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ABSTRACT

The dynamics of the formation of layering surrounding meddy-like vortex lenses is investigated using

primitive equation (PE), quasigeostrophic (QG), and tracer advection models. Recent in situ data inside

a meddy confirmed the formation of highly density-compensated layers in temperature and salinity at the

periphery of the vortex core. Very high-resolution PE modeling of an idealized meddy showed the formation

of realistic layers even in the absence of double-diffusive processes. The strong density compensation ob-

served in the PEmodel, in good agreementwith in situ data, suggests that stirringmight be a leading process in

the generation of layering. Passive tracer experiments confirmed that the vertical variance cascade in the

periphery of the vortex core is triggered by the vertical shear of the azimuthal velocity, resulting in the

generation of thin layers. The time evolution of this process down to scales of O(10) m is quantified, and

a simple scaling is proposed and shown to describe precisely the thinning down of the layers as a function of

the initial tracer column’s horizontal width and the vertical shear of the azimuthal velocity. Nonlinear QG

simulations were performed and analyzed for comparison with the work of Hua et al. A step-by-step in-

terpretation of these results on the evolution of layering is proposed in the context of tracer stirring.

1. Introduction

Mediterranean water eddies (meddies) are coherent

mesoscale features commonly observed in the North

Atlantic. They are vortex lenses characterized by the

contrast of hydrographic properties of the warm and

saltyMediterranean water trapped within their core and

the fresher and cooler surrounding water. This core,

usually 650 to 750m thick and centered near 1200m,

has well-mixed water properties with typical tempera-

ture and salinity values ranging from respectively 11.58
to 13.58C and 36.2 to 36.8 psu (Armi and Zenk 1984;

Schultz-Tokos and Rossby 1991; Pingree and Le Cann

1993; Prater and Sanford 1994; Paillet et al. 2002; Carton

et al. 2010). The density anomaly associated with these

temperature and salinity distributions consists of stretched

isopycnals within the eddy core and squeezed isopycnals

above and below. This results in a baroclinic tripole

potential vorticity anomaly (PVA) structure, where a

negative PVA core is surrounded by positive PVA lobes

above and below (Carton et al. 2002; Paillet et al. 2002).

This PVA distribution, largely dominated by vortex

stretching (Morel and McWilliams 1997; Hua et al.

2013), induces an anticyclonic circulation, with a typical

rotation period of 5 to 6 days (Armi et al. 1989; Schultz-

Tokos and Rossby 1991). Even though they are strongly

baroclinic structures, meddies were shown to have an

appreciable barotropic signature (Jungclaus 1999). The

typical azimuthal velocity found within eddy cores

ranges from 15 to 50 cm s21 (Armi and Zenk 1984;

Pingree and Le Cann 1993; Schultz-Tokos et al. 1994;

Carton et al. 2002) and is strongly vertically sheared

(Schultz-Tokos and Rossby 1991). Within the radius of

maximum velocity, they are close to solid body rotation

(Schultz-Tokos andRossby 1991). Typical meddies have

a 15- to 35-km radius (Pingree and LeCann 1993; Carton

et al. 2002, 2010; Paillet et al. 2002), but a large range of

sizes is reported in the literature with values ranging

from 9 (Prater and Sanford 1994) to 50km (Armi and

Zenk 1984). The typical local Burger number in meddies

is also quite variable, but is usually lowwith typical values

of about 0.1 to 0.3 (Beckmann and Käse 1989; Pingree
and Le Cann 1993; Morel and McWilliams 1997).
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Meddies detach from the Mediterranean undercurrent

that flows along the Portuguese slope through baroclinic

instability (Jungclaus 1999). Even though most attention

has been paid so far to anticyclonicmeddies, recent studies

have shown that theywere often linked to smaller cyclonic

structures detaching simultaneously from the boundary

current (Carton et al. 2002; Barbosa Aguiar et al. 2013).

This detachment usually occurs in the vicinity of themajor

topographic features of the Iberian coast such as Cape São
Vicente and the Estremadura promontory (Bower et al.
1997). They then drift southwestward and can travel more

than 1000km away from the eastern boundary and reach

lifetimes of more than 2yr (Armi et al. 1989) if they do not

crash against sea mounts and collapse (Schultz-Tokos

et al. 1994; Richardson et al. 2000).

A substantial volume of Mediterranean water gets

trapped in eachmeddy; a 50-km radius feature’s transport

is estimated to be equivalent to 10 days ofMediterranean

outflow through the Gibraltar straight (Armi and Zenk

1984; Schultz-Tokos and Rossby 1991). As 15 to 20

meddies were observed to form in a year (Bower et al.

1997; Richardson et al. 2000), meddies carry most of the

Mediterranean outflow and might therefore have an im-

portant climatic impact by having a crucial role in the

redistribution of heat and salt into the North Atlantic. A

net decrease of meddies’ sizes and hydrographic anom-

alies with time (Hebert et al. 1990; Armi et al. 1989) along

with the observation of ‘‘salty trails’’ (Song et al. 2011)

suggest that meddies continuously shed Mediterranean

water along their journey through the North Atlantic. Of

particular interest is the understanding of how they re-

lease this thermodynamic content into the ocean.

Early in situ observations have revealed the presence

of intrusions or interleavings of water masses in the pe-

riphery of meddies while their cores remained homoge-

neous. They are obvious in both temperature and salinity

vertical profiles (Armi and Zenk 1984; Ruddick and

Hebert 1988; Armi et al. 1989; Ruddick 1992; Pingree

and Le Cann 1993; Ruddick and Walsh 1995). The typ-

ical vertical scale of these interleavings was shown to

vary from 25 to 75m (Armi and Zenk 1984; Ruddick

1992). Their essential role in the long-term decay of

meddies was pointed out by Armi et al. (1989), who

noted a net loss of heat and salt after a period of a few

months, while the intrusion-affected zone had ended up

reaching the meddy core. Ruddick and Hebert (1988)

noticed a progress of the intrusions toward the eddy core

of 30km in 1 yr. The observation of an increased spin-

down over and below the meddy core by Schultz-Tokos

and Rossby (1991) also suggests the dominant influence

of these intrusions in the meddy decay.

Recent advances in water column seismic imagery

allowed an unprecedented high-resolution mapping of

these structures (10–15-m horizontal resolution) (Biescas

et al. 2008; Ménesguen et al. 2009). The reflectivity of the
seismic signal being directly linked to the vertical gra-

dients of the temperature anomalies (Biescas et al.

2008; Ruddick et al. 2009), the vertical temperature

anomalies associated with the interleavings appear

clearly in the seismic imagery (see Fig. 1). These tem-

perature anomalies materialize as a stacking of con-

centric layers exhibiting a striking lateral coherence.

This large lateral coherence has led recent authors to

describe these elongated vertically stacked structures

as layers or layering (see, e.g., Ménesguen et al. 2009).
From now on, the latter terminology will be used in this

paper.

The typical vertical scale of layering was observed to

range from 20 to 75m, consistent with CTD observations

(Quentel et al. 2010), while their horizontal scale can

reach up to the vortex radius (Biescas et al. 2008;

Ménesguen et al. 2009). Hua et al. (2013) investigated the

production of layering using a high-resolution quasigeo-

strophic (QG) model and revealed for the first time its

three-dimensional structure. They highlighted the three-

dimensional helical patterns forming above and below

the meddy core, introducing the idea that layering would

not consist of a simple stacking of pancake-like struc-

tures. They also noted that layering formation was asso-

ciated with a direct cascade of energy toward dissipative

scales. The increased variance of tracer and momentum

leading to an increase of diffusion and dissipation could

FIG. 1. Seismic reflectivity of the Meddy GO, adapted from Hua

et al. (2013). The reflectors are doming all around the meddy,

similar to Biescas et al. (2014).
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explain the correlation between layering and meddy de-

cay observed by Schultz-Tokos and Rossby (1991).

The dynamics underlying the formation of layering is

still an open question. A review of some of the possible

processes can be found in Song et al. (2011).Whilemost of

the early studies attributed this phenomenon to double-

diffusive processes (Ruddick andHebert 1988; Armi et al.

1989; Hebert et al. 1990; Pingree and Le Cann 1993;

Ruddick and Walsh 1995), Ruddick (1992) intuited that a

larger-scale vertically sheared flow could bring the tem-

perature and salinity anomalies into the scale where dif-

fusion becomes important. More recent works, made

possible by the improved spatial resolution of these lay-

ered structures in seismic imagery, have emphasized this

possible contribution of stirring (Ruddick et al. 2009;

Pinheiro et al. 2010; Song et al. 2011) in the vertical cas-

cade of the thermohaline gradients, though they argued

that double-diffusive processes were still likely to play an

important role at the smallest vertical scales. However,

Hua et al.’s (2013) recent QG numerical simulations,

where the salinity variable is not taken into account,

suggested a new process for the generation of fully de-

veloped layering and the cascade of vertical scales down

to a fewmeters. Previous linear results fromNguyen et al.

(2012), showing the existence of critical layers (the locus

where the azimuthal velocity equals the phase speed of

the growing perturbation) in the periphery of vortex cores

associated with low azimuthal modes’ baroclinic in-

stability, led Hua et al. (2013) to discuss the link between

layering and critical layers. They found that layering was

principally forming in the vicinity of these critical layers

and argued that layering was thus consistent with

awindup of potential vorticity around the latter in a three-

dimensional analog of Balmforth et al.’s (1998) process.

Despite new insights brought by the recent works of

Song et al. (2011) and Hua et al. (2013) in both the de-

scription and understanding of the layering phenomenon,

some particular points remain unclear or need further in-

vestigation. In particular, the hypothesis of layering being

entirely driven by critical layer instability becomes ambig-

uous once the instability has grown enough to leave the

linear regime; critical layers can only be analyzed when

perturbations are small enough so that the mean flow can

be considered as nearly steady. Unlike Balmforth et al.

(1998), who used neutral modes to study the rolling of PV

around critical layers, in the case of an unstablemeddy such

as Hua et al.’s (2013), the perturbations grow so that once

the mode-2 instability breaks into spiral arms critical layers

would vanish. One would then expect the layers to mix

and decay right after the linear stage of the perturbation

growth, while they keep on intensifying and sharpening.

In the present paper, we wish to further investigate

one of the hypotheses of Song et al. (2011), who intuited

that tracer stirring by the mean flow could be an effec-

tive process to sharpen the gradients at the periphery of

meddies, similar to front sharpening and downward

cascade of variance near frontal structures described by

several authors (MacVean and Woods 1980; Woods

et al. 1986; Haynes and Anglade 1997; Klein et al. 1998).

We also wish to discuss the results fromHua et al. (2013)

and try to give more details on the respective role of

baroclinic instability and stirring in their nonlinear QG

model. This study is based on various frameworks, in-

cluding passive tracer advection, primitive equation

(PE), and QG modeling as well as in situ data.

The paper is organized as follows. In section 2, the

physical and numerical frameworks are described: the

parameterization of the vortex lens is explained (section

2a) and the details of the PE, QG, and tracer models

used are presented, respectively, in sections 2b, 2c, and

2d. Section 3 focuses on the density compensation of the

thermohaline anomalies observed in situ in a meddy

(section 3a) and simulated in the PEmodel (section 3b),

which suggests a possibly predominant role of tracer

stirring in the generation of layering. The latter hy-

pothesis is studied in detail in section 4, where tracer

experiments using a steady mean flow are performed

and analyzed, showing a great similitude with the ob-

served and modeled layers. These results are used to

discuss in detail the generation of layering as observed in

a nonlinear QG model by Hua et al. (2013) (section 5).

Last, a summary of the main conclusions of this study

can be found in section 6.

2. Physical and numerical setup

a. Parameterization of the vortex lens

Meddies are characterized by a negative PVA core

associated with stretched isopycnals, surrounded above

and below by two positive PVA lobes associated with

squeezed isopycnals. PVA distribution as well as the

aspect ratio are key parameters for vortex stability

properties including unstable mode selection and

growth rates. A Lorentzian streamfunction as proposed

by Hua et al. (2013) to fit the PVA distribution of typical

meddies is used all along in the present work:

c5 ~c0(11 d2 1d4)21, and (1)

d5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi� r
L

�2
1
� z
H

�2r
, (2)

where r is the horizontal distance from the rotation axis,

L is the vortex radius, z is the vertical distance from the

vortex center, and H is the vortex half thickness. The

velocity field is strictly azimuthal. It is sheared both in
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the radial and vertical directions. The shape of the vor-

tex is entirely determined by its aspect ratio d5H/L and

its intensity by the factor ~c0. All simulations are per-

formed using constant values of the Brunt–Väisälä fre-
quency fN2

0 52(g/r0)[dr(z)/dz], where r(z) is the mean

density, and g is the gravity accelerationg and Coriolis

parameter (f0 5 2V sinu, where V is the rotation rate of

Earth and u is the latitude). The aspect ratio is thus

linearly linked to a local Burger number Bu5 (N2
0 /f

2
0 )d

2.

The following parameter values are chosen to fit typical

values of radius, thickness, stratification, and PVA dis-

tribution: N0 5 3.2 3 1023 s21, f0 5 8 3 1025 s21, Bu 5
0.1, and L 5 35km. The small value of the chosen local

Burger number is consistent with a typical meddy aspect

ratio with PVA largely dominated by vortex stretching.

A PVA cross section of the vortex used in the simula-

tions is shown in Fig. 2a as well as vertical profiles of the

azimuthal velocity (Fig. 2b) and the absolute value of

the vertical shear of the azimuthal velocity (Fig. 2c) at 5,

15, 25, and 35 km from the vortex rotation axis.

b. The PE numerical model

In section 3b, we use the numerical model of Aiki and

Yamagata (2006) (see also Aiki et al. 2011) in which the

hydrostatic and incompressible Boussinesq equations

are implemented on the f plane. In the present work, we

use a flat bottom configuration with slippery conditions

at the bottom, a free surface with implicit scheme

(Dukowicz and Smith 1994), and open radiative lateral

boundary conditions. The advection scheme is a third-

order upwind scheme for momentum and tracers that

prevents spurious oscillations. Vertical momentum dis-

sipation and tracer diffusivity are both modeled by

a biharmonic operator with a coefficient of 1.25 3
1025m4 s21 for a vertical grid step of 5m. The use of the

same diffusion coefficient for temperature and salinity

inhibits the occurrence of any double-diffusive process.

The time integration is done using a leapfrog scheme

with the Matsuno scheme blended every 20 time steps.

No explicit forcing is applied.

c. The quasigeostrophic numerical model

The model used is Hua and Haidvogel’s (1986) fully

spectral QGmodel. It is run with horizontal and vertical

grid steps of dx 5 500m and dz 5 6.25m in a doubly

periodic 250-km-wide and 2400-m-deep parallelepiped

domain. The time step is dt 5 100 s. Even though this

resolution is slightly coarser than Hua et al.’s (2013),

sensitivity tests showed that it is high enough for the

occurrence of well-developed layering around the vor-

tex. The model consists of a simple integration of the

quasigeostrophic potential vorticity (QGPV) conserva-

tion equation:

›tq1 J(c,q)5=6c , (3)

where c is the streamfunction, J is the Jacobian opera-

tor, and q is the QGPV defined as

q5=2c1 ›z

 
f 20
N2

0

›zc

!
, (4)

where =2 is the 2D horizontal Laplacian operator. The

biharmonic operator =6c is included to avoid numerical

stability issues and is chosen to be as small as possible.

Time integration of Eq. (3) requires the inversion of

FIG. 2. (a) PVA distribution of the meddy-like vortex lens (nondimensional). The thick gray lines represent

the 20.2 and 0.1 PVA contours, while the black dotted lines represent the associated streamfunction contours.

(b) Vertical profiles of the azimuthal velocity at 5, 15, 25, and 35 km from the vortex rotation axis. (c) As in (b), but

for the absolute value of the vertical shear of the azimuthal velocity.
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QGPV to compute the advection terms (i.e., the Jaco-

bian operator). This operation is performed in the

Fourier space where integration of the Laplacian comes

to a simple multiplication by the squared wavenumber.

A decomposition into vertical modes is also performed

in the model.

d. The tracer advection model

To study the advective properties of the vortex lens,

tracer experiments were performed using the stationary

mean flow field described by Eq. (1). Advecting the

tracer in a stationary velocity field forbids any dynamical

process from taking place. It allows us to study the effect

of the mean flow on the tracer from a kinematic point

of view.

The tracer model used is based on the tangent linear

version of the QGmodel described in the last section. It

solves the equation

›tq
01 J(c, q0)1 J(c0, q)5 0, (5)

where the overbar denotes the steady mean flow and the

primes denote the perturbations. Dropping the term

J(c0, q) from Eq. (5), the QG tangent linear model be-

comes a tracer conservation model in a mean flow. In

that case, the velocity field (u, y) of the base state re-

mains constant in time. As vertical velocities inside

a meddy are weak and layering was shown to appear in

QGmodels with no vertical advection (Hua et al. 2013),

the advective field chosen here is purely horizontal. The

conservation equation of a passive tracer with concen-

tration x reads

›tx1 J(c,x)5 0, (6)

where c is the base state streamfunction.

Various initial tracer distributions were used in this

study. The reference experiment was run with a hori-

zontally random barotropic tracer distribution, while

sensitivity experiments were carried out using regularly

spaced cylindrical tracer columns. The sensitivity tests

included variation of the columns’ radii as well as their

distance from the vortex rotation axis.

3. Temperature and salinity anomalies
compensated in density: An indication of tracer
stirring

a. Analysis of CTD profiles inside a typical meddy

CTD profiles from the Geophysical Oceanography

(GO) field survey were analyzed to characterize the

vertical structure of temperature and salinity anomalies

in a meddy. The GO experiment, carried out in 2007 in

the Gulf of Cádiz, is a joint seismic and oceanographic
experiment originally designed to study meddies’ fine
structure (Hobbs 2007).

Figure 3a shows a profile of density anomaly (r0/r0)
and the associated contributions of temperature (bS0)
and salinity (aT 0) in the vicinity of the rotation axis.

The parameter a is the thermal expansion coefficient,

b is the saline contraction coefficient, T 0 is the temper-

ature anomaly, and S0 is the salinity anomaly. These

profiles have been high-pass filtered in order to exhibit

vertical scales smaller than 200m.

Even though some small-scale layering is noticeable

in the density anomaly signal, much larger amplitudes

are obvious in the salinity and temperature contribu-

tions. The compensation of the latter two in the density

anomaly field is considerable (up to 90%).

The spice variable is a useful quantity in the study of

density-compensating water masses. It is defined as

t5aT1bS (Veronis 1972; Munk 1981). It is a La-

grangian tracer. Significant variability in spice associ-

ated with weak variability in density is an indicator of

strongly ‘‘density-compensating’’ effects of temperature

and salinity, and spice then behaves as a passive tracer.

The striking difference between the anomalies of

spice and density can be inferred from Fig. 3b. While an

important variability is obvious in the spice variable

above and below themeddy core, the density shows little

vertical variations, suggesting that the main physics

working behind this layering phenomenon is consistent

with tracer stirring.

b. Evidences of compensated thermohaline layering
in a PE model

The PEmodel was integrated over 300 days. The time

evolution of the vortex in terms of Ertel’s PV is similar

to the evolution of QGPV in Hua et al.’s (2013) QG

simulations and will thus only be briefly recalled in this

paragraph. The reader can refer to section 5 of this paper

or toHua et al. (2013) for an extended description. After

about 30 days of integration, an azimuthal mode-2 per-

turbation starts to grow until it eventually breaks after

day 160 into two smaller satellite vortices. The vortex

core then evolves progressively into an axisymmetric

state, while the lobes remain in a nearly turbulent state,

undergoing strong filamentation until the end of the

simulation. To make easier the comparison with seismic

imagery, simulated acoustic reflectivity images were

built from the model outputs. As pointed out by Nandi

et al. (2004) and Ruddick et al. (2009), reflectivity is

mostly governed by the temperature vertical gradients.

The simulated acoustic reflectivity inferred fromT and S

outputs reveal the formation of well-defined, vertically

stacked layers, as shown in the vertical section in Fig. 4a.
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Layers are also obvious in the spice section (Fig. 4b),

while they are hardly discernible in the density field (not

shown).

Figure 5a shows vertical profiles of density anomaly

(green line) along with the contribution of temperature

(blue curve) and salinity (red curve). These profiles are

strikingly similar to the observed profiles within the

meddy GO discussed in the last section. Layering is

obvious above and below the vortex core as strong

fluctuations in the temperature and salinity profiles.

Density-compensating effects of the temperature and

salinity anomalies can be inferred from the anti-

symmetry between the blue and red curves. As a result,

while the density shows almost no anomaly, the spice

profile is strongly fluctuating (Fig. 5b). Note that in the

model, salinity and temperature have the same diffusion

coefficient, thus inhibiting double-diffusive processes.

This simplifying hypothesis used in the model could be

the reason for the enhancement of density compensa-

tion (about 99%) in the model over the data (90%).

However, even though double-diffusive processes are

not explicitly studied here, the ability of a model that

does not allow double diffusion to reproduce the main

patterns of the observations suggests that stirring might

be the leading process in the layering formation. Double-

diffusive processes could, however, account for the ob-

served difference.

4. Tracer stirring in the steady vortex velocity field

The results of the PE model shown in the last section

exhibit the important density compensation of temper-

ature and salinity in those layers, suggesting that tem-

perature nearly behaves like a passive tracer. A simple

and rigorous way of studying the stirring of such a tracer

consists in modeling its advection in a stationary velocity

field.

The tracer advection model is first initialized using

a horizontally random, barotropic tracer distribution.

Figures 6 and 7 describe the evolution of the tracer

properties after, respectively, 5 and 22 days of model

integration. Figures 6a and 7a show vertical sections of

the tracer concentration; Figs. 6b and 7b show vertical

sections of the tracer vertical gradient on which vertical

sections of the horizontal streamlines were super-

imposed as red contours; Figs. 6c and 7c show vertical

FIG. 3. (a) Contribution of temperature (blue) and salinity (red) in the density perturbation (green) near ameddy

rotation axis. (b) Associated spice (black) and density (green) perturbation. Layering in tracer fields is observed

above and below the meddy. Salinity effects on density compensate temperatures at 90% in the filtered density

field. T, S, and the density have been filtered with a high-pass filter (,200m).
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tracer profiles at 0, 12.5, and 25km from the eddy rota-

tion axis; and Figs. 6d and 7d show the vertical tracer

anomaly spectra 25 km away from the eddy rotation

axis. The baroclinization of the tracer field is obvious

from the first days of model integration as the tracer

gradient quickly aligns with the streamfunction. The

vertical variability is concentrated in the periphery of

the vortex, where the vertical shear of the azimuthal

velocity is at maximum (Fig. 2c), while the core, where

there is no shear, remains homogeneous all along the

experiment (Figs. 6a, 7a). The tracer and tracer vertical

gradient organize as well-defined concentric layers

spawning from the direct periphery of the eddy core

toward the outside. Simultaneously, the length scales of

those layers keep on thinning down with a spectral peak

getting tighter (Figs. 6d, 7d). After 5 days of model run,

the most energetic length scale is of about 35m, whereas

after 22 days it has lowered down to nearly 15m. The

amplitude of the tracer anomaly simultaneously in-

creases (Fig. 7c).

A second experiment was designed to allow a simple

interpretation and quantification of this process. The

tracer distribution now consists of four barotropic col-

umns equally spaced at 20 km from the eddy rotation

axis. Figure 8 shows a 3D view of the tracer columns’

deformation. The velocity field is plotted as blue arrows.

It is strictly azimuthal. It is sheared both in the radial and

vertical direction. At a given radius, the velocity in-

creases vertically from outside toward the eddy core, the

maximum shear being localized at about 200m from the

eddy center between the core and the lobes where PVA

changes sign (Figs. 2b,c). This vertical shear induces

FIG. 4. (a) Vertical section of acoustic reflectivity in the central part of the vortex after 270

days of PEmodel integration. (b) As in (a), but for the spice variable. Layering is obvious both

in acoustic reflectivity and spice.
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a differential advection of the tracer tube, yielding an

intense deformation of the tubes where velocity is high

and a weaker deformation where the velocity is low. It

results in a vertical tilting of the tracer columns whose

signature is the layerlike vertical distribution as ob-

served in Figs. 4, 6, and 7.

These two experiments show that themeddy’s vertically

sheared velocity field intrinsically transforms horizontal

variability in the tracer field into vertical variability.

This transformation of horizontal into vertical gradi-

ents can be discussed following Haynes and Anglade’s

(1997) and Klein et al.’s (1998) approach, defining the

local wave vector of the tracer distribution: k5 x21$x,
where x is the tracer concentration. In cylindrical co-

ordinates using the orthogonal base, where (er, ef, ez)

are the unit vectors, the tracer conservation equation

[Eq. (6)] reads

›tx1
uf
r
›fx5 0, (7)

where uf is the azimuthal velocity, and r is the radial

distance from the vortex rotation axis.

From Eq. (7) and its gradient, the evolution of the

wave vector can be derived and depends entirely on the

velocity gradient tensor A (Weiss 1991):

dk

dt
5A � k . (8)

One can project Eq. (8) on the cylindrical base:

›tkf 1
uf

r
›fkf 5 0, (9)

›tkr 1
uf
r
›fkr 5

�
uf
r
2 ›ruf

�
kf, and (10)

›tkz 1
uf

r
›fkz 52›zufkf , (11)

where kf 5 k � ef, kr 5 k � er, and kz 5 k � ez are the

wavenumbers in cylindrical coordinates.

Equation (9) shows that kf is simply advected along

a closed streamline, as in the Rhines and Young’s (1983)

example of tracer stirring around a barotropic vortex. If

k0f(r, f) is the original wavenumber of the tracer distri-

bution at t 5 0, the solution of this one-dimensional ad-

vection equation is thus kf(r, f, z, t)5 k0f[r, f2 (uf/r)t].

It follows fromEqs. (10) and (11) that the evolution of the

radial and vertical wavenumbers are independent from

each other and only depend on the azimuthal wave-

number and velocity shear in their respective directions.

FIG. 5. As in Fig. 3, but for the modeled meddy. Strong anomalies in temperature and salinity result in strong spice

anomalies while the density is almost unaffected.
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The layering of the tracer in the vertical direction is

thus entirely determined by the initial azimuthal dis-

tribution of the tracer and the vertical shear of the az-

imuthal velocity. Still following Klein et al. (1998), one

can define the aspect ratio of the tracer gradient

g5 kz/kf. Using Eqs. (9) and (11), its time evolution

reads

dg

dt
52›zuf . (12)

The evolution of the aspect ratio of vertical to azi-

muthal variability is thus entirely determined by the

vertical velocity shear.

While in Haynes and Anglade’s (1997) and Klein

et al.’s (1998) studies the horizontal tracer gradient is

increasing at an exponential rate, preconditioning the

vertical cascade, here the vertical gradient enhancement

is only linked to the initial azimuthal gradient through

the vertical shear of the azimuthal velocity. This differ-

ence arises from the absence of normal strain in the case

of an axisymmetric vortex with zero radial velocity. A

direct comparison with the latter author’s work can be

made considering a parallel shear flow in Euclidean

coordinates: [u5 f (y, z), y5 0]. The velocity gradient

matrix is degenerated because of the absence of normal

strain:

A5

0
B@

›xu ›xy 0

›yu ›yy 0

›zu ›zy 0

1
CA5

0
B@

0 0 0

›yu 0 0

›zu 0 0

1
CA . (13)

In that particular case, the wavenumber kx is simply

advected as in Eq. (9), while the time evolutions of ky
and kz are directly linked to kx through the velocity

shear in their respective direction.

Following this simple example, it is possible to build

a linear scaling to infer an approximate rate of transfer

of horizontal to vertical variability at a given position

inside the eddy. Considering a tracer tube of radius Lf

in a linearly sheared, two-dimensional velocity field

u(z)5s(z2 z0), at a given time t and z level, the tracer

tube has undergone an inclination of b5 arctan(st)

(Fig. 9). Defining the layer thickness � as the vertical

distance between the two opposite edges of the tracer

column, it thus evolves as

�5
2Lf

st
. (14)

FIG. 6. Tracer properties after 5 days of model integration: (a) vertical section of the tracer concentration (normalized); (b) vertical

section of the tracer’s vertical gradient (normalized); (c) vertical profiles of tracer anomaly; and (d) spectral distribution of the tracer

vertical anomaly. The baroclinization of the tracer field is evident from the first days of model integration.
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To quantify this process and compare the modeled

rate of transfer from horizontal into vertical variability

with the scaling, sensitivity experiments were carried out

by varying the distance of the tracer tubes from the eddy

center (and thus the vertical shear) in the initial velocity

field.

Figure 10 shows the time evolution of the layer

thickness as inferred from the above-proposed scaling

for various values of s corresponding to the maximum

vertical shear at a radial distance from the vortex center

of 5, 25, 35, and 50km and a tracer tube width of 10 km.

The circled stars are the thicknesses from the corre-

sponding model runs. The striking agreement between

the modeled and scaled values of � shows that the for-

mation of layering in a tracer field can be directly related

to the vertical shear of the horizontal velocity field of the

meddy. This good agreement between model outputs

and theory in the case of the tracer model suggests that

the same process could as well be important in models

with more complex dynamics.

The above discussion focused on the evolution of the

vertical tracer gradients. This restricted point of view is

sufficient for the interpretation of seismic images that

show vertical temperature gradients. It is also appro-

priate for a further discussion on the study of Hua et al.

(2013) that is largely based on vortex stretching analysis

(also related to a vertical derivative).

However, as shown in Eq. (10), stirring in the radial

direction (in the sense of cylindrical coordinates) is also

at work and will act to enhance the radial tracer gradient

›rx. It is possible to build a more general tracer gradient

combining both the effects of vertical and radial shears.

Normalizing the vertical coordinates by the vortex as-

pect ratio ~z5 z/d, the vortex lens becomes a sphere. One

can then switch from this stretched cylindrical coordinate

system r, f, z to a spherical coordinate system R, f, u,

where R5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 1 ~z2

p
and introduce the generalized radial

gradient:

$x � eR5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
($x � er)21 ($x � e~z)2

q
. (15)

Figure 11 shows the distribution of the tracer-

generalized radial gradient after 22 days of integration.

The layers appear not to be vertically stacked as was the

vertical gradient in Fig. 7b, but to be concentric and

located all around the vortex periphery. A striking fea-

ture is the near isotropy of those layers in stretched

coordinates. This shows that horizontally stacked layers

might exist in the lateral periphery of meddies in the real

ocean and that they should have an approximate ratio of

FIG. 7. As in Fig. 6, but after 22 days of model integration. Layering has increased with time, while the vertical length scale has

decreased.
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d with the thickness of the observed vertically stacked

layers. However, note that meddies are almost flat fea-

tures, with d5O(1022), so the vertically stacked layers

remain the most obvious structures associated with the

layering process.

5. Discussion on the nonlinear QG simulations

The stirring properties of a modeled meddy de-

scribed in the last section suggest a further inter-

pretation of Hua et al.’s (2013) results. The nonlinear

QG model described in section 2c was integrated for

over 300 days. The initial velocity field is the same as

for the PE and tracer experiments. Despite the slightly

coarser resolution of our configuration compared to

Hua et al.’s (2013), the time evolution of the vortex

is similar.

Figure 12 shows horizontal sections of QGPV in the

lobes (Figs. 12a,e) and in the core (Figs. 12b,f), vertical

sections of QGPV in the center of the vortex (Figs. 12c,g)

and vertical profiles of high-pass filtered QGPV at 0,

12.5, and 25km from the initial vortex center (Figs. 12d,h)

after 57 and 240 days of model integration. A modal

analysis was also performed to help discussion and is shown

in Fig. 13. The QGPV and streamfunction are projected

into a base of azimuthal modes m: [c, q](r, f, z, t)5

�[cm, qm](r, z, t)e
imf.

The vortex evolution can be decomposed into three

main stages: The linear stage (A), the splitting stage (B),

and the restabilized stage (C). During the first 100 days

of integration (stageA), the vortex undergoes baroclinic

instability as the symmetric (m 5 2) and antisymmetric

FIG. 8. 3D view of the tracer columns deformation at time5 0, 2, 6, and 15 days in the tangent linear model. The

blue arrows are the velocity vectors. An intense differential winding of the tracer tubes by the vortex velocity field

yields to the formation of vertical variability.

FIG. 9. Schematic view of a tracer tube deformation in a linearly

sheared flow. The � parameter is the vertical distance between two

isolines of tracer, R0 is the diameter of the tracer column, and the

velocity shear can be defined by the angle a5 arctanðsÞ. The in-

clination of the tracer tube is defined by the angle b5 arctanðstÞ.
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(m5 1) modes start to grow according to Nguyen et al.’s

(2012) linear stability analysis. The sum of the energy of

modes m 5 1 and m 5 2 represents 95% of the total

perturbation energy. A separate projection of the

QGPV perturbation from the core and the lobes on

azimuthal modes (not shown) confirms the preferential

growth of mode 1 in the core and mode 2 in the lobes.

Layering starts to develop during this linear stage and is

obvious in the vertical profiles of high-pass filtered

QGPV in Fig. 12d. Note also that at that stage, layering

is much weaker at the vortex rotation axis, where no

vertical shear of azimuthal velocity exists, confirming

the key role of the latter in the layering process.

From days 100 to 170 (stage B), mode m 5 1 starts to

decay while mode m 5 2 keeps on growing, corre-

sponding to the growth of ‘‘spiral arms.’’ Even though

the growth of mode 2 during stage B is still nearly ex-

ponential, the ratio of QGPV perturbation to mean

QGPV becomes too large to be referred to as linear

instability, and we therefore chose to differentiate stages

A and B. The modem5 2 instability eventually breaks,

as the growing spiral arms detach into two satellite

vortices.

From day 170 until the end of the experiment, the

lobes and core seem to follow a different evolution:

while most of the negative QGPV remains coherent in

the vortex core, as the latter restabilizes into an axi-

symmetric feature surrounded by smaller satellite vor-

tices, the positive QGPV in the lobes is fragmented into

thin stirred filaments. At that stage, layering is obvious

in the vertical QGPV section as well as in the vertical

high-pass filtered QGPV profiles in Figs. 12g and 12h.

This last stage is obvious in the modal analysis as a col-

lapse of the low azimuthal modes, associated with an

increase of small-scale energy as the vortex is sur-

rounded by turbulent-like variability.

As pointed out by Smith and Ferrari (2009), even

though QGPV is an active tracer whose variability will

affect the velocity field, it is a Lagrangian tracer, which is

materially conserved along an isopycnal path, and will

thus undergo a similar stirring as the passive tracer dis-

cussed in section 4. A parallel can be drawn between the

passive tracer simulations and the nonlinear QG simu-

lations. It was shown in section 4 that the velocity shear

of the meddy would produce sharp vertical gradients

provided the existence of initial azimuthal gradients. For

layering to form in the QGmodel, it is thus necessary to

introduce some azimuthal QGPV gradients. As de-

scribed above, during the linear phase of destabilization,

mode-1 and mode-2 perturbations simultaneously grow,

breaking the vortex axisymmetry: as the mode m 5 1

perturbation induces a translation of the eddy core, the

mode m 5 2 propagates around the lobes, introducing

a shift between the core and the lobes and providing the

necessary azimuthal variability for layering to occur.

The preferential development of layering near-critical

layers noted by Hua et al. (2013) can then be explained

by the preferential growth of the unstable modes near

the critical layers (Nguyen et al. 2012), resulting in more

available azimuthal variability to be transformed in

vertical gradients.

Once the unstable mode m 5 2 has detached, the

vortex enters the nonlinear regime. The increase of

layering near the lobes can also be discussed in terms of

QGPV stirring. As shown in Figs. 12a and 12b, after the

detachment of the spiral arms, the vortex core tends to

reaxisymmetrize, while the positive PV lobes are frag-

mented into numerous filaments. This nearly turbulent

state brings an intense azimuthal variability in the lobes,

FIG. 10. Time evolution of the layer thicknesses in the isolated

tracer column experiments for four different initial positions of the

column. The circled asterisks represent the thickness measured

from the model outputs, while the plain lines represent the theo-

retical thickness inferred fromEq. (14). The simple linear scaling is

a good estimation of the thinning of the layers.
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while the restabilized vortex core is nearly homoge-

neous and still has a strong and coherent baroclinic

velocity signature. The intense QGPV horizontal gra-

dients in the lobes are stirred by the vertically sheared

velocity field, and the vertical variance cascade is en-

hanced. Note that unlike during the linear stage of

destabilization, layering is also obvious in the central

region of the lobes. This can be attributed to the tur-

bulence inside the lobes that tends to homogenize the

layering all over the meddy.

The fact that layering occurs preferentially in the

vortex lobes and not in the core can be interpreted as the

result of two joint effects: first the intensity of the azi-

muthal velocity vertical shear, which was shown to turn

azimuthal gradients into vertical gradients is much more

intense in the lobes (Figs. 2b,c); second, the distinctive

fate of the core and lobes after the destabilization of the

vortex leads tomuchmore available azimuthal gradients

in the lobes to be transformed into vertical gradients.

6. Summary and discussion

a. Summary

Based on a variety of frameworks, this study showed

that tracer stirring was an efficient process to generate

layering in the periphery of meddies and likely of vortex

lenses in general.

Analysis of in situ data inside a meddy showed that

layering was intense in terms of temperature and salin-

ity, but that density-compensating effects of the latter

two result in a weak signature in density, in agreement

with Song et al.’s (2011) earlier results.

Outputs from a PEmodel showed very similar results.

This is the first time to our knowledge that the layering

phenomenon is modeled in this framework and that the

density-compensating effects of temperature and salin-

ity within these layers is observed in a numerical model.

The use of the same diffusion coefficient for tempera-

ture and salinity in the model forbids any double-

diffusive process to take place and might justify the

enhanced density compensation in the model compared

to real ocean data. It also suggests that, even though

double-diffusive processes may impact layering, it is not

a necessary condition for the latter to start developing

and for the vertical variance cascade to occur. The

contrasting behavior of spice (which showed intense

layering) and density (which showed very little) in both

the in situ data and PE model in the absence of double-

diffusive processes suggested that layering can be trig-

gered by along-isopycnal tracer stirring alone.

The latter hypothesis was investigated by means of

a tracer advection model that showed that the vertically

sheared velocity field associated with a Lorentzian vor-

tex lens was efficient to generate strong layering from an

initially barotropic tracer distribution. Sensitivity ex-

periments, as well as a physical analysis of the tracer and

tracer gradient evolution equations, showed that the

tracer vertical gradient was linked to the initial azi-

muthal gradient through the rate of vertical shear of the

azimuthal velocity. The time evolution of the ratio of

vertical to azimuthal variability was also shown to de-

pend only on the vertical shear of the azimuthal velocity.

At a given radial position from the vortex center,

a simple linear scaling was proposed and represents an

FIG. 11. Radial tracer gradient in stretched coordinates after 22 days of integration of the

tracer model. The z axis was stretched by the vortex aspect ratio. Layers are concentric rather

than properly vertically stacked.
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FIG. 12. Snapshots from the nonlinear QG simulations after (left) 57 and (right) 240 days of model run. (a),(e)

QGPV horizontal section in the eddy lobes. (b),(f) QGPV horizontal section in the eddy core. (c),(g) QGPV

vertical section. (d),(h) Vertical profiles of high-pass filtered QGPV perturbation at five distinct locations.

Layering starts to develop during the linear stage of destabilization. It is greatly enhanced once the vortex lobes

have reached a nearly turbulent state.
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efficient estimate of the thinning down of the layers with

time in the case of tracer advection by a steady mean

flow. The layer thickness reads �5 (2Lf)/st, whereLf is

the initial radius of the tracer column, s is the rate of

vertical shear of the azimuthal velocity, and t is the time.

After this rationalization of the transfer of horizontal

azimuthal variability into vertical variability in a sta-

tionary flow, a further interpretation of Hua et al.’s

(2013) results was proposed in the QG framework. It

showed that the role of the critical layers emerges from

the favored formation of PVA perturbations near the

critical layers, feeding the vortex velocity field with the

necessary azimuthal variability for layering to occur.

The role of baroclinic instability in the early stage of

layering is thus likely to be linked to the breaking of

axisymmetry as the perturbations start to grow. Finally,

strong nonlinear interactions in the vortex lobes after

the total destabilization of the vortex leads to the frag-

mentation and filamentation of the positive PV lobes,

while the vortex core tends to reaxisymmetrize. This PV

fragmentation is the source of azimuthal variability

leading to enhanced layering after a sufficiently long time.

In this study, we also note that the existence of a non-

uniform radial gradient of azimuthal velocity results in the

formation of horizontally stacked layers on the side of the

meddy, or more generally, that the layers are likely to be

concentric rather than properly vertically stacked.

From a more general point of view, this study shows

that a meddy velocity field is able to transform any azi-

muthal variability into vertical variability.

b. Discussion and perspectives

Here, we focused on the formation of layering and on

the variance cascade down to scales ofO(10) m and did

not investigate the physical processes responsible for

the halting of this cascade at small scale. In the fric-

tionless tracer advection model we used, the cascade is

only limited by the vertical grid resolution, while in the

linear scaling nothing acts to stop the scale cascade. For

instance, for an initially 5-km-wide tracer column, the

scaling predicts that a vertical shear of 53 1024 s21 will

generate 1-m-thick layers after 100 days. Such small

layers are unlikely to be observed around real ocean

meddies, where the layering scales range between 15

and 100m. Some process must thus be invoked to ex-

plain the limitation of the vertical variance cascade.

Indeed, even though the good agreement between our

numerical results and in situ data suggests that stirring

is an efficient process in layering formation at the ver-

tical scales considered here (10 to 100m), under the O

(10)m vertical scale and at time scales comparable with

a meddy life time, diffusive processes might become

important and act to mix the tracer and block the var-

iance cascade. Even though double diffusion was

shown not to be necessary in the formation stage of

layering, it is expected to play an important role at

these small vertical scales (that are not solved by the

models), as shown by Ruddick (1992) and Ruddick and

Walsh (1995). As noted by Song et al. (2011), a full un-

derstanding of layering dynamics and its finescale limi-

tations should include vertical diffusivity, whether

turbulent dissipation, double diffusion, or other possible

mechanisms such as diffusive instability or non-

hydrostatic effects.

Note that in the dynamical models used here (PE and

QG), the horizontal gradients necessary for the gener-

ation of vertical gradients is intrinsic to the meddy in the

sense that it arises from instability; the vortex generates

its own variability that is then transformed into vertical

variability. But one can think of external variability as

a source of layering. As they drift through the eastern

NorthAtlantic, meddies are surrounded by submesoscale

turbulence that will interact with the vertically sheared

azimuthal flow and could thus permanently trigger

layering.

Finally, one should note that not only intrathermocline

lenses such as meddies are baroclinic vortices. As the

process proposed here is entirely based on stirring ef-

fects by a vertically sheared azimuthal flow, one can

suppose that layering could also be observed below any

surface-intensified vortex, where the vorticity distribu-

tion is strongly baroclinic. The layering process, which

seems to play a key role in the decay of meddies and

FIG. 13. Time evolution of the perturbation energy in the non-

linear QG simulations. The black line is the total perturbation

energy while the green, red, yellow, purple, and blue lines are,

respectively, the energy of azimuthal modes 1, 2, 3, and 4 and the

sum of modes 1 and 2. Most of the total perturbation energy is

contained by the first two modes.
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thermodynamic dissipation toward the ocean (Ruddick

et al. 2010), might thus be at work under most energetic

eddies and would require further investigation both in

observational and numerical frameworks.
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