processes for

all eddies in Table 1.We first identify the water masses they are

associated with and then we use an energetic analysis to infer

the nature of the current instability that led to their formation.

4. Eddies origin, instability, and vortex formation

a. Eastern LC front incoming frontal eddies

The high resolution of this simulation enables the devel-

opment of a turbulent LC eastern boundary layer that seeds

significant instability. A large number of eddies and filaments

of various sizes are formed along the edge and entrain in this

frontal region a large amount of shelf water, which is mixed

with LC waters (Barth et al. 2008; Fig. 4). As shown by

Fratantoni et al. (1998), these eddies migrate quickly and

enter the southern SoF where they are known as the Tortugas

Gyres. Kourafalou and Kang (2012) showed that they un-

dergo strong transformation. Individual eddies can split in

multiple vortices as they become elongated by the FC shear

on their southern side and by friction on the shelf slope on

their northern side.

In our simulation, LSE1 and LSE2 originated from the LC

eastern frontal region and became elongated as they entered

the southern SOF (Fig. 5).While moving through the strait, the

strong shear instability on their northern front (see section 4c)

led to the growth of a meander that embedded the incoming

eddy into a dipole (Figs. 5d,e,h,i). ME1 also originated from

the LC eastern frontal region, but did not undergo the same

elongation process as the previous two. Instead it traveled

through the southern strait keeping close to its incoming size

although shear instability growth on its northern front was

present (Fig. 6). We will show in section 6 that the fate of the

incoming eddies is controlled by the latitudinal location of the

FC in the southern SoF.

b. Locally formed frontal eddies

All the other eddies identified in this model time span

were formed within the southern SoF. A review of their

formation through the evolution of their relative vorticity

z, shows that all the small-scale eddies were formed from

the breakup and roll-up of vorticity filaments located over

the shelf slope. Although we singled out one eddy in the

chain (Table 1), all eddy regimes except for SE2 and SE3

consisted of an eddy chain. One eddy regime involved

more than one vorticity filament as was the case for SE3

(Fig. 2). In most cases the strongest vorticity filament

hovers over the 50–150-m depth range but more surface

filaments farther offshore are present. They seem to con-

tribute to the large cyclonic shear region between the FC

and the shelf slope of the FKRT. We will address in

section 5 the formation process of the vorticity filaments in

light of the mechanism described by Gula et al. (2015b).

Most eddies are formed in less than a day and traveled

over four days across the nested model domain as ob-

served for SE6 (Fig. 2) for example. The average trans-

lational speed was about 20 km day21 or 0.24 m s21. The

last eddy formed in the SE6 chain, remained within the

domain, and was reabsorbed by the new vorticity filaments

that emerged in the lee of SE6 and formed the new eddy

chain that SE7 belonged to. This type of interaction sug-

gests that the locally formed submesoscale eddies can be

trapped near their region of formation rather than being

advected away, adding to the complexity of the FC frontal

region dynamics.

c. Instability analysis

To identify the sources of instability we followed the

method proposed by Gula et al. (2014). We conducted a

local eddy-mean analysis at the time of maximum amplifi-

cation of the perturbation. The time of maximum amplifi-

cation can be obtained from the eddy kinetic energy (EKE)

time evolution shown in Fig. 7. This figure shows that the

frontal instability of the incoming mesoscale eddies is as-

sociated with a peak in EKE as well as the formation of the

submesoscale eddies. Because the energy conversion pro-

cess was consistent throughout the growth phase of the in-

stability, we chose to present the conversion rate at one

given instant during the growth phase. We computed the

kinetic energy conversion terms between the flow and its

perturbation in a local frame of reference aligned with the

local direction of the vorticity filament or with the along

shelf direction of the eddy northern front in the case of the

incoming eddies.

The local coordinates are x in the along-front and y in the

cross-front direction, respectively, and the corresponding local

FIG. 4. Group for High Resolution Sea Surface Temperature

(GHRSST) observed 1 Jan 2004.

AUGUST 2021 CHÉRUB IN ET AL . 2605

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/13/24 07:22 PM UTC



horizontal velocities in this frame of reference are u and y. For

this analysis, the local mean, denoted by an overbar, is defined

as the alongfront average for the region considered at a given

time step. Perturbations relative to the mean are denoted

with a prime such that all variable can be written u5u1u0,
where u is the absolute field. The mean kinetic to eddy kinetic

energy conversion can be written as the sum of the horizontal

shear production (HSP) and the vertical shear production (VSP):

FIG. 5. Sequence of relative vorticity field (z/f) at 5m for eddy (a)–(e)

LSE1 and (f)–(i) LSE2. The time t in model days is indicated in each panel.

(a)–(c),(f)–(g) Vorticity field of the parent model and (d),(e),(h),(i) vor-

ticity field of the child model.
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K
m
K

e
5HSP1VSP, (1)

where

HSP52u02 ›u
›x

2u0y0
›u

›y
2 y02

›y

›y
2 u0y0

›y

›x
(2)

and

VSP52u0w0 ›u
›z

2 y0w0 ›y
›z

. (3)

The eddy potential to eddy kinetic energy conversion is the

vertical eddy buoyancy flux (VBF)

P
e
K

e
5w0b0 , (4)

where b is the buoyancy anomaly relative to the local area

average. The instantaneous energy conversion terms were

calculated for each one of the 11 cases listed in Table 1 except

for the mesoscale eddy, which was not significantly affected by

local instabilities in comparison to LSE1 and LSE2.

1) LOCALLY DESTABILIZED INCOMING EDDIES

The FB-ROMS nested model enables the occurrence of

dynamical processes not usually observed in numerical

simulations of this oceanic region. Indeed, studies of the Gulf

Stream submesoscale dynamics, whether in the GS frontal

eddies (Gula et al. 2016) or cold filaments (Gula et al. 2014)

provided new insights on the dynamics of submesoscale in-

stabilities in the subtropical region of the GS system. Incoming

eddies, as previously identified are strongly elongated in the

southern SoF and as such undergo a significant shear on their

northern boundary that becomes unstable as shown by the

perturbation seen in Fig. 5 and by the peak in HSP associated

with the northern front the incoming eddies (Fig. 8). While

barotropic instability dominates for LSE2, a peak in VBF is

also seen for LSE1 on the northern front, which suggests that a

mixed baroclinic–barotropic instability is developing. The lat-

ter formed a barotropic dipole in less than 24 h as shown in

Fig. 5 unlike the barotropic instability alone.

2) LOCALLY FORMED SUBMESOSCALE EDDIES

Most submesoscale frontal eddies emanate from the growth

of perturbations on superinertial vorticity filaments present

near the top of the shelf slope in less than 200m of water

(Fig. 3). If the perturbations are sustained by the shear insta-

bility in that region of the FC, it is likely that the dominant

instability is barotropic. Figure 9 confirms that the dominant

mechanism is barotropic instability associated with a peak in

FIG. 6. Sequence of relative vorticity field (z/f) at 5m for eddy ME1. The time t in model days is indicated in each panel. (a),(b) Vorticity

field of the parent model and (c) vorticity field of the child model.

FIG. 7. Time series of the eddy kinetic energy (EKE) averaged along and across the cyclonic

frontal region of the FC in the FB-ROMS grid. The shaded rectangles show the period of

formation of all the frontal eddies identified in this study.
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HSP with a few exceptions where VBF is the dominant energy

transfer toward the perturbation (SE3), and where both VBF

andHSP dominate the energy transfer (SE2, SE4, and SE7). In

the case of SE3, two parallel vorticity filaments rolled up to-

gether to form the frontal eddy and this interaction was the

product of a baroclinic instability. SE2 formation involved an

anticyclonic counterpart which was sustained by a mixed

baroclinic–barotropic instability. SE4 was dominated by bar-

otropic instability on the south side of the shear zone although

baroclinic instability developed on the shelf side of the shear

zone. All the regimes that exhibited baroclinic instability were

characterized by weakly stratified waters and weak shear near

the shelf (Figs. 10b,c,d,g).

In all baroclinic cases Ertel’s vorticity anomaly shows that

Charney–Stern condition for baroclinic instability is met as the

vorticity gradient changes sign vertically. The regimes that

were sustained by barotropic instability only were character-

ized by a strong shear near the shelf (Figs. 10e,f) or a strongly

stratified environment (Figs. 10a,h) in the upper part of the

shelf slope, which prohibits the development of baroclinic in-

stability despite favorable conditions for baroclinic instability

for SE5 and SE6 (Figs. 10e,f) according to Charney–Stern

criterion. The quasigeostrophic (QG) dynamics is formally

invalid when Ro ’ 1, which can happen when the existing

buoyancy gradient =b increases to large values. However, in

the weakly stratified region this gradient is small and therefore

the QG dynamics Charney Stern criterion applicable.

3) WEST FLORIDA SHELF WATER DRIVEN BAROCLINIC

INSTABILITY

The analysis of the frontal instabilities in the simulation were

conducted between model months October and February

when weather patterns over the WFS contribute to significant

cooling (He andWeisberg 2002). Cross sections in Fig. 10 show

that WFS waters are characterized by negative PV values, spill

over the shelf slope in the southern SoF, and therefore provide

sustained conditions for the development of baroclinic insta-

bility when they interact with FC waters. It appears that those

conditions are always present during the cold months but the

growth of baroclinic instability is dictated by the absence of

shear above the shelf, hence the growth of barotropic insta-

bility. Baroclinic instability would contribute to the mixing of

waters of oppositely signed PV together, which would drive the

PV toward zero, limiting the export of WFS waters across the

FC. Nonetheless, nonlinear features associated with baroclinic

instabilities expanded farther across the FC than nonlinear

features formed by barotropic instability. Strongly stratified

FC waters below the negative PV waters block the downslope

spreading and hence the export. This situation differs from

overflow dynamics in the Arctic region for instance where

dense along slope jets become baroclinically unstable, which

leads to rapid downslope eddy transport of dense water

(Yankovsky and Legg 2019).

5. Bottom vorticity generation

Coastal vorticity filaments instability was shown to be as-

sociated with frontal shear instability dominated by barotropic

instability. Vertical sections of the formed frontal eddies

revealed the vertical extension of the eddy vorticity field, which

hugged the bottom of the shelf slope (Fig. 3). Cross sections of

the vorticity filaments before the eddy formation and near the

tip of the FKRT reveal the sustained vorticity filaments ex-

tending from the bottom to the surface (Fig. 11). The bottom

region underlying the vorticity filament is comprised between

50 and 170m at 81821.720W in all cases. Downstream of our

study region, Gula et al. (2015b) demonstrated that the bottom

drag against the slope amplifies the cyclonic shear associated

with vorticity filaments by generating large potential vorticity

values within the slope turbulent bottom boundary layer

(Molemaker et al. 2015).

To demonstrate this assumption and the fact that increased

bottom vorticity flux is indeed associated with the formation

of submesoscale eddies between the shelf slope of the FKRT

and the cyclonic edge of the FC, we calculated the PV flux

at the bottom as done in Gula et al. (2015b). We computed

FIG. 8. Depth integrated and along shear front average HSP, VSP, and VBF across the frontal region north of

(a) LSE1 and (b) LSE2 where the instabilities developed (Fig. 5). The time t in model days is indicated in each

panel. The origin of the curves is on the southern side of the sheared region.
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FIG. 9. As in Fig. 8, but for SE1–8.
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FIG. 10. Sequence of Ertel’s vorticity anomaly (s23) cross sections at 81823.72220W 1 or 2 days prior to the

formation of the submesoscale eddies (a) SE1, (b) SE2, (c) SE3, (d) SE4, (e) SE5, (f) SE6, (g) SE7, and

(h) SE8. The time t in model days is indicated above each panel. Black contours show the density in kg m23.

The density interval is 0.1 kgm23. Gray contours show the zonal velocity in m s21. Gray thick line shows the

zero-velocity contour. The velocity interval is 0.05m s21. The circled area shows the region were Ertel’s

vorticity anomaly changes sign vertically.
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Jbot � n5 =b 3 Fb � n, where n is the unit vector normal to the

bottom pointing into the water and Fb is the vertical gradi-

ent of stress at the bottom. In our simulation, the upward

flux of horizontal momentum is approximated by Fb ’ rUb,

whereUb is the near bottom horizontal velocity and r 5 83
1024 m s21, the friction coefficient used in the linear bottom

friction parameterization. The bottom PV flux was calcu-

lated over the entire model period analyzed in this study and

the Hovmöller diagram of Jbot � n along a meridional

section at 81823.720W is shown in Fig. 12. The top end of the

section is located at the 50-m isobath and the bottom end is

located 45 km south of it. The 150m isobath is located about

4 km south of the 50 m isobath. Figure 12 reveals that all

submesoscale eddy formations, by barotropic instability,

were associated with a significant increase in bottom vor-

ticity flux over the 50–180-m-isobath region that reached

FIG. 11. Sequence of relative vorticity (z/f) cross sections at 81823.72220W 1 or 2 days prior to the formation of the

submesoscale eddies (a) SE1, (b) SE4, (c) SE5, (d) SE6, and (e) SE8. (f)Relative vorticity during the period between SE7

and SE8 when vorticity filaments are broken by the southward shift of the Florida Current. The time t in model days is

indicated above each panel. Black contours show the density in kgm23. The density interval is 0.2 kgm23. Gray contours

show the zonal velocity in m s21. Gray thick line shows the zero velocity contour. The velocity interval is 0.1m s21.
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amplitudes higher than 10209 m s24, higher than what was

calculated in Gula et al. (2015b).

The 12 Sv (1 Sv [ 106m3 s21) transport streamline distance

from the 50-m isobath in conjunction with the 208C isotherm at

150m (Lee et al. 1995; Kourafalou and Kang 2012) was used to

estimate the distance of the FC front from the shelf slope. It

appears that the position of the transport streamline is not al-

ways in phase with the 208C isotherm at 150m. In addition,

none of these proxies for the location of the FC from the shelf

slope appears to be correlated with the period of bottom vor-

ticity intensification. However, the Ertel’s PV anomaly cross

sections in Fig. 10 shows that the FC highly sheared region

varies vertically in depth as well. This observation also reveals

that the area of contact with the shelf slope varies in depth and

can be decoupled from the shallow unstratified region of the

FC as seen in Fig. 10 for SE4, SE5, SE6, and SE8. The distance

of the surface highly sheared region may not reflect the actual

distance from the shelf of the same shear region at depth, as can

be seen for SE4, SE5, and SE6 in Fig. 10. Conversely, the

closeness of the 208C isotherm at 150m is not indicative of the

presence of a highly sheared region near the shelf slope as seen

for SE2 and SE3 in Fig. 12. The lateral and vertical oscillations

of the baroclinic structure of the FC appear to be responsible for

the depth of impingement of the highly sheared region of the FC

on the shelf. These periods of impingement are associated with

the generation of substantial bottom vorticity flux that contrib-

utes to the generation of superinertial vorticity filaments that

quickly develop into a vortex street. A southern generation area

can be observed in much deeper water. But it is associated with

the rugged bottom bathymetry of the Pourtales Terrace south of

the shelf slope along this section in depths greater than 200m.

There is, however, a period between SE7 and SE8 during

which the vorticity bottom flux is positive in the upper part of

shelf (Fig. 12). This period is characterized by a significant

offshore shift of the FC, which leaves behind remnants of the

highly sheared region on the northern side of the current,

which contains numerous vorticity filaments (Fig. 2, t 5
391 days). When compared to the unstable filament regimes, a

cross section of z shows that the FC southward shift, associated

with WFS water overflow downwelling, breaks the vertical

structure of the vorticity filaments, which become disconnected

from the bottom PV flux (Fig. 11f, t 5 391 days), hence stops

short the instability development.

6. Summary and conclusions

This study provides a comprehensive overview and under-

standing of the SoF shelf slope dynamics based on a realistic

high-resolutionROMS simulation of the South Florida oceanic

region. To resolve the fine scale circulation, the simulation

consisted of a two-way nested model in order to allow dynamic

interactions across grids (Debreu et al. 2012). The nested

simulation, with a 500-m resolution was analyzed to study the

formation of the frontal eddies in the southern SoF. It is worth

mentioning that the analysis was conducted over the model

months October 2003 to February 2004, when the FC cyclonic

edge was flowing over the shelf slope and submesoscale frontal

eddies were present. Past this time period, the LC pushed the

northern edge of the FC farther south, and the formation of

frontal eddies stopped.

Although the model circulation was shown to be consistent

with observations in a previous study (Criales et al. 2015), the

eddies formed in the model were similar in size and shape to

remotely observed eddies in the same area (Fig. 1). Two types

of eddies are seen in Fig. 1 and their equivalent in the model

are also shown. We now know that the smaller frontal eddies

(Figs. 1a,b,d) are the product of barotropic instability, while

the larger eddy in this sequence (Figs. 1c,f) is the product of

baroclinic instability, at least in the model. Therefore, these

observations provide substantial support to the dynamics

simulated in the model. We used the model simulation to

further study the dynamics and the nature of the instabilities

that led to the formation of the frontal eddies in the SoF.

All but one eddies analyzed in this study were submesoscale

as defined in Table 1. Two broad types of eddies were analyzed

in this study:

FIG. 12. Hovmöller diagramof the Jbot � n (m s24) along ameridional section at 81823.720W.The origin of the cross-shelf section is the 50-

m isobath. The time is in model days. The red and solid (dashed and pink) line shows the distance from the 50-m isobath of the 12-Sv

transport streamline (the 208C isotherm at 150m).
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1) Incoming LC frontal eddies that are strongly elongated by

the FC strain, but whose northern front impinges on the

shelf slope where it becomes unstable to mixed baroclinic–

barotropic instability in the case of LSE1 and to barotropic

instability only in the case of LSE2. The mixed instability

nonlinear regimes was associated with the formation of a

dipole that expanded farther across the FC than any other

nonlinear regimes seen in this simulation. ME1, was the

exception to the previous two. ME1 remained a mesoscale

eddy although some filaments within the eddy exhibited

values of z/f . 1 locally. ME1 was not as elongated by the

FC and therefore the shear on its northern side did not

develop into an unstable wave (Fig. 6). The difference be-

tween the LSE and ME was due to the relative position of

the FC to the northern shelf (Fig. 13). For LSE eddies, the

FC was up against the shelf slope, with strong shear gen-

erated over the shelf slope. In the case of ME1 the same

isopycnals were deeper by about 30m, and the strong bot-

tom friction sustained shear was absent.

2) Locally formed submesoscale eddies. They were mainly

formed by barotropic instability in instances when the FC

was strongly impinging on the northern shelf in the south-

ern SoF. In situations where the FC shear region moved

away from the shelf slope, baroclinic instability sustained by

the overflow of negative PVWFSwaters would develop and

form submesoscale eddies, some of them being barotropic

dipoles like SE2. The cross-stream penetration of the

overflowing shelf waters is broken by the development of

the frontal instabilities that limit their expansion across the

strait. This effect significantly limits the export and the mixing

of shelf waters with the FC waters. Shelf waters are mostly

contained along the shelf slope in the SoF, until they reach the

Gulf Stream regionwheremore crossing can beobserved.As a

consequence, such limited cross-shelf dispersal would con-

tribute to local retention of coral reef marine organisms that

would be able to remain in the vicinity of a potential recruit-

ment habitat. Conversely, toxic waters emanating from the

shelf would remain longer in the vicinity of the FKRT coral

reef ecosystem, adversely affecting the ecosystem’s health.

Although not quantified in this study, the intermittence of

the barotropic eddy formation is linked to the lateral ‘‘slosh-

ing’’ of the FC as previously observed by Zantopp et al. (1987)

at 278N in the northern SoF. Fluctuations of current velocities

and temperature in the 2–20-day frequency band is dominated

by energy associated with FC meanders. Northward velocities

at the shelf break decreased from about 1m s21 to near zero,

with southward flow occurring on the onshore side of the front

along the sloping bottom topography (see SE3 and SE7 in

Fig. 10). Johns and Schott (1987) find that the most coherent,

energetic meandering events occur at periods near 5 and

12 days. The passage of meanders leads to a sloshing of the

thermocline, with upwelling and downwelling of isopycnals

rearranging the cross stream structure of the current (Chester

et al. 1991). Our model reveals that the FC meanders propa-

gate through the southern SoF, with a probable origin in the

GoM as shown by the similar period of the meanders observed

around the LC by Donohue et al. (2016).

FIG. 13. Relative vorticity (z/f) cross sections at 81834.83350W
showing the position of the Florida Current relative to the shelf

slope before the passage of (a) LSE1, (b) LSE2, and (c) ME1.
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All frontal eddies were formed from the breakup of vorticity

filaments intensified by the injection of vorticity created by the

friction of the FC on the shelf slope of the southern SoF. This

mechanism was first proposed by Gula et al. (2015b) to explain

the formation of frontal spinoff eddies in the northern SoF.

Our results confirm the role of this mechanism and its ubiquity

in the formation of the FC frontal eddies in the southern SoF.

However, this process is subject to the location of the FC

northern front according to the shelf slope. In regimes where

the FC frontal region is pushed farther south, and away from

the shelf slope, the formation of eddies by barotropic instability

no longer happens but can be replaced by eddies formed by

baroclinic instability due to the overflow of negative PVAWFS

waters. Finally, instabilities start developing at the beginning of

the FKRT, which is the region where the shelf slope expands

farther below the FC, which introduces more frictional effects

on the FC as well as on the shelf bottom circulation.
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